
The branch of physical chemistry 
encompassed by the term chemical 
kinetics is a science that operates at 
many levels of abstraction and refine- 
ment. At its least sophisticated level, 
one may be content to measure the 
gross rate of formation of two com- 
pounds C and D from compounds A 
and B; such measurement may not indi- 
cate the many steps and intermediate 
compounds involved in the reaction. At 
the other extreme of refinement, one 
may determine a rate constant or cross 
section qijkl (iA, VB, VC, VD) for the 
process 

Ai (VA) + Bj(B) --> Ck,(vc) + D (PD) 
(a) 

where the subscripts indicate a complete 
specification of internal quantum states 
and the v's are velocities. Such a de- 
tailed cross-section measurement is yet 
to be made, although molecular-beam 
experiments are approaching this goal. 
The prospect of calculating such a cross 
section a priori appears even further 
away. 

Somewhere between these two ex- 
tremes is the level at which one at- 
tempts to disentangle the mechanism of 
a complex reaction and to determine 
the rate constants of individual steps 
in it. For example, the reaction between 
hydrogen and chlorine follows the over- 
all equation 

H2 + Cl2 = 2HC1 

But the individual steps are: 

CI2 - 2C1 

H2 + C1 = HC1 + H 

H + C12 - HC1 + Cl 

H + Cl ? HCI 

H + H -=- HS 

(b) 
(c) 

(d) 

(e) 
(f) 

Suitable experimental techniques per- 
mit one to separate step (c) and to 
determine kc in the expression 

d(HCl)/dt = k, (H2) (C) ( 1 ) 

A reasonable goal for contempo- 
rary chemical kinetics is calculation of 
a rate constant such as kc, starting from 
properties of the reactants-in this in- 
stance, H2 and Cl. The machinery for 
doing this (Fig. 1) is still imperfect and 
in need of much improvement, but has 
nevertheless been of great value in 
sharpening our picture of the reaction 
process. A major development in 
kinetic theory about 30 years ago was 
the transition-state method. I shall now 
discuss some recent developments in 
the detailed application of this method, 
together with specific examples taken 
from experimental data. 

The Activated Complex 
or Transition State 

One of the basic concepts of chemical 
kinetics was established in 1889 by the 

great Swedish physical chemist Svante 
Arrhenius (1). From his own experi- 
mental work and van't Hoff's, the tem- 
perature-dependence of the rate con- 
stant for a chemical reaction was 
known to obey the expression 

k = A e-a/'RT (2) 

(In this equation, Ea is now called the 
activation energy, T is the temperature, 
R is the gas constant, and A is usually 
called the preexponential factor.) Ar- 
rhenius recognized the parallel between 
this expression and the analogous one 
for an equilibrium constant: 

K = eAs/R e-A/R (3) 
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where AS and AH are the entropy and 
enthalpy changes for the reaction con- 
sidered. This parallel led him to sug- 
gest that chemical reaction involves an 
equilibrium between normal, unreactive 
molecules and "active" molecules ca- 
pable of reacting. Equations 2 and 3 
then imply that the active molecules are 
higher in energy than the normal mole- 
cules by an amount Ea. This concept 
of an activated species has been ex- 
tremely important to the theoretical 
development of chemical kinetics. For 
the specific case of bimolecular re- 
actions such as I shall discuss later, the 
basic idea was refined and made quan- 
titative in the early 1930's by Pelzer, 
Wigner, Eyring, Polanyi, and Evans (2), 
the final development being the "abso- 
lute rate theory" or "transition-state 
theory" of Eyring, which had been ex- 
plicitly formulated by 1935 (3). Some 

major assumptions lurk behind this 
theory: 

1) The potential energy of the re- 
acting system changes in a continuous 
way from that of the reactants to that 
of the products; it is at a maximum for 
some particular configuration of the 
atoms involved in the reaction. This fact 
is shown very schematically in Fig. 2, 
where the energy of the reacting system 
is plotted against a parameter indicating 
the progress of the reaction. 

2) Systems having this configuration 
(the activated complex or transition 
state) are in thermodynamic equilibrium 
with the reactant molecules. 

3) By virtue of the last assumption, 
one can apply the methods of statistical 
mechanics to calculate the equilibrium 
concentration of activated complexes. 

This concentration, multiplied by the 
frequency (v*R) with which the activated 
complex decomposes to form products, 
is just the rate of reaction. The resulting 
rate constant is (4) 

k = [Q* e-o/RT/Q (reactants)] vie' (4) 

=B(T) e-0/1 . (5) 

The concentration factor required is 

given by the expression in brackets, in 
which the Q's are partition functions 
and Eo is the energy difference between 
the activated complex and the ground 
state of the reactants. If B(T) is weakly 
dependent on T, as it usually is, we 

recognize the Arrhenius expression, 
with Eo approximately equal to the 

empirical Ea. 
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Transition-State Models and 
Hydrogen-Isotope Effects 

Kinetic isotope effects provide a sensitive test 
for detailed models of reacting systems. 
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Fig. 1. Schematic flow sheet of the mechanism for making and testing kinetic pre- 
dictions. 

Much energy has been expended in consider the graphic representation of 
attacking and defending assumptions 1 this point. 
and 2, above. Here I shall not concern For a diatomic molecule AB, the 
myself with that argument but instead potential energy as a function of inter- 
assume the validity of Eq. 4. The re- nuclear distance can be expressed quite 
maining problem stems from assump- well by a Morse function (Fig. 3): 
tion 3; for, in order to apply the tools 
of statistical mechanics to the activated V(RAB) = DAB(e--2ArAB - 2e-ABrAB) 

complex, one needs to know: (i) the (6) 
atomic configuration of the transition In this expression, DAB is the dissocia- 
state, (ii) vibrational frequencies of this tion energy, rAB is the bond extension 
species (including the "pseudo vibra- from the equilibrium position (RAB - 

tion" vR*), and (iii) the energy of this RAB?), and PAB is an empirical constant 
state relative to that of reactants. that can be evaluated from spectro- 

scopic data. 
The next step in complexity, a tri- 

Potential Energy Surfaces atomic molecule ABC, immediately 
presents a problem: How can we por- 

It is fairly evident that one can obtain tray the functional dependence of 
the quantities I have just listed if one energy on the shape of the molecule 
has detailed knowledge of the potential (that is, on RAB, RBC, and RAC, or 
energy of interaction between all atoms < ABC)? Keeping one variable constant 
involved in the reaction as a function (for example, <ABC), we can plot lines 
of interatomic distances. Let us first of constant energy on a contour map, 

(2 

Z' 
LL 

0T 

0 C, 

z 
La 

with the other two variables as axes (Fig. 
4a). In Fig. 4a the molecule has been 
constrained to a linear configuration-it 
might be C02, for example. On such a 
map, the lowest contour represents the 
most stable molecular configuration: in 
this case, point 0 at the bottom of an 
oddly shaped basin. This basin opens 
out into two higher valleys: the one at 
upper left corresponding to the system 
AB + C; the similar one at lower right, 
to A + BC. The profile of each valley 
(that is, the intersection of the energy 
surface with a plane perpendicular to 
the paper) is just a two-dimensional 
energy diagram like that of Fig. 3. 

The directions indicated by arrows 
have particular significance in terms 
of molecular vibrations (Fig. 4b): the 
one labeled (r corresponds to the sym- 
metric stretch of the molecule; the one 
labeled p, to the antisymmetric stretch. 
According to the theory of small vibra- 
tions, the potential energy in the im- 
mediate vicinity of the equilibrium con- 
figuration 0 is 

2V = F(Aa)2 + Fp(Ap)2 (7) 

Force constants F,J and Fp can be 
evaluated from the curvatures of the 
surface, and finally one can calculate 
vibrational frequencies by combining 
these with atomic masses. The bending 
vibration can be treated in a completely 
analogous fashion. 

Let us now return to our transition- 
state species and the schematic energy 
plot of Fig. 2. Evidently, the potential- 
energy surface for a linear activated 
complex ABC resembles that of Fig. 4 
turned upside down; that is, the basin 
is replaced by a pass or saddle (Fig. 5). 
Again note that when RBC is very large 
we are left with a valley corresponding 
to unperturbed AB, and vice versa for 
large values of RAB. The reaction 

-1.0 -0.5 +0 +0.5 -1 0 1 a 3 
REACTION COORDINATE INTERATOMIC DISTANCE IN UNITS OF$ (R-Ro) 

Fig. 2 (left). Potential energy of the reacting system AB + C as a function of a parameter indicating the progress of reaction; 
Eo is the barrier height or the classical activation energy. Fig. 3 (right). Potential energy of a diatomic molecule AB, as a 
function of internuclear distance RAR. Also indicated are lowest vibrational levels for the cases B = H and B = D. 
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AB + C --> A + BC can therefore be 
represented by the dashed line leading 
from one valley, through the saddle 
(the transition state), to the other valley; 
this is the "reaction path" or "reaction 
coordinate," and plotting of the poten- 
tial energy as a function of distance 
along this path yields a diagram such 
as Fig. 2. The energy plotted in a direc- 
tion perpendicular to this reaction path 
gives a diagram similar to Fig. 3, and 
motion along this path corresponds to 
the symmetric stretch of the activated 

I 

RBC 

complex. For evaluation of the parti- 
tion function Q- of Eq. 4, the properties 
RAB, RBC, and E and the curvatures of 
the surface are required for the saddle- 
point configuration. 

In principle, extension of these con- 
siderations to more complicated sys- 
tems leads to multidimensional hyper- 
surfaces, always with a transition state 
stable with respect to motion in all 
directions but one: the reaction coordi- 
nate. At this point I may as well confess 
that such potential-energy suri 

RAB 

b 

C- 

Symmetric stretching vibration (cr) 

B 
C-0- 

Antisymmetric stretching vibration (p) 
Fig. 4. (a) Energy contours for a stable, linear molecule ABC as a function of 
lengths RAB and RBc. The Morse-potential curves for the dissociation products 
and BC are also indicated. (b) Stretching vibrations of linear ABC, correspo: 
to motion along lines o' and pp of the contour map. 
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have rarely been constructed for any- 
thing larger than our favorite ABC 
species. In the discussion to follow I 
shall generalize slightly by allowing A 
and C to be polyatomic, but I shall 
assume that only the potential energy 
of the three atoms at the reaction cen- 
ter is affected by the process of reaction. 

The Calculation of Potential Energies 

faces How can these potential-energy sur- 
faces be constructed? The problem of 
calculating the energy of a reacting 
system is no different from that of 
calculating the energy of a stable mole- 
cule. When it comes to details, how- 
ever, one's initial optimism rapidly evap- 
orates; here are some of the reasons: 

1) Quantum chemical calculations of 
molecular binding energies are accurate 
within about 1 percent-a few kilo- 
calories per mole, but, according to 
Eq. 5, a change of 1 kilocalorie per 
mole in Eo changes the rate constant by 
almost an order of magnitude at room 
temperature. 

/ 2) The shapes and dimensions of 
stable molecules are usually known 
from experiment. This information can 
be used as input for the energy calcula- 
tions. But, in order to obtain a poten- 
tial-energy surface, one must cover a 
range of configurations corresponding 
to a large network of points at various 

"'^ values of RAB, RBC, and RAC; the work 

VBC consumes large quantities of computer 
time-and of money. 

3) For a stable species one can 
directly compare calculated quantities 
with those measured experimentally; 
the comparison is much more indirect 
in the case of the transition state. 

As a result of these restrictions, the 
only potential-energy surface for which 
exact quantum mechanical calculations 
have been made is for the system H + 
H2 -> He + H; that is, the ortho to para 
conversion of hydrogen. In fact so many 
different computational methods have 
been applied to H3 that it could furnish 
most of the examples for a course in 
quantum chemistry. The results (Table 
1) are encouraging only in the sense 
that the most modern and sophisticated 
procedures are beginning to give activa- 

-- tion energies close to those inferred 
from experiment; even here the extent 
of the calculated surface is very small- 
just enough to permit determination 
of force constants. Extension of this 

s AB type of calculation from the 3-electron 

nding H3 system to a many-electron case 
seems a long way off. 
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Table 1. Binding energy of H3 (relative to 3H) 
and activation energy for the reaction of hydro- 
gen atoms with hydrogen molecules; from 
quantum chemical calculations. 

Binding Vact Ri 
Date energy (kcal/ 

(kcal/mole) mole) (A) 

1936 67.1 25.2 0.96 
1951 38.5 1.05 
1954 72.7 13.8 0.95 
1957 60.7 
1958 57.6 .97 
1958 72.4 21.0 1.02 
1959 68.3 1.00 
1959 80.2 15.4 0.94* 
1965 91.9 14.3 
1965 104.5 6.2 .91t 

Experimental 

(100.7)$ 8.7 
* Force constants calculated. t Thirty-five 
points obtained on surface. $ From activation 
energy and H2 binding energy. 

Impatient with exact theoretical pro- 
cedures too complex for practical use, 
chemists have attempted to circumvent 
this problem by resorting to semiempiri- 
cal or completely empirical procedures. 
These methods combine some basis 
in quantum mechanical theory with 
empirical observations; in some in- 
stances there is a sort of feedback 
process in which certain kinetic data 
serve for comparison for the correc- 
tion of parameters used in the calcu- 
lation. The predictive value of such a 
calculation is evidently decreased by 
this process, but it is still not negligible. 

The oldest of the semiempirical meth- 
ods is a direct descendant of the Heitler- 
London approach to the calculation of 
bonding energies of diatomic molecules 
(5). This early method yields as an 
exact solution for the lowest energy 
level 

Eb = (QAB + aAB)/(1 + S'AB) (8) 

The quantities Q, a, and S can be 
evaluated from the expression for the 
total energy of the electrons moving in 
the nuclear field, together with appro- 
priate atomic wave functions. London, 
somewhat intuitively it appears, ex- 
tended this method to triatomic mole- 
cules and obtained the result (6) 

Eb '= QAB + QBC + QAC - 2-/2[(aAB - aBnc) + 
(aAB - aCA )2 + (aBc - oaA) 2]1/ 

(9) 

The extremely approximate nature of 
this expression has been discussed (7); 
it is so severe that the equation must be 
considered almost purely empirical, and 
its validity must be indicated by the 
results obtained from its use. 

Even this approximate equation is 
tedious to evaluate for the many points 
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of a potential-energy surface-or it was 
so before the days of large digital com- 
puters. The first of further assumptions 
or approximations needed to make it 
more tractable was introduced by Ey- 
ring and Polanyi (8) who evaluated the 
total energy of each diatomic com- 
ponent of the triatomic system from 
the Morse potential (Eq. 6). This energy 
was then divided into the contributions 
Q and a on assumption that the ratio 
p(=Q/Q + a) was independent of inter- 
nuclear distance. According to the feed- 
back principle already mentioned, one 
can use p as a parameter to be adjusted 
in some a posteriori manner; usually 
this has been done by demanding agree- 
ment between theoretical and experi- 
mental values of the activation energy. 

This LEP (London-Eyring-Polanyi) 
method was applied by Eyring and his 
co-workers to several reaction systems: 
H+H2, H2 + X (X = F, Cl, Br, I), 
H + CH4, and so on. One disquieting 
property of the potential-energy sur- 
faces for these reactions became ap- 
parent when exact quantum mechanical 
calculations were made for the H3 sys- 
tem. While the LEP method predicts a 
basin (corresponding to stability) for 
the symmetric configuration of this sys- 

RB BC 

tem (Fig. 6), the more rigorous methods 
did not confirm this, However, they did 
confirm the prediction that a linear 
transition state is more stable than a 
bent one, and henceforth I shall con- 
sider only linear configurations. 

A modification of the LEP procedure 
that eliminates the basin was suggested 
by Sato (9, 10) and has come to be 
known as the LEPS method. First of 
all, Sato replaced the factor of 1 + S2 
that had been dropped when the Heit- 
ler-London diatomic expression evolved 
into the London triatomic formula. The 
quantity S2 becomes the adjustable 
parameter in this approach. The divi- 
sion of total energy into Q and a also 
follows a different procedure; the im- 
portant factor here seems to be that the 
ratio p is now dependent on interatomic 
distance. 

Our attempts (10, 11) to evaluate 
potential-energy surfaces by this method 
began with very tedious computations, 
on a desk calculator, for many values 
of internuclear distances. The corre- 
sponding energies were then plotted on 
a large-scale graph, and, after inter- 
polation between points to rounded 
values of the energy, contour lines could 
be drawn. This whole procedure is now 

RAB - 

Fig. 5. Energy contours for the reacting system AB + C'-> A + BC. The dashed line 
is the reaction path; the energy profile along this path resembles Fig. 2. The point X 
represents the transition-state configuration. 

335 



rbc - Distance between the atoms b and c in A 

b 

0a 
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done on a CDC 6600 in something less 
than a minute of machine time; in fact, 
Figs. 5 and 11 are from photographs 
of the cathode-ray-tube display for 
such a calculation. 

A more sophisticated but still semi- 
empirical procedure was used by 
Porter and Karplus (12) to evaluate the 
potential-energy surface for H3. Their 
treatment begins with an expression that 
is a more general form of the London 
equation. The dominant diatomic- 
energy terms in this expression are 
evaluated from empirical expressions 
for H2, and other terms are evaluated 
either exactly or from simple analytic 
expressions shown to be good approxi- 
mations. Their results are in good agree- 
ment with those by the LEPS method. 

A Completely Empirical Approach 

The energy surface for a reacting 
system would retain its maximum pre- 
dictive capacity if one could eliminate 
the necessity for a posteriori adjustment 
of a parameter used in forming the sur- 
face. We have seen already that the 
chances of doing this rigorously remain 
tenuous. Suppose we abandon our pre- 
tensions to quantum mechanical ele- 
gance or rigor and search for a com- 
pletely empirical method; this has been 
the approach of Johnston and col- 
leagues (13, 14), and the results have 
been quite encouraging. Their method 
of treating atom-transfer reactions in- 
volves an assumption that the total bond 
order (15) around the atom being trans- 
ferred remains constant throughout the 
reaction process; in addition, empirical 
relations between bond order and bond 
length (16), bond energy, and vibra- 
tional force constants are used. Finally, 
an expression is derived for the energy 
of the triatomic system along a reaction 
path-not for any arbitrary combina- 
tion of interatomic distances. Thus in 
this instance the "surface" is really a 
curve such as that of Fig. 2. 

This approach has been labeled the 
bond energy-bond order or BEBO 
method. Again for the reaction H + H2, 

Fig. 6. Potential-energy surface for the 
reaction H + H2: (a) Semiempirical LEP 
method [from J. Hirschfelder, H. Eyring, 
B. Topley, J. Chem. Phys. 4, 170 (1936)]. 
(b) Semiempirical LEPS method (10). 
(c) Completely empirical BEBO method. 
Energy "contours" are indicated by short 
lines perpendicular to the reaction path. 
The transition state has an energy of 
- 99.55 kilocalories per mole. 
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results of this treatment are compared 
with those by the semiempirical meth- 
ods in Fig. 6 and Table 2. The agree- 
ment between results by this method 
and by the LEPS method is typical of 
several systems in which both tech- 
niques have been applied. 

Barrier Penetration 

Before turning to experimental 
studies we must explore one more 
pecularity of the potential-energy bar- 
rier separating reactants from products. 
Picture a roller coaster moving on a 
track having a vertical profile like that 
of the curve in Fig. 2; if it starts to 
move at the left end of the track with 
total energy equal to or greater than 
the potential energy it has at the sum- 
mit, it gets over the hump to the other 
end of the track; with less initial energy, 
it slides back and does not cross the 
barrier. This intuitively obvious result 
follows from the fact that such things 
as roller coasters, automobiles, and 
baseballs obey the laws of classical 
mechanics. But a much smaller mass, 
say a hydrogen atom at room tempera- 
ture (with a de Broglie wavelength of 
1 A), must obey the laws of wave me- 
chanics; because of this wave nature, 
such a particle can "penetrate" a barrier 
even when its total energy is less than 
the barrier height. The probability of 
such penetration depends on the height 
and shape of the barrier as well as on 
the particle mass. We can expect this 
"tunneling" phenomenon to be of some 
importance for reactions that involve 
the transfer of a light atom, especially 
of one of the isotopes of hydrogen. The 
result will be an increase in the rate 
constant as expressed in Eq. 4. 

Determination of this correction fac- 
tor for an arbitrary barrier profile is 
not simple, even if the shape of the 
barrier is known exactly. For certain 
special cases the problem has been 
solved (17, 18); in particular, a method 
developed by Eckart (18), for an asym- 
metric barrier of a qualitatively reason- 
able shape, gives an expression that can 
be evaluated readily with a digital 
computer. 

I have written here of the barrier as 
if its shape were a function of only one 
variable, but the reaction coordinate, 
even for a triatomic system, is a multi- 
variant quantity. In most instances the 
response of the kineticist to this situa- 
tion has been to cross his fingers and 
continue to treat the problem as if it 
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Table 2. Predicted properties of the H3 transition state by four methods; md, millidyne. 

Property Boys and Shavitt (26) LEP* LEPSt BEBO 

Eo *(kcal/mole) 15.4 7.6 8.8 9.8 
Ea ?(kcal/mole) 14.8 8.5 8.0 8.8 
R, (A) 0.942 1.354 0.929 0.92 

R2(A) .942 0.753 .929 .92 

f(Hi-H2) (md/A) .94 4.34 .96 1.32 

f(H2-H3) (md/A) .94 -0.10 .96 1.32 

int (md/A) 1.31 0.44 1.68 1.89 
f,/R2 (md/A) 0.090 .039 0.076 0.048 

vi (cm-1) 1943 3626 2108 2332 

V2 (cm-') 950 665 877 695 

V3 (cm-1) 1360i 630i 19181 1699i 
* p, 0.20. t S2, 0.1475. $ Barrier height. ? Activation energy. 

involved only a separable reaction co- 
ordinate. (An example is the profile in 
Fig. 2, which has been derived from 
the dotted line on the surface of Fig. 5.) 
Johnston and Rapp (19) have shown 
how one can carry out a series of calcu- 
lations for parallel paths on the poten- 
tial-energy surface; by averaging these 
results in a suitable way, one hopes to 
arrive at a better approximation than 
use of the reaction path alone provides. 
However, this hope does not appear to 
be reinforced by the purely quantum 
calculations of Mortensen and Pitzer 
(20) for the same energy surface. In 
conclusion, one must retain a lingering 
doubt whether in reactions in which 
tunneling is important the theoretical 
treatment of this phenomenon is ade- 
quate. 

Predictions from Transition 

State Models 

We have finally reached the point 
where we are ready to compare experi- 
mental results obtained from kinetic 
studies with predictions from the sche- 
matic flow diagram of Fig. 1. The maxi- 
mum output of this device is (i) the 
activation energy Ea given by the bar- 
rier height Eo, with corrections; (ii) 
the preexponential factor A, which de- 
pends on the detailed partition func- 
tions of reactants and transition state; 
and (iii) relative rate constants for iso- 
topically modified reactants, which de- 
pend only on atomic masses and vibra- 
tional-force constants of reactants and 
transition state. 

The results of quantum calculations 
of the activation energy of the H + H2 
reaction have already been discussed. At 
the other extreme of empiricism, the 
BEBO procedure has been used to pre- 

dict Eo values for 130 reactions involv- 
ing transfer of hydrogen atoms between 
atoms or groups such as Cl, CH3, OH, 
and H (14); agreement between calcu- 
lated and experimental values, where 
the latter are available, is said to be 
within 2 to 3 kilocalories per mole. 
Apart from these two extremes of em- 
piricism, it is difficult to make a mean- 
ingful test of a model by examination 
of the activation energy, since this quan- 
tity was used to fix a parameter in the 
semiempirical methods. One could 
search for a value of the parameter 
which, when used for many reactions, 
gave the best average fit; this has not 
been done. 

Preexponential factors have been esti- 
mated for various reactions by use of 
transition-state theory and the semi- 
empirical LEP and LEPS procedures. 
In general, agreement with experiment 
is within an order of magnitude; this 
result is gratifying, but a rigorous test 
is not imposed on the activated complex 
models because of the insensitivity of 
this quantity to details of the model. 

Thus one is left with comparison of 
isotope effects as a test of the semi- 
empirical models. I shall show in the 
following section that these effects de- 
pend on the force constants of reactants 
and transition state; the latter in turn 
depend upon the curvature of the poten- 
tial-energy surface at the transition- 
state configuration. So this is a detailed 
test of a very small part of the surface. 
Moreover, these effects are independent 
of Eo-fortunately, since this datum 
may have been used already in the 
choice of some parameter. 

There is no reason why one cannot 
also use the kinetic isotope effect to 
test surfaces obtained by exact or com- 
pletely empirical methods; this also has 
been done. 
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Theory of Kinetic Isotope Effects 

Recent articles in Science have dis- 
cussed isotope effects in chemical 
equilibria (21) and kinetic isotope effects 
in organic reactions (22), so I shall keep 
this section brief. 

The basis for chemical isotope effects 
on equilibria, together with the results 
of the transition-state theory outlined 
above, is all that is necessary for an 
understanding of isotope effects on re- 
action rates. It is helpful to consider 
the equilibrium problem first, and we 
do this by imagining that our standard 
reaction A + BC has become reversible. 
Since the remainder of this article deals 
with isotopes of hydrogen, let us sup- 
pose that the equilibria concern species 
that differ only by the substitution of 
a D atom for an H atom: 

A+BH_AH+B, Kn (g) 

A+BDV?AD+B, KD (h) 

The two reactions and their equilibrium 
constants KIl and KD can be combined 
to give 

BH + AD ?- BD + AH, K = KI/KD 
(i) 

Reaction (i) is an isotopic-exchange re- 
action, with an equilibrium constant 
KH/KD that depends on the partition- 
function ratios QAHQBD/QADQBR. It can 
be shown that such a constant differs 
from unity only because of quantum 
effects; in the classical limit there is no 
discrimination between H and D. What 
is the molecular source of these quan- 
tum effects? The energy of a molecule 
is a sum of electronic, vibrational, rota- 
tional, and translational factors; to a 
very high degree of approximation, 
there is no difference between electronic 
energies of isotopic variants of the same 
molecule. Rotational and translational 
motions can be described accurately by 
classical mechanics and so contribute 
nothing to the isotope effect. This leaves 
only molecular vibrations as a source of 
differences between the equilibrium con- 
stants K1 and KD, above. Much of this 
vibrational contribution can be under- 
stood by reference to Fig. 3, depicting 
the potential energy of the AH mole- 
cule. According to quantum mechanics, 
this molecule, vibrating under the in- 
fluence of its potential energy, has as its 
lowest energy level hvAf/2. The vibra- 
tional frequency VAH is determined by 
the masses of the atoms and the force 
holding them together. The difference 
in mass of H and D will produce differ- 
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Table 3. Thermochemical properties of halogen 
atom-hydrogen molecule reactions. 

Dissoc. 
AH Ea energy 

Reaction (kcal/ (kcal/ of HX 
mole) mole) (kcal/ 

mole) 

H2 +CI 1.0 5.5 106.4 
H2+Br 16.7 17.6 90.3 
H2+ I 32.9 33.4 70.6 

ent vibrational frequencies of AH and 
AD and a resultant separation of zero- 
point energies, given by 

AEA = h(vAII - VAD)/2 (10) 

A similar relation holds for species BH 
and BD, but AEB need not be the same 
as AEA; this point depends on the mag- 
nitudes of the vibrational frequencies, 
and hence on force constants. The 
energy change in reaction (i) is 

AE = EAH + EBD - 

(EAD + EBI-) = AEA- AE ( 11) 

To make this example more explicit, let 
us assume that AEB is larger than 
AEA, so that AE is negative. The energy 
of the system can therefore be mini- 
mized if the equilibrium moves toward 
the right in (i), and the equilibrium con- 
stant KH/KD exceeds unity; quantita- 
tively this condition is expressed by 

KR/KD = QARQBD/QA)DQRB R 

exp [(AE,- AEA)/RT] (12) 

A more accurate expression also takes 
into account the entropy change in the 
reaction; specific details are available 
(23). Let me reiterate the main point: 
the chemical effect of isotopic substitu- 
tion depends on molecular vibrations. 
In the case of larger molecules, expres- 
sions such as Eqs. 10-12 are replaced 
by an appropriate summation that 
takes into account all molecular vibra- 
tions. The data necessary for evaluation 
of these expressions are obtained from 
molecular spectroscopy either directly 
as vibrational frequencies, or indirectly 
as force constants used to compute 
frequencies. 

The foregoing discussion needs only 
slight change to make it applicable to 
kinetic processes (24). For, according 
to the transition-state hypothesis, an 
equilibrium is again involved, this time 
between reactants and the transition 
state. From Eq. 5 one can compare the 
rates for A + BH and A + BD: 

kII/kD =(^ AHB / PADB) (QAHR B/Q*ADB) 

(QBD/QBH) (13) 

It is important to note that the term 
in Eo, an electronic-energy difference, 
dropped out when one took the ratio 
kII/kD. The term containing the Q*'s 
can be evaluated by exactly the same 
methods that were just described for 
an isotope-exchange equilibrium. Again, 
vibrational frequencies (depending on 
force constants) provide the basis for 
the isotope effect, and the magnitude 
is related to the differences between 
force constants of the reactants and 
transition state. However, since one 
cannot make spectroscopic measure- 
ments in the transition state, vibra- 
tional frequencies must be obtained 
from models such as I described earlier. 
The single important distinction be- 
tween Q* of an activated complex and 
Q of a normal molecule is that one 
vibrational motion of the latter has 
been transformed into motion along 
the reaction coordinate. This motion no 
longer contributes a difference in zero- 
point energy, but only the term vtAuB/ 
V*ADB; again this ratio can be evaluated 
from the potential surface. If our in- 
terest turns toward reactions in which 
isotopic hydrogen atoms are transferred, 
it may be necessary also to correct Eq. 
13 by a factor that accounts for a mass- 
dependent difference in "tunneling" 
ability. 

Kinetic Isotope Effects: Experiment 

and Theory Compared 

It is appropriate to consider first the 
hydrogen atom-hydrogen molecule re- 
action, since it has always played a key 
role in the development of chemical 
kinetics: it is the sole case for which 
rigorous theoretical calculations have 
been made, and this particular reaction 
initiated development of the transition- 
state theory. 

The isotopic modifications of this re- 
action are 

H + para-H, -> ortho-H2 + H 

D + ortho-D, -> para-D2 + D 

H + D2-> HD+ D 

D + H2-> DH + H 

(j) 
(k) 
(1) 

(m) 

Experiments during the 1930's pro- 
duced the ratio kk/kj, but experimental 
difficulties made it impossible to deter- 
mine this ratio precisely enough for a 
useful test of transition-state models. 
Rates of reactions (j) and (1) have re- 
cently been measured by Schulz and 
LeRoy (25), using a fast-flow method 
of mixing H atoms with H2 or D2. Un- 
fortunately, one must still compare rate 
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Fig. 7 (left). Ratio of rate constants for the reactions H +H2 and H + D2, 
as a function of temperature. Circles, experimental values (25). Calculated 
values: - -, LEP (including tunneling); -* -, LEPS; --, Boys and 
Shavitt (26) (these two surfaces give coincident lines until tunneling is in- 
cluded; - - -, BEBO. 

Fig. 8 (above). Ratios of rate constants for the reactions Cl + H2 and Cl + D2, 
as a function of temperature. Experimental points: squares (29), circles (30). 
Calculated values: --, LEP (with tunneling); - -, LEPS; -, BEBO. 
Labels a and b indicate that lines lack or include, respectively, a tunneling 
correction. 

constants from separate experiments (in 
contrast with the method of "isotopic 
competition" discussed below). 

The rate-constant ratio k/ kD (or 
kjlkl) is plotted against T-1 in Fig. 7, 
where it is compared with predictions 
based on various models for the acti- 
vated complex. The semiempirical LEP 
method predicts a rate-constant ratio 
falling woefully short of the measured 
ratio. This can hardly result from im- 
perfect correction for tunneling; the 
barrier has a nearly flat top, and the 
theory is at its best for such cases. 
Rather, the fault in the LEP surface is 
that the transition state (reached be- 
fore passage into the shallow basin) 
corresponds to a hydrogen molecule 
only slightly perturbed by the ap- 
proaching hydrogen atom; thus transi- 
tion-state force constants differ little 
from those of the reactant molecule, 
and from Eq. 13 one may predict a 
small rate-constant ratio. 

The other semiempirical method 
(LEPS), the completely empirical BEBO 
procedure, and the quantum calcula- 
tions of Boys and Shavitt (26) give re- 
sults that are in excellent agreement 
with each other-in spite of differences 
in activation energy that they predict 
(Table 2). Without tunneling correc- 
tions, the agreement with experiment is 
also satisfactory; . unfortunately the 
large tunneling correction required by 
the predicted thin barriers badly impairs 
this agreement. At this stage of theoreti- 
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cal imperfection, one does not know 
whether to attribute this shortcoming 
to faults in the potential surface or in 
the procedure used to calculate the 
tunneling corrections. 

The reactions of halogen atoms with 
hydrogen molecules provide an interest- 
ing series having a wide range of acti- 
vation energies, heats of reaction, and 
dissociation energies of the resultant 
HX molecules (Table 3). The mecha- 
nism of the hydrogen-chlorine reaction 
has already been detailed; it proceeds 
by a chain mechanism, and as a result 
the rate is extremely sensitive to the 
presence of impurities affecting the 
concentration of chlorine atoms. So it is 
virtually impossible to compare rate 
constants, for different isotopic species 
of hydrogen, obtained in "separate but 
equal" experiments. This difficulty can 
be circumvented by the isotopic-compe- 
tition method, which depends on use 
of a mixture of isotopic species as the 
reactant; the slow step in the reaction 
sequence is 

H2 + C1 -> HC1 + H 

If one uses a mixure of H2 and HD, for 
example, the two species compete on 
equal terms for chlorine atoms, accord- 
ing to 

H2 C1H + H kHo 
C1+ HD ->J CH+D kHD 

DH C1D + H kDlI 

The rate-constant ratio kH2/(k11 + kDa) 
can be measured by determination of 
the change in relative amounts of H2 
and HD left behind as the reaction pro- 
ceeds; the initial supply of each isotope 
will be depleted at a different rate. 

The transition state for this reaction 
was the first to be investigated in detail 
by use of the kinetic isotope effect. 
Bigeleisen and Wolfsberg (27), ex- 
amining data (28) for the H2-HT 
system, showed that the LEP model 
gave unsatisfactory predictions; they 
also indicated that transition-state 
force constants could be chosen ad hoc 
to give reasonable agreement between 
theory and experiment. This isotope 
effect and effects for other isotopic 
species were later compared with pre- 
dictions based on LEPS and BEBO 
treatments (11, 29, 30). The predicted 
rate-constant ratios for H2- D2 are 
compared in Fig. 8; here again one 
finds that the LEP surface leads to an 
isotope effect that is too small relative 
to experiment. However, the cause of 
this discrepancy is the converse of the 
effect found in the H3 activated com- 
plex; here the transition state is too 
nearly like a product molecule, and 
again there is considerable cancellation 
between the isotopic differences in re- 
actant and activated complex. The 
LEPS method, when corrected for a 
substantial amount of tunneling, leads 
to predictions that agree well with ex- 
periment; predictions by the BEBO 
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procedure are low by 20 to 40 percent. 
The experimental work of Persky 

and Klein (30) on this reaction is an 
isotopic tour de force; I know of no 
other use of so many isotopic species. 
Figure 9 compares all their results with 
predictions by the BEBO method; the 
agreement (within 20 to 40 percent) is 
reasonable when one considers that no 
adjustable parameters were used. Persky 
and Klein also obtained excellent agree- 
ment using a modification of the Sato 
energy expression; in a sense, this result 
is disappointing, indicating that prob- 
ably one cannot relate the isotope ef- 
fects to a unique potential-energy sur- 
face even after use of many isotopic 
species. 

Experimental studies of the bromine 
atom reaction with hydrogen isotopes 
parallel those just described, although 
measurements must be made at higher 
temperatures because of the greater 
activation energy (31). The theoretically 
calculated effects are almost uniformly 
in poor agreement with experiment, no 
matter which model is used (Fig. 10); 
this failure originates in the near-co- 
incidence of activation energy (17.6 
kilocalories per mole) and heat of re- 
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action (16.7 kilocalories per mole); in 
forcing the potential-energy surface to 
yield the correct activation energy, one 
pushes the transition state into the re- 
gion corresponding to that of the prod- 
uct (Fig. 11), and the energy difference 
between transition state and product 
becomes very small. The same problem 
arose with the LEP method in the 
H2 -Cl system. Johnston (32) has sug- 
gested that in such cases the transition- 
state method, in general, may be invalid. 
Since the product molecule must be 
formed with at least its zero-point 
energy (3.8 kilocalories per mole), in 
fact it may be a few kilocalories per 
mole above the energy barrier; thus a 
wide region of the potential-energy sur- 
face is accessible to it, and the assump- 
tion that there is a unique activated- 
complex configuration at the top of the 
barrier is unreasonable. On the other 
hand, the failure to predict correct iso- 
tope effects may be related to some 
fundamental fault of the energy surface 
itself. 

The thermochemical quantities for 
the H2 + I reaction are analogous to 
those of the case of the hydrogen-bro- 
mine atoms. However, the isotopic- 
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competition method cannot be used 
and only the comparison of Ho with 
D2 has been made (33). Surprisingly 
enough, the theoretical isotope effects 
(from either LEPS or BEBO surfaces) 
are in much better agreement with ex- 
periment than they were for H2 + Br, 
partly because the experiments are done 
at higher temperatures; as the tempera- 
ture dependence in Eq. 12 shows, an 
error in the predicted zero-point energy 
differences becomes less serious as the 
temperature increases. 

It is interesting to examine the iso- 
tope effects for all three of these re- 
actions collectively (Fig. 12). For each 
isotopic species, the rate-constant ratios 
for reactions with the three halogen 
atoms would be nearly the same if they 
were measured at the same temperature. 
The quantum effects on the reactant 
properties are the same in all three cases 
(the halogen atom makes no contribu- 
tion), so the similarity in rate-constant 
ratios implies that transition-state prop- 
erties (at least those that regulate iso- 
tope effects) are similar in all three re- 
actions. Furthermore, we know that 
these properties are the vibrational fre- 
quencies, which depend on masses and 

2.0 
I000/T 

2.5 

Fig. 9 (left). Rate-constant ratios for reactions of chlorine atoms with various isotopic species of hydrogen. Experimental points: 
circles (30); solid squares (29); hollow squares (HT) (28); triangles (HD) (11). Solid lines are ratios calculated by the BEBO meth- 
od, with tunneling corrections included. Fig. 10 (right). Comparison of theoretical and experimental values of log R (= k-2/k,y) 
for reaction of bromine atoms with isotopic species of hydrogens (31). Experimental points: triangles (DA); squares (HT); circles 
(HD). Calculated values: --, LEP; ---, LEPS; - -*-, BEBO. For HD, the LEP and BEBO. lines coincide. 
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Fig. 11 (top left). Potential energy surface for the H-H-Br 
activated complex, calculated according to the LEPS method 2 (31). The transition-state configuration is indicated by the Mal- 
tese cross. The contour interval is 1 kilocalorie per mole, a 
scale too small to show that the transition state is at a saddle 
point on the surface. Fig. 12 (bottom left). Hydrogen- 
isotope effects for reactions of I, Br, and Cl with HD, HT, and 

I I )!------- J- -------- 
J-^ 

---- 203040 ' D2. Triangles, I reactions; squares, Br reactions; circles, Cl 1.0 2.0 3.0 4.0 reactions. The lines are values calculated from an ad hoc set 
1000 /T of transition-state force constants. Fig. 13 (right). (a) In- 

tramolecular isotope effect for the reaction of CF8 with CHD3 
(circles) and CH2D2 (triangles). Solid line, theoretical values from an LEPS potential-energy surface; dashed line, the same with 
tunneling correction included; both calculations are for the complete 9-atom model. (b) Enlargement of the high-temperature 
region of Fig. 13a, with 1/T2 as the abscissa. The solid line is the limiting high-temperature value predicted by the model used 
for Fig. 13a, together with Eq. 15. 

force constants; moreover, since the 
masses in all three transition states are 
essentially identical (Cl, Br, and I are 
all infinitely heavy relative to H), the 
force constants must be the same. In- 
deed, a purely ad hoc choice of force 
constants does fit these three sets of 
isotope effects remarkably well (Fig. 
12). Unfortunately, this fact seems to 
be at variance with predictions based 
on semiempirical or empirical transi- 
tion-state models, all of which involve 
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some correlation between activated- 
complex properties and the dissociation 
energies of the diatomic molecules into 
which the activated complex can be 
decomposed. 

For the final example I have chosen 
the reaction between trifluoromethyl 
radicals and methane: 

CF3 + CHaD or CHUD2 -> 

( CF3H + CH2D or CHD2, kE } ( 
CF3D + CH3 or CH2D, kD ( 

This demonstrates a particular type of 
isotopic competition-the intra-molecu- 
lar isotope effect-where both isotopic 
species are present in the same mole- 
cule. The difference in rate constants de- 
pends entirely on transition-state prop- 
erties; in this instance, on differences 
arising when either an H or a D atom 
is abstracted from a methane molecule. 
Relative rates can be obtained simply 
by mass-spectrometric determination of 
the CF3H/CF3D ratio in the product. 
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If one makes the simplifying assump- 
tion that the important transition-state 
properties depend only on the 3 atoms 
at the reaction center, the activated 
complex can be represented by a very 
nearly symmetric C. ..H.. .C configura- 
tion. Sharp and Johnston (34), applying 
the LEPS method to this problem, have 
calculated isotope effects on the basis 
of models of varying complexity, rang- 
ing from the triatomic model just de- 
scribed to the complete 9-atom system 
(35). In the latter case, vibrational force 
constants for the degrees of freedom 
beyond the C... H.. .C framework are 
incorporated from stable molecules. 
These various models all give ratios kH/ 
kD varying by less than 40 percent. With- 
out tunneling correction, they all pre- 
dict ratios that are in good agreement 
with experiment at high temperatures 
but which diverge from the experi- 
mental values increasingly as the tem- 
perature drops. This situation is greatly 
improved by the inclusion of tunneling 
(Fig. 13a). However, since we have 
already seen that kinetic isotope effects 
sometimes can be accounted for by 
more than one set of force constants, 
we must question the evidence (Fig. 
13a) that tunneling does indeed take 
place in this reaction. 

A unique feature of this experimental 
work is the very great range in tempera- 
ture covered (300? to 2000?K). The 
high-temperature experiments were 
done in a shock tube (36); at low tem- 
perature, more conventional photo- 
chemical techniques were used (34). An 
unusual test of transition-state theory is 
made possible by the experiments cov- 
ering the range 1000? to 2000?K. Wig- 
ner and others (37) have shown that the 
quantum partition function at high 
temperature equals the classical parti- 
tion function multiplied by a factor 

1 - (u2/24),u = hcvlkT (14) 

Since isotope effects are entirely quan- 

tum effects, only these factors will be 
left in the partition-function ratio of 
Eq. 13, and we can write for the high- 
temperature limit of the rate-constant 
ratio: 

ln(k//kD) = ln(r'CHc/rtCDc) + 

[1i;ui2(CDC) - ui2(CHC)]/24 
(15) 

This equation indicates that a plot of 
ln(kiH/ kD) against 1/ T2 yields a straight 
line, with an intercept determined solely 
by the frequency ratio for the anti- 
symmetric motion of the hydrogen (or 
deuterium) atom being transferred. The 
slope of the line depends on all the 
transition-state frequencies. Both of 
these line parameters are predicted ex- 
tremely well by the model used by 
Johnston et al. (Fig. 1 3b). 

Conclusions 

The transition-state theory of chemi- 
cal kinetics, coupled with relatively 
crude methods of constructing poten- 
tial-energy surfaces for reacting sys- 
tems, has great utility in the forecasting 
of kinetic properties. In particular, it 
permits prediction of the effect of iso- 
topic substitution on rate constants, and 
comparison of these predictions with 
experimental data provides a particu- 
larly sensitive test for the combination 
of potential-energy surface and transi- 
tion-state theory. More rigorous tests 
of each of these factors depend on 
future developments in quantum chem- 
istry, in studies of chemical reactions 
in molecular beams, and in detailed tra- 
jectory calculations of scattering 
processes. 
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