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21 700 c m  - i ,  w h i l e  the  c o r r e s p o n d i n g  v a l u e s  fo r  p s o -  
r a l e n e  a r e  6000 and 21 600 c m  -1. T a b l e  2 g i v e s  the  
t r a n s i t i o n  e n e r g i e s  AE  and Xma x c a l c u l a t e d  v i a  v0 = 
= 5300 c m  -1, fl0 = 21 700 c m  -1 f o r  the  c o u m a r i n s  and 

~0 = 6000 c m  -1, fl0 = 21 600 c m  -~ fo r  the  f u r o c o u m a -  
r i n s ;  F i g s .  1 and 2 show the  s p e c t r a  in c y c l o h e x a n e  
and a l coho l ,  * wi th  the t h e o r e t i c a l  s p e c t r a  i n d i c a t e d  by 
l i n e s  at  the  b o t t o m .  The  Hi ickel  a p p r o x i m a t i o n  g i v e s  a 
g e n e r a l l y  s a t i s f a c t o r y  p r e d i c t i o n  of the  m a i n  bands ,  
the  a g r e e m e n t  b e i n g  b e t t e r  f o r  the  end bands  than  f o r  
the  m i d d l e  o n e s . * *  

Al though  the  i n t e n s i t y  c a l c u l a t i o n s  f o r  c o u m a r i n  and 
p s o r a l e n e  show tha t  a l l  the  t r a n s i t i o n s  a r e  a l I o w e d  the  
a c t u a l  v a l u e s  (Tab le  3) do not  a g r e e  wi th  e x p e r i m e n t .  
T h i s  is  not  u n e x p e c t e d  and is  a r e s u l t  of  the  a s s u m p -  
t ions  m a d e  in the  c a l c u l a t i o n s .  

We a r e  i ndeb t ed  to A. V. T u t k e v i c h  f o r  p r o v i d i n g  
the  p r o g r a m  f o r  the  c a l c u l a t i o n s  and to N. P .  G a m -  

b a r y a n  f o r  d i s c u s s i o n  of  s e v e r a l  a s p e c t s .  

* S p e c t r a  r e c o r d e d  wi th  an S F - 4  s p e c t r o p h o t o m e t e r .  
**It shou ld  be  r e m e m b e r e d  tha t  o v e r l a p  of the  bands  

c a n  c a u s e  the  m a x i m a  to be  d i s p l a c e d .  
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N I T R O G E N  AND OXYGEN 
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Not m u c h  is  known about  h y d r o g e n  i so tope  e x c h a n g e  
when  the  p r o t o n s  a r e  l i nked  to a t o m s  wi th  nonbond ing  

e l e c t r o n  p a i r s .  NMR p r o v i d e s  c o n s i d e r a b l e  s c o p e  f o r  
r e s e a r c h  in th i s  a r e a  [1 -4 ] ,  but  a l m o s t  a l l  p a p e r s  on 
th i s  d e a l  w i th  p u r e  l iqu ids  o r  b i n a r y  m i x t u r e s  of t he se ,  
w h e r e a s ,  a s  r e g a r d s  m e c h a n i s m s ,  i t  i s  of  m o s t  in -  
t e r e s t  to e x a m i n e  p r o c e s s e s  in v a p o r s  o r  in so lu t i on  
in s o l v e n t s  f r e e  f r o m  a c t i v e  h y d r o g e n .  S tud ies  of e x -  
change  at low t e m p e r a t u r e s  shou ld  a l s o  p r o v i d e  u s e -  

ful  e v i d e n c e .  
The  p r e s e n t  s o l v e n t s  w e r e  c h o s e n  as  b e i n g  h i g h l y  

t r a n s p a r e n t  in the i n f r a r e d  [5], so,  e v e n  though the  
h y d r o g e n  h a l i d e s  h a v e  s o l u b i l i t i e s  of only  10 -4 to 10 -3 
M, the  a b s o r p t i o n  s p e c t r a  of HCI and D B r  shou ld  be  
a c c e s s i b l e  wi th  l a y e r s  of u s a b l e  t h i c k n e s s .  The  p r o -  
c e s s e s  m a y  be  f o l l o w e d  by  r e f e r e n c e  to the  i n t e n s i t i e s  
of the u(HCI), ,(HBr), u(DCI), ~(DBr)bands as func- 
tions of time. 

EXPERIMENTAL 

We used an IKS-12 spectrometer with an LiF prism and OAP-I 

Golay detector. The spectral slit width was 7-8 crn -I. The solutions 

of HCI and DBr were prepared by mixing the solid halide with the 

solvent and allowing the mixture to stand for several hours with 

periodic stirring, followed by filtration. The first measurements were 

made with the ceil described in [5]. A layer 8 cm thick was inade- 
quate to reveal the absorption band of DBr in saturated solution, so a 
simple double-pass cell was made, which raised the effective path 
length to 40 cm (Fig. 1). This cell was based on a glass dewar having 
at the bottom a steel concave spherical mirror of radius of curvature 
20 cm. Entry of water into the solution (which causes strong scatter- 
ing and also a broad band at 2900-3200 cm -I) was prevented by a 
10 Pm teflon film, which does not absorb in the region of interest. 
A 35 cm path showed u(DBr) as a peak at about 1830 cm -I., u(HCI) 
was much stronger and could be detected at smaller thicknesses. Ad- 
dition of pure solvent did not affect the intensity, so Beer's law applies 
at the concentrations used. The signal was affected by the displace- 
ment of the image of the source along the axis when the layer thick- 
ness was altered from 7 to 40 cm. The saturated solutions of HC1 and 
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DBr (isotopic ~ibundance of D in the latter about 90%) in liquid nitro- 
gen were mixed in roughly a 1:10 ratio, and the spectrum over the 
range covering u(HC1), v(HBr), v(DC1), u(DBr) was recorded for 
several hours; the liquid level changed by only 3-4 cm in 5 hr. 

RESULTS AND DISCUSSION 

The absorp t ion  bands  of DBr, DC1, and HCI lie 
c l e a r  of the so lvent  absorpt ion ,  but v(HBr) l ies  in a 
region where n i t rogen  abso rbs  weakly (Fig. 2). The 
condi t ions  of obse rva t ion  a re  less  favorable  with i iquid 
oxygen; Fig.  3 shows that al l  the bands a r e  over lapped 
to some extent  by absorp t ion  due to the oxygen or  to 
impur i t i e s  ip it [51. However, it was poss ib le  to make  
quant i ta t ive  m e a s u r e m e n t s  on v(HC1) and v(DC1). 

The s t r eng ths  of the bands v(HC1), u(DBr), and 
u(HBr) did not a l t e r  i m m e d i a t e l y  af ter  mixing,  while 
v(DC1) was absent .  Within 5 - 1 0  hr  there  were  a p p r e c i -  
able  fa i ls  in v(DBr) and v(HC1), while v(DC1) appeared,  
and the s t r eng th  of v(HBr) i nc reased .  

1 5 

t 0 0 ~ C ~  ' . . . . .  ~ + "  ' '  

:i'~ -- t ; ' - - -  
1800 2200 2600 3000 cm-I 

Fig. 2. T r a n s m i s s i o n  of l iquid n i t rogen  con-  
ta in ing  d isso lved  HC1, HBr, DC1, and DBr 

(effective l a ye r  th ickness  38 cm). 

convenien t  than A if the r eco rd ing  condit ions a re  s t an -  
dardized.  The concen t ra t ions  of HBr and DC1 in liquid 
n i t rogen  were  deduced f rom the in tegra l  absorp t ion  
coeff ic ients  in CC14 at room t e m p e r a t u r e  [8]. As Air  '~ 
is i nva r i an t  under  isotope subs t i tu t ion  for unper tu rbed  
dia tomic  molecu les  [10], we can use AHB r to ca lcula te  
ADB r. In fact, A / v  2 changes only 10% [8] between HC1 
and DC1 in CCI~. Taking the ra t io  of the A / v  2 for HBr 
and DBr as be ing  as for HC1 and DC1 d isso lved  in CC14, 
we get the A for DBr in CC14 as 2200, which was used 
for  the so lu t ions  in l iquid n i t rogen  and oxygen. The 
HC1 concen t ra t ion  in the kinet ic  tes ts  was 0 .2 -0 .3  raM, 
while the total  content  of both isotopic form s of hydrogen 
b romide  was 0 .05-0 .1  M. 

The concen t ra t ion  of each component  tends expo- 
nen t i a l ly  to i ts  equ i l i b r ium value [11]. The exponent 
r < 10 -4 sec -1, so, if the reac t ion  is a s s u m e d b i m o -  
l ecu la r ,  the upper  l imi t  to the rate  cons tan t  can be 
de t e rmined  at 77 ~ and 90 ~ K, 

r 

k77~ = [HCI] + [DBr] + {HBr I < 

< 0.1 / / m o l e  �9 see 

Fig.  1. Double -pass  cell:  i - l i g h t  source ,  P - - p r i s m ,  
D--dewar ,  M - - s p h e r i c a l  m i r r o r ,  K- -ho lder  with tef-  
lon film, OO' - - l iqu id  level,  fl and f2 - - in te rmedia te  
images  of source ,  1 -4 )  m i r r o r s  in i l l umina t ion  s y s -  

tem. 

The r e s u l t s  give upper  l imi t s  for the exchange ra te  
cons tan t s  at 77 and 90 ~ K. The concen t r a t i ons  were  
deduced f rom publ i shed  va lues  for the in teg ra l  a b s o r p -  
t ion coeff ic ients  A of v(HC1), v(HBr), and v(DC1); that 
for  v(HC1) in the vapor  s ta te  at room t e m p e r a t u r e  is 
3000 / / m o l e  �9 cm 2 [6] but in a m ix tu r e  with n i t rogen  
under  high p r e s s u r e  at - 8 0  ~ C it is 4500 [7], the coef-  
f ic ient  i n c r e a s i n g  with the n i t rogen  p r e s s u r e  and as 
the t e m p e r a t u r e  is reduced.  In CC14 at room t e m p e r a -  
ture ,  the value is 7500 [8], while in c r y s t a l l i n e  HC1 it 
is 22 500 [9]. F o r  HC1 d isso lved  in these  l iquids we 
took A = 7500, which cannot  differ  f rom the t rue  value 
by m o r e  than a factor  two. This value was used to 
d e t e r m i n e  the HC1 concen t r a t ions  in l iquid  n i t rogen  
f rom 

c =  2.3 S lg~o/I) dv 
l A 

Spectra  of so lu t ions  with concen t r a t i ons  m e a s u r e d  in 
this  way were  used to de t e rmine  the absorp t ion  coef-  
f ic ient  at the peak of the v(HC1) band, which is m o r e  

HCI and DBr in CC14 at r o o m  t e m p e r a t u r e  come to 
e q u i l i b r i u m  in less  than 5 sec, so 

ks00o > l02 / / m o l e  �9 sec. 

These  r e s u l t s  indica te  (Fig. 4) that E a > 1.5 k c a l /  
/ m o l e .  
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Fig.  3. 1) T r a n s m i s s i o n  of l iquid oxygen 
(effective l a ye r  th ickness  12 cm); 2) t r a n s -  
m i s s i o n  of l iquid oxygen con ta in ing  d i sso lved  
HC1, HBr, DC1, and DBr (effective l aye r  

th ickness  40 cm). 

The ac t iva t ion  ene rgy  for  v i scous  flow of l iquid 
n i t rogen ,  as deduced f rom E y r i n g ' s  fo rmula  [12] v ia  
data on the t e m p e r a t u r e  dependence of the v i scos i ty  
[13] and dens i ty  [14], is 0.66 k c a l / m o l e ;  F r e n k e l  [15] 
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gives the s i m i l a r  value of 0.47 kca l /mole ,  and both 
a r e  much less  than the above lower l imi t  for E a. There  
is therefore  l i t t le  doubt that this is a reasonable  e s -  
t imate  of the true value. 
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Fig. 4. Est imation of the lower 
l imi t  to the activation energy for  
hydrogen exchange in HC1 +DBr. 

The resul t  E a > 1.5 kca l /mo le  gives some indica-  
tion of the r a t e - l im i t i ng  step. It has been shown [16] 
from the genera l ly  accepted mechanism [17] that, if 
this step is decay of a hydrogen-bonded complex in 
which proton exchange occurs  [18], then the t e m p e r a -  
ture dependence of the rate  constant will  be de te rmined  
by the factor  exp(6/RT), in which 5 is the activation 
energy for formation of that complex. This 6 should 
be a lmos t  zero;  it can hard ly  be g r ea t e r  than the 5 
for formation of a complex of donor -accep tor  type, 
and it is known [19] that the activation energy for the 
react ion of BF 3 with amines is zero.  Moreover,  hydro-  
gen-bonded complexes a re  formed rapidly  [20] in 
solid solutions in nitrogen and argon at 30~ ~ K, so 
the exchange HC1 + DBr is slow by compar ison.  Hence 
Ea > 5, and so the assumption of [16] is not valid. 
Measurement  of E a by NMR [2] agrees  with this r e -  
sult.  It may well be that the exchange rate  in HC1 + 
+ DBr is governed by synchronous passage  of the 
protons through the potential  b a r r i e r  separa t ing  the 
two minima on the po ten t ia l -energy  curve for the 
hydrogen bond. 
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