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XL1.-Studies in Catalysis. Part I X .  The Calcula- 
tion in Absolihte Measure of VeZocity Constants 
a d  Equilibrium Constants in Gaseous Systems. 

By WILLIAM CUDMORE MCCULLAGH LEWIS. 

IN previous papers of this series (compare T., 1916, 109, 796; 
1917, 111, 457), expressions have been obtained, with the aid of 
the radiation hypothesis, for velocity constants and equilibrium 
constants as functions of temperature. In the expressions thus 
obtained, there occur certain proportionality factors which have to 
be determined by direct comparison with experiment. I n  the 
present paper an attempt is made t o  deal with the problem in a 
more complete manner by calculating velocity and equilibrium 
constants in terms of quantities, all of which have a definite physical 
meaning and may be determined, theoretically, without reference 
to  the actual rate of the chemical reaction it4self. 

On the basis of statistical considerations, J. Rice (Rep.  Brit. 
Assoc., 1915, 397) has deduced an expression for the reaction 
velocity and velocity constant in the case of a unimolecular reac- 
tion, that  is, the spontaneous decomposition of a single molecule. 
The assumption made by Rice is that the rate of such a reaction 
is determined by the rate a t  which the molecules become active in 
the physical sense. Active molecules, in unimolecular processes, 
have therefore no real existence. When, however, we deal with 
multimolecular reactions, it is conceivable that  active molecules 
exist, the rate of the observed reaction depending on the number 
of collisions per second which take place between active molecules 
of the participating substances. The concept of active molecules 
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472 LEWIS: STUDIES IN CATALYSIS. PART Ix. 

was first postulated by Arrhenius, but it is only within recent years 
that the differentiation between active and passive molecules has 
attained any degree of precision through the introduction of the 
concept of critical energy and critical increment. The most direct 
evidence of an experimental kind which we possess a t  the present 
time for  the existence of active molecules is that  afforded by the 
measurements of Baly and F. 0. Rice (T., 1912, 10.1, 1475) in the 
case of the sulphonation of certain aromatic compounds. In this 
case, the ultimate chemical reaction is multimolecular, probably 
bimolecular. We may adoptl therefore with some confidence thel 
view that active molecules have a real existence in the case of 
multimolecular reactions, These active molecules differ from the 
remainder in respect of their internal energy, which is ccnsider- 
ably greater than that possessed by an average molecule of the 
substance atl the temperature in question. The fact that  the 
critical energy is high means that only a very m a l l  fraction of the 
total molecules will be active atl any moment. 

In the case of a bimolecular reaction, such as the decomposition 
of hydrogen iodide in the gaseous state, thel fractional number of 
hydrogen iodide molecules which exist in the active state may be 
calculated by the aid of the expression 

where ATcc denotes the number of active molecules, 177 the number 
of passive molecules or  the total number of molecules (since N ,  is 
very small compared with N ) ;  E is the critical increment reckoned 
per gram-molecule, that  is, the amount of energy which one gram- 
molecule of the substance must absorb in order t o  make it, reactive, 
and R and T have their usual significance. 'This expression is the 
familiar one obtained on the basis of statistical niechanics for the 
distribution of molecules in a field of force. The justification for 
its application t o  the presentl case is furnished by the following 
calculation of the velocity constant of decomposition of gaseous 
hydrogen iodide. 

I n  Bodenstein's experiments (Zeitsch. physikal. Ch em., 1899, 29, 
295), one gram-molecule was present in 22.4 litres. A t  556O abs. 
the observed velocity constant was 9.42 x 10-7, the unit of time 
being the minute. On expressing the time in seconds and the 
concentration in gram-molecules per litre, the velocity constant 
becomes 3.517 x 10-7. This number represents the fraction decom- 
posed per second at  unit concentration. 

We have now to  calculate1 the velocity constant on the basis of 
the concept of active molecules, the equilibrium concentration of 
which is assumed t o  be given a t  all stages of the observed reaction 
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by equation (1). From the temperature-coefficient '6 of the reac- 
tion, it is calculated thatl the critical increment per gram-molecule 
is 22,000 cals. Hence, employing equation (l), i t  is found that the' 
fraction of one gram-molecule which exists in the active state a t  
556' abs. is 2 . 2 1 8 ~  10-9. I f  there is one gram-molecule of 
hydrogen iodide present in 1 litre, then this number represents 
the fractional number of active molecules. Since there are 
6.1 x molecules in one gram-molecule, the actual number of 
active molecules per litre is 1.35 x 1015, or  1.35 x 1012 per C.C. 

On the kinetic theory, the number of collisions per C.C. per second 
between like (active) molecules is given by the expression 

,,I$. T . ~ 2 .  ? L .  NcL2 

where N ,  is the number of active molecules per c.c., u the mean 
velocity of translation per molecule, and CT the distance within which 
two molecules approach one another during a collision. Physical 
theory has not yet succeeded in defining w with precision, beyond 
the fact that  it is of the order of magnitude of the radius or 
diameter of the molecule. Such being the case, we shall take a 
mean value, 2 x 10-8 em., and employ this in all cases examined. 
Naturally, this will introduce a certain error into the results, but 
its magnitude will not affect the general question of the verifica- 
tion of the method of t,reatment adopted. 

I n  the case of hydrogen iodide a t  556O abs., zc=3*3 x 104 cm. per 
second. The value of N ,  we have already calculated to be 
1-35 x 1012 per C.C. Hence the number of collisions per C.C. per 
second between the active molecules is 1.065 x 1014, or the number 
of collisions per litre is 1.065 x 1017. At' each collision between 
active molecules, two such molecules react. Hence the number 
of molecules of hydrogen iodide which react, per second per litre 
is 2.13 x 10'7. Expressing this as a fraction of one gram-molecule, 
we obtain 2.13 x 1017/6.1 x 1023=3-5 x 10-7. This should be the 
velocity constant of the reaction expressed in gram-molecules per 
litre per second. The observed value is 3.517 x The agree- 
ment is very satisfactory, especially in view of the possible error 
in T. This calculation serves to substantiate the concept of active 
molecules defined in the above sense. 

The foregoing calculation may be carried out in a somewhatl 
different manner which leads direct'ly to  the differential equation 
expressing the reaction velocity. Thus the number of molecules 
which react per C.C. per second is given by:  

2 JZinr$~N,z. 
It 

may also be obtained from the position of the effective absorption band in 
* This is the most direct means of obtaining the critical increment. 

the spectrum of the substance provided the data are available. 
U" 
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Hence the number of molecules which react per litre per second is 
given by: 

N u  is the number of active molecules per C.C. Hence the number 
of active molecules per litre is 1000 N a .  If N o  be the number of 
molecules in one gram-molecule, the number of active gram-mole- 
cules per lit're is 1000 N a / N , .  If we denote this by Ca, then 
N,=NoC,/lOOO, or Na'=No2C,2/10'. Hence the number of mole- 
cules which react per litre per second i s :  

2000 J Z r a 2 U N a 2 .  

2000 J 3 7 r ( r 2 u N o 2 C , 2 / 1 0  -6. 

The number of gram-molecules which react per litre per second is 
l / N ,  of the above quantity. That is, the number of gram-mole- 
cules which react per litre per second is 

2000 J ~ & ~ ~ Z L N O C ~ ~ / ~ O ' .  

From equation (I), it follows that  CtU=Ce-R/RT,  where C' is the 
total concentration or number of gram-molecules of hydrogen 
iodide per litre. Hence the rate of the observed reaction is given 
by: 

- dC/dt = 5-40 x 1 0 2 1 . ~ + ' .  ZL . C 2 .  e - 2 E i R T .  

where kohs. is the velocity constant experimentally determined, 
Hence, kobs. (in gram-molecules per litre, per second) 

But the rate, - dC/dt = kohs.. C2, 

= 5.40 x 1 0 2 1 . 9 .  u.. e -2ElRT . . . . (2) 
By making use of the conceptl of active molecules, w0 can calcu- 

late the, velocity constants of decomposition of hydrogen iodide 
over thel temperature range corresponding with Bodenstein's 
observations. 'The following table contains the calculated and 
observed velocity constants expressed in gram-molecnles per litre 
per second. 

neeomyosit ion of H y d r o y e n  I o d i d ~ .  

T. ~ ~ 1 0 - 4  
556O 3.30 
575 3.356 
629 3.510 
647 3.559 
666 3.612 
683 3.657 
700 3.702 
716 3.744 
781 3.912 

1000 4.42 

Fraction of 
one gram- 

molecule in 
the active 

state = e -x iRT.  
2.218 x 
2.704 x 1 0 - 9  
2.244 x 10-8 
3.658 x 
5.970 x 
8.995 x 
1-337 x 
1-905 x 
6.918 x 10-7 
1.545 x 

e- 2 E 1 R T. 
4.898 x lo-'* 
1.820 x 
5.012 x 
1.318 x 10-l' 
3.548 x 10-15 
8.128 x 
1-778 x 
3.548 x lo-'' 
4.786 x 10-19 
2.371 x 10-'" 

E calculated 
[equation (a ) ] .  

1.319 x 10-6 
3.800 x 

10.23 ~ 1 0 - 5  
2.768 x lo-' 
6.421 x 1 0 - 4  
1.422 x 

4.04 ~ 1 0 - 2  
22.63 

3.5 x 10-7 

2-87 ~ 1 0 - 3  

E observed. 
3.517 x 10-7 
1.217 x 10-6 
3.02 x ~ O - ~  
8.587 x 

5.115 x 
1.157 x 
2.501 x 
3.954 x 10-1 

2.195 x lo-' 

- 
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LEWIS: STUDIES IN CATALYSIS. PART IX. 475 

The agreement between the observed and calculated values is 
satisfactory. The number of active molecules per C.C. rises from 
1-35 x 1012 at  556O abs. to  4.22 x 1014 a t  7 8 1 O  abs. Further, it is 
seen that, a t  556O abs., when the total concentration is one gram- 
molecule per litre, the ratio 

number of effective collisions per C.C. per second - 1.065 x l0l4 
2.18 x 10" 
= 4.9 x 10-18. 

_____ - -- __-- 
total number of collisions per C.C. per second 

By the term effective collision is meant, of course, the number of 
collisions between active molecules. This ratio is seen to be an 
exceedingly small quantity. This quantity may be called con- 
veniently the ' che(mica1 efficiency ' of the reaction, since it denotes 
the number of chemically effective collisions expressed as a fraction 
of the total number of collkioas in the same time. This quantity, 
as we would expect, increases rapidly with the temperature. Thus, 
at' 7 8 1 O  abs., the chemical efficiency of the reaction considered is 
4.8 x 10-J3. A t  a very high temperature, the upper limit, of the 
efficiency, namely, unity, should be attained theoretically. This 
temperature must' be such that the quantity e - E / R T  shall be unity. 
At 2000° abs., the value of e - E I R T  would be 3.9 x 10-3, and there- 
fore thel number of active molecules per c.c., when one gram-mole- 
cule is present in one litre, is 2-38 x 101s. The chemical efficiency 
is therefore 1.5 x 10-5. We conclude, therefore, that over any 
temperature range amenable to experiment in the above reaction 
the chemical efficiency will be a small quantity. 

Bodenstein (Zoc. c i t . )  has also measured the velocity of union 
of hydrogen and iodine, and has shown i t  to be a birnolecular reac- 
tion. From the temperature-coefficient, it is easily calculated that 
the sum of the critical increments per gram-molecule of hydrogen 
and of iodine is 40,000 cals. This quantity is the analogue of the 
term 2h' in the case of the bimolecular decomposition of hydrogeii 
iodide. The quantity 40,000 cals. is made up of two terms, 
namely, the respective increments of hydrogen and iodine, but a t  
the present stage we do not know each of these terms separately. 
This is unnecessary, however, for the immediate object in view. It 
may be noted that the critical increment' here referred to  is not 
the critical increment of complete dissociation of hydrogen and of 
iodine into the atomic state. It will be shown later that thel total 
energy necessary to effect complete dissociation of one gram-mole- 
cule of hydrogen and the same mass of iodine is (87,000+41,000), 
or 128,000 cals. The quantity, 40,000 cals., corresponds with a 
partial activat'ion or polarisation of the hydrogen and iodine mole- 
cules sufficient to allow them t o  react on collision. The partly 

u* 2 
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476 LEWIS: STUDIES IN CATALYSIS. PART IX. 

activated molecules have a real existeiice, the system being quite 
analogous to the partly activated molecules of hydrogen iodide. 

On the kinetic theory, the number of collisions per second per 
C.C. between two unlike molecules is given by the expression: 

where CT is the average distance to which the molecules approach 
during a collision, 211 and u2 are the niean velocities of translation 
of the two kinds of molecules, and K, and A', are the number of 
active inolecules of each kind present in unit volume. The value 
2 x 10-8  is assigned t o  r .  Following the same line of argument, as 
that  employed in the deduction of equation (2), we find that  the 
bimolecular velocity, expressed in gram-molecules per litre per 
second, is given by: 

or, 

The f dlowing table contains the values of the velocity constants 
calculated by means of equation (an) and those observed by Boden- 
stein. 

- dC/dt = 3.8 x 1021 x $)< J i l l 2  + 16; x C,, . C,, . e - ~ ( V o ~ ~ / R ~ '  

___  -- 
IC",~=. = 3.8 x 1021 x g 2  x ./?!,~ + 1 ~ ~ '  . e-"j000/"2' . . (k,) 

Union of HydTogerc und Iodine. 

d n U 2 2  k calculated by 
T abs. x 10-4 e-4Q,ooo/By. equation (2a).  k: observed. 

556' 26.5 1.862 x 7.39 x 4.44 x LOm5 
629 28.2 1.23 x 5.19 x 2-25 x 10-3 
666 29.0 7.24 x 3-14 x lo-' 1.415 x 

78 1 31.4 6.31 x lop1* 2-97 1.336 
700 29.7 3.16 x 14.0 x 6.42 x lo-' 

The agreement between observed and calculated values is 
moderate. The concordance is evidently limited mainly by the 
degree of approximation in the value taken for u. I n  general, the 
theoretical basis upon which the calculations are founded may be 
regarded as justified." 

Stegmiiller (Zei tsch.  E'lelctrochem., 1910, 16, 85) has measured, 
by an electromotive force method, the equilibrium constant of the 
hydrogen iodide reaction a t  much lower temperatures than those 
with which Bodenstein's measurements correspond. By employing 
equations (2) and (Za) ,  it should be possible to calculate the equil- 
ibrium constant a t  any temperature provided the gases do no t  
deviate seriously from the perfect gas. The following table coii- 

* From the above data i t  is found that by setting u = 1.34 x lo-* cm. 
the cdculated and observed values of the velocity constants become nearly 
identical. This value has been employod in the table dealing with Steg- 
muller's results. 
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LEWIS: STUDIES I N  CATALYSIS. PART IX. 477 

tains the values so calculated and those obtained by Stegmiiller. 
Stegmiiller's values have been recalculated t o  give the equilibrium 
constant' in the form CH3 x C12/C2H1. The velocity constants are 
expressed in gram-molecules per litre per second. 

Rimolecular 
velocity 

constant of 
decomposi tioii 

T sbs. (equation 2). 
304.6' 1.356 x 
328.2 2.62 x 
354-6 4.123 x 1O-l' 

Bimolecular 
velocity 

const ant of 
union (equn J3E:yuili brium Equilibrium 

tion 2a) constant constant, 
(a= 1.34 x 10 8 )  calculated. Stegmuller. 

3.0 x 10-16 8.7 x lo-' 20-3 x 10 
2.98 x 10-l4 14 x lo-* 38.3 X 10 

2.51 x 10-18 5.4 x 1 0 - 4  11.9 x 10-4 

The calculated equilibrium constants are between one-half and 
onethircl of the observed values. Closer agreement is obtained in 
other reactions, considered later. As illustrated in the above table, 
we are able to calculate with a moderatel degree of accuracy the 
velocity constants of the opposing reactions, quantities which, owing 
to their exceedingly small magnitude over the range of tempera- 
ture considered, could not be determined experimentally. 

So far, we have dealt with reaction velocity in gaseous systems 
from the point of view of molecular statistics. We have now to  
consider i t  from the point of view of the radiation hypothesis. 

We have seen already that the critical increment of the bimole- 
cular decomposition of hydrogen iodide is 22,000 cals. per gram- 
molecule. On the radiation hypothesis, this energy is supplied by 
N,hv quanta, where N ,  is the number of molecules in one gram- 
molecule, It is Planck's constant', and v the frequency of the, 
effective radiation. It is easily calculated that  the required fre- 
quency is 2-33 x 1014, or h = 1.3 p, in round numbers. I f  the above 
reasoning is correct, gaseous hydrogen iodide should exhibit an 
absorption band a t  this wave-length, especially if  the gas be heated. 
The author is unaware of any experimental data bearing on th i s  
point. 

On the basis of the quantum theory, Plaiick has considered t h  
problem of the relation of emission to non-emission by an oscillator 
(compare Planck, '' Theory of Heat Radiation," English trans., 
p. 164). According t o  Planck, the ratio of the probability that 
no emission takes place to  t'hhe probability that eniission does take 
place is proportional t o  the radiation density u,, of the frequency 
1'. The factor p is 
shown to  be ideiitical with the expression ~ 3 / 8 ~ h ? W ,  where c is 

The ratio is given by the expression p .  W,. 
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the velocity of light in a vacuum and ?z the refractive index of 
the system for the frequency v. For gaseous systems, v, is prac- 
tically unity. It will be observed that the probability that  no 
emission takes place is inversely as the cube of the frequency. So 
long as no emission takes place, the energy of the oscillator, and 
therefore of the whole atom or molecule containing one or more 
oscillators, remains high. Such a molecule will correspond with 
an active one in the chemical sense. It is reasonable, therefore, to 
apply Planck‘s principle to a case such as the decomposition of 
hydrogen iodide and write, 

the number of chemically active molecules in existence 
the number of passive molecules 

__ __ - - p  . lhu  -~ __ ~ - 

Since the number of active molecules is exceedingly small, the 
number of passive inolecules is practically identical with the total 
number present, or, eniploying the symbols used previously, 

NaIN = p . uV. 

This relation expresses the fact that the: higher the radiation density 
the greater is the number of molecules in the active state. We 
may also write this expression in the form: 

Fraction of one gram-molecule in the active state = pav. 
Further, for the short infra-red, visible and ultra-violet regions, 

Hence, 
p . = e-No’hvlRT 

or the fraction of one gram-molecule in the active state ise-NhovIfiZ’ 
But Nohv =E,  the critical increment per gram-molecule. Hence 
the fraction of one gram-molecule in  the active state = e - E J R T ,  
which is the expression already obtained on the statistical 
mechanical basis, and verified by the experimental data. We are 
justified, therefore, in making the assumption that the chemically 
active fraction of each gram-molecule of hydrogen iodide is given 
by the: expression p .  u,. This should hold good for any substance 
which reacts in the bimolecular, or in general ths  multimolecular 
manner. It is only in such cases that  active molecules have any 
real existence. I n  the case of unimolecular reactions, active 
molecules do not exist as such. 

I n  a bimolecular reaction of the type considered, if C denotes 
the total number of gram-molecules in a given volume, say 1 litre, 
then the number of active gram-molecules in the same volume may 
be expressed by 

C . p . 26, or C . e-nfihvlRT or C . e - E i R T  
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LEWIS: STUDIES IN CATALYSIS. PART IX. 479 

On the purely kinetic basis, we have seen that the rate of reaction 
between like molecules in a bimolecular reaction per litre per 
second is: 

- dC/dt = 5.4 x 1021. ~ 9 .  u . C 2 e - Z ” l R T .  

The term 15’2 . e - z f l i R r  is evidently identical with Cz . p z  . u:, so that 
the rate of reaction may be written, 

- dC/dt = 5.4 x lo2*. u2. 26, p 2 .  C2.  26:. 

That is, the rate of the observed bimolecular reaction depends on 
the square of the radiation density, a conclusion which is in agree- 
ment with the assumption made in earlier papers iii coniiexion with 
bimolecular reactions. The advantage of the present mode of 
treatment is, however, that all the factors which go to  make, up 
the observed velocity constant are calculable quantities. I t’  is 
evident that the observed velocit’y constant, expressed in gram- 
molecules per litre per second, for a bimolecular reaction involving 
like molecules is given by: 

or 

It is obvious that differentiation of this expression with respect 
to temperature yields the well-known Arrhenius equation as a first 
approximation. 

I n  a bimolecular reaction such as that considered, the function 
of the radiation of the absorbable type is to  maintain a certain 
number of molecules in the chemically active state, a state which 
means high energy content. ‘The number of active molecules a t  
any moment is the difference between their rate of production and 
their rate of disappearance. Their ratel of disappearance is due 
to retrarisforniation of some into the passive, state, and a t  the 
same time the transformation of others in the ordinary chemical 
sense into the resultants. Itl is simply the number of active gram- 
iizolecules in exkslerbce at’ any moment which has been written 
as C .  p .  u,,. The actual rate of production of active molecules 
per second is a quantity necessarily much greater than this. An 
attempt, will now be made to  estimate this rate. 

I n  the case1 of hydrogen iodide a t  a concentration of one gram- 
molecule per litre a t  556O abs., we have seen that. the number of 
active molecules maintained by the radiation in the active state 
per litre is 1.35 x 10’5. The number of active molecules which 
react per second per litre is 2.13 x I f  we denote by R, the 
rate of production of active molecules per second per litre, by R, 
the rate of chemical reaction (2.13 x lW), and by R, the rate a t  
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which active molecules arel retransformed into passive molecules 
per litre per second, we have the relation: 

R, - (R,  + RJ = 1.35 1015. 

In order to maintain the active molecules and allow for the rat,e 
of the observed reaction, the minimum rate of production of active 
from passive molecules is > 2.1 3 x 1017. The true rate may, how- 
ever, be much greater than this lower limit'. It is evident that  the 
rate of production of active molecules must. depend on the radia- 
tion density PI,, but  i t  is evident the rate is notl given by the ex- 
pression N o .  p . u,, for this would only account for a production of 
1.35 x 1015 active molecules per second from one gram-molecule. A 
quantity having a higher numerical value than N o .  p . u ,  is 
required. The terms N o  and 7 1 ,  would be expected to remain un- 
altered, and we are limited t o  some function of p. It will be 
shown later, in connexion with the dissociation of iodine, bromine, 
and chlorine, that  the experiment'al values can be accounted for 
if  we assume provisionally that the required function is 1039." 
With this assumption, the rate of production of active molecules 
from one gram-molecule is N o .  lo3 . pz . u,. Since PI ,  itself can be 

written as -e--N+lRT', our assumption means that the rate of pro- 

duction of active molecules is given by 103 . 4Vo . p e - N o ) L v / R l ' ,  or 
l o 3  . N o .  p . e - E / R T .  This expression should be the correct one for 
any spontaneous unimolecular reaction, for in such a case the 
process of activation is identical with the chemical reaction. That) 
is, the velocity constant, of a unimolecular reaction should be 
given by: 

hubs. = 103. p , e - E f H T  

1 
P 

We shall now apply this expression to the calculation of the rate 
of production of active molecules of hydrogen iodide. The term 
p is given by c3/87rrhn3v3, and since, for the process considered, 
E = N,hv= 22,000 cals. per gram-molecule, the frequency v must, be 
2.33 x 1014. Further, the system is gaseous, and therefore the 
refractive index is practically unity. Hence p= 1.307 x 1013. 

Hence the number of active molecules produced per second from 
on0 gram-molecule of hydrogen iodide a t  556O abs. =6.1 x 1023 x 
1.307 x 1013 x 2.218 x l o + =  1.768 x 10". I f  we divide this number 
by 6-1 x lo2", we obtain the fraction of one gram-molecule activated 
per second. A rate of this magnitude is quite possible in the 
sense that it is sufficient t o  account' for the observed rate of the 

* This function will be dealt with in a later paper, in which an alternative 
expression, having a similar numerical valtlue, but possessing R more precise 
physical significance, will be given. 
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bimolecular reaction, and likewise for the maintenance of the free 
active molecules. Since thO rate of product'ion of active molecules 
is considerably greater than the sum of the two effects just men- 
tioned, it follows tha t  the rate a t  which active molecules are re- 
transformed into passive is likewise of the order 1028. -If these 
extremely high opposing velocities existl, we are led to  the con- 
clusion that the equilibrium between active and passive molecules 
is at'tained practically instantaneously. This is in  agreement with 
experience, but, of course, such evidence is very inconclusive. 
Quantitative evidence is furnished by the calculation of the equil- 
ibrium constant in the case of the dissociation of iodine, bromine, 
and chlorine. 

Whilst the ordinary thermal decomposition of hydrogen iodide 
is a bimolecular process, Bodenstein has shown (Zeitsch. physikctl. 
Chem., 1907, 61, 447) that  the photochemical decomposition is 
unimolecular. In  this case, the process is the decomposition of 
hydrogen iodide molecules into atoms of hydrogen and iodine. 
This is effected by short waves. That is, the process of completely 
decomposing the hydrogen iodide molecule is a much more difficult 
one to  carry out and requires a greater size of quantum than is 
required simply t o  displace the atoms somewhat with respect to  
one another inside the hydrogen iodide molecule, thereby permitting 
the bimolecular process to  take place. I n  Bodenstein's experi- 
ments on the photochemical decomposition, the hydrogen iodide 
was exposed to bright sunlight in glass vessels. Berthelot and 
Gaudechon (Compt. !rend., 1913, 156, 889) find that  hydrogen 
iodide is decomposed by blue or violet light. More precise know- 
ledge is wantling, butl it is evident that  the active wave-length is of 
the order 4 5 0 p p ,  or v =  6.66 x 1014. Thatl is, the critical incre- 
ment El per gram-molecule of hydrogen iodide for the unimolecular 
decomposition is 63,000 cals. in round numbers. It will be shown 
later that  a more exact' value for this quantity is 66,000 cals. 'This 
is just three times the increment for the bimolecular reaction. The 
bimolecular reaction takes place, theref ore, more readily, since a 
molecule will oftener possess the energy corresponding wi th  E than 
the energy corresponding with E' . This unimolecular process must 
take place, however, as a thermal effect along with the bimolecular 
process, for, atl any temperature, the radiation density, even a t  
v- 7.0 x loJ4, cannot be entirely wanting. Since, however, the 
radiation density diminishes rapidly as the frequency increases from 
the short' infra-red into the ultra-violet, the unimolecular reaction, 
compared with the birnolecular, will remain negligible until very 
high temperatures are reached. On the basis of the considerations 
already developed, it' is quite possible t o  calculate what this uni- 

This will be considered later. 
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molecular decomposition velocity amounts to a t  any t'emperature . 
Thus, the rate of unimolecular decomposition of hydrogen iodide 
per gram-molecule is given by 103. AT0. p . e-66JOo0/RT, where 
p=4*66 x 1011. A t  556O abs., this rat'e should be 3-12 x 1012 mole- 
culw per second when one gram-molecule is present initially. 
Hence, the unimolecular velocity constant = lo3 . p . e-66,000/RT is 
5.1 x 10-12. It will be observed that  this is a small quantity com- 
pared with the bimolecular velocity constant (3.5 x 10-7) under the 
same conditions. A t  781O abs., the unimolecular velocity constant 
is 1-54 x 10-4, whilst the bimolecular constant is 4.0 x 10-2. The 
conclusion that, the unimolecular decomposition is small compared 
wit\h the bimolecular over the range examined by Bodenstein 
(556-781O abs.) is in agreement with the fact that the bimolecular 
formula holds good, We can easily calculate the bimolecular 
constant a t  1000° abs. by the methods already employed a t  lower 
temperatures, the value obtained being 22.63. At1 the same 
temperature, the unimolecular velocity constant is calculated t o  be 
1.73. A t  1200O abs., the unimolecular constant is 435, whilst the 
bimolecular is 998. It is evident, therefore, thatq at  a temperature 
somewhat above 1200O abs., the two types of decomposition will 
occur a t  the same rate. A t  this temperature, therefore, the 
bimolecular formula would be expected to: break down. 

We now turn to the consideration of unimollecular dissociation, 
such as that  of iodine in the gaseous state into atoms. From the 
known behaviour of nascent atoms, it may be inferred that  their 
normal state in respect of energy content is sensibly identical with 
the critical state, so that the exponential term in equation (2) con- 
taining the critical increment reduces to unity. Let Cu denote 
the equilibrium concentration of undissociated molecules of iodine 
expressed in gram-molecules per litre, and Ci the equilibrium con- 
centration of the iodine atoms in the same units. The rate a t  
which the molecular species dissociates is then given by 
Cu. lO3.p. e-Nohv/KTor C, . 103.y. c - ~ / R ~ .  I n  an earlier paper (T., 
1917, 111, 1086), the value 41,000 cals., per gram-molecule, has 
been assigned to the critical increment of iodine. The correspond- 
ing frequency v is 4.3 x or A =  700 pp. Hence p =  c3/31rrhv3 = 
2.08 x 10l2. A t  T=1073 (t0=8000), the term e-*/RT=4.385 x 10-9. 
Hence the rate of dissociation, expressed in gram-molecules per 
litre per second, is C, x 103 x 2.08 x 1012 x 4.385 x 10-9= 9-16 x 106Cu. 
The number 9-16 x 106 is the unimolecular velocity constant of dis- 
sociation. The rate a t  which the atoms combine is given by t'he 
total collision frequency, for in the case considered, the atoms are 
all active and every collision is effective. Since there are C'i gram- 
atoms per litre, the actual number of atoms per C.C. is 
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C'ix 6.1 x 1020. The collision frequency per C.C. per second is 
J j  . w . u . The average velocity of translation 
u. of one iodine atom at  1073O abs. is 4 . 6 ~ 1 0 4  em. per second. 
Taking a as 2 x  10-8 cm., the number of collisions per C.C. per 
second is 3.031 x 1031 . Ci2. The number of atoms which combine 
is just twice this quantity, namely, 6.062 x 1031 . Cis- Hence the 
number of gram-atoms which combine per second per litre is 
9-94 x 1010. Ci2. Alternatively, using equation (2) and writing 
the exponential term as unity, we arrive at  the same result. I t  
follows that  Cd2/C,=9*16 x 106/9.94 x 1010=9*2 x 10-5. Bodenstein 
and Starck (Zeitsch. Elcktrochem., 1910, 16, 961) have measured 
the equilibrium constant, Ciz/Cu, at 1073O abs., with the concen- 
tration expressed in gram-molecules per litre, the value obtained 
being 1-29 x 10-4. The calculated equilibrium const'ant agrees well 
with the observed value. Again, consider the dissociation a t  
1473O abs. The value of e-EIRT is 8.166 x 10-7. Hence the rate 
of dissociation in gram-molecules per second is 

2.08 x 1015 x 8.166 x 10-7 C?'. 
From equation (2), taking cr as 2 x 10-8 and 2c=5.38 x lo4, we get 
for the rate of union of the atoms, expressed in gram-atoms per 
litre per second, the value 1-14 x lo1' x Ci2. 

. Ci2 x 37.2 x 1040. 

Hence 
Ci2/Cu = 1.699 x l o g /  1.14 x 10'1 = 1.49 x 10-2. 

The observed equilibrium constant is 1.02 x 
The foregoing considerations, which are based partly on mole 

cular statistics and partly on the quantum theory of radiation, allow 
us t o  calculate with a moderate degree of precision not only the 
equilibrium constant of a dissociation of a molecule into atoms (a 
quantity which is amenable in general to experimental determina- 
tion), but likewise the separate velocity constants which, owing t o  
their great magnitude, cannot be measured directly. The table 
on p. 484 contains the values of the equilibrium constants and the 
velocity constants in the above units for the dissociation of iodine 
over the range of temperature investigated by Bodenstein and 
Starck. 

The agreement between the calculated and obsecved equilibrium 
constants is satisfactory. This affords considerable support for the 
assumptions made as regards the velocity constants. It may be 
pointed out that  the term e - E / R T  in this case does mot represent 
the number of the active molecules of molecular iodine. No active 
molecules exist apart from the atoms. The conditions obtaining 
are quite distinct from those met with in the case of the bimolecular 
decomposition of hydrogen iodide. 

Bodenstein (Zeitsch. Elektroche?iz., 1916, 22, 337) has measured 
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the dissociation constant of gaseous bromine bet-ween 800° and 
1200'. He finds that the equilibriuin constant, expressed in partial 
pressure terms, is given by the expression: 

Further details are not given in the abstract, which alone is avail- 
able. A t  1000° abs., this expression gives log K ,  = 5.336, whence 
the equilibrium constant K,, expressed in gram-molecules per litre, 
is 2-64 x 10-7. 

An attempt will now be niade to calculate this equilibrium con- 
stant. The critical increment ,C per gram-molecule of bromine is 
not known with accuracy (compare T., 1917, 111, 1086). It may 
be taken to be of the order 50,000 cals. The corresponding fre- 
quency v = 5 ' 3  x 

A t  the equilibrium point, the rate of dissociation of the bromine 
molecules is 103 . p .  C,, e-p:/R2'=103 x 1.1 x 10'2 x 1.175 x 10-11 x 
Cu= 1.29 x lO4C,,, where 1-29 x 104 is the calculated unimolecular 
velocity constant of decomposition and C ,  is the number of gram- 
molecules per litre. I n  dealing with the union of the atoms, we 
shall again make the assumption that) the atoms are all active. A t  
1000° abs., the average speed ZL of a bromine atom is 5.6 x l o 4  cm. 
per second. Setting a= 2.0 x 10-8 cm., and employing equation 
(a), we obtain for the rate of union of the atoms per second per 
litre the value 1 - 2 1  x lOllCi2, where the numerical coefficient is the 
bimolecular velocity constant. The equilibrium constant is there- 
fore given by Ci2/C,,=1*29 x 104/lm21 x 1011=1*0 x 10-7. This 
agrees satisfactorily with the observed value when we consider the 
possible error in v and in E.* 

The dissociation of chlorine has been measured by Pier (Zeitsch. 
jrliysikcxl. C'hem., 1908, 62, 417), but the values appear to be much 
less accurate than those of Bodeiisteiii in the case of bromine and 
iodine. Thus, the heat of the reaction when calculated froin 
successive values of the equilibrium constant varies in quits an 
unexpected manner with the temperature. As the possibility of 
error seems to  be less in the higher temperature range, we shall 
restrict ourselves to this region. Thus, a t  1940O abs., the observed 
degree of dissociation of chlorine is 0-0157, the pressure being 0.5 
atmosphere. Hence K c  = G+/ (1 - x) V = 7.8 x 10-7. The critical 
increment of chlorine is taken to be 86,000 cals, per gram-molecule 

1 In the paper referred to, E for bromine was taken to be 57,000 cals. 
per gram molecule. Employing the value 50,000 cals., t'he calculated heat 
of formation of potassium bromide is in rather better agreement, and the 
heat of formation of silver bromide in rather worse agreement with the corre- 
sponding observed value than m e  the numbers given in the former paper. 

log Kp= - 10100/T+ 1.75 log T-O*000409T+ 4.726 x 1O-'T2+ 0.548. 

Hence y = l * l  x 1OI2 and 
e-ElRYl= 1.175 x 10-11. 
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(compare T., 1917, 111, 1086). Hence a t  1940O abs., 
e-EIRT=2-014 x 10-10. The frequency v = 9.1 x 1014. Hence 
p=2*2 x 1011. A t  the equilibrium point, the rate of dissociation 
of chlorine is consequently 4.43 x 104Cu, where 4-43 x 104 is the 
unimolecular velocity constant' expressed in gram-molecules per 
second. The average speed 'u of a chlorine atom a t  1940O abs. is 
8 . 3 ~ 1 0 ~  cm. per second. Taking CT as 2 . 0 ~  10-8 cm., and using 
equation (2), we obtain, for the rate of union of the atoms, 
1.793 x 101*Ci2, the velocity constant. being expressed in gram- 
molecules per litre per second. Hence the equilibrium constant, 
Ciz/C, should be 4.43 x 104/1.793 x 1011, or 2.47 x 10-7. It will 
be seen that the calculated and observed values of the equil- 
ibrium constant are of the same order of magnitude. The results 
obtained in the case of the three halogens, iodine, bromine, and 
chlorine, afford a considerable amount of evidence in favour of the 
theoretical treatment employed. 

In the type of reaction just considered, namely, the dissociation 
of a molecule into atoms in the gaseous state, the position of equil- 
ibrium is given by the relation: 

or 
lo3 . p .  e -E/RT.  Ct4=5*40 x 1021. r 2 ,  ZL. Ci2 . I (3) 

where the concentration is expressed in gram-molecules per litre. 
I n  a gaseous system p may be written as 1.6 x 10"/v3, where v is 
the frequency of the radiation responsible for the dissociation 
process. For a given substance, v is a constant independent of 
temperature so long as the mechanism of the process remains the 
same. We can write the above expression in the form: 

log K= - E/RT- log ZL + log 103. p/5.40 1021  r2. 

The final term on the right-hand side is analogous t o  the integra- 
tion constant which occurs in the thermodynamic treatment of 
mass-action equilibrium. I n  the present case, however, the filial 
term is calculable quite apart from the reaction itself. On differ- 
entiating the above expression with respect to temperature, we 
obtain : 

d log K / d T  = E/R T2 - d log ztldT. 
The mean velocity of translation of an atom (which has been taken 
as practically identical with the root-mean-square-velocity) is pro- 
portional t o  the square root1 of the absolute temperature, u. being 
giveln by the expression d3RT/M,  where M is t,he gram-molecular 
weight of the atom. Hence 

d log K/dT= ( E  - 112. RT)/RT'. 
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The term ( 1 / 2 ) R T  is, in general, small compared with E, and there- 
for0 the critical increment in the case of reactions of the above 
type is practically identical with the heat of dissociation a t  constant 
volume. This is the assumption which has been madel in the fore- 
going treatment. If - Q ,  denotes t’he heat’ absorbed a t  constant 
volume per gram-molecule dissociated, we obtain the van’t Hoff 
isochore from the above expression. For t,he type of reaction con- 
sidered, the exact relation bet,wee>n the critical increment and the 
heat of the reaction is given by: 

-&v=E-l /Z .RT , . , . . . (4) 
We are now in a position to deal with the dissociation of 

hydrogen. Langmuir ( J .  Amer. Chenz. SOC., 1915, 37, 417) finds 
that  the heat of dissociation a t  constant volume a t  3000O abs. is 
84,000 cals. per gram-molecule. Hence, from equation (4), we 
obtain 87,000 cals. as the critical increment per gram-molecule of 
hydrogen. The corresponding frequency is 9.21 x 1014, or A =  325 ,up. 
Hence p=2.04 x lo1]. A t  2000O abs., e-”lRT=3*055 x 1O-IO. Hence 
the rate of dissociation = 103. p . e -” /RT . Cu= 6-23 x lO4C,. At 
2000O abs., zc for one hydrogen atom is 7-1  x l o 5  cm. per second. 
Taking a = 2  x 10-8 cm., and using equation (a), the rate of union 
of hydrogen atoms, assuming all the atoms active, is 1.53 x 1012Ci2, 
the velocity constant being expressed in gram-atoms per litre 
per second. Hence1 the equilibrium constant is 4.07 x The 
degree of dissociation of hydrogen as determined by Langmuir is 
0.0033 atl 2000O abs. and under one atmosphere’s pressure. Hence 
Langmuir’s equilibrium constant, expressed in concentration terms, 
is 6.6 x 10-8. This agrees fairly well with t’hhe calculated value. 
The main cause of the discrepancy is probably the factl that  in the 
case of the hydrogen atom, (+ is less than 2 x 10-8 cm. I f  we set 
a = 1.57 x 10-7 cm., thei two values of the equilibrium constant 
become ideatical. This value of is used in the following table, 
which contains the values of I< obtained by Langmuir and those 
obtained by the above method of calculation. 

Dissociation of Hydrogen. 

u in cm. 
per sec. 

Tabs. x 
1,500° 6.15 
2,000 7-1  
2,500 7.95 
3,000 8-66 
3,500 9.37 
4,000 20.0 

Unimolecul ar 
velocity con- Bimolecular 
stant of dis- velocity con- 

sociation. stant of union. 
41.66 8-2 x loll 

6-23 x 104 9-4 x 1011 

9.26 x 107 1.2 x 1012 
4.98 x lo6 1.1 x 10’’ 

7-46 x lo* 1-3 x 10l2 
3-68 X 10’ 1.33 x 10” 

Equilibrium 
constant, 

cftlciilated. 
5-1 x 10-’’ 

[6*6 x lo-*] 
4.7 x 10-6 
8.0 x 10-5 
6.0 x 10-4 
2.7 x 10-3 

Equilibrium 
constant, 

Langmuir. 
4.6 x 10-11 
6.6 x lo-* 
5.1 x 
7.0 x lo-‘ 
6.1 x 10-4 
2.9 x 10-3 
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The agreement throughout is satisfactory. It should be observed, 
however, that, both series of I !  values are dependent on the 
numerical value for the heat effect, namely, 84,000 cals. at, constant 
volume. This quantity has been verified approximately by Isnardi 
(Zeitsch. Elekti-ochem., 1915, 21, 405). 

The following considerations also afford some support in favour 
of Langmuir’s value for Q2.. We have seen that  when hydrogen 
iodide decomposes in the unimolecular manner, the’ critical incre- 
ment E’ is approximately 63,000 cals. per gram-molecule. Let us 
suppose that’ two gram-molecules decompose in this manner, not 
in the ordinary bimolecular manner. That is, we have the 
reactions : 

2HI --+ 2€I+ 21  -+ H,+ I,. 
This will be referred to  as the atomic ’ process. Although this 
is formally the same as the ordinary bimolecular process, the 
actual mechanism, involving as i t  does the formation of free atoms, 
is different, for in the bimolecular process we deal only with a 
polarisation or partial activation of each of the molecules H,, I,, 
and HI, a process which requires much less energy t o  reach the 
respective critical states than is required for the actual dissocia- 
tion of each molecular species into atoms. Every chemical process, 
occurring spontaneously, follows the path of least resistance, that 
is, the path involving mininial critical increments. Hence the 
atomic process referred to is not the naturally occurring one. 
Since, however, the chemical change as a whole is the same in the 
two cases, the total heat effect must be the same. The heat 
absorbed when two gram-molecules of hydrogen iodide decompose 
is 4000 cals. approximately. Applying the expression developed 
and tested in former papers, namely, 

t o  the above atomic process, we obtain: 

The symbol Er,, which is the critical increment of dissociation 
of iodine into its atoms, has the value 41,000 cals. per gram-mole- 
cule. 2 x ElHI = 2 x 63,000 cals. Hence the quantity E H r ,  which 
denotes the critical increment of dissociation of one gram-molecule 
of hydrogen into its atoms, has the value 81,000 cals. This should 
be sensibly identical with the heat absorbed in the dissociation of 
hydrogen. It is seen to be in fair agreement with Langmuir’s 
value. The source of the discrepancy is duel mainly to error in 
the value of E’III, which we have taken to be 63,000 cals. per 
gram-molecule on the basis of the rather qualitative statement 
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made by Berthelot and Gaudechon that  hydrogen iodide is decom- 
posed by blue or violet light. If we take the critical increment, of 
hydrogen, in respect of dissociation into atoms, to be 87,000 cals. 
per gram-molecule (the value which has been employed in the' com- 
pilation of the above table), it follows from a consideration of the 
atomic process of the decomposition of hydrogen iodide that, EHr 
should be 66,000 cals., this being the quantity required t o  dis- 
sociate one gram-niolecule of the substance into free atoms of 
hydrogen and iodine. From what has been said, this may be 
regarded as a more exact value of the critical increment, of uni- 
molecular decomposition than the value 63,000 cals. Certain con- 
clusions have been drawn froin this as regards the relative speeds 
of  the unimolecular and 1)imolecular decompositions of hydrogen 
iodide in an earlier part of this paper. A further coiiclusion is 
that  gaseous hydrogen iodide, when heated, should exhibit an 
absorption band in the region of v =  7 x 1014, or h=429 ,up. The 
author is unaware of any measurements in this connexion. 

The decomposition of hydrogen iodide is particularly interesting, 
because it is one that is capable of occurring in two distinct ways, 
namely, the unimolecular and the bimolecular, and, if the previous 
considerations be accepted, we have fairly complete informatdon 
regarding the mechanism of both. In the case of the ordinary 
bimolecular decomposition of hydrogen iodide, the critical incre- 
ment E per gram-molecule is 22,000 cals. This is just one-third 
of the critical increment E', 66,000 cals., which is required for the 
complete dissociation of the molecule into free atoms. The, ordinary 
bimolecular process occurs, theref ore, with much greater ease, that  
is, a t  lower temperatures, than does the unimolecular process. The 
bimolecular process involves, therefore, a certain separation or 
polarisatioii of the atoms in the molecule, but not their complete 
separation. The, bimolecular process may be represented in the 
following manner, in which an additive compound is formed: 

H-I H.....I 
2NI+ i i + I I --f H,+I,. 

11-1 H.....J 

The total amount of energy required to activate two gram-mole- 
cules of hydrogen iodide in this manner is 44,000 cals. 

I n  conclusion, we may collect together the various numerical 
values for the critical increments of the substances dealt with in 
the present paper. 
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Critical 
increment 

in cals. 
per gram- Reaction involving the critical 

Substance (gaseous). molecule. increment of the previous column. 
Hydrogen iodide ............ 22,000 2HI+H2 + I2 ordinary bimolecular 

Hydrogen iodide ............ 66,000 HI+H + I unimolecular reaction, 

Hydrogen ..................... 87,000 H2+2H. 

Bromine ..................... 50 000 Br2+2Br. 

reaction. 

identical with the photochemical 
decomposition. 

Iodine ........................ 41,000 1%+2I. 

Chlorine ........................ 86,000 C12+2C1. 

Summary. 

(1) The observed rate of a unimolecular reaction is identical 
with the rate a t  which the molecules pass from the passive to the 
active state per second. The active state differs from the passive 
in respect of internal energy. The activation is ascribed to the 
radiation density of the absorbable radiation. I n  unimolecular 
reactions, active molecules have no real existence. They are, in 
fact, the resultants of the reaction. The critical increment E,  
that  is, the quantity of energy which must be added t o  an average 
gram-molecule t o  raise its energy content to the critical state, is 
given by the expression N,hv, where h is Planck's constant, v the 
frequency of the1 absorbable radiation, and N ,  the number of mole- 
cules in one gram-molecule. This statement' is simply Einstein's 
law of the photochemical equivalent. 

If the concelntration of the decomposing substance is G, the 
provisional expression for the rate of decomposition in a unimule- 
cular process is : 

-dG ' /d t= l@.p .G .  e - E I R T ,  

where p = c 3 / 8 ~ h ? W ,  c being the velocity of light in a vacuurii 
and n the refractive index of the system for the frequency v. I n  
the case of gaseous systems, n= 1 very nearly, and p = 1.6 x 10fiGF/v3. 
It follows that the observed velocity constant of a unimolecular 
process is given by: 

kobs. = 1 O3p . e-EIRT. 

Alternatively, the rate of unimolecular decomposition is given by : 

where u is the radiation density of the effective frequency v, the 
radiation density being determined by the temperature of the 
system. 

(2) The rate of a bimolecular reaction is identical with the 

-dC/dt=1Q3 . p 2 .  CU,, 
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number of collisions which occur per second betlween the active 
molecules. As already pointed out in the case of unimolecular 
reactions, active molecules have no real existence. I n  bimolecular 
and multimolecular reactions generally, active molecules exist, their 
rate of formation being very much greater than their rate of 
collision, which latter term defines the observed rate of reaction. 
The number of active molecules in existence a t  any moment is pro- 
portional to the radiation density. I n  multimolecular reactions, 
the fraction of one gram-molecule existing in the active state is 
given on the basis of molecular statistics by the expression e - E I K T ,  
where E is the critical increment per gram-molecule. The fraction 
of one gram-molecule existing in the active statel is given on the 
radiation basis by pu,,, which is identical with e-flohvlRT and there- 
fore with e - E I R T .  If C is the total concentratdon in gram-mole- 
cules per litre, the number of active gram-molecules per litre is 
C’ . e - E / R T .  The number of “effective ” collisions which occur in a 
gaseous system between like molecules (such as molecules of 
hydrogen iodide) per C.C. per second is given on the molecular 
kinetic theory by the expression, 

J%. x . u . u2 . (number of active molecules per c.c.)~, 

where u. is the average velocity of translation of a molecule a t  the 
temperature considered and u is the range of approach of two 
molecules during a collision. A t  each collision between . active 
molecules, two molecules react. Hence the rate of reaction in a 
bimolecular process between like molecules occurring in the gaseous 
state is given by: 

- dC/dt = 5-40 x loz1. u .  2. C2 . e - W R T .  

Alternatively, since e - 2 E ’ l f i y ’ = p 2 .  u,2, the rate of reaction may be 
written : 

- dC/dt = 5-10 x 10“ X u X a2 X p 2  X 26: X C2. 

The observed bimolecular velocity constant, for a reaction between 
molecules of the same kind (expressed in gram-molecules per litre 
per second), is given by : 

or 

If the reaction occurs between molecules of different kinds, for 
example, the union of hydrogen and iodine, the velocity constant 
is given by: 

-- 
kohl. = 3.8 x 1021 . a 2  . Ju12 + uz2 , e - ( 4 i - ~ a ’ a ) / R T ,  
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where ul and u2 are the average velocities of translation of the 
two kinds of molecules, El is the critical increment of the one kind 
(per gram-molecule), and 3, is the corresponding quantity for the 
other kind. When the bimolecular reaction occurs between nascent 
atoms, all the reactants are normally in the reactive state, and 
therefore the exponential term reduces .to unity. In  such a case, 
for example, the combination of atoms to form the undissociatecl 
molecule of a gas, the bimolecular velocity constant is given by 
the expression : 

k = 5.40 x lo2' . 'C'L . cr2. 

(3) The various statements mads in (1) and (2) are borne out 
quantitatively in the cases examined, namely, the decomposition 
of hydrogen iodide (bimolecular reaction), the union of hydrogen 
and iodine molecules, and the dissociation of iodine, bromine, 
chlorine, and hydrogen gases. It is shown that  the opposing 
velocity constants, as well as the equilibriuni constants, can be 
calculated in regions in which, owing to  the rate being either 
extremely great or extremely small, the chemical change cannot be 
determined experimentally. 
(4) The velocity constant of w nimolecular decomposition of 

gaseous hydrogen iodide has been calculated a t  various tempera- 
tures, and is shown t o  be negligible compared with the bimolecular 
constant over the range of temperature examined by Bodenstein. 
I n  the neighbourhood of 1200O abs., it is calculated that  the two 
velocity constants should be of the same order of magnitude, and 
theref ore the ordinary bimolecular expression should fail to  apply 
quantitatively. 

MVSPRATT L-4BORATORY OF PHYSICAL AND 

ELECTRO -CHEMISTRY, 
UNIVERSITY OF LIVERPOOL. 

[Received, Apr i l  22nd, 1918 1 
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