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A study has been made of the isotopic effect in the kinetics of bimolecular hydrogen-exchange 
reactions. It is shown that, even for exponential kinetics, the time-independent exchange rate 
must be calculated with an account of corrections which are functions of the equilibrium con
stants, the concentration ratio, and the initial label content in one of the components. Vari
ous methods for calculating the kinetic curves for isotopic hydrogen exchange are compared 
for the case of an alcohol-mercaptan system. 

The kinetics of hydrogen-exchange reactions must often be studied through the use of deuterium- or 
tritium-labeled compounds, and in this case the experimental rate determined is the rate r (sec-i) at which 
an equilibrium label distribution is established. This value is used to calculate the rate Q of the hydrogen
exchange reaction, which is independent of the time [1]; Q is always determined with an accuracy to with
in a constant factor (Q/g) (2). If the isotope is distributed uniformly, the establishment of the equilibrium 
is an exponential process, and Q /g can be calculated very simply. The more complicated case of a non
uniform isotope distribution was analyzed in detail in [3-5]. A general equation was derived in [3,4] for 
the kinetics of such reactions, and conditions under which the process is pseudomonomolecular were for
mulated. 

In the spectroscopic studies of the kinetics of exchange reactions 

XH + YH* ..... XH* + YH 

in which groups capable of forming hydrogen bonds both as proton donors and as proton acceptors partici
pate [6-9], large deviations from an exponential dependence are generally not observed, even for systems 
in which the equilibrium constant differs significantly from unity. In this case, however, it becomes nec
essary to analyze the relation between the experimental rate r at which the system approaches equilibrium 
and the value Q/g. We restrict the discussion to the uncomplicated case of a homogeneous bimolecular 
reaction 

XH -1- YD ~ XD + YH (1) 

We introduce the notation, a == [YD] + [YHJ, b =: [Xu] + [XH], c =: [YD] for t == 0, d =: [XD] for t == ° 
(there is no loss in generality here by assuming d =: 0, since it is this case which is usually studied experi
mentally), and x(t) =: .6[XD) =: -.6[YD]. The equilibrium constant for reaction (1) is 

[YHloo [XDJ"" g 
K = {YO]"" [XHloo = f' (2) 

where g and f are the isotopic corrections to the expressions for the partial rates of the processes in the 
System [21. Assuming K ;>! 1, 1. e., g?!- f, we find 

dx = ~ {x2(K _ 1) -x [K(b + c) + (a- c)J + Kcb} , 
dt gab 

(3) 
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Fig. 1. Dependence of f1 for the "forward" process (a) and f2 for 
the "reverse" process (b) on the concentration ratio for various 
initial deuterium contents in one of the components: 1) h = 0.2; 
2) 0.4; 3) 0.6; 4) 0.8; 5) 1.0 (K = 0.4). 

Fig. 2. Dependence of f2 on the equilibrium constant for various 
concentration ratios and for various initial deuterium contents. 

where Q is the rate at which hydrogen is exchanged between molecules XII and YH in a system having com
ponent concentrations of a and b in the absence of a label. Integration of Eq. (3) with an account of the COiJc 

dition x == 0 at t == 0 yields 

where ~=alb; hl=cla=c/~b; !.I.=Vv2-4K(K----'1)~hlt v=K(~hl-rl)+£(l-hl); x"" =~bistheequilibri .. 
Vi- ' 2 (K-l) 

urn [XD] value (i. e., x""' == [XDl",), and 1= fl b. 
2(K-l) 

For practical purposes it is convenient to also examine the kinetics of the "reverse" process, which 
has the initial condition c == 0, d == [XD] at t == O. The equilibrium constant for this process is evidently 
K' == 11K (with this in mind, we will carry out the further analysis for the case K < 1). For this process. 
and with the same notation, we find 

i-x/x", Q 
In ' =--1']t=-r2t 

l-x/p '¢,bg 
(51 

where h2 = d/b; 1'] = V I.ti - 4 (1 - K) ~h2; w = K (1 - h2 ) + (s + h2 ); x"'" = ~ b is the equilibrium [YD1 value 
2(1-K) 

(i. e., xco , == [YDJ~) and p = ffi-j-ll b. Equations (4) and (5) agree with the equation found in [3]. 
2(1-K) 

where 
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In the case g == f; i. e., K = 1, the kinetic equation becomes 

In(l-x/xoo)=-.!L(l +s)t=-rt, 
sbg 

x"" = 3!::-b. 
1+~ 
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fig. 3. Dependence of the ra
tio f/f1 on the concentration ra
tio for the system CHaOH + C12 
H25SH. Points) experimental; 
curves) calculated. 

Equation (6) is usually used to analyze experimental data. 

In studying the kinetics of processes for which K;" 1, it is im
portant to find the systematic error incorporated in the experimental 
Q/g value because approximation (6) is used instead of exact equation 
(4) or (5). 

Equation (4) shows that, first, the experimental pOints do not 
conform to a straight line when plotted as In (l-x/xooJ)vst, andthede
viation from the line is due to the time dependence of the term In (I-x/I) 
Since we have l>xoo\, the denominator on the left side of (4) changes 
very slowly at large t, and the experimental t dependence of In (I-X/XNJ) 

is approximated well by a straight line which generally does not pass 
through the origin. 

The slope of this line is equal to that of the line In (l-x/x=J) - In (I-x/f) =cp (f). A more detailed 
analysis shows that the deviation xoot/l reaches a maximum magnitude at the pOint G=K/[h(K-I) + I]. When 
completely deuterated compounds are used, with h == 1, the greatest deviations from the exponential depen
dence arise at a ratio ~ == 1 of the component concentrations. 

Second, even when the deviations from an exponential nature are small, the hydrogen-exchange rate 
Q/g should be determined from the experimental line slope, through the use of 

~ =r sb. (7) 
g f.L 

Let us analyze the systematic error introduced into Q/g through the use of simple Eq. (6) instead of the 
more complicated Eq. (7), which leads to the same accurate information about K and h. These errors can 
be characterized by the functions 

f - f.L _V'V'-4K(K-1)~h\ 
1- 5+ 1- s+1 

(8) 

lJV 0)2 -4 (1- K) sh. 
'2=5+1.= ;+1 

(9) 

which depend on the variables K, H, and ~. While K is governed only by the molecular nature of the reac
tion components, h and ~ depend on the experimental conditions. The dependence of fl and f2 on ~ are par
ticularly important, since we must study the concentration dependence of the exchange rate in order to de
termine the reaction order. Analysis shows that 

fl and f2 have extrema at, respectively, 

; = K (hI + 1) (a minimum). 
1 h: (K -1) + hI (K+2}-1 

(10) 

h; (1-K) + ho(1 + 2K) -K , 
;. = (a maXImum). 

1. + ho 
(11) 

As hi decreases, the fl maximum shifts toward larger ~ and becomes infinite at the hl value at which the 
denominator in (10) vanishes. The f2 minimum undergoes an analogous displacement toward smaller ~. 
At the fl maximum, the systematic error in the determination of Q/g is minimal, and that at the f2 minimum 
Is maximal. In the limiting case h == 1, the fl and f2 extrema coincide, fl == f2 ==..fK, and both are at the 
point ~ == 1. The dependences of fl and f2 on ~ were calculated on a computer for various hand K for 0 < h 
< 1, 0 < ~ < 10, 0.2 < K < 1. For the particular case K == 0.4 (see below), the ~ dependences of fl and f2 are 
Shown for various h in Fig. 1. The effect of the equilibrium constant can be followed in Fig. 2, which 
shows the dependence of f2 on K for various h and ~. 

The systematic error in the determination of Q/g through the use of Eq. (6) thus turns out to be quite 
large in many cases - of the order of 10-50%; this circumstance significantly increases the random experi
Illental error. We emphasize that these relations refer to the case of a bimolecular reaction, so that their 
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TABLE 1 

Method I a 

I 1,4±O,2 
II 1,3±O,2 

III 1,5±O,1 
IV 1,5±O,1 

~ k·IO· 

O,8±O,2 7,5±O,8 
O,9±O,2 14±2 
o ,9±O ,1 20+1 
O,9±O,1 15±1 

use requires previous knowledge of the mechanism for tb ' 
Since, strictly speaking, the concentration dependences ; p~ 
f2 cannot be studied separately in an experiment, even. ~ -: 
we can obtain additional information about the mechani: f ~, 
process by studying it in the forward and reverse direct~ or tt.r. 
comparing the dependence of the function f/f1 with the conOtllJ • a, 
tion dependence of the ratio of the rates found for these p ~ 
by analyzing results on the basis of Eq. (6),wecanconclu~ 
there is a bimolecular mechanism. ---.. 

In a study of the kinetics of hydrogen exchange between hydroxyl and thiohydrol groups [7, 8l, 'lie 

lyzed these corrections. According to [4], the distribution coefficient for the distribution of deuteri\Un-: 
tween the hydrides of oxygen and sulfur is approximately a factor of two away from unity, so in these 
terns we can expect noticeable kinetic isotopic effects. The equilibrium constant for the reaction sya... 

CHsOO + CH,.sH ~ CHIOH + CH,.sO 

was determined experimentally and calculated from spectroscopic data. The experiments were can1ed 
in the gas phase at component pressures in the range 20-80 torr at room temperature on the basis of the au 
vOH and vOD methanol bands in the IR absorption spectrum. The average value calculated from the resua. 
of twenty experiments is K = 0.38 ± 0.06. The calculation was carried out on the basis of the harmonic_. 
cillator model (the set of mercaptan frequencies was taken from [10], and the set of alcohol frequencies 
was taken from [11]) and the rigid-rotator model (the moments inertia were taken from [12,23]). The inter-. 
nal rotation was taken into account by the procedure of [141; a value of K = 0.47 was found. Study of the ~ 
topic-exchange kinetics in this gas-phase system has shown [6] that the mechanism is trimolecular. In a 
CCl4 solution, on the other hand, the kinetics of hydrogen exchange between methanol and butylmercapw. 
(and also C12H25SH) is approximately bimolecular [7]. Accordingly, the use of Eqs. (4) and (5) is more ntu: 
for an alcohol- mercaptan system in a CCl4 solUtion, in which the equilibrium constant is, according to 0Qf 

measurements, also equal to 0.4 ± 0.1. 

The forward and reverse reactions in the system of CHaOH and Ct2H25SH in CCl4 were studied in tho 
concentration range 0.05-0.8 M on the basis of the vOH and vOD bands and, in certain cases, the vSHb&Dct 
in the IR absorption spectrum. The experimental results were analyzed on the basis of Eq. (6), and 
the ratio of experimental r values was constructed for the forward and reverse reactions: f:lft = TI/"'. F1C
ure 3 shows the experimental f/f1 values and those calculated from Eqs. (4) and (5) for K = 0.4. The de
pendence of f/f1 on ~ is in qualitative agreement with that calculated. Analogous results were obtained for 
the CH30H + i-C4HsSH system. We note, in addition, that the effect of these isotopic effects can be follow" 
by measuring the reaction rate at various h values (corresponding to the label content in one of the compo
nents). Figure 1 shows that for the forward reaction this effect is maximal at large ~, while for the revl1rft 

reaction it is maximal at small ~. This dependence is qualitatively the same as that found experimentally. 

In conclusion we consider the results fou~d from an analysis of a series of 19 kinetic experiments fot 
the system CHaOH + iso-C4H9SH in CCl4 in various approximations. The accompanying table shows the ,... 
action orders with respect to alcohol a and mercaptan /3 and the rate constants k found through the use 0( 

Eq. (6) (method I) and Eq. (7) (method II), i. e., without an account of the nonexponential nature, but with 
an account of the correction in the exponent. Here r is the slope of the line drawn through the experlmenal 
points over the entire time interval. These values are also calculated from Eq. (7), but the r value was 
determined from the asymptotic slope of the experimental t dependence of (1-:clx~) at large times (meth
od ill). The experimental curves were found to essentially coincide with their asymptotic values, b~ 
at values 1.0-1.5. Unfortunately, the experimental error in the measurement of this function is quite large 
at these times, so we cannot recommend this method for an accurate determination of the exchange rate. 
Finally, Table 1 shows the results of the most rigorous solution found for the problem, on the basis of 
Eq. (5) (method IV). The a, /3, and k values for all the cases were obtained by solving a system of 19equ2~ . oxiJna1erT 
tions by the method of least squares. Comparison of method I with methods II-IV, which give appr .' 
the same results, shows that in this case an account of the nonexponential nature of the process is lesB un
portant than the corrections in the exponent. 

The authors thank A. P. K ouzov for assistance in the computer calculations. 
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