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Kinetics study of two-channel hydrogen and deuterium atom reactions 
with interhalogen molecules 

L B. Bykhalo, F. V. Filatov,* E. B. Gordon, and A. P. Perminov 

Institute of Energy Problems of Chemical Physics (Branch), Russian Academy of Sciences, 
142432 Chernogolovka, Moscow Region, Russian Federation 

Rate constants and the ratio of rates of two available reaction channels (branching ratios) 
for the reactions of hydrogen and deuterium atoms with FC1, IC1, and BrF molecules were 
measured using a fast-flow reactor with RF discharge as source of atoms and with 
superheterodyne ESR spectrometer as detector. For the reaction with FC1 a substantial 
difference was found in branching ratios when substituting hydrogen atoms with deuterium 
o n e s :  F D + F c 1 / F H + F C  1 = 3.3+0.2. The results are compared with the known experimental 
data and theoretical calculations; in particular, the possible influence of light atom (H or D) 
migration in collision complex on reaction mechanism is discussed. 
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Reactions of hydrogen atom with interhalogen mole- 
cules (especially with diatomics) are of considerable 
interest from theoretical and practical points of view. 
These reactions, accessible for modern theoretical analy- 
sis, are of great importance because their studies could 
illuminate the influence of the dynamics of the elemen- 
tary act on: 

1) ratio of two possible channels rates (branching 
ratio) ka/k b of the reaction 

ka 
H + X Y  ~ H Y + X  ( la )  

kb 
HX + Y; ( lb )  

including the isotopic substitution of H with D (here X 
and Y are halogen atoms, with X defined to be lighter 
and more electronegative); 

2) populations of internal degrees of freedom (vibra- 
tional and rotational) in HX and HY product molecules; 

3) effectiveness of the spin-orbital (SO) excitation of 
X and Y atomic products. 

From the practical point of view the reactions under 
consideration are interesting because a large part of the 
reaction exothermicity is released into vibrational de- 
grees of freedom with the possibility of inversion like in 
well-studied reactions 

H + X 2 ~ HX + X (2) 

Therefore such reactions could be used as chemical 
laser pumping processes with some principal advantages 
in comparison with reactions of type (2). 

The essential feature of reactions (2) is a significant 
and monotonic increase in k 2 rate constant values in the 
X = F, C1, Br, and I sequence from 3" 10 -t2 cm 3 s -~ 
for F 2 up to 3" l0 -1~ cm 3 s -1 for I2, so the less is both 
the bond strength of product molecule and the product 
atom reactivity, the faster is reaction (2) (see Table 1). 
The low reactivity of heavy halogen atoms observed in 

X + H 2 ~ HX + X, (3) 

reactions results in a chemical chain process involving 
reactions (2) and (3) (the greatest advantage of pulsed 
chemical lasers) being implemented only for H2+F2 
mixture HF-lasers, i.e., for the chain process with rather 
slow first step H + F  2 ---> HF+F.  

The following simple considerations 8 were applied to 
the description of hydrogen atom reactions (1) as a first 
approximation: because of collinearity of such processes 
and because electronic states of any halogen atoms are 
identical ("resembling" each other), thus it could be 
assumed that when attacking an XY molecule from the 
X atom side, the hydrogen atom "feels" it as X2, and 
when it attacks an XY molecule from the Y atom side -- 
as Y2- As a consequence the total rate constant of 
reaction (1) kxy = ka+k b might be represented as kxu = 
(kxz+ku and the ka/k b branching ratio --  as kxJky2. 

It  appears that, except for Polanyi's group stu- 
dies 9-11 there were no systematic studies of the set of 
the reactions (1). Moreover the data concerned prima- 
rily V-R-T distributions in the molecular products. The 
values of branching ratios were derived from these data 
using some assumptions and extrapolation and thus are 
indirect and approximate. Nevertheless the data avail- 
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Table 1. Rate constants for H(D) + X 2 reactions and dissocia- 
tion energies of reagent and product molecules 

L+X 2 kx2/cm3 s -1 Refe- Dx2 / . DLX / 
rences kcal mol - j  kcal tool -1 

H+F 2 (3.35:0.6). 10 -12 * 37.0 35.3 

D+F 2 (2.3_+0.4). 10 -12 * 37.0 136.6 

H + C12 (1.94+0.25)" I0 -11 1 57.2 102.2 
(2.195:0.32)" 10 -11 2 
(2.13+0.78)" 10 -11 3 
(1.70+0.26)" 10 -11 4 
(1.834-0.12)" 10 - l l  ** 

D + CI 2 (1.44-0.3)" 10 -11 * 57.2 103.4 

H + Br 2 (8.2+_3.8). 10 -11 3 45.4 86.6 
(6.6_+0.4)" 10 -11 5 

6 . 1 5 "  10 - 1 !  6 

(7.3+0.9) " 10 -11 ** 

D + Br 2 (5.15:0.7). I0 - l l  * 45.4 87.8 

H + 12 (3.04-0.8). 10 -1~ 7 35.6 70.4 

D + 12 (2.15:0.6)" 10 -1~ * 35.6 71.4 

* "Mean" value for all data known to us: 
** This work. 

able unti l  recently 9- t2  do not contradict  the simple 
model men t ioned  above. However the accuracy of the 
experimental  data available is far from the desirable 
level, and for the H atom reactions with XY molecules, 
when X and Y atoms are not  "neighbors" in the VIIth 
co lumn of periodic table (when the highest ka/kb ~ ratios 
could be expected), quantitative data is practically ab- 
sent. The latter stands also for the whole D atom set of 
the: reactions (1) because of the lack of Sensitivity of IR 
chemiluminescence  technique used 13,14 (DX molecules 
are much ' less  emissive then their HX analogs). 

Theoretical  t rajectory calculations are available for 
H+ICI  1s,16 and H+BrC117 reactions. They clearly point  
to the significance of light H a tom migration from a 
light halogen atom to heavy one in the collisional com- 
plex. 

T h e  existence of migration and its mechanism for the 
reactions examined were proposed by Polanyi and co- 
workers on the background of their observation of the 
bimodalities of the rotational distributions (J) for light 
molecular  products 11. They attributed the appearance of 
these bimodalit ies to the two possible routes of HX 
product  molecules fo rma t ion  in the elementary process: 
the direct route'  led to the product with low rotational 
quan tum numbers  3", and the migrational one yielded 
molecules with high J. 

To ascertain the real features of the dynamics of 
elementary act between hydrogen and interhalogenides 
as well as prospects for development  of effective halogen 
hydride chain chemical  lasers, further kinetic studies are 

an extreme necessity. And it would be advantageous to 
use a technique alternative to the IR-chemi luminescence  
method used by Polanyi's 13 and Setser's TM groups, which 
detected only HX and, in principle, HY molecules. 

The technique proposed is electron spin resonance 
(ESR), which we used in this work with the discharge- 
flow reactor. Obviously, under  flow conditions,  all de- 
tailed information concerning V-R and angle distribu- 
tions (accessible in molecular  beam studies) is lost. But 
it is possible to detect both the reagent (H(D))  and the 
product (X and Y) atoms and thus to measure indirectly 
the branching ratios and rate constants. As will be 
discussed below, the branching ratio values can give very 
valuable information,  as they are greatly influenced by 
the transition complex dynamics. 

We especially emphasize the advantages of ESR to 
study reactions of deuterium atom and bromine-  and 
iodine-containing molecules~when low probabilities of 
IR emission transitions make the chemi luminescent  
method inappropriate. 

Experimental 

We used a home-built superheterodyne ESR spectrometer 
with a flow reactor 18 used in our previous studies of gas-phase 

2 19 20 processes involving Br(P1/2) atoms , . The technique was 
described in detail elsewhere lB. The flow reactor was manufac- 
tured from a quartz tube passed through a microwave ESR 
cavity (H01 ! mode). Atomic reagents were formed from the 
parent molecular species in the RF capacitance discharge. 
Molecular reagents were injected below the discharge through 
a thin quartz capillary along the reactor axis. The distance x 
between the injection point and the detection zone (i.e., the 
cavity center) was varied by moving the reactor relative to the 
cavity. 

To reduce the influence of heterogeneous processes and to 
increase the concentration sensitivity of the spectrometer, we 
increased the gas conductivity of the flow reactor. New reactor 
was made of a thin-wall (0.5 mm) quartz tube with 1.7-cm 
inner diameter. The larger diameter of the reactor as compared 
to one of our previous studies 18-2~ resulted in a 2.5-times 
increase in the buffer gas flow with the same pressure, or with 
the same buffer flow its pressure could be decreased by the 
same factor, which is equivalent to the increase of the 
spectrometer sensitivity when working with collisionally broad- 
ened lines. 

We succeeded in achieving a magnetic field stability of at 
least 70 mOe within 5 minutes time interval for a magnetic 
field region from 2'to 10 kOe. This allowed a long-time (at 
least 10 minutes) acquisition of narrow ESR signals withom 
any additional magnetic field correction. 

The cylindrical microwave cavity was composed of six 
silvered brass rings, isolated from each other and connected by 
epoxy glue. It was 25 mm in length and 47 mm in diameter, 
with a diameter of the holes in its faces of 19 mm. The quality 
factor of the cavity was determined to be about 104. 

The set measures undertaken made it possible to increase 
significantly the sensitivity of the spectrometer and to observe 
excited halogen atoms in concentrations useful for kinetic 
studies - -  1 0 1 1 + 1 0 1 3  cm -3. 
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Table 2. The values of  branching ratios and rate constants  for H(D) + XY reactions (experimental  
data and the values obtained with a simple model) 

L+XY F References kY2/kx2 kxy /cm 3 s -1 References (kx2+kv2)/2/cm3 s -1 

H+FC1 6.7_+0.8 10 5.8 1 . t . i 0  -11 
5.2+0.5 12 4.1 �9 10 -11 12 
6.1 z3 (3.7-+0.4). 10 -I1 ** 
2.5-+0.2 * (4.04-+0.25). 10 -11 * 

D + F C I  8.5+_0.5 * 6.1 (3.14+_0.20). 10 -11 * 

H + F B r  >__(5-24) l l  22.0 
0.38-+0.06 * (2.9+0.7) .  10 -11 * 

0.38 * (1.9+_0.4)" 10 -11 * 

2.5+_0.3 9 

3 .8 .10  - l l  

3.7- 10 -11 

D + F B r  22.0 2.7" 10 -11 

H+C1Br 3.7 4.5" 10 -11 

D+C1Br 3.6 3.3" 10 -11 

H+CII  <0.5 z4 15.8 4 .9 .10  -11 12 i . 6 . 1 0  -1~ 
(5+2) .  10 -11 27 

0.65+0.10 * (1.21+_0.09)- 10 -10 * 

D+CII  0.65 * 15.0 (9.69+0.12).  10 - I t  * 1.1 �9 10 - l~  

H+Br I  =0.3 z5 4.2 1.9" 10 - j~  
(4--32) 8 (1.5+0.4) .  10 - I~  s 

D+Br I  4.1 1.3" 10 - I~  

* This work. ** Rate constant  26 for H C I + F  reaction. 

Absolute atomic concentra t ions  were determined by a 
method 21 based on calibration by molecular oxygen. 

The values of  reaction branching ratios were determined by 
extrapolation of  the measured [X]/[Y] ratio dependence on x 
to x = 0. The values obtained are listed in Table 2 together 
with those known from the literature. 

The rate constants  were measured under  condit ions when 
the reactions under  study could be confidently considered as 
pseudo-first-order.  Thus the absolute rate constant  value was 
determined as a slope of  (Vmean/N0) �9 ln(n/no) dependence vs. 
x, where N o is the initial concentra t ion  of  molecular reagent, 
Vmean is the mean  flow velocity, and n is the hydrogen 
(deuterium) concentra t ion.  Thus, the resulting values of  rate 
constants are listed in Table 2, and necessary details of par- 
ticular rate constant  measurements  are discussed in the corre- 
sponding sections below. 

We used FC1, IC1 and  FBr  as reagents .  Ch lo r ine  
monofluoride (FC1) was prepared by a method 22 in which an 
F 2 and C12 stoichiometric mixture was burnt  in a stainless steel 
vessel by electric spark ignition. Each portion obtained was 
frozen in a separate volume. The gas collected was purified by 
multiple pump-and-f reeze  cycles. 

Iodine monochlor ide  (IC1) was obtained by direct chlo- 
r inat ion of solid iodine by chlorine gas in a quartz vessel. It 
was also purified by multiple pump-and-f reeze  cycles. 

Bromine monofluoride (FBr), which does not  exist in a 
stable state, was produced steadily in experiments by a tech- 
nique that  will be described below in the corresponding sec- 
tion. 

Typical condi t ions of  the discharge-flow experiments were: 
Ar buffer gas pressure from 0.7 to 3.3 Torr, flow velocity from 
27 to 49 m s - I ,  and hydrogen atom concentra t ion  from 
1 �9 1012 to 3" 1013 cm -3. 

Results and Discussion 

R e a c t i o n  

H(D) + FCl ~ HCl(DCl) + F, HF(DF) + CI (4) 

This  r e a c t i o n  is t h e  m o s t  wel l  s t u d i e d  u n t i l  now.  
N o t e  i t  is a lso t h e  s lowes t  a m o n g  t h e  r e a c t i o n s  u n d e r  
c o n s i d e r a t i o n ,  a n d  t h u s  t h e  e x p e r i m e n t a l  da t a  o b t a i n e d  

c o u l d  be  s t rong ly  a f fec ted  by  a F + H C 1  s e c o n d a r y  p ro -  
cess w h i c h  p r e s u m a b l y  c a n  p r o c e e d  w i t h  a g a s - k i n e t i c  
ra te  c o n s t a n t  in  t h e  case  o f  a v i b r a t i o n a l l y  exc i t ed  HC1 
p r o d u c t  13 o f  p r i m a r y  r e a c t i o n  (4).  So in  o u r  s tud ies  we 
pa id  spec ia l  a t t e n t i o n  to  r e a c t i o n  (4). 

F igu re  1 shows  t h e  e x p e r i m e n t a l  d a t a  ol l  r e a c t i o n  
(4) ,  n a m e l y  t h e  d e p e n d e n c e  o f  C1 a n d  F p r o d u c t  a t o m s  
c o n c e n t r a t i o n s  a n d  also t h e i r  r a t io  [F] / [C1]  o n  d i s t a n c e  
x. G r o w t h  o f  c o n c e n t r a t i o n s  is c a u s e d  by  r e a c t i o n  (4) ,  

wh i l e  t h e i r  d e c r e a s e  n a t u r a l l y  c a n  b e  r e l a t e d  to  t h e  
s e c o n d a r y  p roces s  

F + HCl(v) -~ HF(v) + Cl, (5) 

I n d e e d ,  t h e  r e a c t i o n  (5)  r a t e  c o n s t a n t  k 5 
8 �9 10 - u  c m  3 s -1,  e s t i m a t e d  f r o m  t h e  e x p e r i m e n t a l  da t a  
is m u c h  l a rge r  t h a n  t h a t  k n o w n  f r o m  l i t e r a t u r e  k 5 = 
(1.6_+0.6) �9 10 -11 c m  3 s - I  29. T h i s  d e m o n s t r a t e s  t h e  wel l  
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Fig. 1. Experimental dependencies of [CI] (1), [F] (2), and r 
(3) on x for H+FC1 reaction. Vmean =27 m c - l ,  PAr=0.7 Torr 
(in this Figure and other Figures the dot line indicates the 
point of injection of a molecular reagent; the curves are drawn 
for illustration). 

known fact that  the  react ion (5) is accelera ted by vibra- 
t ional  exci ta t ion o f  the  HC1 reagent.  

The [F]/[C1] ratio extrapola ted to the  reagents mix-  
ing poin t  (see F ig . l )  gives us the  value of  the react ion 
(4) branching  rat io ['4 k4F/k4 cl = 2.5. This value con-  
firms the known fact that  the  channel  of  format ion of  F 
a toms is prevalent ,  but the  branching ratio itself is 
not iceably  smal ler  than  the exper imenta l  values ob- 
ta ined by chemi luminescen t  m e t h o d s  F 4 = 6.71~ 5.212, 
6.123 as well as that  p red ic ted  by the "simple" model  
men t ioned  in the  Sect ion 1. 

One could  explain the  discrepancy observed by a 
part ial  conversion of  F a toms into C1 ones via react ion 
(5) assuming it is fast enough to have t ime  to proceed in 
the zone of  reagent  mixing. However  to achieve quant i -  
tative agreement  it is necessary to assume that  with 1/3 
of HC1 molecules  just  p roduced  in (4), react ion (5) 
proceeds with a rate constant  of  about 3 �9 10 -1~ cm 3 s -1. 

To refine the  F 4 value we used the following modif i -  
cat ion of  the  m e t h o d  of  compet i t ive  reactions.  It is well 
known that  the  F a toms react with CH 4 with a rate 
constant  three  orders of  magni tude  larger than that  of  
C I + C H  4 ( reac t ion  kF+CH4. = 7.5" 10 -11 cm 3 s -1 29, 
kCI+CH4 = 8" 10 -14 cm 3 s - l  30), and C H  3 radicals pro-  
duced in these react ions are much  less reactive than 
hydrogen and halogen atoms. In these experiments  we 
injected me thane  between the R F  discharge zone and 
the FC1 inject ion zone. The  CH 4 flow rate was chosen 
to cause a slight [C1] decrease with a long t ime for 
reagent  contac t  %. Obviously,  the  f luorine atoms, ESR 
signal was not  de tec ted  in such experiments .  Since the 
F + C H  4 react ion rate was much  greater  than any ex- 

pected for F + H C I ( v )  one,  so the conversion of  fluorine 
a toms into chlor ine ones was e l iminated.  Compar i son  of  
the dependence  of  x [CI] (in the  absence of  CH4) and 
[C1]cH 4 (in the  presence of  CH4) shown in Fig. 2 
confirms that  there were no sources of  CI a toms in the 
system at low z c except  the second channel  of  (4): it is 
seen that  [CI] / [C1]cH4~I  when x~O. Note  that  the 
([F]+[C1]) /[C1]cH4 value must  be equal to F4+ l  when 
x = 0 (at this point  the  influence of  heterogeneous 
processes is negligible). The branching ratio thus ob- 
ta ined F 4 = 2.5+0.2 coincides with that  measured  di- 
rectly (see above). 

The relatively low value of  F 4 indicates the  impor tan t  
role of  the H atom migrat ion from the heavier  C1 a tom 

~ 3  

1 

01 
2 

n.lO]2/cm 3 

2 
A 

0 0 

�9 1 

3 

I I T I q q P I 

I r I I ~ I I I 0 

4 6 8 10 x/cm 

Y 
D 

A 

Fig. 2. Atomic concentrations (a) and their ratios (b) for the 
determination of branching ratios in H+FC1 reaction using 
CH4: [FC1]o = 1.1"1014 cm -3, [CH4] = 2.3-I015 cm -3, 
Vmean = 27 m s - l ,  PAr = 0.7 Torr; 1, [F]; 2, [C1]; 3, [ C 1 ] c H 4 .  
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Fig. 3. Atomic concentrations (a) and their ratios (b) for 
determination of branching ratios in H+FCI reaction using 
CH 4 Explanations see Fig. 2. 

to the l ighter  F a tom in the t ransi t ion complex,  and 
s imul taneously  points  to the  possibil i ty of  a significant 
effect of  isotopic substi tut ion on the react ion (4) branch-  
ing ratio. In our  exper iments  Substitution of  D for H 
indeed turned out to increase the F 4 value up to 6.7. But 
the real FD4 value must  be even larger, because there 
were traces of  water  in the Ar buffer gas, which results in 
the small amoun t  of  the "background" hydrogen atoms 
in the R F  discharge products .  This amoun t  was meas-  
ured by ESR to be about 1 �9 1012 cm -3 in the absence of  
H 2 in the discharge,  and it evidently has no effect on the 
studies o f  the  H a tom reactions.  But s imple calculat ion 
taking into account  the effect of  this H atoms concen-  
t ra t ion on the D atoms react ion along with FH4 = 2.5 
gave us FD4 = 9 at [D]0 = 3" 1012 cm -3. Taking into 
account  this es t imate ,  we carried out  the  measurements  
with an argon pipel ine  cooled b y  vapors of  l iquid ni tro-  
gen.  Thus  we d i m i n i s h e d  [H] to the  a m o u n t  o f  
2 . 1 0 2 2  cm -3 so it had no effect on the exper imental  

results anymore.  The  data  shown in Fig. 3 led to the 
FD4 = 8.5_+0.5 value, being in good agreement  with the 
above est imate and resulted in the value of  branching 
ratio isotopic effect FD4/FH 4 = 3.3 which seems to be 
unusual ly  high for such a "simple" a t o m - d i a t o m  reac- 
tion. 

We also measured the absolute rate constants  of  
react ion (4) and (as a test of  reliabili ty) 

H + Cl 2 ~ HCI + CI (6) 

under  the condi t ions when react ions could  be consi-  
dered conf ident ly  as pseudo-f i r s t -order  ones (see Fig. 4 
and the data  in its caption).  A least mean  squares 
processing of  the Fig. 4 data  gave the values of  k 4 and 
k 6 shown in Tables 2 and 1, respectively. Note  the very 
good agreement  of  the k 6 value obta ined with those 
f rom l i t e r a tu r e  c i t ed  in Tab le  1. The  kH4 = 
(4.04+0.12)-  10 -I1 cm 3 s -1 and k4/k 6 values are also in 
agreement  with the results of  Setser et al.lZ. Note  also 
the kH4 value is three t imes greater  than  the value 
predicted by the "simple" model .  

H(D) + ICl J, HI(DI) + F, HCI(DC1) + I (7) 

This of  interest  because the  IC1 molecules  consist of  
two a toms not iceably  different in mass and size (CI and 
I atoms are not  neighbors in the per iodic  table). Along 

i n  
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2 4 6 8 10 x/cm 

Fig. 4. Experimental dependencies for the determination of 
rate constants for H(D) + FCI reactions: Vmean = 43 M" c -1, 
PAr = 1.7 Tort, [HI o = 1.8-1012 cm -3, [D]0 = 
2"2"1012 cm-3, IFCl = 4" 1017 s - i ,  IAr = 5.3" 1020 S-I; 
1(1"), [H]([D]) without FCI; 2(2"), [H]([DD with [FC1]0 = 
4.1 �9 1013 cm -3. Dependencies of [HI are shifted downwards 
for a unit. 
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Fig. 5. Atomic concentrations for H+IC1 reaction: Vmean = 
27 m s -1, PAr = 0.7 Torr,  [H]0 = 2.2" 1013 em -3, 
[IC1]0 = 3.3" 1012 cm -3, IAr = 1.4" 102o s- l ;  1, [H]; 2, [I]; 
3, [ell. 

with the  Po lany i  group 's  expe r imen ta l  results on  this 
reac t ion  m e n t i o n e d  in  Sec t ion  1 (see Table  2), there  are 
two t ra jectory ca lcu la t ions  tha t  gave different  b r anch ing  
ratio values (F 7 = 0.3 15 and  F 7 = 0.75 16) bu t  bo th  
po in ted  to the  i m p o r t a n c e  of  the  H a tom migra t ion  in  
the  t r ans i t ion  complex:  in  the  absence  of  migra t ion  the  
"simple" mode l  8 gives F 7 = 14. 

Exper imen ta l  d e p e n d e n c i e s  of  H,  I, and  CI a tom 
c o n c e n t r a t i o n s  on  x are shown  in  Fig. 5. A [C1] decrease 
at large x is due to a secondary  reac t ion  

C I +  HI ~ HCl + 1, (8) 

which  cou ld  be acce lera ted  via vibra t ional  exci ta t ion of  
HI ,  the  reac t ion  (7) p roduct .  31 

To  make  sure the  reac t ion  (8) effect on  the measured  
reac t ion  (7) b r a n c h i n g  rat io is negl igible ,  we measured  
the  [CI] / [ I ]  rat io at a fixed d is tance  x = 1 cm (small  %, 
see Fig. 5) at var ious  ini t ia l  concen t r a t i ons  of  the  hydro-  
gen  a toms.  Resul ts  are shown in Fig. 6 as the  [C1]/[I] 
ratio d e p e n d e n c e  on  the  measu red  hydrogen  a tom con -  
cen t ra t ion .  A n  ex t rapo la t ion  of  the  b ranch ing  ratio to 
[H] = 0 gives the  va lue  of  F 7 = 0.65 __+ 0.10. Note  the  
weak [C1]/[I] d e p e n d e n c e  on  [HI,  wh ich  allows us to 
assert tha t  wi th  smal l  t ime  for reagent  contact ,  the  
reac t ion  (8) effect is negligible.  

The  expe r imen ta l  value of  F 7 w h e n  D atoms were 
subs t i tu ted  for H ones  appeared  to be equal  to that  for H 
a toms,  r eac t ion  (see Tab le  2). 

Absolu te  rate cons tan t s  o f  H + I C I  and  D+IC1 reac-  
t ions were measured  as described above. The l n ( [HI / [H]  0) 

[C l ] / [ i ]  
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o 
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D 
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12.5 13.0 13.5 14.0 log[H] 

Fig. 6. Dependence of the branching ratios in H+ICI reaction 
on [H0]: Vmean = 27 m s - I ,  PAr = 2.7 Torr, z c = 0.37 ms (x = 
1 c m ) .  
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Fig. 7. Experimental dependencies for determination of rate 
constants for H(D)+IC1 reactions: Vmean = 43 m s -1, 
PAr = 1.7 Torr, [HI 0 = I0 !2 cm -3, [D] 0 = 1.6" 1012 cm-3; 
l(1), [HI([DI) without ICI; 2(2), [H]([D]) with [IC1]0 = 
1.1 �9 1013 cm -3. 

and  ln ( [D] / [D]0)  dependenc ie s  are shown in  Fig. 7. 
M e a n  least squares processing of  these  data  results in the  
r e a c t i o n  (7) ra te  c o n s t a n t  s h o w n  in  T a b l e  2 a n d  
kH7/kD7 = 1.3--+0.1. 

Reac t ion  

H(D)+BrF --> HF(DF)+Br, HBr(DBr)+F (9) 

The  BrF  molecu le  does no t  exist at room t empera -  
ture  at s ta t ionary  cond i t ions  because  the  equ i l i b r ium 
3BrF  ~ Br2+BrF  3 is shifted to the  right side at r oom 
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temperature. Therefore we had to use an on-stream BrF 
product ion implemented  by the following procedure. A 
near stoichiometric mixture of Br 2 and F 2 was injected 
into a 2-ram internal  diameter 30-cm long nickel capil- 
lary connected to a thin quartz capillary to inject prod- 
ucts into the flow reactor. The nickel capillary was 
heated up to 700 ~ by passing an electric current 
through it, and the mixture pressure on its entrance was 
a few Torr. A thermodynamic  calculation showed that 
there were almost entirely BrF molecules in the gas 
under  such conditions.  

It was critical to ensure the absence of Br 2 molecules 
in the products injected into the flow reactor. The 
absence of Br 2 was tested in the following experiment. It 
is well known that F atoms react with Br 2 with a large 
rate constant  k = (2.2_+1.1)" 10 - l ~  cm 3 s -1 32, and do 
not react with BrF. Therefore before the kinetic measure- 
ments,  F 2 was injected instead of H 2 into the discharge 
flow to generate fluorine atoms. Their ESR signal was 
essentially constant  along the flow reactor in the ab- 
sence of Br 2 and F 2 in the nickel capillary. After that Br 2 
and F 2 flows injected into the heated capillary were 
adjusted to ensure not  more than a 20 % decrease in the 
F atoms ESR signal in all measurement  zones down- 
stream of the injection point; this corresponded to a 
residual Br 2 concentra t ion less than 1 �9 1012 cm -3 when 
the initial BrF concentra t ion  [BrF]0 = 7" 1013 cm -3 
(see Fig. 8 caption). A simple calculation showed that 
with Br 2 and F 2 flows used in our experiments, the 
maximum possible concentrat ions of BrF 3 and BrF 5 

were not more than 0.1[BrF]0 and 0.02[BrF]0 , respec- 
tively. 

Experimental data on the branching ratio and reac- 
t ion (9) rate constant  measurements are shown in Fig. 8 
and Fig. 9, respectively. To determine the k 9 absolute 
value more reliably, we also measured the H atoms' 
decay kinetics with the F 2 flow turned off, i.e., via a 
H+Br  2 reaction. Because in the measurements  of the 
rate constant  we had [H]0<<[BrF]0 , [Br2] 0 (see Fig. 9) 
and in the absence of molecular  reagents we did not 
observe any remarkable heterogeneous loss of H atoms, 
we considered reaction (9) kinetics as pseudo-first-or-  
der. 

The  least m e a n  squares process ing  of Fig. 9 
dependenc ie s  resul ted  in the values  of kH9 = 
(2 .9+0 .7)"  10 -11 cm 3 s - I  and kn+B~ 2 = 
(7.3+0.9)-  10 -~l cm 3 s -1 (errors indicated are two stan- 
dard deviations, i.e., +2). It is seen from Table 1 that 

the kH+Br 2 HValue agrees very well with the published 
data. The k 9 error value is rather large (25 %) because 
the [BrF]0 was moni tored by an indirect procedure with 
precision not  better than 20 %. 

As seen from Fig. 8 the reaction (9) main  channel  is 
that resulting in the formation of Br and HF. The value 
of the branching ratio FH9 = 0.38+0.06 was determined 
from the Fig. 8 data as a mean  value of the [F]/[Br] 
ratio over six data points (i.e., at x _< 3 cm). In contrast 
to the H + F C I  reaction, here the channel  producing 
heavy Br atoms appeared to be prevalent, so the effect of 
the secondary  F + H B r  reac t ion  (k = 

n "1012 rcm-3 

m , o 2  

o [] 

"~ o o o 

3 

Ol I I I I I I I ~ I 

2 4 6 8 x/crn 

Fig. 8. Atomic concentrations for H+FBr reaction: Vmean = 
38 m s - l ,  PAr = 1.1 Torr, [H]0 = 7.2" 1012 cm -3, [FBr]0 = 
7- 1013 c m  - 3 ,  IAr = 3.3 �9 1021 s -~, 1Br 2 = 3" 1017 S -1 ,  IF2 = 
4.1- 1017 s-l; 1, [H]; 2, [Br], 3, [F]. 
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Fig. 9, Dependencies of [H] on x for H+FBr and H+Br 2 
reactions: Vmean = 38 m s -I, PAr = 1.1 Torr, [HI = 7.2" 1012 
cm -3, [Br2] 0 = 3.5- 1013 cm -3, [FBr]0 = 7. l0 '3 cm -3, Iar = 
1'15"1021 s-l ,  IBr-= 3" 1017 s - 1 ,  IF2 = 4 . 1 "  1017 s - l ;  
I , H +  BrF;2, H+~3r  2. 
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3" 10 -I1 cm 3 s -1 33) should be negligible,  as was men-  
t ioned in the  previous Section,  and our  calculat ions of  
the react ion (9) kinetics conf i rmed that  this was true for 
x < 5  cm. 

Under  the same exper imenta l  condi t ions we meas-  
ured branching ratio and rate constant  values for the 
D + B r F  reaction.  The FD9 value obta ined appeared to be 
the  same  as for  H a t o m s '  r eac t ion ,  and  
k H + B r F / k D + B r F  = 1.5, i.e., there  is no significant 
difference in H and D a tom react ions cross sections. 

An analysis of  the results presented  above, along with 
the other  exper imenta l  and theoret ica l  results (for a 
summary  see Tables 1 and 2) al lowed us to draw at least 
two conclusions.  First ,  there  exists the appreciable  prob-  
abili ty of  light H(D)  a tom migrat ion in the transit ion 
complex  and therefore  the  channel  rates ratio value 
differs not iceably  from that  resulting from the simple 
model .  Second,  reactivi ty of  the  interhalogen molecule  
is specified by its heaviest  a tom so that  the total  react ion 
rate constant  appears  to be close to that  for the react ion 
with the corresponding symmetr ic  molecule .  

Note  that  the possibi l i ty of  migratory paths was also 
indicated in the  studies of  f luorine a tom reactions with 
halogen and in terhalogen molecules  (1234, IC1 35). 

To our  knowledge,  a general  picture of  the light 
a tom migra t ion  route during the react ion t ime has not  
been described theore t ica l ly  so far. But from the classi- 
cal calculat ions (somewhat  illustrative) one can learn at 
least two crucial  features about  it: first, migrat ion means 
the existence of  a state with a "long" l ifetime as com-  
pared to the  t ime-of- f l ight ;  second, migrat ion "converts" 
a L + H - - H  (L igh t+Heavy-Heavy)  configurat ion to a 
H - - L - - H  one, i.e., to the  l igh t -a tom-t ransfer  react ion in 
which quantum effects must  be accounted  for. |n  turn, 
these features could be general ized as the existence of  
some quas i -bound  state(s) in the  coll ision complex.  
Such "long-lived" states are very well known in nuclear  
physics and usually are associated with resonance or 
vi r tual  s ta tes  and  t h r e s h o l d  effects 36,37. In a t o m -  
molecule  reactive coll isions,  quas i -bound  or resonance 
states were revealed exper imenta l ly  for the first t ime 
in the molecu la r -beam study of  the F+H2(D2) reaction 38. 
Exper imenta l  and theoret ica l  studies 39 of  photoelect ron 
spec t roscopy  of  X H Y -  complexes  also showed the 
exis tence of  resonant  states in the  XHY transi t ion 
complex,  as did the  study of  the  H + H  2 exchange reac- 
t ion 40. 

In general ,  quas i -bound  states cannot  manifest them-  
selves in the  integral  cross sections (rate constants in our 
case). But they  can great ly inf luence different channels '  
ratios 37. We suppose that  the  large isotopic effect for the 
H+FC1 react ion branching  ratio observed in the present  
study is the manifes ta t ion  of  the influence of  such states 
on the dynamics  of  the HFC1 transi t ion complex. 

References 

1. H. G. Wagner, U. Welzbacher, and R. Zeltner, Ber. 
Bunsenges. Pys. Chem., i976, 80, 902. 

2. P. P. Bemand and M. A. A. Clyne, J. Chem. Soc. Faraday 
Trans. 2, 1977, 73, 394. 

3. S. Jaffe and M. A. A. Clyne, J. Chem. Soc. Faraday Trans. 
2, 1981, 77, 531. 

4. D. Kita and D. H. Stedman, J. Chem. Soc. Faraday Trans. 
2, 1982, 78, 1249. 

5. R. J. Malins and D. W. Setser, J. Chem. Phys., 1980, 73, 
5666. 

6. Z. Lorenz, H. G. Wagner, and R. Zellner, Ber. Bunsenges. 
Phys. Chem., 83, 1979, 550. 

7. E. B. Gordon, A. A. Efimenko, and I. A. Boriev, Khim. 
Fizika [Chem. Phys.], 1985, 4, 1231 (in Russian). 

8. I. A. Boriev, E. B. Gordon, and A. A. Efimenko, Chem. 
Phys. Lett., 1985,120, 486. 

9. J. C. Polanyi and W. J. Skrlac, Chem. Phys., 1977, 23, 167. 
10. D. Brandt and J. C. Polanyi , Chem. Phys., 1979, 35, 23. 
11. D. Brandt and J. C. Polanyi , Chem. Phys., 1980, 45, 65, 

and references therein. 
12. J. P. Sung, R. J. Malins, and D. W. Setser, J. Phys. Chem., 

1979, 83, I000, 1007. 
13. D. J. Douglas, J. C. Polanyi, and J. J. Stoan, Chem. Phys., 

1976, 13, 15. 
14. K. Tamagake, D. W. Setser, and J. P. Sung , J. Chem. 

Phys., 1980, 73, 2203. 
15. J. C. Polanyi, J. L. Schreiber, and W. J. Skrlac, Faraday 

Discuss. Chem. Soc., 1979, 67, 66. 
16. J. M. Alvario and A. Lagana, J. Phys. Chem., 1987, 91, 

5487. 
17. N. A. Konoplyov, A. A. Stepanov, and B. A. Shcheglov, 

Khim. Fizika [Chem. Phys.], 1984, 3, 828 (in Russian). 
18. I. B. Bykhalo, E. B. Gordon, A. P. Perminov, and 

V. V. Filatov, Khim. Fizika [Chem. Phys.], 1985, 4, 770 (in 
Russian). 

19. I. B. Bykhalo, E. B. Gordon, A. P. Perminov, and 
V. V. Filatov, Khim. Fizika [Chem. Phys.l, 1985, 4, 1096 
(in Russian). 

20. I. B. Bykhalo, E. B. Gordon, A. P. Perminov, and 
V. V. Filatov, Khim. Fizika [Chem. Phys.], 1986, 5, 1025 
(in Russian). 

21. A. A. Westenberg, Prog. React. Kinetics, 1973, 7, 23. 
22. A. P. Kharitonov and A. P. Suyetinov, A Method to Obtain 

Chlorine Monofluoride, USSR Pat. 1542892. 
23. G. P. Zhitneva and S. Ya. Pshezhetski, Kinet. Katal., 1978, 

19, 296 [Kinet. Catal., 1978, 19 (Engl. Transl.)]. 
24. D. W. Setser, Faraday Disc. Chem. Sot., 1979, 67, 126. 
25. J. Grosser and H. Haberland, Chem. Phys., 1973, 2, 352. 
26. N. F. Chebotaryov, L. I. Trakhtenberg, and S. Ya. 

Pshezhetski, Kvantovaya Electronika [ Quantum Electronics], 
1976, 3, 2552 (in Russian). 

27. L. M. Loewenstein and J. G. Anderson, J. Phys. Chem., 
1985, 89, 5371. 

28. L. J. Kirsch and J. C. Polanyi, a r. Chem. Phys., 1972, 57, 
4498; C. B. Moore and I. W. M. Smith, Faraday Disc. 
Chem. Soc., 1979, 67, 146. 

29. M. A. A. Clyne and W. S. Nip, Int. J. Chem. Kinetics, 
1978, 10, 367. 



Kinetics study of  two-channel  hydrogen atom reactions Russ, Chem.BulL, VoL 43, No. 10, October, 1994 1645 

30. V. N. Kondratiev, I(onstanty skorosti gasofaznych reakzyi 
[Rate Constants of Gas-Phase Reactions], Moscow, Nauka, 
1970, (in Russian). 

31. C. C. Mei and C. B. Moore, J. Chem. Phys., 1979, 70, 
1759 

32. P. P. Bemand and M. A. A. Clyne, J. Chem. Soc. Faraday 
Trans. 2, 1976, 72, 191. 

33. E. Wcirzberg and P. L. Houston, J. Chem. Phys., 1980, 72, 
5915. 

34. B. Jirard, N. Billy, G. Gouedard, and J. Vigue, J. Chem. 
Phys., 1988, 88, 2342. 

35. Z. Z. Zhu, D. J. Smith, and R. Grice, J. Chem. Soc. 
Faraday Trans., 1993, 89, 1487. 

36. See N. Elander, Int. J. Quantum Chemistry, 1987, 31,707, 
and references therein. 

37. A. I. Baz', Ya. B. Zel'dovich, and A. M. PereLomov, 
Rasseyanie, reakzii i raspady v nerelyativistskoi kvantovoi 
mechanike [Scattering, reactions, and decays in nonrelativistic 
quantum mechanics], Nauka, Moscow, 1966 (in Russian). 

38. D. M. Neumark, et aL, J. Chem. Phys., 1985, 82, 3045, 
3067. 

39. S. E. Bradforth, et aL, J. Chem. Phys., 1990, 92, 7205; R. 
B. Metz, et al., J. Phys. Chem., 1990, 94, 1377. 

40. J.-C. Nieh and J. J. Valentini, Phys. Rev. Lett., 1988, 60, 
519. 

Received March 28, 1994 


