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A long-standing goal of researchers in the field of catalysis is to develop first-principles
methods for determining catalyst activity and selectivity. Advances in quantum chemical
methods and codes, together with impressive improvements in computer speed, have contrib-
uted significantly towards the achievement of this objective. A review of current quantum
chemical theories and models of catalytically active sites is presented with the aim of defining
what is possible today and what needs to be done. Particular attention is given to identifying
the trade-offs between achieving accurate energies of adsorbed and transition states and
computational cost. Methods available for finding reaction pathways and calculating rate
coefficients are also reviewed and discussed.

1. Introduction

Researchers in catalysis and chemical reaction engi-
neering have long been interested in the ability to predict
the performance of a catalysed reaction occurring in a
reactor given knowledge only of reactor configuration,
catalyst composition and structure, feed composition
and reaction conditions. While it is possible today to
make accurate determinations of reactor performance
given a set of rate parameters describing catalyst
performance, the latter must be obtained experimen-
tally. Thus, the challenge is to develop methods for
predicting catalyst activity and selectivity from first
principles. To meet this challenge, quantum chemical
methods must be used to describe the changes in
potential energy occurring during the course of a
chemical reaction occurring under the influence of the
catalyst. Also required are theoretical methods for
identifying reaction pathways and determining rate
coefficients for elementary processes.
The past two decades have seen significant progress

in the application of quantum chemical calculations
to problems in both homogeneous and heterogeneous
catalysis [1–7]. These advances have come through a
combination of advances in theory, computational
algorithms, and computer architecture and speed. As a
result, it is now possible to perform calculations of local
site structure and physical properties, and the structure
and properties of adsorbed species. It is also possible

to determine the energetics of atomic and molecular
adsorption. For elementary chemical reactions involv-
ing small molecules it is often possible to identify the
structure and energy of the transition state. Activation
energies obtained in this manner have been combined
with estimates of the pre-exponential factor based on
absolute rate theory to obtain rate coefficients for
elementary reactions. Quantum chemical calculations
are being used, as well, to explore whether adsorbed
species and reaction pathways proposed on the basis of
experimental observation are supported by theoretical
analysis and to explore the consequences of changing
catalyst composition and structure on catalyst activity
and selectivity.

While impressive strides in the application of quan-
tum chemical calculations to problems in catalysis have
been made during the past two decades, a number of
challenges need to be met before researchers in the field
of catalysis and chemical reaction engineering can use
quantum chemical methods to undertake quantitatively
accurate predictions of what might happen if the
structure and composition of an active site are changed
or the composition of the reactants is changed. The
balance of this paper addresses four primary challenges.
The first is to develop quantum chemical methods for
determining adsorption energies and activation barriers
that are in reasonable agreement with those observed
experimentally and can be implemented for systems
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involving a large number of atoms. The second
challenge is to develop models for catalytically active
sites that are computationally affordable and physically
realistic. The third challenge is to develop efficient,
intuition-free methods for identifying transition states
and reaction pathways. The fourth challenge is to
develop efficient methods for determining rate coeffi-
cients for elementary processes occurring at catalytically
active sites.

2. Improving the accuracy and speed of quantum

chemical calculations

Since chemical reactions involve the making and
breaking of chemical bonds, the electronic state of the
reaction system must be described quantum chemically.
Semi-empirical quantum chemical methods are insuffi-
ciently accurate for the determination of both ground-
state and activation energies, and hence these properties
must be obtained using ab initio or density functional
methods. Both are first-principles methods derived from
a statement of the full Hamiltonian for the system;
however, the manner in which the minimum energy
configuration of the system is achieved is different for
the two methods. A brief summary of each approach is
presented below, followed by a discussion of its accuracy
and computational cost. Further examination of the
issue of accuracy is taken up in section 3.
The objective of all ab initio electronic structure

theories is the exact solution of the time-independent
Schrödinger equation

Hðr;RÞCðr;RÞ ¼ EðRÞCðr;RÞ ð1Þ

subject to the Born–Oppenheimer approximation that
nuclear motion is very slow relative to electronic motion
[8, 9]. Here Hðr;RÞ is the electronic Hamiltonian
consisting of electron kinetic energy, electron–nuclear
attraction, electron–electron repulsion and nuclear–
nuclear repulsion; Cðr;RÞ is the wavefunction for the
system and EðRÞ is the system energy. Since the resulting

partial differential equation in 3N (N is the number of
atoms in the system) unknowns cannot be solved
exactly, two important approximations are made. The
first approximation is to assume that each electron
moves in the average field of all other electrons. This
mean-field or Hartree–Fock (HF) approximation is
the foundation of modern orbital theory. Solution of
the Schrödinger equation in the HF approximation
leads to a wavefunction of N molecular orbitals, each
depending on only three spatial variables for a fixed set
of nuclear positions. Since electrons are fermions, the
exchange of two electrons changes the sign of Cðr;RÞ
and requires that it be antisymmetric. This require-
ment is satisfied by constructing a trial wavefunction
which is a determinant of molecular orbitals (MOs).
Variational minimization of the energy leads to the
optimal MOs. The second approximation involves the
expansion of the unknown MOs in terms of a given,
fixed set of functions whose number is finite. These
functions are called the atomic orbital (AO) basis set.
Standardized basis sets are available and are described
in figure 1. The larger the basis set, the better the
approximation of the true HF MOs.

The difference between HF energies and the best
estimate of the exact non-relativistic energy is typically
on the order of 1%. This difference is referred to as
the electron correlation energy and is attributable to
the neglect in HF theory of the instantaneous interac-
tions (correlations) between electrons. Since the electron
correlation energy for an electron pair, 50–100 kJmol�1,
is similar in magnitude to the energies involved in chem-
ical transformations, proper accounting for electron
correlation is critical for the accurate evaluations of
molecular energies.

Various approaches have been proposed to account
for the effects of electron correlation [8, 9]. The simplest
and most general technique is the method of configur-
ational interactions (CI). CI uses a linear combination
of configurations (or Slater determinants) to provide a
better variational solution of the exact many-electron
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Figure 1. An illustration of the relationships between the level of correlation treatment and the completeness of the basis functions
which are used to represent the molecular orbitals [9].

320 A. T. Bell



wavefunction. By increasing the number of configur-
ations included, the CI method is capable of providing
increasingly accurate solutions to the exact wavefunc-
tion. If all possible excited configurations are included,
the method gives the exact solution within the space
spanned by a given basis set and is referred to as full
configuration interaction (FCI). The number of config-
urations in an FCI expansion grows factorially with the
size of the system, and as a result, FCI calculations are not
practical for many-electron systems with large basis sets.
Since FCI is impractical for systems containing more

than a few atoms, approximate methods are used for
larger systems. The simplest approximate model is the
Møller–Plesset perturbation theory. This theory treats
electron correlation as a perturbation on the Hartree–
Fock problem and both the wavefunction and the
energy are expanded in a power series of the perturba-
tion. The order of the expansion is denoted as MPn
(namely, MP2, MP3, MP4). MP2, the most applicable
method, accounts for roughly 80% of the correlation
energy per electron pair. However, assuming a
100 kJmol�1 per electron pair correlation energy, MP2
will generally not provide chemical accuracy and, hence,
higher levels of MP theory must be used. A problem,
though, with MPn is that, like many perturbation
theories, it does not converge as n increases [8, 10].
An effective and accurate technique for treating

electron correlation is the coupled cluster (CC)
method. This method starts with the exponential form
of the wavefunction C ¼ exp ðTÞCHF, where T ¼ T1 þ

T2 þ � � �. Here Ti is an operator accounting for the
level of electron excitation. The exponential form of the
operator introduces an efficient way of including
the effects of higher excitations and also ensures size
consistency in the calculated energy. When only single
and double excitations are included, the method is
denoted as CCSD. For molecules in their ground state,
CCSD recovers �95% of the correlational energy with
a given basis set, which enables calculations of chemical
transformations to chemical accuracy. A further reduc-
tion of a factor of 5–10 in the remaining error is possible
when CCSD is corrected with a perturbative estimate
of the leading contributions of the neglected excitations
(the triples). This method is termed CCSD(T).
The MP2, CCSD and CCSD(T) methods form a

hierarchy of size-consistent correlation treatments that
introduce successively more refined (and computation-
ally demanding) treatments of electron correlation,
all beginning with an HF starting point. The primary
deficiency of these methods is that while they yield
chemical accuracy for the potential energy surface (PES)
in the vicinity of the equilibrium geometries, they cannot
in general describe reaction coordinates for bond
breaking to the same level of accuracy [8–11].

The basis for density functional theory (DFT) is the
Hohenberg–Kohn theorem that states that the exact
ground state energy of a molecular system is a
functional only of the electron density and the fixed
positions of the nuclei [8, 10, 12]. Thus, for a given set
of nuclear coordinates, the electron density uniquely
determines the energy and all the properties of the
ground state. Hohenberg and Kohn also proved that
the exact electron density is the one which minimizes the
energy, thereby providing a variational approach for
finding the density. The energy functional Eð�Þ can be
written in terms of its composite parts as

Eð�Þ ¼ Tð�Þ þ Venð�Þ þ Jð�Þ þ Vxcð�Þ; ð2Þ

where T is the electron kinetic energy, Ven is the
electron–nuclear attraction, J is the electron–electron
repulsion and Vxc is the electron exchange and
correlation energy. The terms Ven and J are repre-
sented as classical Coulombic interactions. To handle
the kinetic energy term, T , Kohn and Sham demon-
strated that it is possible to construct a reference
system of non-interacting electrons that has exactly
the same electron density as a real molecular system
of interacting electrons. The kinetic energy is approxi-
mated as that of the non-interacting reference system,
which can be evaluated exactly by introducing a set of
Kohn–Sham orbitals. The definition of the exchange-
correlation functional is then altered to include the
kinetic energy difference between the real and non-
interacting systems, which is relatively small. In
contrast to ab initio methods, the exchange-correlation
functional cannot be constructed in a rational and
systematic manner. Nevertheless, considerable progress
has been made in the development of exchange and
correlation functionals based on generalized gradient
approximations (GGAs). As in the case of HF theory,
the Kohn–Sham orbitals are expanded in an orthogo-
nal basis set. Since exchange-correlation functionals
are developed at the basis-set limit, the larger the basis
set, the more accurate will be the results of DFT
calculations.

The combination of the Becke exchange functional
with gradient-corrected correlation functionals yields
relative energies that are roughly comparable to those
obtained with the MP2 method [8, 9]. However, the
basis set requirements for DFT are far more modest
than those required to obtain reliable results with
the MP2 method. Furthermore, for a given basis set,
the computational demands of the DFT methods are
significantly lower than those of conventional correla-
tion methods and are nearly comparable to those of the
HF method.
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The current scaling of electronic structure theory
with molecular size, N, and estimates of the maximum
molecular size for which energy and gradient evalua-
tions can be handled by each method are presented in
table 1. It is evident that as one moves from HF to
CCSD(T), the power on N increases from 2–3 to 7, and
the maximum number of atoms that can be handled
decreases from 50–200 to 8–12. For HF and DFT
calculations, the power in N can be reduced to the order
one for systems containing more than �40 atoms,
enabling very large systems to be treated with high
computational efficiency [13]. Attempts to reformulate
MP2 so as to reduce the scaling power and attempts to
achieve linear scaling of CC methods are active areas of
research and represent one of the challenges for future
research.
While there is ample evidence indicating that improving

the level of theory used to represent electron correlation
and increasing basis set size leads to a more accurate
representation of ground state energies, there is far
less evidence to document the same case for activation
energies, particularly for systems containing a transition
metal. A recent study of migratory insertion of NO
into a Co–C bond nicely illustrates the effects of level
of theory and basis set completeness on the accuracy of
the estimated activation barrier for this process [14].
Scheme 1 shows the reaction and table 2 lists the activa-
tion barriers determined for different levels of theory. In
all cases, the geometryof the reactant (1) and transition (2)
states in scheme 1 were based on DFT/B3LYP calcula-
tions, since thesewere foundtobemostaccurate relative to
experiment.
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Single point calculations of the energy levels for 1 and 2
were then carried out at the levels of CSID, CSID(SCC),
QCSID, CCSD and CCSD(T), to determine the activa-
tion barrier. Table 2 shows that the activation barrier
at the DFT/B3LYP and CCSD levels compare well
with the estimated experimental activation enthalpy,
14.5 kcalmol�1, and that the closest agreement is achieved
when CCSD is used with a large basis set. It is also seen
that CISD and CISD(SCC) underestimate and QCISD
and CCSD(T) overestimate the activation enthalpy.

3. System representation

The question of how to best develop a quantum
chemical model of a catalytic system continues to be
a challenge and no general rules applicable to all
systems are available. The basic issue is how much
of the catalyst to describe quantum mechanically, and
at what level, and how to handle that part of the
system which is connected to the active site. These
questions are closely tied to the trade-off between
computational accuracy and computational cost. As
discussed above, high-level ab initio methods scale as
N5 to N7 (CCSD(T)), and consequently the use of
these methods to achieve the accuracy needed to
obtain reliable activation barriers is limited to systems
with a small number of atoms. DFT methods allow
one to handle a much larger number of atoms, but
here the choice of exchange-correlation functional
is critical and the absence of universal guidelines for
the choice of an appropriate functional leads to an
uncertainty with regard to the accuracy of activation
barrier estimates.

The reality is that most catalysts, whether homo-
geneous or heterogeneous, involve too many atoms to
be treated fully. Thus, it becomes necessary to define
a cluster of atoms around the active site. Such a clus-
ter might comprise the transition metal atom and a

Table 1. Current scalings of electronic structure theory
methods with molecular size, N, and estimates of the
maximum molecular sizes (in terms of first-row non-
hydrogen atoms) for which energy and gradient evalua-
tions can be computed by each method at present [9].

Theoretical

method

Computational

dependence on

molecular size, N

Estimate of

maximum feasible

molecular size

FCI Factorial 2 atoms

CCSD(T) N7 8–12 atoms

CCSD N6 10–15 atoms

MP2 N5 25–50 atoms

HF, KS-DFT N2–N3 50–200 atoms

Table 2. Estimated activation enthalpies for the migratory
insertion of NO in a Co–C bond (see scheme 1) for
various quantum chemical methods [15].

Energy/Structure Method

Activation energy/

kcalmol�1

Expt. 14.5

CSID/B3LYP/BS1 1.0

CSID(SCC)//B3LYP/BS1 3.3

B3LYP/BSI 10.4

CCSD(BS3)//B3LYP/BSI 16.9

CCSD//B3LYP/BS1 19.5

CCSD(T)/B3LYP/BS1 25.6

QCSID//B3LYP/BS1 31.0
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portion of the ligands attached to a transition metal
complex, a metal cation (or proton) and a small
portion of the cation exchange site in a zeolite, or a
small number of atoms in a metal or metal oxide.
Since the extended ligand sphere or the balance of
a solid attached to the cluster representing the active
site is known to affect the structure and electronic
properties of the atoms of the cluster, a decision has
to be made as to how to handle the atoms that lie
beyond the cluster. A number of methods for handling
this problem have been developed [15]. The simplest
approach is to ignore the surrounding medium and to
fully relax the cluster. Unfortunately, while this
approach is widely used, it can lead to significant
distortions in the geometry of the active site, relative
to that in the real catalyst, and, consequently, to
unrealistic estimates of binding energies and activation
barriers. To overcome these shortcomings, one can
simply make the cluster larger and accept the
correspondingly higher computational cost. While
this approach does lead to an improvement in the
accuracy of results for metal oxides and zeolites, it
often fails to converge to a good representation for
metals. A third alternative is to constrain the atoms
located at the edge of the cluster to the crystal-
lographic positions of these atoms in the extended
solid. This approach prevents the cluster from dis-
torting during energy minimization but the electronic
effects of the surrounding medium cannot be taken
into account. While effective for describing active sites
in zeolites, the constrained cluster approach is not
effective for describing the properties of metals. An
improvement on the cluster approach involves a
quantum chemical representation of the atoms in the
cluster and the use of molecular mechanics or a lower
level of quantum mechanics to describe the extended
solid. This treatment is referred to as embedding and
allows the force field of the extended solid to be
imposed on the atoms of the cluster. Yet another
approach is to define a cluster that is then reproduced
periodically. This can be either a two-dimensional
periodic slab or a three-dimensional super cell. In this
way band theory for periodic systems can be used.
As the preceding discussion has revealed, the

development of an ideal method for embedding a
cluster in an extended solid remains a subject for
active research. Table 3 illustrates the importance of
model choice on the accuracy of quantum chemical
calculations of the binding energy for CO adsorbed
on a Cu(111) surface [16]. The results show that DFT
calculations carried out on either an isolated 32-Cu
atom cluster or the same cluster treated in a periodic
slab calculation strongly overestimate the CO bind-
ing energy relative to that measured experimentally.

Restricted HF calculations done on the 32-atom
cluster give a fortuitously good estimate of the binding
energy, but implementation of MP methods leads to
a divergence in the estimated binding energy. The
embedded cluster calculation still overestimates the
binding of CO but shows that the oscillations
observed using higher levels of MP theory are
eliminated, and that as the level of theory increases,
the calculated binding energy converges. Similar
conclusions have also been reached for CO adsorbed
on a Pd(111) surface [17].

4. Identification of transition states and reaction

pathways

The elementary steps involved in catalysed reactions
are of three generic types. These reactions can be
written as

Aþ S $ A� S ð3Þ

A1 � SþA2 � S $ I� Sþ S ð4 aÞ
A� Sþ S $ I1 � Sþ I2 � S ð4 bÞ

A1 þA2 � S $ I� S: ð5Þ

Here A is an adsorbate, which could be either a reactant
or product, S is an active site on the catalyst and I is
an intermediate or a product. Reaction (1) describes the
adsorption and desorption of an adsorbate, Reaction (2)

Table 3. Binding energies for CO
adsorbed on Cu(111) [16].

Pure DFT �E/eV

LDA cluster �1.2138

GGA cluster �1.1834

LDA slab �0.8406

GGA slab �0.7682

Expt. �0.52

Finite cluster

RHF �0.4288

MP2 �1.5973

MP3 �0.9720

MP4 �2.1585

Embedded cluster

RHF/LDA �0.7895

MP2/LDA �0.7102

MP3/LDA �0.6824

MP4/LDA �0.6639

RHF/GGA �0.7271

MP2/GGA �0.7030

MP3/GGA �0.6891

MP4/GGA �0.6823
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describes the reaction of two adsorbed species or the
reaction of an adsorbed species with a second active site,
and Reaction (3) describes the reaction of an adsor-
bate with a previously adsorbed species. The molecular
configuration on the left-hand side of each reaction is
referred to as the reactant state, whereas that on the
right-hand side is referred to as the product state.
On a potential energy surface, the reactant and product

states are identified by basins of lower relative energy.
For a system with F ¼ 3N � 6 degrees of freedom, the
division between the reactant and product portions of
the potential energy hypersurface is described by an
F � 1 dimensional hypersurface, which is referred to as
the dividing surface. The reaction proceeds via a reaction
coordinate, usually taken to be negative in the reactant
portion of configuration space, zero on the dividing
hypersurface and positive in the product portion of
configuration space. A convenient and widely used reac-
tion coordinate is the arc length along the minimum
energy pathway (MEP). The MEP is the path of steepest
descent in mass-weighted coordinates on the PES leading
from the saddle point down to the reactant and product
basins. In amultidimensional system, the saddle point, or
transition state, is the point of maximum energy along the
MEP. The transition state should be a first-order saddle
point. Thus, the Hessian of the potential has only one
negative eigenvalue, which is associated with the eigen-
vector pointing in the direction of the reaction coordinate
[8, 11].
For simple systems involving only a few degrees of

freedom there is usually a single MEP leading from the
reactant to the product basin. In complex systems
having many degrees of freedom interacting with one
another there may be multiple pathways between a
given reactant–product basin pair, or multiple pathways
leading from a reactant basin to different product
basins. Such systems are particularly likely for catalysed
reactions. To complicate matters further, it may not
always be possible to fully define all the possible prod-
uct states associated with a given reactant state based
purely on chemical intuition, and the cost of determin-
ing the potential energy surface with sufficient resolution
to identify all of the product states is prohibitively
expensive. As a consequence, for complex systems,
algorithms are required for finding the transition state
and the MEP knowing only the reactant state or,
alternatively, knowing only the reactant and product
states.
While there are a number of efficient algorithms for

locating minima in the potential energy surface, find-
ing first-order saddle points—transition states—is much
more difficult because there are no generally reliable
methods that are guaranteed to work [8]. The various
methods that have been proposed can be classified into

two categories, those based on interpolation between
two minima and those using only local information.
Once the transition state (TS) has been found, the whole
reaction path can be located by tracing the intrinsic
reaction coordinates, from the TS to the reactants and
product.

Methods based on interpolation between reactant
and product states assume that the reactant and product
geometries are known, and that a TS is located
somewhere between these points. This category includes
methods such as linear synchronous transit, quadratic
synchronous transit, the chain method, and the nudged
elastic band method [8]. Each of these methods begins
with an initial guess of the reaction pathway and then
updates this guess. The nudged elastic band (NEB)
method is a particularly efficient method for finding the
MEP and the TS. The MEP is found by constructing a
set of images of the system, typically 4–20, between the
initial and final state. A spring-like interaction is
introduced between adjacent images to ensure continu-
ity of the path, thus mimicking an elastic band. Each
image on the elastic band is acted upon by a tangential
force that depends on the spring constants and the true
force normal to the band [18]. The force acting on the
images is then minimized, bringing the band to the
MEP. Several enhancements of the original NEB
method have been described, which improve accuracy
of the estimate of the saddle point and the speed with
which it is found [19, 20].

While effective, all of the interpolation methods
suffer from the need for a good initial guess of the
reaction pathway, something that may not be possible to
do for complex systems for which the reaction coordi-
nate involves a large number of degrees of freedom.
Failed SCF convergence for states near the middle of the
path can occur if the initial guess at a reaction pathway
is far from the correct pathway. Additionally, the search
space is large, nð3N � 6Þ, where N is the number of
atoms and n is the number of interpolated states on
the path. As a consequence convergence to the correct
reaction pathway is slow and involves a very large
number of calls to the quantum code used to determine
the potential energy.

A recent improvement upon the NEB method, the
zero-temperature string method, has been developed
for finding minimum energy pathways [21, 22]. Like the
NEB method, the string method requires knowledge
of the reactant and product configurations. The latter
method uses an iterative procedure to transform an
initial guess of the minimum energy pathway into the
final MEP. This is done by alternating between
evolution and reparametrization steps. In the evolution
step each ‘node’ along the string is moved perpendicular
to the string tangent vector. The evolution step can be
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done by steepest descent with the perpendicular
component of the gradient or by Broyden’s method,
which builds an approximation to the inverted Jacobian
of the forces perpendicular to the string. Rather than
using springs to keep nodes dispersed evenly along the
path as in NEB, the evolved string is interpolated and
reparametrized according to a chosen mesh density.
A comparison of the performance of the string method
to the NEB method for a demanding chemical reaction,
alanine dipeptide isomerization, shows that the number
of quantum calculations required to find the transition
state by the string method is comparable to that
required for the NEB method using an optimized spring
constant [23].
In a modification of the string method, Peters et al.

[23] have recently demonstrated that the initial path-
way can be ‘grown’ from a path having just the
two endpoints, thereby avoiding the possibility of failed
electronic structure calculations along a badly chosen
initial pathway. To avoid making an initial guess the

search is initiated with a parametrization (node) density,
�ðsÞ, which is zero everywhere except at the ends.
This results in two effectively disjoint strings that evolve
until the perpendicular gradient at a leading node (a
node closest to the vacant interior) falls below a chosen
growth tolerance. Once this occurs, the parametrization
density changes so that a new node is included beyond
the leading node with the small perpendicular gradient.
This process continues until the reactant and product
ends of the string become two or three node spacings
apart and then the parametrization density becomes a
constant with no vacant portions of string. Thus the
reparametrization step allows use of the string method
without an initial guess at the pathway. Figure 2 shows
how the parametrization density and the string change
with iterations of the string method. For the Muller
potential, the string converges to a maximum perpendi-
cular gradient of 0.5 Muller units after 62 steps, or 31
evolutions and 31 reparametrizations. For analnine
dipeptide isomerization, the growing string method
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Figure 2. Two steps in a string method calculation for the Muller potential. A sketch of the parametrization density is shown
below each plot. The horizontal axis is the normalized arc length along the string and the vertical axis is the un-normalized node
density along the string. The gap between the product and reactant portions of the string corresponds to the region between a1
and a2 where the string parametrization density is zero. The nodes in the regions at the ends are uniformly spaced. In this case
the product end of the string has grown faster than the reactant end [23].
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requires significantly fewer quantum chemical calcula-
tions than the string or NEB methods in order to find
the transition state for this reaction.
A second group of methods for locating reaction

pathways is particularly well suited for use with
potential energy surfaces determined from quantum
chemical calculations. These are the pseudo-Newton–
Raphson (NR) methods, which search for a saddle point
by a sequence of steps, each guided by the local gradient
and curvature of the potential energy surface. Pseudo-
NR searches are deterministic in the sense that the initial
coordinate x0 in the search trajectory determines which
saddle point will be found [8]. All pseudo-NR search
methods are based on the Cerjan–Miller (CM) algo-
rithm [24]. This algorithm searches for a transition state
by starting near a minimum on the potential energy
surface and climbing uphill. Each step is based on a
local quadratic expansion of the potential energy
surface. The steps are directed uphill along the eigen-
vector with the smallest frequency and downhill along
eigenvectors with larger frequencies. Eventually, one
frequency becomes imaginary and then the imaginary
frequency is followed to the transition state using
Newton–Raphson.
If more than one saddle point is associated with a

given reactant state, it can, in principle, be found by
changing the initial configuration x0. However, many
initial configurations may lead to the same saddle point,
and, hence, waste computer time. This limitation of the
CM scheme can be overcome by using a bias potential to
steer a new CM search from a known reaction pathway.
Peters et al. [25] describe an algorithm for constructing
a bias potential that can be used to block searches
along reaction pathways that have already been found.
Repeated use of the algorithm enables identification
of multiple reaction pathways connected to a given
reaction basin.

Figure 3 illustrates the use of the biased CM search
algorithm for the Muller–Brown potential, which has
a stable intermediate connected via one pathway to
state A and by another pathway to state B. An initial
unbiased CM search results in finding the pathway to
basin A. A biased CM search initiated from the same
point as the unbiased search leads to basin B. The shading
in figure 4 is for total potential V þ VBIAS, whereas the
potential contours are for the unbiased potential, V .
It should be noted that the bias potential has altered
the potential energy surface only in the vicinity of the
known reaction pathway.

As a further test, the biased CM algorithm was used
to predict the pathways for the thermal ring opening of
3,4-dimethylcylcobutene [25]. For this case, the potential
energy surface was calculated using DFT at the B3LYP/
6-31G level. Figure 4 summarizes the four pathways
found using the biasing algorithm. The calculated Gibbs
free energy, �G, is given for each pathway. Consistent
with the Woodward–Hoffman symmetry rules, the
pathways to the cis –cis and trans –trans hexadienes

Figure 3. Illustrations of unbiased (left) and biased (right) CM searches carried out on a Muller–Brown potential [25].

Figure 4. Four pathways for the reaction of trans-3,4-
dimethylcyclobutene discovered using the biased Cerjan–
Miller algorithm. The Gibbs free energy of activation for
each pathway is given in kcalmol�1 [27].
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are predicted to have the lowest values of �G. The
algorithm also predicts that 5,5,5-trifluoro-1,3-penta-
diene should react to form cis -trifluoropentadiene 45
times faster than to form trans -trifuoropentadiene in
close agreement with experimental observation.

5. Determination of rate coefficients

Once the mechanism for a reaction system has been
deduced, it is desirable to determine the rate coefficient
for each elementary step leading from reactants to
products. Knowing the rate coefficients makes it poss-
ible to predict the overall rate of a catalysed reaction
and the product selectivity if more than one product can
be formed [8, 11].
Two steps are involved in the determination of a

rate coefficient. Transition state theory (TST) is used in
the first step to compute the rate at which the reacting
system crosses the dividing surface from the reactant
to the product side, assuming that the system was
originally in the reactant state and that passage across
the transition state surface occurs only once. The posi-
tion s0 ¼ 0 corresponds by definition to the saddle point
in the potential energy hypersurface. The transition state
rate coefficient, kTST, is then defined as

kTST ¼
hjds=dtji

2hhðs0 � sÞi
h�ðs0 � sÞi; ð6Þ

where ds=dt is the time derivative of s and h is a
Heaviside function (hðs0 � sÞ is 0(1) for the reactant
(product) basin). The value of kTST depends on the value
of s0, which is usually chosen to be 0. Variational
transition state theory (VTST) improves upon TST by
placing the dividing surface at the position along the
reaction coordinate s that minimizes the kTSTðTÞ. Thus,

kVTSTðTÞ ¼ min
s

kTSTðs;TÞ: ð7Þ

Values of kVTST are computed from the free energy
for states on a dividing surface at a point s along the
reaction pathway. Since kVTST still assumes unidirec-
tional passage across the transition state hyperplane
in free energy, a correction needs to be made for
barrier recrossing. The transmission coefficient, �ðtÞ is
defined as

�ðtÞ ¼
2

hjds=dtji
hðds=dtÞ

�
�
t¼0

�ðsð0Þ � s*ÞhðsðtÞ � s*Þi
h�ðsð0Þ � s*Þi

; ð8Þ

where sðtÞ is the reaction coordinate at time t. As
discussed below, the function sðtÞ is determined by
carrying out a short-time molecular dynamics calcula-
tion starting from the position sð0Þ or by picking a
trajectory from an ensemble of trajectories harvested

from transition path sampling [27]. After a short time,
�mol, trajectories started from the dividing surface
become committed to one of the stable states and �ðtÞ
becomes constant in the time range �mol < t � �rxn,
where �rxn ¼ ðkR!P þ kP!RÞ

�1 is the reaction time.
To determine the free energy along the reaction

pathway and to perform the molecular dynamics
trajectories, it is necessary to construct the reaction
path Hamiltonian (RPH). Peters et al. [28] describe
how this is done assuming the system has zero
angular momentum. The resulting expression for the
Hamiltonian accounts not only for motion along the
reaction coordinate and the transverse coordinates
but also for the transfer of energy between the reac-
tion coordinate and the transverse coordinates and for
energy transfer among the transverse coordinates. To
compute the reactive flux correlation function in
equation (3), initial positions are chosen on the divid-
ing surface and the associated momenta are sampled
from a Boltzmann distribution. Each initial condition is
then propagated forward and backwards in time using
Hamilton’s equations.

The chair–boat isomerization of cyclohexane serves
as a nice illustration of the use of an ab initio reactive
path Hamiltonian to determine rate coefficients [28].
The saddle point for this reaction was located using a
CM search, starting from the chair configuration. These
calculations were carried out at the HF/6-31G level
and then refined using DFT at the B3LYP/6-31G level.
The rate coefficient for the chair–boat inversion was
then determined using TST, VTST and the reactive flux
simulation. The results of these calculations are shown
in figure 5 for cyclohexane and cyclohexane-d11,
together with experimental results. It is evident that
for both isotopomers, TST overpredicts the observed
value of the isomerization rate coefficient. VTST makes
a small improvement. Only the reactive flux simulation,
which accounts for barrier recrossing, gives values for
the rate coefficient that are close to those observed
experimentally. Remarkably, the dynamically corrected
rate coefficient is within a factor of three of the
experimental rate over five orders of magnitude. This
agreement suggests that barrier recrossing can be
accounted for using reactive flux simulation with an ab
initio reaction path Hamiltonian even for large, weakly
coupled systems that exhibit correlated recrossings on
the picosecond time scale.

6. Conclusions

The description of a catalysed reaction from first
principles requires knowledge of the potential energy
surface on which the reaction occurs and, in particular,
the location of reactant, product and transition states.
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Advances in quantum chemical methods and codes
during the past two decades have made it possible to
estimate critical portions of the potential energy hyper-
surface for a variety of catalysed reactions. The accuracy
and cost of such calculations is strongly dependent on
the choice of active site representation, the level of quan-
tum theory used and the size of the basis set. Embedded
cluster models show considerable promise for correctly
describing the effects of the solid or ligand sphere
surrounding an active centre treated as a cluster. Since
DFT methods do not generally give accurate estimates
of activation energies, ab initio quantum methods
that include a good representation of electron correla-
tion must be used. Nevertheless, DFT calculations will
continue to be highly useful for establishing trends
with changes in catalyst composition and structure. The
attractiveness of DFT is further enhanced by the
recognition that it is equivalent in accuracy to MP2 but
requires far less computational cost and is amenable to
linear scaling with respect to system size.
Recent advances in methods for finding MEPs

and transition states will greatly facilitate the identifi-
cation of reaction pathways for catalysed processes.
Algorithms for the discovery of multiple paths from a

common reactant state have also been developed. These
methods will prove invaluable for the discovery of
reaction mechanisms without the intervention of chemi-
cal intuition, as is currently required in most instances.
Calculations of reactive flux correlations using reaction
path Hamiltonians have opened the way to determining
rate coefficients for elementary processes that account
for coupling between different modes and for barrier
recrossings.

Two major challenges for future research can be
identified. The first is the development of high-level
ab initio methods that scale with significantly lower
order than N5–N7. The availability of such methods
would enable far more accurate calculations of activa-
tion barriers and reaction pathways than can be done
currently. They would also enable the execution of QM/
QM embedded cluster calculations. The second major
challenge is the development of fully intuition-free
methods for the determination of reaction pathways
and rate coefficients. Once both of these challenges
are met, one can envision a future in which it will be
possible to assess in a realistic manner the consequences
of changing catalyst composition and structure on the
overall catalyst activity and selectivity.
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