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In r ecen t  y e a r s  there  has been inc reased  in te res t  in the invest igat ion of the mic roscop i c  p ic ture  of phase  
t rans i t ions  in a supe r s a t u r a t ed  gas  [1-3]. The r e a s o n  for  this is that  in a number  of cases  (condensation of gas 
in supersonic  nozz les  of rocke t  engines and gasdynamic  l a s e r s ,  in wind tunnels) the ro le  of the initial s tage of 
nucleat ion i s  dec is ive  for  the p roce s s  of  condensat ion of the s u p e r s a t u r a t e d  gas .  The theore t ica l  kinet ics  of 
this s tage  of nucleat ion have not been extens ive ly  studied. The formula t ion  and solution of p rob lems  r e l a t ed  to 
the invest igat ion of condensat ion kinet ics  have not gone essen t i a l ly  beyond the l imi t s  of the c l a s s i ca l  d r o p -  
liquid theory  of nucleat ion [4], the foundations of which were  laid in [5-7]. Thus,  in [8-11], in the analys is  of 
the nons ta t ionary  condensat ion p r o c e s s ,  use  was made of a m a c r o s c o p i c  descr ip t ion  of the kinet ics  of nucleus 
fo rmat ion  and dis in tegrat ion,  which is not sui table  for  pa r t i c l e s  of sma l l  d imensions .  The method mos t  fully 
developed today is the s ta t i s t i ca l  method of calculat ion of equi l ibr ium concent ra t ions  of nuclei in a supe r sa tu -  
r a t e d  gas [12-14]. However ,  within the l imi ts  of the c l a s s i c a l  theory  [4] it cannot be used for  analyzing the 
initial s tage of nucleation.  

The purpose  of the p resen t  paper  is to develop a kinet ic  mode l  of nucleat ion that  takes  account of the 
c h a r a c t e r i s t i c s  of the p roce s s  of assoc ia t ion  and dissocia t ion of complexes  of smal l  d imensions  [15]. 

w 1. The c l a s s i ca l  theory  is based  on the assumpt ion  that it is poss ib le  to give a the rmodynamic  d e s c r i p -  
tion of the s ta te  of a he terogeneous  s y s t e m  consis t ing of molecules  of supe r sa tu r a t ed  gas and nuclei of a liquid 
phase.  It is a s sum ed  that  the nuclei ,  p resen t  in a smal l  concentra t ion in the gas ,  a r e  in t h e r m a l  equi l ibr ium 
with it, and the r a t e s  of the p r o c e s s e s  

Rg rg 
Ag-i Jr Ax-~ Ag, Ag..~ Ae_ i q_ Ax (1.1) 

of nucleus fo rmat ion  Rg and nucleus d is in tegra t ion Kg sa t i s fy  the re la t ion  

Ne_iR  e = NgK s, Ng ---- N o exp (--  Ar (g)/T), (1.2) 

which r e f l ec t s  the pr inc ip le  of detai led equi l ibr ium for  a s table  he terogeneous  sy s t em,  where  Ng, Ar  (g) a r e  the 
equi l ibr ium concentra t ion and f r e e  energy  of the fo rmat ion  of a nucleus Ag f r o m  g molecules  of A 1 at a degree  
of supersa tu ra t ion  of the gas S=N1/N~I; N o is the concentra t ion of molecules  of sa tu ra ted  gas at t e m p e r a t u r e  T. 
The r e c i p r o c a l  convers ions  of nuclei in the p r o c e s s e s  (1.1) a r e  accompanied  by a change in the i r  internal  
energy  ~, which is de te rmined  by the value of the binding energy  (associat ion energy) Ug of one molecule  in the 
complex Ag. Thermodynamic  equi l ibr ium in the he te rogeneous  gas -nuc l eus  s y s t e m  will exis t  only in the case  
when the p r o c e s s e s  (1.1) take place slowly in compar i son  with the p roce s s  of heat exchange of the nuclei with 
the gas t he rmos t a t  R e, Kg << Z v, where  Z v = avZe~ Z g i s  the f requency of col l i s ions  of a nucleus with molecules  
of gas;  a v is the accommodat ion  coefficient  cha rac t e r i z ing  the ef fec t iveness  of the energy  exchange between 
them.  

This  c i r c u m s t a n c e  is usual ly  over looked when it is a s s u m e d  [8-11] that  the growth of nuclei in the a s -  
sociat ion takes  place as rap id ly  as  the growth of m a c r o s c o p i c  par t i c les  in the condensation of gas molecules  on 
the i r  su r faces  Rg=~ a Zg, where  a a is the coefficient  of adhesion of the molecules  to the su r face  of the m a c r o -  
scopic liquid or  solid body [16]: Such a definition of the growth r a t e  Rg in the genera l  case  cont radic ts  the 
assumpt ion  of the theory  [4] that  the nuclei a re  in t h e r m a l  equi l ibr ium with the gas.  To see  this ,  we note that  
f r o m  the re la t ion  (1.2) for  a nucleus  s imula ted  by a spher ica l  drop of liquid with a su r f ace - t ens ion  energy  
/~g2/3 and A@ (g) =gT In S~+/~g2/S it fol lows that the r a t e  of vapor iza t ion  of smal l  pa r t i c les  Ag of subcr i t i ca l  
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dimens ions  [4], K - = R -  e x p [ ( g - 1 / 3 - g Z ' l / 3 ) 2 ~ / 3 T ] ,  can be substant ia l ly  g r e a t e r  than the i r  growth r a t e ,  Kg>>Rg, 
~3 " where  g .  = (2p /3T  In S) is the c r i t i ca l  nucleus  dimension co r respond ing  to the m a x i m u m  f r ee  energy.  If we 

take aa --" av  "~ i, we find that  all  the pa r t i c l e s  with such dimensions  should vapor i ze  f a s t e r  than they collide 
with the gas molecu les ,  and consequent ly  they cannot be in t h e r m a l  equi l ibr ium with the gas. This  e r roneous  
conclusion r e su l t ed  f r o m  the use  for  pa r t i c l e s  of al l  d imensions  of the model of [4], in which it is a s sumed  
that with r e s p e c t  to the vapor iza t ion  or condensat ion of molecu les ,  a nucleus behaves  like a t he rmos ta t  of 
m a c r o s c o p i c  d imens ions .  For  pa r t i c l e s  of smal l  d imens ions ,  which do not have a l a rge  equi l ibr ium r e s e r v e  
of in ternal  energy ,  such an app roach  is unsuitable;  for  these  the ro le  of a t h e r m o s t a t  is p layed 'by  the gas mole -  
cules.  The kinet ics  of the fo rmat ion  and dis in tegra t ion of pa r t i c l e s  of smal l  d imensions  is de te rmined  by the 
c o u r s e  of the e l e m e n t a r y  p r o c e s s e s  in the gas and may  be substant ia l ly  different  f r o m  what is cons idered  in 
the c l a s s i c a l  theory .  

w 2. Let us cons ider  a kinet ic  model  of the init ial  s tage  of c o m p l e x - f o r m a t i o n  in a supe r sa tu r a t ed  gas. 
We shal l  t r e a t  the p r o c e s s e s  (1.1) as chemica l  r eac t ions  taking place by way of an in te rmedia te  unstable com-  
p][ex (a complex  with a tendency to spontaneous disintegrat ion) A}.  In the case  of an assoc ia t ion  reac t ion ,  it is 
f o r m e d  as a r e s u l t  of the adhesion of the molecules  to a s table  complex  (with no tendency to spontaneous d is -  

integrat ion)  Ag_ I: 

Ag_, -~ A 1 -*- A~, (2.1) 

when the t h e r m a l  ene rgy  E and the a s soc ia t ion  energy  Ug of the condensing molecule  a r e  comple te ly  conver ted  
into the ene rgy  ~ of the in ternal  deg rees  of f r e edom of the complex  A*_; and the l a t t e r  is the re fo re  in a su p e r -  g 
exci ted s ta te ,  ~ ~ Ug. If a f te r  a l i f e t ime  T~ in the superexc i ted  s ta te ,  which is de te rmined  by the probabi l i ty  of 
the breakdown of some  in t e rmolecu la r  bond, the unstable complex undergoes  a deact ivat ing col l is ion with a gas 
molecule  

A~ -i- A1 -~ Ag + A1, 

t!hen it is conver ted  to a s table  complex  Ag which is the final product  of the a s soc ia t ion  r eac t ion  (1.1). The 
reac t ion  of d issoc ia t ion  of s table  complexes  (1.1) takes  place in a s imi l a r  manner .  Init ial ly in the p r o c e s s  of 
ac t iva t ing  col l is ions  with gas  molecu les  

* I 

Ag § A1 -~ A~ ~- AI (2.2) 

* with energy a and a f t e rward  the re  is t he r e  is an exci ta t ion of the s table  complex  Ag to the s ta te  Ag _> Ug, 
spontaneous d is in tegra t ion  

A~ -,. Ag_l ~- Al 

with the fo rmat ion  of the end product  of the reac t ion ,  Ag_ l. In this model  the r a t e  of assoc ia t ion  of s table  com-  
plexes  c o r r e s p o n d s  to the growth r a t e  of nuclei of sma l l  d imens ions ,  and the r a t e  of thei r  coll is ion dissociat ion 
co r r e sponds  to the r a t e  of vapor iza t ion .  

w The calculat ion of the assoc ia t ion  and d issocia t ion  r a t e s  of s table  complexes  can be c a r r i e d  out 
mos t  s imp ly  by using an approx imat ion  to the m e c h a n i s m  of s t rong  col l is ions that is known f r o m  the theory  of 
monomoleeu la r  r eac t i ons  [17]. We denote by kg(e) the r a t e  of spontaneous dis integrat ion of the unstable  c o m -  
plex A~ with an energy  of exci tat ion of in t e rmoleeu la r  osc i l la t ions  a >_ Ug [when e < U~, k~(e) = 0], and we de-  
note by fg (e),  fg ( ) the n o n e q u t h b r m m  energy  dis tr ibut ion functmns for  the unstable  complexes  fo rmed  in the 
p r o c e s s e s  of coI l is ion act ivat ion (2.2) and adhesion (2.1), r e spec t ive ly .  The poss ib i l i ty  of subdividing the un- 
s table  pa r t i c l e s  into groups ,  each  of which is c h a r a c t e r i z e d  by its distr ibution function, is due to the fact  that 
the exci ted complexes  genera ted  in the gas t h e r m o s t a t  do not in te rac t  with one another .  

For  the s t a t i s t i ca l  model  of the d is in tegra t ion of unstable  complexes  s imula ted  by the s y s t e m  Sg of ha r -  
monic osc i l l a to r s  of identical  f requency  Vg, the expres s ion  for  kg(e)  has the f o r m  [17] 

kg(n) = ~.,gQg(n - -  n U )/~2g (n), ~g(n)  = (n --{- sg - -  l ) ! /n ! ( sg  - -  t ) ! ,  

~nv = U~' /h ,~ ,  

where  ~g(n) is the mul t ip l ic i ty  of degenera t ion  of the ene rgy  level  r =nhvg  of the osc i l l a to ry  sys tem.  The 
spontaneous-d i s in tegra t ion  constant  kg(n) is obtained on the assumpt ion  of r a n d o m n e s s  for  the red i s t r ibu t ion  of 
energy  over  the osc i l l a to ry  deg rees  of f r e edom of the complex.  It is in t e rp re ted  as the probabi l i ty  of f luctua-  
tion at which an ene rgy  g r ea t e r  than the assoc ia t ion  energy  is concent ra ted  at the osc i l l a to r  s imulat ing the d i s -  
socia t ing bond. Fo r  a quas i s t a t iona ry  descr ip t ion  of the reac t ions  (1.1) the r a t e s  of coll is ion dissocia t ion Kg 
and assoc ia t ion  Rg of the s tab le  complexes  Ag a r e  defined as follows: 
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(3.1} 

In the approximation for  the mechanism of s t rong col l is ions 

t~ (n} = t o (n) z~ / (z~  v + k~ ~,,}), <3 .~) 

where  Z~ is the f requency  of deactivating col l is ions;  f~(n) is the equi l ibr ium distr ibution function of the com-  
plexes with r e spec t  to energy.  F r o m t h e  pr inciple  of detai led equi l ibr ium it follows that 

N~_~I'~ (,0 Z~ = ~Vd~ (n)t,g (n). (3.3} 

Taking account of (3.2), (3.3), by substi tuting the express ions  for  kg(n) and the equil ibr ium distr ibution function 

1o (n) = ~ g  (n) exp ( - -  On)lFg, Fg = (t  - -  exp ( - -  O}}-s~, 0 ---- hvglr 
into (3.1), we obtain a fo rmula  for  the reduced  reac t ion  r a t e  [17]: 

(3.4) 

To the l imit ing values  of the dissociat ion r a t e  Kg = K ~  g and the associat ion r a t e  Rg = R ~  g of the stable 
complexes  the re  co r respond  the quantitie s K ~ =  Vg ex p ( -0 n u }  . R~ =a~_IZg_ l, which a r e  r~ealized in the case  

<~;> z v <~;>- o 6glKg is �9 g ,>> i , w h e r e  the average  l ifet ime; ~o= ~,lo(n} is the equi l ibr ium f rac t ion  of unstable pa r -  
n = n r y  

t i c les  in the gas. Under conditions of the rma l  equi l ibr ium between the value of the coefficient  of adhesion of 
the molecules  to the a complexes  ~ g-1 and the f requency  factor  Vg there  exists  a re la t ion  defined by formula  
(1.2}. If (~;)Z~ <<i, then the reac t ion  r a t e s ,  according to (3.4}, a re  considerably  less  than their  l imiting 

* V V values  ~g = <~3 Z k and depend substant ial ly  on the par t i c le  dimensions.  For  ZglKg ~ i this case  is possible 
only for  par t ic les  of smal l  dimensions g -<go, Sg0 -~nu(exp(O) -1} /3 ,  which do not have a large  equil ibr ium r e -  
se rve  of osc i l l a to ry  energy.  The dissocia t ion of such complexes  follows the kinetic law for a s econd-o rde r  
reac t ion  and the associat ion,  that of a t h i r d - o r d e r  react ion.  

w Let us consider  how the cha rac t e r i s t i c s  of the reac t ions  (1.1) affect  the kinetics of the condensation 
p rocess  and the energy  distr ibution of the par t i c les  in the heterogeneous sys t em of a supersa tura ted  gas. We 
shall  confine ourse lves  to analyzing the equations for  concentra t ions  Cg of par t ic les  of subcr i t ica l  (g < g . )  and 
supe rc r  it ical (g > g .  ) dimens ions 

dcg/dt= Ig--Ig+l , Ig=c~_lRg--cg Kg, 2 ~  g ~  G 

in the s ta t ionary approximation.  We assume that the par t i c les  of superc r i t i ca l  dimensions beyond some value 
G a r e  r emoved  f rom the heterogeneous sys tem c G +1 =0 and are  rep laced  by an equivalent number  of gas mole-  
cules.  The cr i t ica l  dimension g .  will be taken to be the minimum dimension of nuclei  capable of s y s t e m a t i c  
growth, g �9 g , ,  Rg > Kg, in the supersa tu ra ted  gas. In the region g < g , ,  where  Rg < Kg, the s ta t ionary  dis t r ibu-  
tion of nucleus concentrat ions with r e spec t  to dimensions is close to the equi l ibr ium distribution Cg ~Ng, since 
it is determined pre fe ren t ia l ly  by the balance of par t ic les  in the associat ion and dissociat ion reac t ions ,  A g _ ~  
Ag, whose veloci t ies  in the the rma l -equ i l ib r ium gas a re  re la ted  to each other by the principle  of detailed equi- 
l ibr ium (1.2). Making use of the re la t ion  Ig=Ig +1 =I0, we can r ep re sen t  this distr ibution in the fo rm 

�9 g - - i  

eg= Ng~ ~, Cm ~I Rj/Kj, Ng= N a~=2RJKj, Cm= Io/Rm+l, 
. m=l  j : m + t  

where  I0 ---- ra = l/N~Rj+l is the s ta t ionary  r a t e  of condensation of the supersa tura ted  gas, or  the ra te  of 

format ion  of condensation nuclei A G [6]. 

The kinetics of the initial stage of complex- format ion  is essent ia l  for  the p rocess  of condensation only 
during the per iod of t ime until a s ta t ionary  distr ibution of nuclei  with r e spec t  to dimensions is established.  

f $  

The length of this per iod ~L =t=~ c~/ra_ I de te rmines  the delay of the p rocess  of condensation of the supersa tu-  

ra ted  gas I(t) ~- I 0 exp ( -  I" L / t )  [8]. Since reac t ions  involving subcr i t ical  par t ic les  of smal l  dimensions (g -<go) 
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take place  slowly, the delay of the condensat ion p roce s s  at the initial s tage of complex - fo rma t ion  may be quite 
s ignificant. 

An e s t ima te  shows that  for  s u p e r s a t u r a t e d  wa te r  vapo r s  S=60, T =240~ (g0=4, g .  =8), the delay t ime  
due sole ly  to the e s t ab l i shment  of a s t a t ionary  concentra t ion  of s table  d imer s  (U 2 =2500~ s2= 6, u 2 = 6" 1012 
sec  -1, K 2 = 105 sec  -1) is 10 -5 sec .  If these  conditions a r e  rea l ized ,  fo r  example ,  fo r  the flow of a gas  th rougha  
superson ic  nozzle ,  then the length of the zone co r respond ing  to the induction per iod of the condensation p roces s  
i,~ found to be m o r e  than 1 cm. In the reg ion  g > g ,  g , , where  Rg > K , the s t a t ionary  distr ibution of par t i c les  with 
r e s p e c t  to d imens ions  is de te rmined  p re fe ren t i a l ly  by the balance  of the pa r t i c l e s  in the p r o c e s s e s  of s tepwise 
assoc ia t ion ,  A g _ l ~  A g ~ A g  +1, and t he re fo re  it is a nonequi l ibr ium distr ibut ion:  

G - - g  m 

c e = Cg + ~ Cg+r~ I I  Kg+j/Rg+j. 
m=l  j = i  

The nonequi l ibr ium na ture  of the dis tr ibut ion of supersonic  pa r t i c l e s  with r e s p e c t  to dimensions r e su l t s  
in a nonequi l ibr ium dis t r ibut ion of pa r t i c l e s  with r e s p e c t  to energy  as well. We shall  c h a r a c t e r i z e  the d is t r ibu-  
tion of pa r t i c l e s  with r e s p e c t  to ene rgy  by the r e l a t ive  occupancy of the unstable  s t a tes ,  5 ~:  

6g = s,. 61, = (,,), 61 = (n) c :_ , /cg .  
n~ll~.r n ~ n  U 

Then f r o m  (3.1), (4.1) it follows that the f rac t ion  of unstable  pa r t i c les  of suber i t i ca l  d imensions ,  6 ~  6~ + K d 
Z~ v, is c lose  to the t h e r m a l - e q u i l i b r i n m  f rac t ion  ~ ,  and for  g-<g0 this is known to be smal l ,  ~ < < 1 .  For  
s u p e r c r i t i c a l  pa r t i c l e s  of sma l l  d imens ions ,  for  s t rong  supe r sa tu ra t ion  of the gas (S>>l), when Rg>>Kg, this 
can be subs tan t ia l ly  g r e a t e r  than the t h e r m a l - e q u i l i b r i u m  value fig ~ 6~§ Tlg+dZ v >> 6 ~ The appearance  in the 
s u p e r s a t u r a t e d  gas of a l a rge  number  of nonequi l ibr ium excited complexes  makes  it poss ib le ,  in pr inciple ,  to 
use  the i r  energy  for genera t ing  l a s e r  radia t ion  on the osc i l l a to ry  t rans i t ions  of in te rmolecu la r  types of osc i l l a -  
t ions [18]. F r o m  this point of view, it is of in te res t  to inves t igate  the r e g i m e  of e x t r e m e l y  s t rong  s u p e r s a t u r a -  
t ions of the gas,  at which the nonequi l ibr ium na ture  of the energy  dis tr ibut ion m a y  be mani fes ted  for  su p e r -  
c r i t i ca l  complexes  of sma l l  d imensions  of the d imer  and t r i m e r  types ,  which in the unstable s ta te  have the 
tlighest level  of exci tat ion of i n t e rmolecu la r  osc i l la t ions .  

w 5. Let us cons ider  the question of the m e c h a n i s m  of assoc ia t ion  of the excited molecules  and the effect 
of the nonequi l ibr ium dis t r ibut ion of the molecules  with r e s p e c t  to different  deg rees  of f r eedom upon the kinet-  
ics of condensat ion of the s u p e r s a t u r a t e d  gas.  It should be borne  in mind that the p roce s s  of assoc ia t ion  of a 
molecule  of a complex  takes  place  in two phases  which have different  t ime  sca le s :  The f i r s t  phase  includes the 
cap ture  (adhesion) of the molecule  as a r e s u l t  of an inelas t ic  col l is ion of the molecule  with the complex,  where  
a port ion AE~ of the kinet ic  ene rgy  of mot ion of the molecule  E 0 in the gravi ta t ional  field U, Eg =E 0 + U, is conver ted  
into the ene rgy  of i n t e rmolecu la r  osc i l la t ions  of the complex.  The capture  of the molecule  is  poss ib le  [16] if 
the ene rgy  of r e l a t i ve  motion of the par t ic ipa t ing  enti t ies a f ter  the col l is ion is l e s s  than the gravi ta t ional  energy  . 
After  this the re  is a r e l a t i v e l y  lengthy phase  in which the newly fo rmed  complex r e m a i n s  in an unstable state.  
The l i fe t ime of this complex depends on the energy  of the t rans la t iona l  (E0) and rota t ional  (ER) degrees  of 
:~reedom of the a s soc ia t ed  molecule  which is conver ted  into in te rmolecu la r  osc i l la t ions .  With i n c r e a s i n g e x c i t a -  
l:ion ene rgy  e ,  the l i fe t ime T~ of the unstable  pa r t i c l e s  of smal l  d imensions  is sharp ly  reduced ,  and t h e r e -  
i~ore the p r e sence  of a nonequi l ibr ium r e s e r v e  of ro ta t ional  energy  of the molecules  may  have a substant ia l  ef-  
fect on the reduced  r a t e  of a ssoc ia t ion  in the initial  s tage  of complex format ion .  

The resu l t ing  reduct ion in the r a t e  of a ssoc ia t ion  of s table  pa r t i c les  of smal l  d imensions  may  lead, in 
accordance  with (4.1), to a reduct ion (in compar i son  with equi l ibr ium conditions) of the concentrat ion of nuclei 
of c r i t i ca l  d imens ions  and of the r a t e  of condensat ion of the supe r sa tu r a t ed  gas.  A reduct ion in the r a t e  of 
assoc ia t ion  in a t h e r m a l - e q u i l i b r i u m  gas may  also be brought  about by a reduct ion (owing to an excess  of 
exci ted molecules)  of the adhesion coeff icient  a~. The r e a s o n  for this is that  the probabi l i ty  of capture  of a 
ro ta t ional ly  exci ted molecule ,  ~a  (E), is less  thffn the probabi l i ty ,  ~a  (E0), for an unexcited molecule ,  ~a(E) 
'=~a (E0) (1 -  P(E, AER)), where  P(E, AER), AE R, a re  the probabi l i ty  of deact ivat ion of a molecule  and the value of 
the exci tat ion energy.  He re  account has been taken of the fact  that the generat ion of the ene rgy  AER>_ AE~ of 
the excited molecule  at the moment  of col l is ion with the complex  in t e r f e re s  with its capture  by the gravi ta t ional  
potential .  A s im i l a r  definition appl ies  to the probabi l i ty  of cap ture  of osc i l l a to r i ly  excited molecules .  

As was shown in [19], the probabi l i ty  of osc i l l a to ry  deact ivat ion of a molecule  upon coll is ion with a c o m -  
plex which has a deep gravi ta t iona l  potential  may  be quite high, P ~ 10 - 2 -  1. If upon coll is ion the excited mole -  
cule is not deact ivated,  then the probabi l i ty  of its capture  by  the gravi ta t ional  potential  of the complex i s a  a (E0). 
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As a resul t  of the weak interaction between the intramolecular and intermolecular oscillations, the energy of 
oscil latory excitation of the molecule may, after a time r *, be localized in the bond which has held it in the 
complex. Since the attenuation of the intramolecular oscillations is slow in comparison with the spontaneous 
disintegration of the unstable complexes of small dimensions, ~ * >>r*, the oscil latory deactivation of the ex- 
cited molecule in the bound state will not have any substantial effect on the process of association. However, 
if it is accompanied by the generation of energy AE V > Ug, it may cause a noncollision dissociation of stable 
complexes. In this case the dissociation of the complex takes place with rupture of the bond uniting it with the 
excited molecule, not of any other bond, as happens in the case of spontaneous disintegration of unstable com- 
plexes. The above facts may be utilized for heterogeneous separation of selectively excited isotopically dis- 
placed molecules [20]. 
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