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\hsfract I*osilronium (Ps) reaction rates (v) with v>cak Acceptors (Ac) leading to the formation of Ps-Ac complexes show several 
inicrcsimg features non-monotonic temperature dependence of k (departing from the usual Arrhenius behaviour), considerable variability 

A \Aith respect tit different solvents, and anomalies in response to externa! pressure at ambient temperature. The object of this work is 
: I Lxplani all these phenomena using a remarkably simple bubble model (the widely used model for the pick-olT component of ortho- 
; c ii:'mimi decay in liquids), which has been revisited several limes m the context and as a result smooth dilTuse boundary of the bubble 

,i,*̂ eestcd that vields reasonable agreement of the experimental data I he contractile force on the bubble relies much on the surface 
iMisiiwi «d ihc liquid, through our calculation the ncUion of critical surface tension emerges and enables us to explain the experimental 
ilv>c,\aiions satisfactorily "

Kt'\>vords Positronium, com plex formation, Arihcnius bchavioui. Kramers’ turnover, Bubble model, critical surface tension.
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Introduction

int p o sitro n iu m  (P s )  a to m , a s  th e  l ig h te s t  iso to p e  (so  to  
" 0 1 o f h y d ro g e n , p r o v id e s  a  s im p le  a rc h e ty p e  o f  a  free  
radical, w h ich  m o r e o v e r  th r o u g h  its d e c a y  re v e a ls  ( s e l f  
analviically a s  it w e r e )  its  s ta te  in th e  m e d iu m  in c lu d in g  its 
'nvoivenicnt in c h e m ic a l  t r a n s f o rm a t io n s  S e t tin g  a s id e ,  fo r  

p r e s c i i l  p u r p o s e ,  s p in - d e p e n d e n t  i n te r a c t io n s  w ith  
P a ra m a g n e tic  m o l e c u l e s  ( w h i c h  i n d u c e  o r t h o - p a r a  
o^nverxion, th e re b y  s h o r te n in g  th e  l i f e t im e  o f  th e  lo n g - liv e d  
^^^hiponent a n d  c h a n g in g  th e  s h a p e  o f  th e  tw o  g a m m a  
‘insular c o r re la t io n  c u rv e ) ,  w c  c o n c e n tr a te  h e re  o n  Ps in 
' dutionship to  d ia m a g n e t ic  a c c e p to r s  ( g e n c r ic a l ly  d e n o te d  
’‘̂ nicforth a s  A c ) , In  g e n e ra l  P s r e a c t io n s  w ith  d ia m a g n e t ic  
^'rganic c o m p o u n d s  fo l lo w  a  d o n o r - a c c e p to r  in te r a c t io n  

w ith  A c  p o s s e s s in g  so m e  lo w  ly in g  m o le c u la r  o rb ita l .
 ̂"*rmaiion o f  a  c o m p le x  (P s -A c )  u n d e r  a p p ro p r ia te  c o n d it io n s , 
^U)uld lead s u b s e q u e n t ly  to  e i th e r  e le c t ro n  t r a n s f e r  f ro m  Ps 

( i f  e n e r g e tic a l ly  p o s s ib le ,  v i z , w h e n  A c is a v e ry

s tro n g  e le c tro n  a c c e p to r )  g iv in g  r is e  to  a n  A c* io n  a n d  a 
p o s i tro n  w h ic h  a n n ih i la te s  w ith  e n v iro n m e n ta l  m o le c u le s ,  o r  
in th e  e v e n t  th a t  th is  is n o t e n e rg e tic a l ly  a l lo w e d ,  p o s i t ro n  
a n n ih i la t io n  c o u ld  o c c u r  fro m  th e  c o m p le x  i ts e l f  [1 ] , f  o r  th is  
la t te r  s i tu a t io n , w h ic h  s h a ll  b e  o u r  p re s e n t  c o n c e r n ,  th e  
p ro c e s s  sh o u ld  p ro c e e d  a c c o rd in g  to  th e  s c h e m e

P s T A c  (P s  -  A c )  A c  + 2y ,  (1 )

th e  f irs t  s te p  b e in g  g o v e rn e d  b y  th e  fo rw a rd  a n d  b a c k w a r d  
ra le  c o n s ta n ts  kf  a n d  h .  w h ile  th e  tw o  g a m m a  { 2 y )  d e c a y  
fro m  th e  c o m p le x  o c c u r s  a t th e  r a te

W ith  a c c e p to r  A c  in  a  s o lv e n t  ( S )  p r e s e n t  w i th  a  
c o n c e n tr a t io n  [A c ] , th e  c h a n g e d  o r th o - p o s i t r o n iu m  ( o -P s )  
p ic k - o f f  ra te  c a n  b e  e x p re s s e d  a s

A = a ( 0 ) + k [ A q], (2)

w h ere  is the  p ick-ofT  ra te  in th e  p u re  so lv en t. P ic k -o ff  

is th e  p ro cess  w h e reb y  th e  p o s itro n  in o -P s  an n ih ila te s , w ith
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an e lec tro n  o f  o p p o s ite  sp in  in th e  su rro u n d in g s , in to  tw o  

g am m as, k  is th e  o v e r  a ll se co n d  o rd e r q u e n c h in g  rate  

c o n s ta n t re le v a n t fo r  th e  s tu d y  o f  co m p lex  fo rm ation . T he 

in c rea se  in  th e  ‘p ic k - o f f ’ d ecay  ra te  w ith  in creasin g  accep to r 

co n c e n tra tio n  m a y  b e  a sc rib ed  to  th e  p ro x im ity  o f  o -P s w ith  

e le c tro n s  in  A c , c o n c o m m ita n t w ith  th e  fo rm atio n  o f  th e  
co m p lex . T h e  q u e n c h in g  ra te  co n s tan t (/r) is ex p erim en ta lly  

d e te rm in e d  b y  p lo ttin g  th e  o b se rv ed  ra te  Xp ag a in s t th e  

a c c e p to r  co n c e n tra tio n  [A c] an d  d e te rm in in g  th e  slope . T h is 

is a m e a su re  o f  th e  s tren g th  o f  ch em ica l q u en ch in g  fo r Ps 
w ith in  th e  m o lecu le . F o llo w in g  th ro u g h  reac tio n  sch em e  (1 ) 

it is re a d ily  seen  th a t th e  d es ired  q u en ch in g  ra te  co n stan t 

is g iv en  by

A .. (3)
kb

In th e  c ir c u m s ta n c e  th a t k^ ^  X^ ~ 2 .5  ns~  ̂ w e  h a v e

[2 ] t c ^ ^ ^ ^ X e ' t  n o te  th a t u n d e r such  co n d itio n s  th e  first 

fa c to r  (in  p a re n th e se s)  is th e  eq u ilib r iu m  ra te  co n stan t fo r Ps 

com plex  fo rm ation .

T h e  o b se rv e d  ra te  c o n s ta n t (x )  fo r a  g iven  A ccep to r 

d e p e n d s  on  th e  so lv e n t an d  fo r a g iv en  so lv en t varies  in a 

ra th e r  re m a rk a b le  m a n n e r  w ith  tem p e ra tu re  (7 ) , n am ely  :

•  K  in c reases  w ith  T  a t low  tem p e ra tu re s ,

•  K r e a c h e s  a m a x im u m  a t T  =  To ( th e  tu rn o v e r  

tem p era tu re ),

•  K  d ec rea se s  w ith  in c rea s in g  T  ab o v e  7'o.

T h is  is sh o w n  in F ig u re  1 fo r th e  case  o f  th e  w eak  A ccep to r 

n itro b e n z e n e  in d if fe re n t so lv en ts .
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T h is  unsua l p h en o m en o n  [5], f irs t o b se rv ed  by Goldanjij 

an d  h is  g ro u p  [6 ] a t M o sco w , an d  subsequen tly  by Hj||* 
M ad ia  and  A ch e  [7], is in  sh a rp  co n tra s t w ith  the non 

tre n d  in  ac tiv a ted  ch e m ic a l p ro c e sse s  w h ere  In k  verjm 

\ / T  (th e  in v e rse  te m p e ra tu re )  y ie ld s  a  stra igh t line wig. 

n eg a tiv e  s lope , as th e  ra te  is p ro p o r tio n a l to  the MaxwtHJ 
B o ltzm an n  p ro b ab ility  fa c to r  e x p (-£ * /A |(7 )  w here kg is i 

B o ltzm an n  co n s tan t an d  E* is th e  ac tiv a tio n  energy or ban 

h e ig h t to  b e  o v e rc o m e  b y  th e rm a l  ag ita tio n . Possible 
p re fa c to rs  a re  g e n e ra l ly  ta k e n  to  b e  re la tiv e ly  miuiy 
d ep en d en t on  te m p e ra tu re .

O n e  in te re s tin g  th in g  o n e  sh o u ld  n o tic e  is that the! 

tu rn o v e r  te m p e ra tu re  (To) v a r ie s , fo r  a  g iven  acceptor, 
su b s tan tia lly  fo r  d if fe ren t so lv e n t (T a b le  I) . T his indicates 

th e  ro le  o f  th e  so lv en t o n  th e  reac tio n  dynam cis of Ps-Ac 

co m p lex  fo rm ation .

Table 1. Turnover temperatures (7'o) in K for Ps>niUobcn7tnc 
reaction in dilYcrent solvents.

Solvent To Solvent 7o
rt-Hcxanc 2 2 0 n>Heptane 25f
Benzene 306 Toluene 310

Octanol 340 Water 318

A n o th e r  d ra m a tic  o b s e rv a tio n  [8 ,9 ]  p e rta in s  to the 
varia tion  o f  th e  ra te  c o n stan t fo r P s-A c  com plex  formation 
w ith  ex te rn a l p ressu re  a t a m b ie n t tem peraU ire , which again 
show s su rp ris in g ly  s tro n g  so lv en t d ep en d en ce . Thus, for 

in s tance , w ith  n itro b en zen e  as th e  A c c e p to r  and  hexane as 
th e  so lv en t the  ra te  co n s tan t k  w as  fo u n d  to  be enhanced 
by a  fac to r o f  a lm o st th irty  as th e  p ressu re  w as increased 
to  - 100 0  kg/cm ^, w h ile  w ith  b en zen e  as th e  so lven t the same 
ra te  m an ifested  o n ly  sm all v a ria tio n  o v e r  th e  sam e pressure 
range . T h is  fea tu re  is d e p ic te d  in  F ig u re  2.

Figure I. Observed temperature dependence of rate constants for Ps 
reaction with nitrobenzene in different solvents. (Taken from [3,4]) 
The lines correspond to slopes tn the enthalpy dominated and 
ditTusion controlled regimes as predicted by our model.

Praatura (kg/Pm^

Figure 2. Observed dependence on external pressure for Ps 
with nitrobenzene in hexane and in benzene [8]. The 
dependence in the case o f hexane is shown by the solid li*'®
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fCobayashi [8 ,9 ] c o n je c tu re d  th a t  th is  co u ld  in d ica te  a 
in re ac tio n  m e c h a n ism  in c a se s  w h ich  do  and  

; which do n o t sh o w  m a rk e d  p re s su re  d ep e n d e n c e , an d  
I correlation c o u ld  b e  so u g h t w ith  th e  co rre sp o n d in g  

o)vcnt d e p e n d e n c e  o f  th e  tu r n o v e r  te m p e ra tu re .  T h e  
)bjective o f  th is p a p e r  is to. p u t fo rw a rd  a  h e u ris tic  m o d e l 

1 captures th e  e s se n c e  o f  a ll th e se  p u z z lin g  a sp ec ts  o f  
)sitronium reac tio n s o u tl in e d  a b o v e , th ro u g h  a ra th e r s im p le  

111(1 reasonably a c c u ra te  se m i-q u a n tita tiv e  d e sc rip tio n . T lie 

wide!) used b u b b le  m o d e l, th e  b u b b le  sh r in k a g e  m o d e l and  
[he notion o f  c ritic a l su r fa c e  te n s io n  fo r P $ -an n ih ila tio n  in 

[liquids provides a  su ita b le  s e ttin g  fo r  th e  p u rp o se  a t hand .

Models

/ The bubble  m o d e l :

The bubble m o d el w a s  p ro p o s e d  b y  F e rre ll [10 ] to  a cco u n t 
■for the observed in c rea se  in  th e  life tim e  o f  o -P s  fo r th e  p ick - 

|iff[11] process in liq u id  h e liu m . T h is  is a p ro c e s s  w h e re b y  
[ho positron in o -P s  se n se s  e le c tro n s  w ith  o p p o s ite  sp in  in 

Lrrounding a to m s a n d  a n n ih ila te s  th ro u g h  th e  tw o  p h o to n  
,̂odc The u n d e rly in g  p h y s ic a l m e c h a n ism  fo r  th e  fo n n a tio n  

f the bubble a ro u n d  th e  p o s itro n iu m  w as  co n c e iv e d  to  be 
irouizh the rep u ls iv e  in te rac tio n  d u e  to  e le c tro n  e x c h a n g e  

L'fwcen o-Ps and  a to m s  o f  th e  su rro u n d in g  liq u id  lead in g  
j self-trapping. In  th e  in itia l v e rs io n  o f  th e  m o d e l, fo r th e  

;ake of sim plicity , th e  se lf - tra p p in g  p o te n tia l c o n fin in g  th e  
positronium in th e  b u b b le  w as  ta k e n  to  be  an  in f in ite ly  

Tpulsive spherica l w e ll o f  ra d iu s  say  R . T h e  re su lta n t q u an ta l 
X'ro point energy  o f  th e  p o s itro n iu m  o f  m a ss  2 m  {m  b e in g

4 m R ^
tile electron m ass) is a c c o rd in g ly  g iv e n  b y  £  ~

jî hich in turn  e x e rts  a  p re s su re  be  b a la n c e d  by

forces o f  c o m p re ss io n  in tro d u c e d  th ro u g h  th e  ra th e r  

ude notion o f  su rfa c e  te n s io n  (<T).of th e  flu id . T h u s  th e  

'lai energy 4  or ( th e  se c o n d  te rm  re p re se n tin g

contractile su rfa c e  e n e rg y )  is m in im ise d . W e sh a ll re fe r

this relation  viz.
d R

=  0  a s  th e  b a la n c e  c o n d itio n .

hereforc, g iv en  th e  su rfa c e  te n s io n  o f  th e  liq u id , th e  b a lan c e  

fondition e n ab le s  o n e  to  d e te rm in e  th e  ra d iu s  R  o f  th e

>tibble which is th u s  g iv e n  b y  /? =  I — ------ 1 . T h e  w av e -
^ lorn  CT J

pnetion o f  th e  p o s itro n iu m  in s id e  th e  c a v ity  is g iv e n  b y

r  b e in g  th e  ra d ia l d is ta n c e  o f  th e  cen tre

fmass o f  Ps fro m  th e  c e n tre  o f  th e  b u b b le . F e rre ll w e n t o n  

' assume th a t in s id e  d ie  b u b b le  h e liu m  w a s  p re se n t as a  

>turated v a p o u r  p r o v id in g  th e  e le c t r o n s  fo r  p ic k - o f f  
“•nihilation.

A variant o f  th is  sc h e m e  w a s  p u t fo rw a rd  b y  T a o  [12] 
‘•also by E id ru p  [1 3 ] e m p lo y in g  ag a in  th e  in fin ite  sp h e rica l

w ell, b u t d e sc rib in g  th e  p ic k -o f f  e le c tro n s  as fo rm in g  a lay e r 

o f  th ick n ess  A R  u n ifo rm ly  c o a tin g  th e  in n e r su rfa c e  o f  th e  

b u b b le . T h ese  a u th o rs  n e x t a ssu m ed  th a t th e  an n ih ila tio n  

ra te  o f  o -P s  in s id e  th e  e le c tro n  lay e r is 2 n y ' ( th e  su g g es ted  

m e c h a n is m  b e in g  th e  fo r m a t io n  o f  P s o r  n e g a t iv e  

p o s i t ro n iu m  io n  in s id e  th e  la y e r  a n d  th e  c o n s e q u e n t  

a n n ih ila tio n  ra te  w h e n  sp in  a v e ra g e d  y ie ld s  2  n s  ' an d  

a cco rd in g ly  th e  p ic k -o f f  ra te  is th en  o b ta in e d  to  be

A R  1
R

' IV2 ^ s m [ 2 ; r — (4)

w h e re  th e  ex p re ss io n  in b race s  is s im p ly  th e  p ro b ab ility  

fo r th e  P s-X om  to bc^ in s id e  th e  e le c tro n  lay e r , to  w it,

I • T h is  m o d e l h a s  g a in ed  c o n s id e ra b le
J r -A ir  '
p o p u la r ity , no t so  m u ch  fo r th e  so u n d n ess  o f  th e  u n d e rly in g  

id eas , b u t ra th e r  b e c a u se  o f  th e  s im p lic ity  o f  th e  fin a l 

ex p ress io n s . In d eed  a lg eb ra ic  re la tio n sh ip s  fo r life tim e  an d  
an g u la r  co rre la tio n  h av e  b een  fo u n d  to  ro u g h ly  fit th e  g en era l 

tren d  o f  m a in ly  the  life tim e  data .

R o e llin g  [14 ] im p ro v ed  u p o n  F erre lls  m o d e l (h e n c e fo rth  

w e shall ca ll it m o d e l 1) by  e m p h a s is in g  th a t th e  n o tio n  o f  

an in f in ite ly  rep u ls iv e  tra p p in g  p o ten tia l w as  p h y s ic a lly  m o s t 

u n sa tis fac to ry , an d  th a t it w o u ld  be fa r  m o re  re a so n a b le  to  

p o sit a w ell o f  fin ite  h e ig h t in its p lace  a n d  to  a sc r ib e  th e  
p ic k -o ff  an n ih ila tio n  o f  th e  p o s itro n  in the  p o s itro n iu m  to  its 

q u a n tu m  m ech a n ica l leak ag e  o u ts id e  th e  b u b b le  an d  in to  

th e  su rro u n d in g  liqu id . T he  S c h rd d in g e r e q u a tio n  is re ad ily  

so lv ed  to  o b ta in  th e  w a v e fu n c tio n  fo r th e  g ro u n d  s ta te  
c e n tre -o f-m a ss  m o tio n  o f  th e  p o s itro n iu m  in a  sp h e rica l

w ell o f  h e ig h t Uo and  ran g e  R , w h ich  is o f  th e  fo rm  — —

and
ex p ( x r )

H e re  k
[4 m E

in s id e  an d  o u ts id e  th e  w ell re sp ec tiv e ly .

^^2 _ .id  fc = ~ E  b e in g  th e

en e rg y  e ig e n v a lu e  d e te rm in e d  b y  th e  m a tc h in g  c o n d itio n  

K - -  k  co t (kR )  fo r th e  w a v e fu n c tio n  at th e  w e ll b o u n d a ry . 

T h is  eq u a tio n  has to  be so lv ed  n u m e ric a lly . T h e  b a la n c e  

co n d itio n

t9R
( £  -t 4/vR ^cr) =  0 , (5)

p ro v id e s , g iv e n  th e  su r fa c e  te n s io n  cr o f  th e  liq u id , a  

re la tio n sh ip  b e tw een  Uo a n d  R . T h u s  b u t fo r  o n e  in d e p e n d e n t 
p a ra m e te r  th e  m o d e l s tan d s  d e te rm in e d . T h e re fo re , w ith  tw o  

p iece s  o f  ex p e rim e n ta l in fo rm a tio n  ( l ife t im e  a n d  a n g u la r  

co rre la tio n  d a ta )  th e  m o d e l c an  be  te s te d .

S in ce  p ic k -o f f  a n n ih ila tio n  in v o lv e s  th e  p o s itro n  in  the  

p o s itro n iu m  a n d  th e  e le c tro n s  in th e  s u r ro u n d in g  m e d iu m , 

th e  ra te  fo r  th e  p ro c e s s  is g o v e rn e d  b y  th e  p ro d u c t o f  th e
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p ro b a b ili ty  fo r  f in d in g  th e  p o s itro n iu m  in th e  liqu id  and  th e  
d e n s ity  o f  a v a ila b le  e le c tro n s  in th e  su rro u n d in g  liqu id . T h is  

fa c to r  is g iv e n  b y  th e  o v e rla p  in teg ra l

AOO 2
=  | t / p ^ ( r ) |  r ^ d r . (6)

th e  in teg ra tio n  b e in g  o v e r  th e  reg io n  c o n ta in in g  th e  liqu id  

(v iz , o u ts id e  th e  b u b b le ) . T h e  p ic k -o f f  ra te  is th u s  o b ta in ed  

to  b e

^pick~<

w h e re  to -

pick-off — 4 n r ic p o Z c ( fP ,  (7)

is th e  c la ss ica l e lec tro n  rad iu s , c  is the

v e lo c ity  o f  lig h t, is th e  n u m b e r d en s ity  o f  m o lecu le s  in 

th e  liq u id , Zcfr is th e  e ffe c tiv e  n u m b e r o f  e le c tro n s  av a ilab le  

p e r  m o le c u le  fo r  p ic k -o f f  a n n ih ila tio n  by  the  po sitro n  in 

o -P s .

A p a r t f ro m  th e  in f lu e n c e  o f  th e  b u b b le  on  the  an n ih ila tio n  

ra te  (a n d  h e n c e  th e  life tim e  Tp -  1/A^), th e  b o d ily  m o tio n  o f  

th e  p o s itro n iu m  c o n fin e d  to  m o v e  in th e  b u b b le  im p lies , by  

v ir tu e  o f  m o m e n tu m  c o n se rv a tio n , a  n o n tr iv ia l a n g u la r  

c o rre la tio n  (v iz . n o t b a c k  to  b a c k )  fo r the  tw o  p h o to n s  

e m itte d  th ro u g h  th e  a n n ih ila tio n  o f  p a ra -p o s itro n iu m  (p -P s) 

in  th e  b u b b le . In  o rd e r  to  d e te rm in e  th e  a n g u la r  co rre la tio n  

c u rv e  N (0 )  a n d  th e  e x p e r im e n ta lly  q u o te d  q u a n ti ty  Oin 
[w h ich  is th e  fu ll w id th  a t h a l f  m ax im u m  (fw h m ), g iv en

by» ^ ( ^ ^ 1/2 ) -  t>tie n e e d s  is th e  m o m en tu m

d is tr ib u tio n  o f  th e  p o s itro n iu m  in s id e  th e  b u b b le , w h ich  
g iv en  b y  th e  sq u a re  m o d u lu s  o f  tlie  F o u rie r  t r a n s fo rm  o f  th e  
w a v e -fu n c tio n , n a m e ly

P ( p )  = 4 n p ^ \ ^ p , ( p ) f ,  (8a)

w ith  W p A p )  = [ ^ Y ^  (8 b)

an d  th e  a n g u la r  d is tr ib u tio n  c u rv e  is g iv en  by

A f ( ^ ) = r  ^ p ( p ' ) d p \Jp^mcO p
(8 c)

fro m  w h ic h  Om  is re a d ily  c a lc u la ted .

H a v in g  th u s  se t fo r th  th e  b as ic s  o f  th e  m o d e l, w e g o  on 

in th e  n e x t sec tio n  to  p o in t o u t its in ad eq u a c ie s  th ro u g h  a 

c ritic a l a n a ly s is . T h is  is fo llo w ed  b y  a  p ro p o se d  m o d ific a tio n  
o f  th e  m o d e l.

2,2 , In a d e q u a c y  o f  th e  sh a r p  b o u n d a ry  b u b b le  m o d e l :

U sin g  th e  fo rm a lis m  p re s e n te d  a b o v e  th e re  h a v e  b een  
[ 15 ,16 ,17] ex ten s iv e  ca lcu la tio n s u sin g  th e  fin ite  w ell po ten tia l 

f o r  a  v a r i e ty  o f  l i q u id s  a n d  c o m p a r is o n  m a d e  w ith  

e x p e rim e n ta l d a ta .

W h ile  th e re  is r e a s o n a b le  a g re e m e n t, at first 

b e tw een  th e  m o d e l an d  o b se rv a tio n s , nevertheless as 1 
p o in ted  o u t [1 8 ,1 9 ] b y  th e  p re s e n t au th o rs , there exists 

s y s te m a t ic  d is c re p a n c y ,  in  th a t  i f  o n e  determ ines the 

p a ram e te rs  o f  th e  m o d e l (n a m e ly  R  a n d  Ui,) using  the balance 
co n d itio n  [eq . (2 ) j  a n d  a fit to  th e  life tim e  data, and if one 
u se s  th e se  v a lu e s  to  c a lc u la te  th e  fw h m  Ô ri o f  the anguiâ  
co rre la tio n  o f  th e  d ecay  g a m m a s , th e n  0 \i2 is systeniaticallv 
u n d e re s tim a te d  as c o m p a re d  to  ex p e rim en t. Even thoueh 

th ese  d e v ia tio n s  a re  a t m o s t o f  th e  o rd e r  o f  2 0 % , their sier  ̂

a re  th e  sam e in a ll th e  ca se s  as can  b e  seen  from table  ̂

T he  e x p e rim en ta l d a ta  on  p o s itro n iu m  ann ih ila tion , as wcl! 

as v a lu es o f  su rface  te n s io n , d e n s ity  an d  Zcfr have been 

tak en  from  th e  co m p ila tio n  by  Jean  an d  N akanish i I l 7]

lablc 2. Uubblc Model parameters for different potentials

Liquid R E f/o
( i ) (cV) (cV)

Model 1 0 (r -  R)
rt>Penlane 4 85 0.424 0 747 -17%

/j-Hcxanc 4 6t) 0 456 0 790

«-Hcpianc 4 55 0 480 0.838

W'Dccane 4 13 0.523 0 894

Iso-octanc 4 6(> 0 464 0 835 \v \

Hen/eru: 4 11 0 575 0 962 \1\,

Water 3 13 0 922 1 36 1 0

Model II . tanh- { r / R)

w-Pentane 6.22 1 048 3 082

«“Ilc\ane 5 93 1 109 3 164 ]V'.

Ai-llcptane 5 81 1 176 3.398 14%

Decane 5 50 1.256 3 506 11%

Iso-octane 6 02 1 169 3 563 11 %-

Ben/cnc 5 17 1 352 3.630 11%.

Ŵ ater 3 75 1911 4.118

Model lit . 11 - cxp(-r//?)]

Pentane 5 29 1.22 2.23 0

A7-Hexane 5 10 1.32 2,39 3,0%.

Heptane 4 97 1 38 2 52 3 0%.

«-Dccanc 4.76 1.51 2 74 0 9%

Iso-octane 5 06 i 34 2.44 .: 0%

Ben/enc 4 .53 1 66 3.00 2 0%

Water 3.55 2.66 4 68 4 3%

T o fu rth e r e x p o se  th e  p ro b le m s in v o lv in g  the bubble 

m o d e l w ith  sh a rp  b o u n d a rie s  a n o th e r  s tra teg y  is lound 

b e  very  rev ea lin g . T h e  m o d e l p a ra m e te rs  a re  determ ined 
th e  o n e  han d  b y  fittin g  th e  life tim e  d a ta  an d  on  the oth r̂
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(in fitting the a n g u la r  co rre la tio n  an d  th en  a  co m p ariso n  o f  
the ^vo sets is m ad e . T h e  re su lt sh o w s (n o t show n  here, for 
details see [20 ]) th a t th e  d e p th  o f  th e  p o ten tia l Uo ob ta ined  
hv using the fo rm er p ro to ca l can  be as m u ch  as a  t'actor o f  
tuo s m a lle r  th a n  th a t  a r r iv e d  a t  th r o u g h  th e  la t te r  
methodology, w h ile  th e  ran g e  p a ram e te r  (R)  co u ld  be  10 to  
i5<»i sm aller. T h is  in ab ility  to  p ro v id e  a co n sis ten t set o f  
parameters to fit th e  tw o  m easu rem en ts  c learly  un d erlin es 
ihe need to m o d ify  th e  m o d e l, m o re  co n v in c in g ly  than  the 
indications re fe r re d  to  in th e  p re v io u s  p a ra g ra p h . An 
ijLsensitivity is d isc em ab le  from  th e  resu lts  in the  energy  
value (E) o f  th e  p o sitro n iu m  in th e  c av ity  as d e term ined  
from the tw o m eth o d s o f  fitting , w h ich  w h ile  g iv in g  poten tials 

w idely d iffe rin g  d e p th s  { U o \  y ie ld  n ev erth e le ss  s im ila r 
values for the e n erg y  E,  T h is  is b ecau se  o f  the  fact th at as 
iV increases th e  k in e tic  en erg y  (d u e  to  th e  ze ro  p o in t m o tion  
dicuiied  b y  th e  u n c e r t a i n t y  p r i n c i p l e )  d e c r e a s e s ,
• urrcspondingly o n e  sees th a t th e  po ten tia l en erg y  in the 
ujiicr case is g rea te r . T h u s th e  to ta l en erg y  in the  tw o  
jiujiions IS v e ry  c lo se  to  each  o ther.

A further ind ica tio n  o f  the in ad eq u acy  o f  the  bubb le  
iiinJe! wifh sh arp  b o u n d a rie s  is rev ea led  w hen one ex am in es 
iK' data perta in ing  to  p ic k -o ff  an n ih ila tio n  in o rd in ary  w a ter 
li ()/ and h eav y  w 'ater (D^O). T he best fits to  the angu lar 
.v'rrclation da ta  in th e  tw o  cases are g iven  by p o ten tia l 
jcpf.hs ((/o) w hich  d iffe r  from  each  o th e r by ab ou t 2 0 %  [2 0 ], 
iliis, however, sh o u ld  n o t be th e  case  as the d ep th  o f  the  
:M;tcniial is e ssen tia lly  p ro v id ed  by  th e  e x ch an g e  in terac tion  
vciwcen the e lec tro n  in th e  p o sitro n iu m  and the  e lectrons 
n the s u r ro u n d in g  m o le c u le s  o f  th e  l iq u id . B u t th e  
vavdunclions o f  e le c tro n s  in the  m o lecu les  o f  H 2O  and 

must be e ssen tia lly  iden tica l. T h ere fo re , one expects 
hat the values o f  Uo m th e  tw o  cases mu.st be  a lm o st the 
•amc or close (w ith in  ex p erim en ta l errors). T hus w hen looked  
ipon critically  th e  b u b b le  m o d el w ith  sh a rp  b o u n d aries  
ippears to be so re ly  in need  o f  m o d ifica tio n .

’ i  Revised bubble m odel :

Respite the p o p u la rity  o f  the  b u b b le  m o d el, h o w ev er, the  
Mcture o f  a sh a rp  b o u n d a ry  is at v a rian ce  w ith  the  general 

o f  liq u id -v a p o u r in te rfaces, an d  even  m o re  $0 in the  
fmtext o f  such  m ic ro sco p ic  d im en sio n s. Indeed  rem arks to 
tet effect m ay  be fo u n d  in th e  lite ra tu re  [1 4 ] :  “ the  ag reem en t 
‘t:tween the  c a lcu la ted  v a lu es an d  th e  ex p erim en ta l data is 
^rprising, fo r  th e  b u b b le  m ay  n o t p o ssess  a d e fin ite  rad ius, 

there m ay  v e ry  w ell be  a  tran s itio n  reg io n  be tw een  the  
^vity w hich  h a s ...a  d en sity  o f  z ero  a n d  th e  bu lk  d ensity  o f  

liquid’*. T o  q u o te  from  a p a p e r  w ritten  by T ao  [12] : 
Which type  o f  m o re  c o m p lica ted  p o ten tia l w ell is the  best 
 ̂ better one  in th e  c a lcu la tio n  o f  the  p ic k -o ff  ra te  o f  o -P s

in liqu ids” ? It is, th ere fo re , ra th e r stran g e  th a t d esp ite  the  
reco g n itio n  o f  th is im portan t a sp ec t o f  the  p ro b lem  there  
has been  no  a ttem pt, so  far as w e are aw are , ex cep t fo r a 
recen t a ttem pt by the p resen t au th o rs  [ 18,19], to  go  b eyond  
th is p a ten tly  unphysical co n cep t o f  a sh a rp  b oundary .

T ak in g  cog n izan ce  o f  the  fact that the  den sity  p ro file  o f  
the  m olecu les o f  the  liquid  a round  the  Ps atom  sh o u ld  be 
one c h an g in g  g ra d u a lly  tro m  zero  a t th e  c en te r  o f  th e  
p ositron ii|m , and should  w ith in creas in g  d istan ce  tend  to 
d ensity  (p^) o f  the  bulk flu id , w c shall cho o se  functional 
fo rm s t t o l  a d m it a n a ly t ic a l  so lu tio n s , so  as to  a v o id  
cum b erso m e num erica l w ork  w here  the  u n d e rly in g  p h y sics 
m ay be lost. T he density  p rofile  will con ta in  a p a ram ete r R 

ch aracteriz ing  the “ size” o f  the cav ity . F u therm ore , since  the 
rep u ls iv e  ex ch an g e  in teraction  betw een  the Ps a tom  and  the 
host m olecu les is sho rt ranged  it is no t too  u n reso n ab ic  to 
la k e  th e  s e l f - tr a p p in g  p o te n t ia l  (w h ic h  c o n f in e s  th e  
positro n iu m ) to  have the sam e radial d ep en d en ce  as that o f  
the density . A s befo re  the S ch io d in g c r eq u atio n  for the  
ceiile r-o f-m ass m otion  o f  positron ium  will have  to  be so lved  
and the  co rresp o n d in g  w ave  function  found . W e shall 
lake tw o functional form s for the d en sity  p ro file  (w ith  the 
co rresp o n d in g  p o ten tia ls), and shall label these  as m o d els 
II and III. T he p ick -o ff  ann ih ila tion  rate  is easily  ca lcu lab le  
in each o f  the m odels using  eq. (7), ho w ev er, the  ran g e  o f  
in tegration  for the overlap  {j?) shall be now  from  zero  to 
infin ity  as the bubb le  in the  m od ified  v ersions o f  the  m odel 
docs not have  a sharp  boundary . O u r stra teg y  to co m p are  
the  d iffe ren t m odels w ith the cx p eiim en ta l da ta  w ill be to  fix 
the value  o f  the o v erlap  p  to fit the m easu red  p ic k -o ff  
life tim e and to  use the param eters so d e te rm in ed  to  o b ta in  
the  p red ic tio n  o f  the  m odel fo r the  a n g u la r  c o rre la tio n  
( 6>)/2) w h ich  can  th en  be c o m p a re d  w ith  the  o b se rv e d  
va lues.

M o d e l 2 : In th is version  w e tak e  the den sity  p ro file  o f  
the cav ity  to be [18]

P(f') -  p{) i^nh-(r/R)  (9)

T hus the density  ol* the  su rro u n d in g  flu id  is zero  at the  
cen ter-o f-m ass o f  the Ps atom  and w ith  in creas in g  d istan ce  
tends to  d ensity  (/a>) o f  the bulk  liquid . T he p a ram ete r R is 
the rad ius p a ram ete r and ch arac te rizes  the  size  o f  the  bubble. 
F u rth e rm o re , as a lread y  sta ted  the  ex ch a n g e  in te rac tio n  
betw een  the Ps a tom  and  the  host m o lecu le s  b e in g  sh o rt 
ra n g ed , th e  s e lf - tra p p in g  p o te n tia l  w h ic h  c o n f in e s  th e  
p o sitron ium  is taken  to  be o f  the sam e form , n am ely

U { r )  -  (7() tan /i^  (.*'//?) (10)

w here  Uo is the  dep th  p a ram ete r o f  the  po ten tia l, f h e  5-w ave  
g ro u n d -sta te  w ave  function  can  be eas ily  so lv ed  fo r (in
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te rm s  o f  a  h y p e rg e o m e tr ic  fu n c tio n ), w h ich  w hen  n o rm alized  

re a d s  a s

r ( s + } )
1/2

1
2 n R  r(3/2)rCv-l)

X - s e c h ‘H r / / ? ) s i n h ( r / / ? )

w h ere \6 m U o R ^

a n d  E  = Un
\6 m R ^

-3  +
XbrnlJ^R^

( 11a)

( l i b )

( l i e )

T h e  p ic k -o f f  ra te  is n o w  ea s ily  c a lc u la ted  u s in g  eq . (7 ) an d  

th e  o v e rla p  in teg ra l m a y  be  d o n e  ana ly tica lly  in th is  case  to  

y ie ld  p  =  3 /(2 s   ̂ 1). H av in g  fixed  th e  p a ram ete rs  o f  the 

p o ten tia l to  g iv e  th e  ex p e rim en ta l v a lu e  o f  th e  p ic k -o ff  ra te  
( y id e p ) ,  th e  m easu red  a n g u la r  co rre la tio n  p a ram e te r &1/2 is 

r e a d i ly  c a lc u la te d  f ro m  th e  F o u r ie r  t r a n s fo rm  o f  th e  
w a v e fu n c tio n  (eq . 1 1 a ) and  u s in g  eq . ( 8 ). It m ay  b e  o b se rv ed  

th a t th o u g h  m o d e l II is co n c e p tu a lly  m o re  a ttrac tiv e  th an  

m o d e l I s in c e  th e  sh a rp  b u b b le  b o u n d a ry  has b een  d isp o sed  

o ff , n e v e rth le s s  th e  ag re e m e n t is o n ly  m arg in a lly  b e tte r  

(T ab le  2 ). H o w ev e r, w h a t is  m o re  im p o rtan t is to  rem ark  th a t 

w h ile  m o d e l I c o n s is te n tly  u n d e rp red ic ts  m odel II

sy s tem a tica lly  o v e rp re d ic ts  th e se  v a lues . H en ce  it is c le a rly  

in d ica ted  th a t a  d e n s ity  p ro f ile  be  ch o sen  w h ich  lies in 

b e tw een  th e  tw o  sh a p e s  co n sid e red .

T h is  b rin g s  u s  to  m o d e l III, in w h ich  w e m ak e  th e  

ch o ice  [19]

p ( r )  = Po[i - e \ p ( - r / R ) ]  

an d , a c c o rd in g ly

f / ( r ) =  t / o [ l  -  e x p (r //? )J

( 12a)

( 12b)

T h e  n o rm a liz e d  g ro u n d -s ta te  w av e  fu n c tio n  is easily  fo und  

to  be

T he  o v e rlap  in teg ra l is re a d ily  e v a lu a te d  to  y ie ld

i 2p  ~  1 //  „  1---- — [JikR+l (2 6 /? )]
(14)

T h e  F o u rie r tran sfo rm  n e c e ssa ry  fo r th e  ca lcu la tion  o f the 

a n g u la r co rre la tio n  is a lso  an a ly tic a lly  av a ilab le  ui the fonn 

o f  a ra p id ly  co n v e rg e n t se rie s . T h e  p re d ic te d  resu lt shows 
(T a b le  2 )  th a t th e  ag re e m e n t is 5%  o r  b e tte r  fo r  all the cases 
ex cep t w ater.

F u rth e rm o re , th e  b u b b le  m o d e l in its rud im en tary  fonn 

has a lso  rece iv ed  c ritic ism  o n  a n o th e r  co u n t. W ith  the bubble 

rad iu s  tu rn in g  o u t to  be  b e tw een  3 a n d  6  A  it has been 

em p h as ised  [2 1 ,2 2 ] th a t it w o u ld  o n ly  b e  p ro p e r  to  consider 

th e  e ffec t o f  th e  rad iu s  o f  c u rv a tu re , w h ic h  in tu rn  leads to 

th e  n o tio n  o f  th e  e ffec tiv e  (<7eff) ra th e r  th an  th e  bulk (a) 

v a lu e  fo r  th e  su rface  ten s io n . H o w ev er, th is  fu iite  size effect 

necess ita te s , fo r th e  u n d e rly in g  th e o ry , th e  in troduction  of, 

n o t o n ly  th e  rad iu s  R  o f  th e  su rface  o f  ten s io n , b u t also the 
d is tan ce  a  c h a rac te ris in g  th e  d if fu s iv ity  o f  th e  su rface  (which 

is re la ted  to  th e  d iffe ren ce  b e tw een  th e  su rface  o f  tension 

an d  th e  e q u im o le c u la r  d iv id in g  su rface ). H ak an ish i, Wang 

an d  Jean  [22] u sin g  th e  G ib b s-T o lm an  [23 ] -K oen ig  [24] 

re la tio n sh ip  b e tw een  ((Tefl-) an d  cr, a n d  a lso  B yakov  and 

G ra fu tin  [2 1 ] , u s in g  an  a p p ro x im a te  e x p re s s io n  due to 

T o lm an  [23],

(15)

r. ” 1{ 2 n S j

1/2

(1 3 .)
Jo r

d is c u s s  th e  s i tu a t io n  v is  a  v is  p o s i t r o n iu m  p ick -o ff 

a n n ih ila tio n  u sin g  th e  b u b b le  m o d e l, p a rticu la rly  in high 

su rface  ten s io n  liqu ids, w ith  <7tff u se d  in p la c e  o f  a  It was 

a rg u ed  [2 1 ] th a t th o u g h  d o u b ts  h a d  b een  ex p re ssed  [16] as 

to  th e  ap p lic ab ility  o f  th e  b u b b le  m o d e l to  liq u id s  w ith  large 

v a lu e s  o f  cr, th e  u se  o f  in its p la c e  rem o v es  these 

m isg iv in g s. H o w ev er, th e se  au th o rs  le f t th e  fo n n  o f  the 

d e n s ity  p ro f ile  an d  th e  p o te n tia l u n a lte re d  ( th a t is they 

re ta in ed  th e  sh a rp  b o u n d a ry )  b u t o n ly  p u t in to  th e  balance 
eq u a tio n  (5 ) th e  w o rk  fo r b u b b le  fo rm a tio n  (w ith  r  the  radial 

d is tan ce  from  th e  ce n tre  o f  th e  b u b b le ) , g iv e n  by

(1<>)

w h ere  A =  / h^){Uo - E),  b =  ^{Am! fP)UQ

a n d  s  =  ( 2 6 / ? ) f + [ . / 2 * « ,„ ( 2 6 /? ) f }  (13b)
««0

J v  (z ) b e in g  th e  B esse l fu n c tio n  o f  o rd e r  v  a n d  a rg u m en t z. 

T h e  g ro u n d -s ta te  e n e rg y  is  o b ta in e d  fro m  th e  e ig en v a lu e  

co n d itio n

JzMH{2bR) = Q. (13c)

in  p la c e  o f  4 jrc rR \  w h ic h  w o u ld  h a v e  b e e n  ap p ro p ria te  only 

i f  th e  d ep e n d e n c e  o f  su rfa c e  ten s io n  o n  th e  b u b b le  size was 

ig n o red . H o w ev er, th e y  tre a te d  a  ( in tro d u c e d  o n ly  in the 

fo rm u la  fo r  aeiO ns a  free  p a ra m e te r  ta i lo re d  to  f i t the  data. 

In d eed  w h ile  th e se  au th o rs  d id  c a p tu re  a n  im p o rtan t aspect 
o f  th e  u n d e rly in g  p h y s ic s , th e ir  w o rk  le f t a  lo t to  be  desired 

and  th is  b r in g  u s  to  m o d e l IV  to  b r id g e  th is  lacuna .

A s in d ica ted  e a rlie r  th e  d e n s ity  p ro f ile  sh o u ld  contain a 

p a ram e te r R  ch a ra c te riz in g  th e  ‘s iz e ’ o f  d ie  c av ity , and  also
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another q u a n tity  ' a '  p a r a m e tr iz in g  th e  d i f fu s e n e s s  o f  th e  
transition lay e r. T o  m o tiv a te  th e  c h o ic e  o f  th e  d e n s i ty  p ro f i le  

go back to  a  p a p e r  [2 5 ]  w h ic h ,  e m p lo y in g  in te rm o le c u la r  
interactions g iv e n  b y  th e  L e n a r d - J o n e s  p o t e n t i a l ,  u s e s  
numerical s im u la t io n  to  s tu d y  d e n s i ty  p ro f i le s  fo r  sm a ll  liq u id  
droplets. It tu rn s  o u t  th a t  th e  r e s u l ta n t  d e n s i ty  p ro f i le s  a re  
(Veil d e sc rib ed  b y  a  fo rm  w h ic h  w h e n  m o d if ie d  to  a c c o u n t 
for the fact th a t  w e  a re  h e re  d e a l in g  w ith  a  c a v ity  in th e  
liquid, read s

r. l +
(17)

U [ r ) ^ U , 1 - (18)

ihe S c h rb d in g e r  e q u a t io n  fo r  th e  c e n te r - o f - m a s s  m o tio n  o f  
Hr- p o s itro n iu m  t r a p p e d  in  s u c h  a  p o te n t ia l  w ill  h a v e  to  be  
.solved for th e  lo w e s t  a n d  o n ly  r e le v a n t  s ta le ,  w h ic h  h a s  th e  
orbital a n g u l a r  m o m e n t u m  /  = 0  ( s - w a v e ) ,  a n d  th e  
corresponding w a v e - f u n c t io n  c a n  b e  f o u n d  a n a ly t ic a l ly  in 
icmis o f  th e  h y p c r g c o m e tr ic  fu n c tio n  2/ ' i  ( / /  r » ' , / / +  v   ̂ 1, 

l ; y )  [28].

The ra te  c o n s ta n t  f o r  th e  p i c k - o f f  c o m p o n e n t  o f  th e  
decay can  n o w  r e a d i ly  b e  f o u n d  u s in g  th e  w a fe fu n c t io n  [2 8 ] 
and the d e n s i ty  p r o f i le  a s  d is c u s s e d  e a r l ie r ,  a n d  o n e  a r r iv e s  
at the re su lt

=4.aro2cZcfrPoj^l +  ^ ( l  + e x p ( - / ? / o ) ) j  ( i9 a )

where C, = hy«'(l-y)VjF,|

C : = J > ( l - > < ) ^ . F , f ^ ^ .

(1%)

(19c)

and ------ !------ *  V
\ + e ir-R )/a  y '

p  = i

H a v in g  so lv e d  th e  S c h r M in g e r  e q u a tio n  in  te rm s  o f  w e ll-  
k n o w n  s ta n d a r d  f u n c tio n s  w e  n o w  n e e d  to  im p o s e  th e  
c o n d it io n  fo r  s ta b ili ty  o f  th e  p o s i tro n iu m  b u b b le  sy s te m . 
T h is  c o n d it io n  [g iv e n  b y  eq . (5)1 w ill n o t h a v e  to  b e  m o d if ie d  
o n  tw o  c o u n ts .  F irstly^ w ith  s iz e  d e p e n d e n c e  o f  s u r fa c e  
te n s io n , d e sc r ib e d  tliro u g h  e q s . (1 5 ) , th e  su r fa c e  e n e rg y  w ill 
h a v e  to  lie in c o rp o ra te d  th ro u g h  th e  re p la c e m e n t  o f  A n F} <j  

by  th e  w ^ rk  fo r b u b b le  fo rm a tio n , a n d  a c c o rd in g ly  th e  to ta l  
e n e rg y  qjf tlie  P s -b u b b le  sy s te m  is n o w  g iv e n  b y

(20)

The sam e fo rm  h a d  in  f a c t  b e e n  s u g g e s te d  b y  s e v e ra l  a u th o rs  
[26j and is in d e e d  th e  g e n e r a l iz a t io n  to  a  c u rv e d  su r fa c e  o f  
me fomi o b ta in e d  f o r  a  f la t  s u r f a c e  [2 7 ] . I t  m a y  a ls o  b e  
remarked th a t  th is  e x p r e s s io n  is  th e  s a m e  a s  th e  c e le b ra te d  
W oods-Saxon p o te n t ia l  p o p u la r  a m o n g  n u c le a r  p h y s ic is ts .  
In accordance  to  th e  a r g u m e n ts  g iv e n  e a r l ie r ,  th e  p o te n tia l  
well in w h ic h  th e  p o s i t r o n iu m  f in d s  i t s e l f  sh a ll  a ls o  b e  ta k e n  
10 be o f  the  s a m e  fo rm , to  w i t

w h ic h  o f  c o u rs e  re d u c e s  to  th e  c a se  o f  th e  s h a rp  b u b b le  
b o u n d a ry  w ith o u t  c u rv a tu re  c o r re c t io n s  a s  th e  d if fu s iv i ty  a  

g o e s  to  z e ro . S e c o n d ly ,  in c o n tra s t  w ith  w h a t  o n e  h a d  e a r l ie r ,  
h a s  n o w  to  b e  m in im is e d  b o th  w ith  re s p e c t  to  th e  s iz e  

a n d  d if fu s iv ity  p a ra m e n te r s  R  a n d  a:  th u s  u n l ik e  w h a t  w a s  
th e  c a se  in th e  a tte m p t b y  B y a k o v  a n d  P c tu d io v  [2 9 ] , h e re  
e v e n  th o u g h  w e  h a v e  in tro d u c e d  a d if fu s e n e s s  p a ra m e te r  it 
is n o t f ree , a s  th e re  is an  a d d it io n a l  e n e rg y  m in im is a t io n  
c o n s tra in t .  T h e  d e ta i le d  re su lts  a re  d e s c r ib e d  in [2 8 ] .

3 , B u b b le  S h r i n k a g e  m o d e l
O n e  o f  th e  a tte m p ts  to w a rd s  u n d e r s ta n d in g  s o m e  a s p e c ts  
o f  P s -A c  c o m p le x  fo rm a tio n  in l iq u id s  h a s  b e e n  th ro u g h  
th e  B u b b le  S h r in k a g e  M o d e l p ro p o se d  [1 ,3 0 ]  b y  w o rk e r s  a t  
th e  In s ti tu te  o f  C h e m ic a l  I*hysics at M o s c o w . T h is  w a s  in 
tu rn  su b je c te d  to  a c r it ic a l  a s s e s s m e n t b y  K o b a y a s h i  a n d  
U J ih i r a  [ 3 1 ] ,  a n d  f u r th c i  d e v e l o p e d  b y  R y z k o v  a n d  
S h a n ta ro v ic h  [3 0 ].

It is a .ssum ed  th a t th e  p e n e tra t io n  o f  th e  a c c e p to r  in to  
th e  b u b b le  in d u c e s  th e  fo rm a tio n  o f  th e  c o m p le x ,  w ith  th e  
P s  n o w  e x p e r ie n c in g , n o t  o n ly  th e  c o n f in in g  p o te n t ia l  lJ(r)  

d u e  to  th e  s u r r o u n d in g  s o lv e n t ,  b u t  a ls o  th e  a t t r a c t iv e  
p o te n tia l  l '(r) c a u s e d  b y  th e  in te ra c t io n  o f  P s w ith  th e  a c t iv e  
c e n tre  o f  th e  a c c e p to r  A c . M o d e l lin g  b o th  U ( r)  a n d  F(r)  b y  
s q u a re  w e ll p o te n t ia ls  o f  h e ig h t  Uo a n d  r a n g e  R  fo r  th e  
fo rm e r , a n d  d e p th  To m id  ra n g e  a ,  fo r  th e  la t te r  th e  n e t 
p o te n tia l  fe lt b y  P s n o w  is JV(r) U { r )  V(r).  In  th is  p o te n tia l  
th e  p o s i tro n iu m  is in a  s ta te  o f  e n e rg y  E  s a y . H o w e v e r ,  th e  
c a p tu re  o f  P s  b y  th e  a c c e p to r  r e s u l ts  in  a  r e d u c t io n  o f  th e  
o u tw a rd  p re s s u re  e x e r te d  b y  it o n  th e  b u b b le  w a ll  d u e  to  th e  
u n c e r ta in ty  m o tio n , th e  su r fa c e  te n s io n  ta k e s  o v e r  a s  th e  
b a la n c e  c o n d it io n  is d is tu rb e d , in d u c in g  th e r e b y  a  s h r in k a g e  
o f  th e  b u b b le .  T h is  in tu rn  b r in g s  th e  re p u ls iv e  p o te n t ia l  d u e  
to  th e  s o lv e n t  in  c lo s e r  p r o x im ity  to  th e  p o s i t ro n iu m  a n d  a s  
a  c o n s e q u e n c e  th e  b in d in g  e n e rg y  | £ |  d e c re a s e s  a n d  w h e n  
E { R )  b e c o m e s  g re a te r  th a n  z e ro , th e  c o m p le x  d is s o c ia te s .  
S o lu t io n  o f  th e  S c h rO d in g e r  e q u a t io n  fo r  £ ( /? )  is r e a d i ly  
fo u n d  a n d  o n e  e x a m in e s  E { R )  a n d  a ls o  th e  to ta l  e n e r g y
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£toi == E {R )  ̂ 47r/?2(T as a  fu n c tio n  o \'R . T w o  ty p ic a l  p o s s ib le  
s c e n a r io s  a re  d e p ic te d  s c h e m a tic a l ly  in F ig u re  3 (a )  a n d  3 (b ).

E|o,(Vo*0)

(3b)

Figure 3. Schematic rcprescritalion of the energy of the positroniurn 
acceptor bubble system as a function of the bubble radius showing 
contributions of different components in the case of stable complex 
[Figure 3aJ and unstable complex [Figure 3b|

In  e a c h  c a s e  th e  c u rv e  la b e l le d  ( Fq =  0 )  s h o w s  th e  
e n e r g y  o f  th e  P s -b u b b le  sy s te m  in  th e  p u re  s o lv e n t  (n o  A c )  
a n d  its  m in im u m  o f  c o u r s e  g iv e s  th e  e q u il ib r iu m  b u b b le  
ra d iu s  R\  a ls o  th e  c u r v e  fo r  g iv e s  th e  s u r fa c e  e n e rg y .
T h e  c u rv e  la b e l le d  E  s h o w s  th e  e n e r g y  e ig e n v a lu e  o f  P s  in  
th e  p re s e n c e  o f  th e  a c c e p to r  w h i le  £,^1 d e p ic ts  th e  to ta l  
e n e r g y  £  +  4 n R ^ ( j .

In  th e  s i tu a t io n  s h o w n  th r o u g h  F ig u re  3 (a )  th e  m in im u m  
o f  £,oi is a t  R m  w h ic h  is  th e n  th e  e q u il ib r iu m  ra d iu s  o f  th e  
b u b b le  in  t h e  p r e s e n c e  o f  th e  a c c e p to r .  N o te  h e r e  th a t

£ ( £ w )  <  0  i m p ly in g  t h a t  P s - A c  c o m p le x  i.s stable 
e q u il ib r iu m . In d e e d  th e  d is s o c ia t io n  r a d iu s  /?„  [E{R„)  .= 
o c c u r s  a t  a  v a lu e  R p  <  R̂ .̂ T h is  th e n  d e s c r ib e s  the  case of 
th e  ta b le  c o m p le x . O n  th e  c o n tr a ry  F ig u re  3 (b )  show s the 
c ir c u m s ta n c e  w h e re  R „  >  In  o th e r  w o r d s  th e  complex 
w o u ld  h a v e  d is s o c ia te d  b e f o re  e q u il ib r iu m  is a rr iv e d  at it 
th e  u n s ta b le  c o m p le x  c a se .

4. Ps-Ac complex formation and its stability in the bubble

f o  ra is e  th e  s ta tu s  o f  th is  c o n te n t io n  [32] to  a t  lea st a semi- 
q u a n ti la t iv e  le v e l  le t  u s  c o n s id e r  th e  p o s i tro n iu rn  to be 
su b je c te d  to  an  a t t r a c t iv e  p o te n t ia l  V(r) d u e  to  th e  Acceptor 
w h ile  it a ls o  fe e ls  th e  in f in i te  r e p u ls io n  d u e  to  th e  solvent 
lo c a te d  a t  th e  b u b b le  w a l l  a t  a  d i s t a n c e  R.  T ak in g  the 
p o te n t ia l  F ( r )  to  b e  a  s p h e r ic a l  w e ll  [33] o f  d e p th  P„ and 
ra n g e  a  viz. -  Fo6>(« -  r )  w h e re  0  is th e  s te p  fu n c tio n , the 
r e le v a n t  S c h r O d in g e r  e q u a t i o n  f o r  t h e  c e n tre -o f-n ia s s  
m o tio n  o f  P.s is

h- <J- I
-B u  fo r  r < c /

J i L A L
4 m  d r -

u ~ ~ B i4 for  r > a

(2!a)

Clh)

w ith  y/ ^ u!r. T h e  a p p ro p r ia te  b o u n d a r y  c o n d itio n s  arc 
u(r “  0 )  -  0  a n d  i/(r  ̂ R) - 0 , w h ile  ii a n d  its  d e r iv a tiv e  muht 

b e  c o n tin u o u s  di r  ~ a , y ie ld in g  th e  e ig e n v a lu e  condition

^ ta i iA 'a  " - / : t a n h A ( / ?  " a )  (r .i

w h e re  k a n d  hr ~  -  k^ w ith 4 m  Fq

T h e  b o n d  b r e a k in g  ( d i s s o c ia t io n )  r a d iu s  Riu  v /r  whcie 
k  - 0 , is th u s  g iv e n  b y

R n  - a \ \ ‘ (23)

S in c e  in  th e  le a d in g  a p p r o x im a t io n  ( a d o p te d  by  us) the 

e f fe c t  o f  th e  s o lv e n t  is r e p re s e n te d  b y  a n  in f in i te  repulsion 

( ta n ta m o u n t  to  a b o u n d a r y  c o n d it io n  fo rc in g  y / \ o  vanish at 

R \  th e  r a d iu s  Rn  d e p e n d s  o n ly  o n  th e  c h a ra c te r is tic s  o f  the 
A c c e p to r  vis a  v is  its  a f f in i ty  fo r  th e  p o s i t ro n iu rn ,  a n d  is. to 

th a t  e x te n t ,  s a m e  fo r  a ll s o lv e n ts .  H o w e v e r ,  w e  m u st also 

c o n s id e r  th e  f a c t  th a t  th e  P s - A c - b u b b le  s y s te m  would 

e q u il ib ra te  a t  s o m e  ra d iu s  R ^  a t  w h ic h  th e  to ta l  energy  is 
a  m in im u m , n a m e ly ,

d
d R

[-^*F4;r/?2<T ] =  0 . (24)

5. The notion of critical surface tension
A  b ig  s te p  fo rw a rd  is m a d e  p o s s ib le  b y  o u r  re c o g n itio n  that 
in  l e a d i n g  a p p r o x i m a t i o n  R n  is  e s s e n t i a l l y  solvent
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independent, w h ile  so lv e n t d e p e n d e n c e  en te rs  th ro u g h  R m  

jnd that too o n ly  th ro u g h  a . A s  th e  su rfa c e  ten s io n  o f  th e  

jolvent is a fu n c tio n  o f  te m p e ra tu re , th e  e q u ilib r iu m  rad iu s  

of the bubble (w ith  P s-A c  in s id e )  d e p e n d s  on  tem p e ra tu re  

pnly through a  v iz . R m (T )  =  R m [<t (T )]. A s T  is  dec reased , 

increases, d ec rea se s . W h en  R m  b e c o m e s  less th an  R o  
the Ps-Ac-bubb!e sy s tem  is n o  lo n g e r  stab le . C lea rly  th e re  

IS a critical va lue  o f  tr, a„ , a t  w h ic h  R u i a ^ ]  =  Ri^, m a rk in g  

itie w atershed b e y o n d  w h ic h  th e  P s -A c -b u b b le  sy s tem  

destabilises. T he v a lu e  o f  T  a t  w h ich  cr a tta in s  th e  v a lu e  cr„ 

depends on the  p a r tic u la r  so lv en t, b u t a „  d o e s  n o t, b u t is, 

in the leading o rd e r , a  p ro p e r ty  o f  th e  A c c e p to r  u n d e r 

ronsideration. W e a rg u e  th a t  th e  tu rn o v e r  te m p e ra tu re  To is 

ihf temperature a t w h ic h , fo r  th e  so lv e n t a t h an d , < r(ro ) =  cr„. 
Indeed at su ffic ien tly  h ig h  te m p e ra tu re  w h e re  c r (7 )  <  cr„, a  

large negative c h a n g e  in e n th a lp y  o c c u rs  as th e  reac tan ts

jl’s in a bubble o f  ra d iu s  R  =  I 1 an d  th e  A ccep to r]

react to form th e  p ro d u c t [P s-A c  C o m p lex  in b u b b le ] w ith  

:hc radius h av in g  sh ru n k  to  R ^ .  T h is  m ak es  it a  d o w n -h ill 

eaction, since fo r  w eak  A c c e p to rs  th e  ac tiv a tio n  en e rg y  is 

;\pecled to p lay  a  su b -d o m in a n t ro le  a n d  a lso  th e  e ffec t o f  

,i)lvent v isco s ity  is n e g lig ib le  (b e c a u s e  th e  c o m p le x  is 

irotected by the  b u b b le  fro m  th e  b u ffe ttin g  b y  th e  so lv en t 
noleculcs). It is th u s  b a s ica lly  th e  n e g a tiv e  ac tiv a tio n  v o lu m e  

iiat IS re sp o n sib le  fo r  th e  a n ti-A rrh e n iu s  b e h a v io u r  fo r 
 ̂ 7',) O n the  o th e r  h an d  fo r T  < To w h en  a { T ) >  cr„ th e  

'i-A c-bubble sy s tem  is u n s tab le , th e  A c  is sq u eezed  o u t o f  
he bubble an d  th e  fo rm a tio n  o f  th e  C o m p le x  m u s t o f  

lecessity take  p lace  in th e  m ilieu  o f  th e  so lv e n t a cco m p an ied  

IV the con tinual im p ac t o f  th e  so lv e n t m o lecu le s . A s  such , 

ollowing K ram ers [34 ] th e  ro le  o f  th e  m ed iu m  w o u ld  b e  sa id  
a belong to  th e  S m o lo c h o w sk i re g im e , w ith  th e  d ep en d en ce

f  the rate co n s tan t o n  th e  v is c o s ity  { tf)  v a ry in g  as — ~

where D  is th e  d if fu s io n  c o e ff ic ie n t o f  th e  liqu id , th e  last 
tep being a  c o n se q u e n c e  o f  th e  E in s te in -S to k e s  re la tio n ).

1 view o f  th e  sm a lln e ss  o f  th e  ac tiv a tio n  en e rg y  fo r  w eak  

icceptors, w e w o u ld  th e re fo re  e x p e c t th a t k ~ e x p [ -  £ ,/A fl7], 

'here is th e  a c tiv a tio n  en e rg y  a sso c ia te d  w ith  th e  p ro ce ss  

fdifTusion. T h e  re a c tio n  in  th is  re g io n  w o u ld  b e  d iffiis io n  

ontrolled an d  w o u ld  e x h ib it a  n o rm a l A rrh e n iu s  b eh av io u r , 

his enab les u s  to  m a k e  th e  im p o rta n t p re d ic tio n  th a t 

= <r„ a n d  th a t  it is a p p ro x im a te ly  so lv e n t in d ep en d en t.

 ̂order to  c o n fro n t th is  w ith  e x p e rim en t, w e  h av e  p lo tted  

’ Figure 4 , c r (7 )  a g a in s t T  -  To fo r  v a rio u s  so lv en ts  (fo r  

'hich data is a v a ila b le  w ith  n itro b e n z e n e  a s  th e  A ccep to r) .

It is indeed  h ig h ly  g ra tify in g  to  n o te  th a t  w h ile  To d iffe rs  

'idely from  so lv e n t to  so lv e n t, a n d  a lso  th e  v a lu e s  o f  th e  

ten s io n  <rat a  g iv e n  te m p e ra tu re  fo r  d if fe re n t so lv en ts

h a v e  a  su b s tan tia l sp read , n ev e rd ie le s s  (r(To) =  fo r  th e  

so lv en ts  u n d e r  co n s id e ra tio n  lie  in  a  ra d te r  n a rro w  ran g e ,
n am e ly , (r„ " ‘ 2 6 ± 2  d y n es/cm .

Figure 4. Surface tension a  (7) for different solvents as a ftmetion 
of 7' ~ To exposing the concept of the critical surface tension (ocr).

T h is  m o d e l g iv e s  (fro m  eq . 2 4 )

^ ____________________ 6 £ | _____________________

( ^ - t a n 0 ( 3 ^ - 3 t a n < '+ 3 ^ t a n 2 ^ - 2 t a n 3 0  ^

w h e re  ^ ^ g a . W h e th e r th e  P s-A c -b u b b le  sy s tem  w ill b e  

s tab le  o r  n o t w ill d ep en d  o n  w h e th e r Ru is  g re a te r  th an  o r  
lesser th an  th e  b o n d -b reak in g  rad iu s  Rp.

6. Discussion
A rm ed  w ith  th is  v a lue  o f  ar„ w e  a re  n o w  in  a  p o s itio n  to  

access  th e  P s-A c  in te rac tio n  p a ra m e te rs  w h ic h , a s  w e  sha ll 

d iscu ss  b e lo w , a re  u n fo r tu n a te ly  n o t a v a ila b le  fro m  a n y  

o th e r  sou rce . B e in g  led  b y  th e  e s tim a te s  o f  o th e r  a u th o rs  le t 

u s fix  th e  ran g e  o f  th e  in te rac tio n  to  b e  a  *  1 .5  A , a n d  

d e te rm in e  g  by  p u ttin g , in a c c o rd a n c e  to  o u r  d isc u ss io n s  

a b o v e , cr=  o ir and  Rm = R o  ( re fe r  eq . (2 3 )] . T h is  im m e d ia te ly  

y ie ld s  th e  v a lu e  g  -  1.25 A '* w h ich  c o rre sp o n d s  to  th e  

P s-A c  b in d in g  e n e rg y  ( th e  A c c e p to r  b e in g  n itro b e n z e n e )  

Bo =  0 .1 8  eV . N o te  th a t  Bo s ig n ifie s  th e  b a s ic  b in d in g  in  th e  

ab sen ce  o f  th e  so lven t, n am ely , B o = Lim /j_,«,B, w h ich  im p lies  

v id e  eq . (2 2 ), th e  w e ll-k n o w n  re su lt : - / r c o t  =  *  th e
e ig en v a lu e  co n d itio n  fo r  a  sp h e rica l w ell. U n fo rtu n a te ly  th e re  

is  n o  d irec t m e a su re m e n t o f  th is  b in d in g  e n e rg y  Bo, a n d  th e  

ap p ro ach es  b a se d  o n  firs t p rin c ip le s  [35 ] a re  b e se t w ith  

h u g e  th e o r e t i c a l  u n c e r t a in t i e s .  H o w e v e r ,  u s in g  o u r  
m e th o d o lo g y  w e  h av e  n o w  co m p le te ly  t ie d  d o w n  th e  m o d e l 

a n d  sh a ll p ro ceed  to  sh o w  h o w  th is  e x p la in s  a ll th e  m a in  

o b se rv e d  fea tu re s .
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In  o rd e r  to  fin d  th e  s lo p e  o f  th e  In ir  versu s  M T  p lo t in 

th e  h ig h e r  te m p e ra tu re  a n ti-A rrh e n iu s  re g io n  w e  reco g n ise  

th a t th is  is n o th in g  b u t th e  ac tiv a tio n  free  en e rg y , th e  m a jo r  

c o n tr ib u tio n  to  w h ic h  co m e  fro m  th e  ch an g e  in en th a lp y  

a r is in g  fro m  th e  sh r in k a g e  o f  th e  b u b b le  from  its va lu e  g iv en  

b y  R  to  th e  s iz e  d e te rm in e d  b y  R m , v iz . 4 7 rR ^ a  -  ATcR ^a  
w h e re , o f  c o u rs e  th e  ra d ii a re  fu n c tio n s  o f  te m p e ra tu re  

th ro u g h  th e  su r fa c e  te n s io n . T o  th is  m u s t be  ad d ed  the  

c h a n g e  in th e  P s-A c  b in d in g  d u e  to  th e  ap p ro ach  o f  the  

b u b b le  w a ll  f ro m  R  to  R m > T h e  r e s u l t in g  b e h a v io u r  
(a p p ro p ria te ly  n o rm a liz e d  as d e sc r ib e d  b e lo w ) is d ep ic ted  in 

F ig u re  1 fo r  th e  ca se  o f  P s n itro b e n z e n e  reac tio n  in hep tan e , 

fo r  in s tan ce , a s  a  so lv en t. T h e  s lo p e  o b ta in ed  th ro u g h  o u r 

m o d e l c o rre sp o n d s  to  »  0 .1 5  eV  w h ic h  ag ree s  v e ry  w ell w ith  

th e  e x p e rim e n ta l v a lu e . W hile  th e  ch an g e  in en th a lp y  d o es 

p ro v id e  an  u n d e rs ta n d in g  o f  th e  s lo p e  o f  th e  In ir  v.y \ / T  line 

a t h ig h e r  te m p e ra tu re s , th is  th e rm o d y n a m ic  a rg u m en t is, 

h o w e v e r, n o t s u f f ic ie n t to  p re d ic t th e  ac tu a l ra te  as th e  pre« 

fa c to rs  o f  th e  e x p o n e n tia l te rm  rem ain  u n k n o w n . N o n e  the  

less, a rg u in g  th a t  th e  re a c tio n  ra te  sh o u ld  b e  a co n tin u o u s  

fu n c tio n  o f  te m p e ra tu re , w e  sh o u ld  m a tch  it w ith  th a t b e lo w  
th e  tu rn o v e r  te m p e ra tu re  (n a m e ly  in th e  A rrh en iu s  reg io n ). 

H ere  as w e  s ta te d  e a rl ie r  th e  re ac tio n  o ccu rs  o u ts id e  th e  

ca v ity  a n d  th e  re a c ta n ts  (P s and  A c) a re  n o  lo n g er p ro tec ted  

b y  th e  b u b b le  fro m  th e  im p ac t o f  th e  so lv en t m o lecu le s  (5). 

T h e  p ro c e s s is  d if fu s io n  c o n tro lle d  (b e in g  as it is in th e  

S m o lo c h o w sk i re g io n )  an d  a c c o rd in g ly  the  reac tio n  ra te  is 

g iv e n  b y

1000 ^  
w h e re  D  is th e  su m  o f  th e  d if fu s io n  co e ff ic ie n ts  o f  th e  tw o  

re a c ta n t in  th e  so lv en t, R  is th e  sum  o f  th e  re a c ta n t rad ii (viz. 
R  = Rp, + /?Ac w h ic h  m ay  b e  ta k e n  a s  Rp, - 0 .0 5 3  nm  and  

fo r  n itro -b e n z e n e  f?Ac - 0 . 3  n m ) a n d  N  is th e  A v ag ad ro  

n u m b e r . T h e  d if fu s io n  c o e ff ic ie n ts  m a y  b e  e s tim a ted  th ro u g h  

th e  u se  o f  th e  E in s te in -S to k es  re la tio n , a n d  w e  a rriv e  a t

6 jr tf L Rpt Hac . (27)

U sin g  th e  v a lu e s  fo r  th e  a c tiv a tio n  e n e rg y  ( E ,)  fo r d iffu s io n  

th ro u g h  h e p ta n e  a n d  th e  m e a su re d  v a lu e  o f  ij, th e  m ag n itu d e  

a n d  s lo p e  o f  th e  A rrh e n iu s  p lo t  is  re p ro d u c e d  in  g o o d  

a g re e m e n t w ith  e x p e rim en t. F ig u re  1 d em o n s tra te s  th a t th e  
m a in  a sp ec ts  o f  th e  te m p e ra tu re  d e p en d en ce  o f  th e  ra te  h as  

b een  cap tu re d  in  an  e x tre m e ly  sa tis fa c to ry  m an n er.

A p a rt fro m  p ro v id in g  an  in te rp re ta tio n  o f  th e  te m p e ra tu re  

d e p e n d e n c e  o f  th e  re a c tio n  a s  s e t fo rth  a b o v e , th is  s im p le  
m o d e l is a lso  a b le  to  fu rn ish  an  ex p la n a tio n  o f  th e  o b se rv ed  

iv a i l^ io n  w ith  th e  e x te rn a l p re s su re  (P ) . In  v iew  o f  th e  sm a ll 

c o m p re s s ib il ity  o f  liq u id s  o n e  w o u ld  h a rd ly  e x p e c t a n y

iq ip rec iab le  a c tiv a tio n  v o lu m e  w h e n  T  <  To a s  the reaction 

o c c u rs  in  th e  so lv e n t itse lf. H o w e v e r, fo r  r >  f ,  due to th* 
in v o lv e m e n t o f  th e  b u b b le  a  la rg e  AV* (ac tiva tion  volum 

b e c o m e s  p o s s ib le  a n d  h e n c e  a  s ig n i f i c a n t  pressure 
d e p e n d e n c e  c a n  o c c u r ,  in  v ie w  o f  th e  b a s ic  Polyam 
re la tio n sh ip  ;

f f l E l )  /IK *
{ ^ P  } ^ ~  k „ T (28)

b e tw een  th e  e ffec t o f  ex te rn a l p re s su re  o n  th e  rate of a 
ch em ica l re ac tio n  a n d  th e  a c tiv a tio n  v o lu m e  o f  the  reaction 
(n am e ly , th e  d iffe ren ce  b e tw e e n  th e  v o lu m e  o f  the  activated 
c o m p le x  a n d  th e  v o lu m e  o f  th e  re a c ta n ts ) .  T o  obtain 
q u an tita tiv e  e s tim a te s  it is to  b e  n o te d  th a t  th e  initial volume 

viz. Ps in th e  b u b b le  w ith o u t th e  A c  m u s t b e  found now by

4 m R ^
+ 4;rR^am in im iz in g  th e  to ta l e n e rg y , n a m e ly  £,ot =

4 /r  '%
+ - j -  R ^ P  w ith  re sp e c t to  R  an d  th e re b y  o b ta in  R(P). Here 

P  is m e a su re d  in kgw t/cm ^ (=  0 .6 1 3  x 10 " ® eV /A ^). Similarly 

th e  eq u a tio n  d e te rm in in g  th e  e q u ilib r iu m  rad iu s  [P m (P)] with 

P s-A c  in s ide  th e  b u b b le  m u s t b e  a p p ro p r ia te ly  modified, so 
th a t in p lace  o f  eq. (2 4 ), w e n o w  h av e

■ 4 s ( - B  + 4 r r R ^ a + ^ R ^ P \  = 0  
u  R  V 3 (29)

E q u ip p ed  w ith  R {P ), Rm {P ) and  B [R (P )]  th e  varia tion  of the 
ra te  co n s tan t w ith  p re ssu re  can  b e  read ily  calculated.

C o n s id e r th e  tw o  ty p ica l cases d e p ic te d  in F igure 2 oui 
o f  th e  m an y  taken  from  th e  ex p erim en ta l s tu d ies  o f  K o bayash i 
[8 ,9 ]. A ll th e se  ex p e rim e n ts  w ere  p e rfo rm e d  a t ambieni 

te m p e ra tu re  (Texpi =  19 ±  1®C). W ith  n itro b en zen e  as the 
A ccep to r and  b en zen e  as th e  so lv en t w e n o te  th a t there ii 
n o  s ig n ific an t e ffec t o f  p re ssu re  on  th e  re a c tio n  rate. This 
is q u ite  co n s is ten t w ith  th e  m o d e l in v iew  o f  th e  fact thai 
th e  tu rn o v e r  te m p e ra tu re  in th is  case  [36 ] is considerabl) 

ab o v e  Ttxpt a n d  h e n c e  o n e  is  w o rk in g  in  th e  Arrhenius 
reg io n  w h e re  th e  p re s su re  e ffe c t is e x p e c te d  to  b e  small. Or 

th e  o th e r  h an d  w h en  th e  so lv e n t is h e x a n e , th e  experimeni 

w as p e rfo rm e d  in th e  re g im e  w h e re  th e  P s-A c-b u b b le  system 

is s tab le  (a s  th e  tu rn o v e r  te m p e ra tu re  h e re  is  - 5 3 °C), and 
acco rd in g ly  th e  reac tio n  ra te  re sp o n d s  a p p re c ia b ly  to  externa! 

p re ssu re . In d e e d  th e  e n h a n c e m e n t o f  th e  ra te  b y  a  factor o1 

a b o u t th ir ty  in  o u r  m o d e l is e v e n  in  q u a n ti ta t iv e  agreemeni 

w ith  th e  e x p e r im e n ta l  r e s u lts  o f  K o b a y a sh i. U sin g  th( 

e x p e rim e n ta l v a lu e  o f  th e  su rfa c e  te n s io n  o f  J iexane  at Tm 
(e r a  19 d y n e s /c m ), th e  m o d e l in d ica te s  th e  b eh a v io u r  shown 

in F ig u re  2 .

A b o v e  a  c r i t ic a l  p re s s u re  th e  P s -A c -b u b b le  syste"" 

d e s ta b iliz e s  a n d  th e  ra te  v e rsu s  p re s su re  c u rv e  levels off 

E x c e p t fo r  th e  fa c t th a t th e re  is  a  so m e w h a t precocioo^
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set of the Arrhenius regime the general experimental trend 
iscaptu*'®*̂  very well indeed considering the approximations
involved.
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