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ter a short discussion of early discoveries in chemical kinetics, the history of the attempt
o calculate the rate coefficient from first principles is followed. Michael Polanyi's crucial
le in the calculation of potential energy surfaces and the development of the transition
tate theory (TST) in a form that can be used to successfully calculate practically important
te constants is explained. A brief description of TST is outlined, and some recent
perimental findings concerning the detection of the transient state are also given.

INTRODUCTION

emical kinetics deals with the temporal evolution of reactions; with the
planation of the very different rates of particular reactions, and the
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II. THEORIES OF CHEMICAL KINETICS
PRIOR TO 1930
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i ine the temporal evolution o
i titative statement concermng temy o3
T}}:errflilz:\; r%l;i:ilons dates back to 1850, when Lu.d'wxg Vc\1711f1fhilerrrz :lo;cuzﬁon
his earch on the hydrolysis of sucrose by writing a diite e
h(\l/\s/'i;ilmy 1850) for the rate of the reaction. Let us genera
1 ’

for reactions between substances A and B:
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of particular reactions for many decades, there were formal relationships
proposed to describe the dependence of the rate coefficient k on the tem-
perature T. The first empirical formula was published by Marcelin
Berthelot (1862), which had been used for almost 50 years:

k=a-e” ®

There was an attempt by Leopold Pfaundler (1867) to attach a molecu-
lar interpretation to this temperature dependence, based on the results of
high-temperature gas dissociation reactions' equilibria. He proposed that
only molecules having enough energy are able to react, while molecules
with less energy undergo a collision without reaction. Pfaundler did not
make any reference to Maxwell's results on the energy distribution of mol-
ecules, but based his reasoning on qualitative discussions of this subject by
Clausius. His isolated explanation attempt was only cited later by van't
Hoff. It was Jacobus Hendricus van't Hoff who derived from the thermo-
dynamic principles of the equilibrium of chemical reactions a new for-
mula for the temperature dependence (van't Hoff, 1884):

E

k=A.e RT o)

for the case when the critical energy E necessary for the reaction was inde-
pendent of temperature. (van't Hoff received the first Nobel prize in chem-
istry in 1901 for his results in chemical kinetics.) The molecular level
explanation of Eq. (3) was given by Svante Arrhenius (1889). He inter-
preted the exponential factor in the equation using the Boltzmann distri-
bution of energy, and called E the activation energy. Molecules having less
energy then E are not “active” in the sense that they do not undergo reac-
tions. As equation (3) was popularised by Arrhenius, it is still called the
Arrhenius equation. It is also an empirical equation, as the constant A
(called the pre-exponential factor) is not explained at all, though it is also
responsible for the great variety of the rate of particular reactions. The first
theoretical treatment of the rate of chemical reactions beyond empirical
description was made by René Marcelin (1915), a French scientist who
died in action in World War I at a young age. He used concepts of both
thermodynamic and kinetic origin, and described a chemical reaction be-
tween N atomic species in a 2N-dimensional phase space, evoking statisti-
cal methods proposed by Gibbs. The foundations of his theoretical
freatment were correct and elegant, but the solution of the relevant equa-
tions to get results of practical importance was not feasible at that time.
His ideas were further explored a decade later by several researchers (K.F.
Herzfeld, 1925; R.C. Tolman, 1927; R.H. Fowler, 1929), who practically
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outlined the basis of TST, but faced the sa
give numerical solutions that
tions.

chanical equations of moti

me problem of not being able to
could have been used in practical applica-

While the above-mentioned theoretical efforts had been based on me-
on and statistical physics, there was a different
approach in the meantime, based on the kinetic theory of gases, called the

collision theory (Lewis, 1918). Its model system was two elastic spheres

colliding, and having reaction if their energy exceeds the activation energy

E, or simply flying apart after an elastic collision if they have less energy.
The resulting formula for the bimolecular rate coefficient is

E

k=Zyye ™ @

The exponential factor also originates in the Boltzmann distributior,
while Zap is the collision factor, the rate of collision between molecules A
and B, which canbe calculated from the kinetic theory of gases. This result
gives quite good values for the rate coefficient of reactions between

monatomic species — as expected from its basic assumptions -, butit often

fails by several orders of magnitude for practically interesting reactions

between molecules having more complicated structures. Thus, it cannot
al reaction rates.

be considered as a general theory of chemic

111. MICHAEL POLANYI'S INVOLVEMENT IN THE
THEORY OF CHEMICAL REACTION RATES

s Ph.D. thesis (1917) had great impact on his scientific ca-

Michael Polanyi'
atest achievement in the field of

reer, which is also true for his probably gre
chemistry; his contribution to the development of the transition state the-

ory. To further trace his interest in molecular interactions, we can recall his
1921 talk given in Berlin on the topic of his thesis, the bold idea of the
long-distance (adsorption interaction between molecules. In the discus:
sions after his talk it turned out that neither Nernst nor Einstein believed
that there exist such long-distance interactions. Those interactions were
not possible on the basis of the current atomic theory developed by Boht.
(This aspect is discussed in more details in the article by Fiistoss of the

present volume.)

Despite of this discouraging event, Polanyi did not abandon hisidea, &
ith London on the explanation

it is well indicated by his common paper wi
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surface can be seen on Figure 1, for the case of a collinear reaction between
an atom A and a molecule BC, the so-called B-atom exchange reaction:

A+BC—>AB+C ®)

At the point denoted by 1, the distance between the atoms B and C is

that of the usual (equilibrium) distance in a BC molecule, while the dis-
tance between A and Bis large, with practically no interaction between the
atom A and B — the latter bound in the molecule BC. Obviously, this is the
reactant state of reaction (5). Similarly, the point denoted by 3 is the prod-

uct state of the reaction. The potential energy shape of the surface at the
point denoted by 1 shows the (Morse type) potential energy profile of a di-
atomic molecule AB; while at 3, a similar potential energy profile of the di-
atornic molecule BC can be seen. This potential energy, as a function of the
internuclear distances rp and rgc , forms a continuous surface which
is called the potential energy surface of the reacting system consisting of
the atoms A, B and C. In the case of a collinear reaction, this is a
three-dimensional surface. (If the three atoms are not arranged collinearly
(along a line), there is an additional angular variable to fully characterise
the configuration of the three atoms, which is not so simple to show and
more complicated to calculate.) This surface can be projected onto a plane,
which results in a plot similar to a topographic contour map showing ele-
vation data. Isolines on this contour map indicate values of the potential
energy. Apart from the easy-to-draw two-dimensional structure of these
maps, details in the valley between points 1 and 3 are also readily seen

(Figure 1b).

During the reaction, the reactant molecules' nuclei always assume a po-
sition, so the “reaction path” is a continuous curve on the potential energy
surface. In the case of the collinear reaction (5), an oscillating BC molecule
is approaching the A atom. The relevant reaction path is shown as a
dashed curve with an arrow indicating the direction of the movement in
Fig. 1b. If we arrange this reaction path along a linear coordinate and plot
the potential energy above the path according to the vertical axis, we get
the energy profile of the reaction, as shown in Fig. 1c. The ”topography” of
the reaction is easily seen in this diagram; there is a potential barrier for the
reacting system to climb in order to proceed to the product state.
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A+BC — A%Ii ré 1( L;z)eThe potential energy Eyot for the collinear reaction
where all three atoms are arranged in a linear configuration)
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Figure 1. ¢) Potential ene

1y above t ] ; .
1: the reactant state, 2 8y he reaction coordinate. Numbers indicate

the saddle point of the surface, 3: the product state.
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The height of the top of the barrier (denoted by 2) measured from the
level of the reactants (denoted by 1) is called the activation energy. The top
of the barrier is a saddle point on the three-dimensional surface, as it is
indicated by the point marked 2 in both figures 1a and 1b. The reaction
path always crosses the barrier in the saddle region. Ina broader sense, a
surface in the saddle region, perpendicular to the reaction coordinate is
called the transition state, which has the property that once the system of
reacting particles has crossed this surface, it proceeds to the product
valley. In a narrower sense, the saddle point of Fig. laand 1b, or the top of
the barrier of Fig. 1c is called the transition state.

The invention of Polanyi and Eyring was that they calculated the PES
using the approximation that the reacting system's electronic structure
would rearrange to an equilibrium state in every nuclear configuration
(this is the Born-Oppenheimer approximation), and that they performed
PES calculations using the simplified quantum—mechanical method of
London. Following the PES calculations, they developed independently a
formalism to express the rate of passage of the reacting system across the
saddle point as a motion along a single harmonic coordinate. Finally, they
supposed that there exists a (quasi) equilibrium between the reactants and
the transition state (or activated complex, as Eyring called it), which is the
state corresponding to the saddle point of the PES. These conditions
allowed the first time in history to calculate practically relevant rate
constants on a theoretically sound basis.

The "“reaction mechanism” associated to TST can be written as
A+BC— (ABC)i —>AB+C (6)

The species (ABC)* is the transition state. Its concentration can be
‘brium constant K of the first reaction in scheme (6):

expressed from the equi
o [(ABC)*] (7)
[A][BC]
[(ABC)¥] =K*[A] [B] , (8)

where square brackets denote concentrations. The equilibrium constant
Kt can be expressed from standard statistical thermodynamics as :

v Qo
Kt =——=ce ©)
Qs
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Here, Q, means the standard mol i i
e . ar canonical partition functi i
e %0 s= c;;z:a];lé; )T is Iigzemgerature, and Ej is the reaction energyua(;nll”lj ZJS
bor B0~ fo [ABC) — 1 0 (kn) — Ey (B). Once the stationary concentration of
e oot it is known, the only thing needed is the rate of
e o s sltate. This rate can be calculated by factoring out the
oo e a o(;lg the reaction coordinate from the partition
o . (;f g);l A ;'S enote the rest by Qy), transforming it into a
= tranSIaﬁonaig ti1stance 9, and finding the decomposition rate from
AT motion. It turns out that the arbitrary translation length §
s e resulting expression for the rate constant is i
=kl &

eRT

h Q.Q, d (10)

h .

l‘;\; air:; kgf 1]sE thel(])So!tz?na_nn constant and h is the Planck constant. Th
e e 1;1;,;5(6 . 2) r115 IItI}Sl:i s;m}t)licity and the well founded theor;etica?
: it i e factor containing th: iti i

; g the partition f

s sensitive for the structural details of moleI():ules of f(l)ilglini;?ezt

TST canb
to pass for thi: lrlzsgtit 0 any rate processes, where there is a potential barrier
in condensed oh ng system, as for example to viscous flow or diffusion
oty s e e s alled exploration of the fields of it
(Gladstone et al%“{ZZZ;n Iﬁlzpli)g)lc()fvivtzittgr:c b}1, Lyring and CO—worker:
applicabilitv. i bl virtual simplici :
cﬁgnlgsatzﬂx};iltt ‘:;)okba long tlme.for TST to gain widgr P(gu&iggt}egit;;al
and Staﬁstical \ Ciils ased on gulte new quantum mechanical techniqu o
—— & c?,as not widely known by chemists, there g
on barrier” for them to understand this theory. I,t was no‘tlv}j:foig

the late fifties of the 20th :
———— century that it became slowly part of university

Another problem of its acce

i . ptance was the inaccessibili
¥ ap;ls iirir(:int;itseugfort for the existence of the supposed s;eszf:i;,hZHeocf
——— TSTa?;:nvated complex. Already at the moment of the
. e ot i dwas clear that the lifetime of the transition state is in
b se o I())erlo of molecular vibrations, which is of the order of 1
e ‘},)en, : nr te}:/e? iflci.ass. N 0 measurements could be imagined in the
B ven e fifties with sgch time resolution. The first indirect
Polanys, i nce of the transition state has been done by John

’ son of Michael Polanyi, in the seventies, which was v}\’ro;)th ofi
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Nobel prize in 1986. John Polanyi and his co-workers studied highly dilute
flames, e. g. the reaction

F + Nap —> NaF + Na* (11)

According to TST, this reaction proceeds via the transition state
(F...Na...Na)*. They detected the fluorescence of the excited state Na*,
and found that there are wide “wings” at both sides of the expected and
measured NaD spectral line. Though the intensity of these wings was only
less then one millionth of the NaD peak, it was detected with an excellent
signal-to—noise ratio, and it could be associated with the fluorescence of an
excited Na atom bound in the transition state (F...Na.. Na)¥. A detailed
description of the results can be found in Foth et. al. (1982).

With the advent of ultrafast pulse lasers in the eighties, the time resolu-
tion finally attained the sub-picosecond region. For his pioneering work
in the application of this new technique to the transient spectroscopy of
the transition state, Ahmed H. Zewail also received a Nobel prize in 1999.
He has managed to measure the temporal evolution on a femtosecond
(10715 s) time scale of the spectra of different activated complexes of
monomolecular dissociation processes, and also that of some bimolecular
reactions similar to reaction (5). His results are summarized, for example,
in Zewail (1988) and (1994). A Hungarian monograph on this topic can be

found in Keszei (1999).

The last three decades marked the “triumph” of TST theory in chemical
kinetics. It still serves as a most general basis for theoretical explanations
as well as practical calculations. Though the technical details of actual
calculations are much more sophisticated than at the time when Polanyi
and Eyring have developed the basic theory, it is still essentially the same.
There are only few results obtained with an approach without the
Born-Oppenheimer approximation. This approach is based on the numer-
ical solution of the full time-dependent Schrodinger equation for the react:
ing system, which solution provides both the potential energy and the ac-
tual trajectory of the system. This solution contains less approximations
and provide more precise results for the rate constant. However, this tech-
nique can be applied — for the time being — only for not more than fout
atoms, as numerical calculations involved are very much time consuming
Further development in numerical methods and computing speed may
help to extend this method for more complicated molecules. An overview
of this method with the discussion of cases where it outperforms tradi-
tional TST can be read in Fang and Hammes-Schiffer (1998).
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