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1
Introduction

1.1 Catalysis

The name catalysis comes from the Greek. It contains the notion of
“down” and “loosen” (1). Berzelius (1) proposed the word catalysis for the
acceleration or deactivation of reactions by a material that is not consumed
in the reaction.

Catalysis became known as a phenomenon in the first decades of the
last century (XIXth century). Its starting point is Kirchhoff’s discovery that
acids are able to promote the hydrolysis of starch to glucose (2). However,
catalysis has been employed much earlier, in the Middle ages, in the
production of sulfuric acid and in fermentation processes, such as wine and
bread fabrication (1).

There are three different types of catalysis: enzymatic, homogeneous
and heterogeneous. While in the first two types the reactants and the catalyst
are in the same phase, in the latter case they are in different phases.

The principle of heterogeneous catalytic reactions is described very
well by Froment and Bischoff (3). A catalytic reaction can be divided in the
following steps (see figure 1.1):
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Figure 1.1: Steps of heterogeneous catalytic reactions

(a) Transport of the reactants to the catalyst surface.
(b) Adsorption of the reactants on the catalytic site.
(c) Chemical reaction on the catalytic site.
(d) Desorption of the products from the catalytic site.
(e) Transport of the products to the bulk.

Reactant

Reactant

Product

Product

Reaction
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The chemical aspects of the heterogeneous catalysis are related to
steps (b), (c) and (d). These steps show why the catalytic site plays the most
important role in the complete scheme; it activates the reactants, enabling
them to react and to form the products. Therefore, the regeneration of this
catalytic site for further use is essential for the catalysis. However, one
should keep in mind that the catalyst can only modify the kinetics of the
desired reaction, having no effect on the its thermodynamics. It means that
if one reaction is thermodynamically forbidden, no catalyst can alter this.

This thesis focuses on the enzymatic, homogeneous and
heterogeneous catalysis, especially on the latter one at a microscopic level,
applying theoretical chemical techniques, which will be discussed later.
Steps (b), (c) and (d) of the catalytic scheme were modeled for different
types of catalysts.

1.2 Acid Catalysis

Kirchhoff’s example concerns so-called acid-catalysis. The catalyst is a
Brønsted acid. This type of catalysis has been employed, since the Middle
ages, in a broad group of organic reactions. However, in most of cases, both
reactant and catalyst were in the same phase. Hydrolysis of nitriles (4),
amides (5), acetylimidazole (6), lactams (7), acetanilides (8) and generation
of enols (9) are few examples of the application of acid catalysis.

Lately, other materials have been employed as acid catalysts, such as
enzymes and zeolites (a solid catalyst). These new catalysts have several
advantages compared to the homogeneous catalysts. They demonstrate
better yields and selectivity, they also can be easily separated from the
products. Before describing the latter acid catalysts, the definition of the
different concepts of acid/base will be introduced.
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1.2.1 General theory of acids.

J. N. Brønsted (10) has pointed out that acids and bases might be related in a
simple way. Brønsted’s proposal can be described by the following half-
reactions:

Acid ↔ H+ + base  (1.1)

Base + H+ ↔ acid

Thus, an acid is a species, which can act as a proton donor, and a
base is a species, which can act as a proton acceptor. A typical acid-base
reaction may then be written by:

Acid 1 + Base 2 ↔ acid 2 + base 1  (1.2)

One notices that by removing a proton from acid 1, base 1 is
obtained. The Brønsted theory of acids and bases describes only acid-base
reactions, in which protons are transferred from one to another molecule.
Clearly, the strength of the Brønsted acids should be related to the tendency
for proton donation. If the proton is easily donated, the Brønsted acid is
considered strong. The Brønsted acid activity relates often simply to the
proton concentration in water solution. By Brønsted’s theory the water
molecule itself has to be considered base.

In the case of “aprotic” solvents, which includes most hydrocarbons,
ethers and of course other molecules containing no hydrogen, Brønsted’s
theory for acids in water has to be modified. Now the tendency for proton
donation becomes more important.

This type of acid base reaction is exemplified by the reaction of
boron trifluoride with ammonia:

BF3 + NH3 ↔ F3B←NH3 (1.3)
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This acid-base reaction is best described in terms of Lewis acid-base
theory (10). In this theory, a pair of electrons is used to form a weak
donative bond between two different species. In this new concept the acid is
the electron acceptor molecule and the base the electron donor molecule.
Sometimes the acid is referred as electrophile and the base as nucleophile.

1.2.1 Zeolites as a Brønsted acid catalyst

Since the early 1960s, the field of industrial organic reactions has undergone
important changes by the invention of a new type of solid acid catalyst:
zeolites (11). The main characteristic of these solid acids, compared to
liquid acids, is that they operate in a very different medium and their
bonding characteristics are unique. This latter characteristic results in a very
different proton donation capacity (12). In this case, the concept of pH,
which indicates the acidity of any aqueous solution by measuring the
concentration of protons available, is not more applicable. Moreover,
zeolites have an extraordinary framework with microporous structure, which
has channels and cages.

The unique structure, channels and cages, and high thermal stability
of zeolites have an important consequence in their catalytic performance.
Nowadays these catalysts have an impressive number of commercial
applications in petroleum refining, petrochemicals and more recently fine
chemical production (11).

The zeolite framework corresponds of a combination from Si and Al
atoms linked tetrahedrally by O atom bridges (see Figure 1.2). Since Al3+

cation is present in this structure, substituting one or more Si4+cations, the
total charge is balanced by addition of monovalent cations, such as NH4

+,
Na+ and H+. In the latter case, a Brønsted acid site is created. Furthermore,
exchanging the protons of the Brønsted acid site by metal cations, such as
Zn2+, Cd2+, Cu2+, Lewis acid sites can also be created (13).

The intrinsic acidic strength of these catalysts has been shown to be
very important for their activity (4a-b, 12). Different reactions require
different strength. Therefore, the acidity of zeolites has been a subject of
study for many years (12, 14).

In the past, protonic zeolites have been thought to be as active as
superacids, however several studies indicated the opposite (14). More
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recently, an in situ NMR study of carbenium ion formation indicated that
zeolite protons are not stronger than 80% sulfuric acid solution (14d), which
is considered to be the lowest limit of the superacidity scale.

The presence of Lewis acids in the zeolite framework is claimed to
enhance the acid strength of their neighbor Brønsted acid (15). This
synergetic interaction has been proposed to result in superacid behavior of
zeolites (16).

Figure 2

Figure 1.2 Zeolite framework and active sites

Al

Al
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These Lewis acid sites themselves are also active as catalytic centers
and can promote reactions in zeolites. Hydration of acetylene on Cd2+

exchanged zeolite (13a-b), dehydration of methylbutynol to 3-methyl-3-
buten-1-yne (12) and cycloaddition of butadiene to 4-vinylcyclohexene on
Cu+ zeolites (11) are just few examples.

A detailed study of the zeolite acid catalysts is of great interest. Its
understanding is important for future design, modifications and use.

1.2.2 Enzymes as acid-catalysts

Enzymes are products of evolution and natural selection and are a
consequence of the biological need for specific, efficient and controllable
catalysis within complex chemical systems. Most are made up of large
flexible molecules, polypeptides, that fold into unique structures that
provide specific binding sites for substrates (17), see Figure 1.3.

No enzyme-mediated catalysis can take place without binding of
substrates. Michaelis and Menten described the enzyme kinetics in a simple
term as follows (17):

E + substrate ↔ E(substrate) ↔E + product (1.4)

Most of the enzyme reactions are acid-base catalyzed. As an
example, the papain enzyme, which is a protease from papaya juice, can
catalyze both acid and base hydrolysis reactions (18). Its active site contains
a cysteine thiol and histidine imidazole group. Either cysteine thiol or
protonated histidine imidazole could be the acid group required for acid-
catalysis, and either cysteine thiolate or histidine imidazole group could be
used for base-catalysis.

A special case of acid catalyst is the metal ion enzyme. The metal
ion works as a Lewis acid site rather than as a proton. In the case of the
hydrolysis of esters or hydration of CO2, the metal ion polarizes the
carbonyl group, and stabilizes the negative charge on oxygen. This mode of
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catalysis is used in many enzymes, e. g. caboxypeptidase (Zn2+) for ester
hydrolysis (18), SNase (Staphylococcal Nuclease) for both DNA and RNA
hydrolysis (Ca2+) and Carbonic Anhydrase for hydration of CO2 (Zn2+) (19).

Figure 1.3: Active site of Carbonic Anhydrase

In enzyme-mediated catalysis the water molecule plays an important
role, i. e. dissolving the catalyst, stabilizing charges during the reaction and
transferring protons (20). In the specific case of Carbonic Anhydrase water
co-promotes the dissociation of Zn-bound water (19c) and the internal
proton transfer of Zn-bound HCO3

- (19b).
Interestingly, both previous catalyst types (Zeolites and Enzymes)

have similar application: acid-catalysis. However, each of them has their
own characteristic: high selectivity and activity for enzymes and unique
pore system and high stability for zeolites.
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1.3 Theoretical Methods

One part of theoretical chemistry is molecular quantum mechanics. It can
provide information that complements the experimental results. Both
experimental and theoretical chemistry should work side-by-side to better
understand the chemistry, at microscopic level. In the present work
theoretical chemistry is applied to catalysis by modeling the catalyst and
studying the interaction between the reactants and the catalyst model.

Unfortunately, the theoretical treatment of the catalytic processes has
to solve important dilemma: accuracy versus computational resources.
Faster computers with high memory capacity allow more and more realistic
modeling, but these theoretical calculations are still very costly.
Nevertheless, reliable quantitative and qualitative predictions of structure
and energies can be made using reasonable models that consume moderate
time.

A short overview of some theoretical methods used in this work will
be presented in the following parts.

1.3.1 First principles

In Classical mechanics the motion of the particle is governed by Newton’s
second law:

aF
&&

m= (1.5)

where F is the force acting on the particle, m is its mass and a is the
acceleration. Unfortunately, this classical approach can not be used for
microscopic particles (21). The reason is the idea of “state”, which in
classical mechanics means a specification of position and velocity of each
particle of the system, at some instant, plus a specification of the forces
acting on the particles. Moreover, in the Classical approach, it is possible to
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predict the system future “state” by giving a exact knowledge of its present
state.

The position or momentum of a microscopic particle cannot be
determined exactly. This limitation is so-called uncertainty principle and
was discovered by Werner Heisenberg. Therefore, a new form of mechanics
is required for such particles, which is called quantum mechanics.

To describe the “state” of the microscopic particle in quantum
mechanics, it is necessary to redefine this concept. Initially, this “state”
exists as a function of spatial and temporal coordinates, so-called wave
function Ψ. This function contains all possible information about the
system, in fact, it was postulated by Max Born that:

( ) dxtx
2

,Ψ (1.6)

gives the probability of finding the particle in a very small region defined by
the limits x and x + dx at any time t. This concept of wave function Ψ was
proposed by Erwin Schrödinger and it is described by the so-called time-
dependent Schrödinger equation. Equation 1.7 represents the motion of one
particle in a one-dimensional system,

( ) ( ) ( ) ( )txxV
x

tx

mt

tx

i
,

,

2

,
2

22

Ψ+
∂
Ψ∂−=

∂
Ψ∂− !!

(1.7)

where V is the potential energy function of the system.
However, for many applications of quantum mechanics to chemistry,

it is not necessary to deal with this equation; instead, a simpler time-
independent form of this equation is used. It is possible to separate the wave
function Ψ in a product of two other functions:

( ) ( ) ( )tfxtx ψ=,Ψ (1.8)



Introduction

11

If this new definition of Ψ is substituted in the original time-
dependent Schrödinger equation, it is possible to derive the time-
independent form of this equation.

( ) ( ) ( ) ( )xExxV
dx

xd

m
ψψψψψψ =+−

2

22

2

!
(1.9)

The constant E is postulated to be the energy of the system. The new
function ψ, which is derived from this equation, represents stationary states,
because it does not change with time. Commonly, this function is also called
wave function and most of the chemical properties are derived from it.

To avoid writing the Schrödinger equation in its differential form
(equation 1.9), the Hamiltonian form of the equation will be used from now
on. The Hamiltonian (� ) is differential operator, which like in Classical
mechanics, is the sum of kinetic (T) and potential (V) parts (22).

�ψ= Eψ (1.10)

or

(T+V) ψ = Eψ (1.11)

1.3.2 Solving the Schrödinger equation

In the Schrödinger equation, there are two “unknown” variables: the energy
of the system E and the wave function ψ. Unfortunately, it cannot be solved
exactly for molecular systems.

The first major step in simplifying the general molecular problem in
quantum mechanics is the separation of the nuclear and electronic motions.
This is possible because the nuclear masses are much larger than those of
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electrons, and therefore, nuclei move much slower. This makes it a
reasonable approximation to suppose that the electron distribution depends
only on the instantaneous position of the nuclei and not their velocities.
Therefore, the first problem to be solved is the effective electronic energy
Eeff, which depends only on the relative nuclear coordinates. This separation
of the general problem into two parts is commonly called adiabatic or Born-
Oppenheimer approximation (22, 23).

� effψelect= Eeffψelect (1.12)
or

(Teff+Veff) ψelect = Eeffψelect (1.13)

The main task of theoretical studies of electronic structure is to
solve, at least, approximately, the electronic equation (1.12 or 1.13), and
hence find Eeff. The total energy is calculated by adding to Eeff the nuclear
energy E(nuclei) (simple electrostatic repulsion between the positively
charged nuclei) (23).

E =Eeff + E(nuclei) (1.14)

1.3.2.1 Hartree-Fock theory and correlated methods

The Hartree-Fock (HF) approximation, which is equivalent to the molecular
orbital approximation, was the first methodology applied to solve the
quantum chemistry problem computationally (24). Molecular Orbital
Theory uses one-electron functions or orbitals to compose the full wave
function ψ. Electrons can be considered to occupy these orbitals around the
nucleus.
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ψψ ( ) ( ) ( )nnχχχ �21 21= (1.15)

This is the so-called Hartree approximation, where ( )iiχ  is termed
spin orbital and is the complete representation of the position (molecular
orbital )( zyx ,,Φ ) and the spin (spin function ( )iαα  or ( )iβ ) for one
electron.

This approximation does not insure the anti-symmetry of the wave
function, therefore the spin orbital must be arranged in a determinantal
wave function (22).

ψψ
( )

( )

( )

( )

( )

( ) 














=

nnn n

n

χχ

χχ

χχ

χχ

χχ

χχ
�

�

�

�

��

111

det

2

2

1

1

(1.16)

This representation also follows the Pauli exclusion principle (22),
because the determinantal vanishes if two columns are identical, which
represents two electrons occupying the same molecular orbital with the
same spin.

One property of the molecular orbitals )( zyxi ,,Φ , which should be
mentioned, is their ortho-normalization. It means:

∫




=
≠

== ∗

ji

ji
dxdydzS jiji ,1

,0
, ΦΦ (1.17)

(asterisk denotes complex conjugation)

Given (1.17), the determinantal wave function (1.16) may be
normalized by a factor of (n!)-1/2, integrating ψ over all coordinates of all
electrons.
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With these features in hand, one can construct a full-many-electron
molecular orbital wave function for the ground state molecule with n (even)
electrons doubly occupying n/2 orbitals (so-called close shell wave
functions).

ψψ
( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

( ) ( )

( ) ( )














= −

nnnnnn

n

n

n

ββ

ββ

ββαα

ββαα

Φ

Φ

ΦΦ

ΦΦ

2/

2/

11

11

2/1

111111

det)!( �

�

���

�

(1.18)

This determinant is often referred to as Slater determinant, as (1.16).

However, a further restriction is imposed in practical application of
this theory, the individual molecular orbital is expressed as a linear
combination of a finite set of N prescribed one-electron functions known as
basis-functions.

∑=
N

j
jiji C φφ,Φ (1.19)

Cj,i’s are coefficients termed as molecular orbital expansion
coefficients.

Up to this point, the determinantal wave function is constructed from
molecular orbitals, which in turn are expanded in terms of basis-functions.
What remains is to specify a method for fixing the linear combination
coefficients (Cj,i), which is the realm of Hartree-Fock theory (HF).

HF theory is based on the variational method, which states that for
any antisymmetric normalized function of electronic coordinates, an
expected value of the energy corresponding to this function can be obtained
from the integral:
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∫
∧

∗= ττζζζζ dE H' (1.20)

(integration over all coordinates of all electrons)

If ζ happens to be the exact wave function ψ for the ground state, E’
will therefore be the exact energy. However, any other normalized
antisymmetric function will give a greater value for E’ than the exact one.

In this case, one can select a given basis-set for orbital expansion,
the coefficients (Cj,i) may then be adjusted to minimize the expectation
value of E’ as is possible within the limitations imposed by (a) the single-
determinant wavefunction, and (b) the particular basis set employed. Hence
the best single-determinant wave function, in an energy sense, is found by
minimizing E’ with respect to the coefficients (Cj,i). This implies the
variational equations

0
'

,

=
ijC

E

δδ
δδ

for all j and i (1.21)

This set of derivatives leads to a group of algebraic equations for Cj,i.
These equations were derived initially by Roothaan and Hall independently,
thus so-called Roothaan-Hall equations.

0)(
,

=−∑ CSF ii

N

νµνν µν ε  for µ= 1, 2, … N (1.22)

with the normalization conditions

1
,,

*

,
=∑ ∑N

i

N

i CSCµ νν νµµ (1.23)
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Here εi is the one-electron energy of the orbital )( zyxi ,,Φ , Sµ,ν and Fµ,ν
are the elements of NxN matrices, called ovelap and Fock matrices
respectively.

Unfortunately, these equations are not linear, therefore the solution
requires necessarily an interactive process.

Hartree-Fock theory has played an important role in quantum
chemistry. This theory has its limitations, since correlation of electron
motion is not taken into account. As consequence van der Waals
interactions, which are important to physisorption, cannot be considered.

The next step is the replacement of HF methods by more elaborated
models, such as Configuration Interaction (CI) and Møller-Plesset
perturbation theory. Nevertheless, HF theory still can be used as a starting
point for these more accurate methods (22,24).

Although, both latter methods provide better quality than HF results,
the computational time is very high. For example, their computational time
depends on the high power of the total number of basis set used, which
makes almost prohibitive their use for large systems.

The most common method used to correct HF results is the second
order of Møller-Plesset expansion, so-called MP2. This method is the first
truncation of the complete Møller-Plesset perturbation theory.
Unfortunately, this method is still computationally expensive for large
systems and one is often restricted to “single-point” calculations at the HF
geometries.

1.3.2.2 Density Functional Theory (DFT)

In 1964 Hohenberg and Kohn proved that the ground-state molecular
energy, wave function and all other molecular electronic properties are
uniquely determined by the electron density ρ (21, 23, 25), thus creating a
new theory so-called Density Functional Theory (DFT). The Hohenberg-
Kohn theorem enables the total energy of the system to be written as a
functional of ρ.
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E[ρ]= Et[ρ] + Ec[ρ] + Ee[ρ] + Exc[ρ] (1.24)

Et[ρ] is the kinetic energy for non-interacting electrons, Ec[ρ] is the
electron-nuclear interaction term, Ee[ρ] is the electron-electron interaction
Coulomb energy and Exc[ρ] contains the exchange and correlation
contributions. Unfortunately, the Hohenberg-Kohn theorem does not tell
how to calculate E[ρ] from the density, or how to find the density without
first finding the wave function.

A key step towards these goals was taken by Kohn and Sham (21,
25), who showed that the exact ground-state ρ can be found from the so-
called the Kohn-Sham orbitals.

2

∑=
n

i
iψψρρ (1.25)

The Kohn-Sham orbitals are found by solving the one-electron equations,
which are similar to HF equations. 1 represents any electron from the
system.

( ) ( ) ( )111 iiiKSF ψεψ = (1.26)

The main difference from Hartree-Fock equations is that the Kohn-
Sham equations contain more general non-local potential in the FKS operator.
The computational effort to solve these equations is not much more than to
solve the previous ones.

The Kohn-Sham theory provides also one-electron equations for
describing many-electron systems and it is distinguished from the Hartree-
Fock theory by its capacity to fully incorporate, in principal, the exchange-
correlation effect of electrons, which are lacking in the latter method (25).

Moreover, these Kohn-Sham equations would give exact values of ρ
and E if Exc[ρ] were known precisely. However, no one knows what is the
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correct Exc[ρ] for molecules. Various approximate functionals Exc[ρ] have
been used in molecular DFT.

In this work, different expressions for the functionals have been
used. The hybrid method, which includes a mixture of Hartree-Fock
exchange with DFT exchange-correlation, so-called Becke3LYP (26) for the
Brønsted acid studies. The Becke88 exchange functional (27) combined
with LYP correlation functional (28) were used for the Lewis acid studies.
These expressions were employed as they were implemented in the quantum
chemistry packages: Gaussian 92,94 (29) and DGauss (30), respectively.

1.3.3 Transition state search

Minima, maxima and saddle points can be characterized by their first and
second derivatives. For a function of several variables, the first derivatives
of energy with respect to each of the variables form a vector, so-called
gradient. The second derivatives of energy form a matrix called the Hessian.

For a function of one variable, the first derivative of energy is zero at
a local minimum or maximum. Expanding this idea to a function of more
than one variable, all derivatives with respect to all variables must be zero,
i.e. the gradient must have zero length. These points are also known as
stationary points, or in topology, critical points.

In a one-dimensional function, the second derivative determines the
nature of the stationary point. A positive value for this derivative indicates
that the stationary point is a minimum, for a maximum a negative value is
required. However, there is another critical point, in which the second
derivative is zero, and it is denominated point of inflection. Analogous to
the one-dimensional case, the second derivative matrix determines the
characteristics of the stationary point. Rather than individual elements of the
Hessian, the eigenvalues of this matrix are responsible for this
determination. If all eigenvalues are positive, the point is a minimum; if all
are negative the point is a maximum. In n-dimensional case there are also
some special points, so-called Nth-order saddle points. An Nth-order saddle
point has n negative eigenvalues, i. e. maximum with respect to n mutually
perpendicular directions, and all rest have positive values. For chemistry,
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the first-order saddle point is very important, thus it has a maximum with
respect to only one perpendicular direction.

A minimum on a energy surface represents an equilibrium structure.
One must realize that theoretical chemistry deals with N-dimensional energy
surfaces, therefore these minima represent stable configuration of a set of
bound atoms. If there is more than one minimum in this surface, a group of
paths can be constructed connecting one minimum to the other. If the
highest energy point on each path is considered, the transition state can be
defined as the lowest of these maxima, i.e. the barrier for the lowest-energy
path. This is just the previous definition of first-order saddle point (31).

The transition state can be optimized directly without any problems,
especially if the initial estimate of the Hessian has the one negative
eigenvalue. Unfortunately, this is not the common case. Even with chemical
intuition, standard geometries may not be good enough to estimate the
transition state geometry. In these cases, various techniques can be applied
to get close to a transition state (32):

a) Potential surface scan; along a reaction path a series of energy only
or energy + gradient calculations may be done to locate the region, where
the transition state is located approximately, a small grid of points may be
necessary to be calculated if there are more than one relevant reaction
coordinate,

b) Linear synchronous transit (LST) (32); the reaction path is
approximated as a straight line in the space of interatomic distances (it may
correspond to a curved path in Cartesian or internal coordinates). The
transition state can be estimated by finding the maximum along this one-
dimensional path. Since the true reaction path is usually not the same as the
LST path, the estimated transition state has a higher energy than the true one
and possibly may be situated out-limits of the quadratic region of the true
transition state. However, a better estimation of the transition state position
can be achieved by applying a minimization perpendicular to the reaction
path (quadratic synchronous transit- QST).

c)  Coordinate driving, walking up valleys and eigenvector following
methods; these methods search the transition state by following up the
reaction path towards the transition state geometry. The first method, the
coordinate, which dominates the reaction, is incremented at each step and
the remaining coordinates are optimized. The second method uses a fixed
step length in direction that gives the easiest path up the valley and the last
one, steps are taken along a selected eigenvector (usually the one with
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lowest eigenvalue). This approach can be very expensive, since the Hessian
is recomputed frequently. The idea of the last two methods is to follow the
shallowest ascent path towards the transition state. Unfortunately, if the path
followed is not the latter one, both methods can miss the transition state.

Two different approaches have been used in this thesis, mainly as
implemented in the quantum chemistry packages used. In Dgauss software
(30), the method is called the gradient norm method, developed by McIver
and Komornicki (33). This method finds the saddle point by optimizing the
gradient norm, since the norm of the gradient is a minimum at any
stationary point (minimum, maximum and saddle point). The optimization
converges directly to the transition state structure, if the starting point is
near to the saddle point. Moreover, one should also keep in mind that at the
saddle point the gradient norm is zero, and not just a minimum. However,
the gradient norm can be a minimum at a shoulder of the energy surface,
therefore this method requires an accurate Hessian matrix at some points
during the optimization steps.

During the search of the transition state using Dgauss (30), our
procedure was to generate the exact Hessian matrix in the initial step. The
program updated the Hessian at each successive optimization step, however
this matrix should be recalculated to avoid the latter discussed problem. In
our case the exact Hessian was calculated again after 8 hours of
optimization. This methodology was chosen since the Hessian calculation is
very costly for large systems. This process provided good and fast results.

Gaussian 92, 94 (29) packages use the Berny optimization program
to optimize to a saddle points using internal coordinates (34). This program
is based on an earlier program created by Schlegel (35) and it has been
improved since its earlier version. The Bern algorithm uses a combination
of rational function optimization and linear search steps, the second cannot
be applied when transition state is being searched. At each step this
algorithm does: a) the Hessian is updated unless it has been analytically
computed or it is the first step, b) the maximum allowed Newton-Raphson
step is also updated if a minimum is sought. At last, c) any components of
the gradient vector corresponding to frozen variables are set to zero of
project out, thereby eliminating their direct contribution to the next
optimization step. As this search is more sensitive to the curvature of the
surface, the Hessian should be exactly calculated at least in the first step.

By default, this algorithm checks the number of negative
eigenvalues (the curvature) of the Hessian matrix each optimization step. If
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it finds more than 1 negative eigenvalue, the search is aborted. However, it
is very difficult to estimate exactly the transition state structure at the
beginning of the search, therefore in our search this test is disabled. The
search has less chance of success if the curvature is wrong, thus at each 10
optimizing steps the Hessian was recalculated analytically for the transition
state to check the current structure. This methodology also provides good
and fast results.

1.3.3.1 Testing Stationary Points

Any stationary point found in an optimization should be tested to be sure
that it has the proper number of imaginary frequencies or negative
eigenvalues of the Hessian. This can be done in different ways, such as
computing the vibrational frequencies or computing the exact Hessian and
diagonalizing it.

In our tests, the vibrational frequencies were computed in most of
the cases. For a minimum, no imaginary frequency was found, while 1
imaginary frequency was found for the transition state case.

However, in the case of transition states, it is also important to check
the nature of the eigenvector with the negative eigenvalue to assure that the
saddle point connects the correct reactants and products. This test can be
done by following the path from the saddle point towards the reactant and
the product. Gaussian softwares (29) use the Intrinsic Reaction Coordinate
(IRC) method, which was proposed by Gonzalez and Schlegel (36). This
calculation is quite expensive for large systems, therefore it was only used
when a simple inspection of the imaginary frequency was not enough to
assure the correct path.

1.4 The objective of this thesis

Advances in catalysis are connected to the understanding of the
mechanism of the elementary steps, which form the overall catalytic cycle.
Reaction constants and heats of adsorption, interaction energies between the
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reactant species, ancillary effects of co-adsorbed molecules, determination
of transition states structures, which is difficult to determine by
experimental methods, amongst others are the essential information to
achieve this goal.

In this thesis the hydrolysis of nitriles was studied on a molecular
level using different ab initio methods, in which Density Functional Theory
was the main technique applied. Most of the necessary information has been
obtained by combining all these data and it has been also possible to
construct a picture of how nitriles react in the presence of different types of
acidic catalysts.

1.4.1 Synopsis

This study enfolds several different subjects, such as Brønsted acid
catalysts, Brønsted and Lewis acid sites of zeolites, product poisoning,
protonation and nucleophilic reactions, isomerization and tautomerization of
intermediates. Therefore this study was divided in the following parts:
Chapter 2: The interaction between acetonitrile and Brønsted acids was
studied. Hydrochloric acid, hydronium ion and protonic zeolite were used as
Brønsted acid models. A comparison between all these acids is provided,
indicating that neither hydrochloric acid nor zeolite models were able to
protonate acetonitrile directly. However, the hydronium ion is strong
enough to protonate acetonitrile without any activation barrier. In the case
of hydrochloric acid, several different models were tested by changing the
number of water molecules present and the dielectric constant of the
environment. Interestingly, acetonitrile was not protonated in any case, but
hydrochloric acid dissociated when the number of water molecules present
was sufficient to “solvate” the chloride ion and the proton.
Chapter 3: A synergetic effect between Brønsted and Lewis (Zn2+) acid sites
in zeolites was studied. Adsorbing acetonitrile in both sites, the interaction
energy between the sites and acetonitrile was calculated. Acetonitrile is
strongly bonded to the Lewis acid. The difference in adsorption energy for
the Lewis and Brønsted sites is greater than 80 kJ/mol. Interestingly, the
presence of the Lewis site does not affect the Brønsted acidity. However,
the presence of ZnOH1+ enhances the Brønsted activity due to a change of
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the model geometry upon acetonitrile adsorption and displacement of OH
group position form ZnOH1+.
Chapter 4: In this chapter, the reaction of nitrile hydrolysis is studied using
so-called Homogeneous catalysts. Hydrochloric acid and hydronium ion
were used to catalyze this reaction. The reaction was divided in three parts:
hydration, isomerization and product desorption. Each catalyst develops a
different mechanism for the hydration step. While hydronium ion catalyzes
a stepwise mechanism, hydrochloric acid promotes a concerted mechanism.
The activation barrier is lower for the stepwise mechanism than for the
concerted reaction, due to the protonation of acetonitrile, which is the key of
the reaction. The ancillary effect of water was also studied. In the case of
acetonitrile hydration, the barrier decreases because of the stabilization of
the charges. However, in the tautomerization of the intermediate, water
molecule plays a special role transferring the proton from one group to the
other. This ancillary effect on the tautomerization reaction was also verified
by using hydronium ion and hydrochloric acid. These species promotes the
proton transfer better than water molecule.
Chapter 5: The protonic zeolite is studied as a Brønsted acid catalyst for
nitrile hydrolysis. Similarly to hydrochloric acid, the reaction follows a
concerted mechanism. The reaction can be also divided in three parts:
hydration, isomerization and product desorption. The hydration transition
state is very similar to the homogeneous homologous (HCl). The ancillary
effect of water molecules was also studied for the hydration step. Although
the transition state was stabilized by the presence of an extra water, this
energy is not high as in the homogeneous case because there is a steric
repulsion between acetonitrile and water. However, the isomerization step
has some differences. Mainly, the intermediate configuration formed in the
hydration step is not the same in both cases. Therefore, the isomerization
catalyzed by zeolites has fewer transformations. This step can be described
by two alternative paths, one results in acetamide directly and the other in
its O-protonated configuration. It seems that the latter path is preferred
because low activation energy is required. Acetamide is strongly adsorbed
on the Brønsted site, thus it poisons the catalyst, which has been observed
experimentally.
Chapter 6: The hydrolysis of acetonitrile catalyzed by Zn2+ ion exchanged
zeolites has been studied. The action of the metal ion is found to be quite
analogous to that of the hydrolyzing enzymes, especially to Carbonic
Anhydrase. The primary reaction of Zn2+ with H2O is a dissociative reaction,
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in which ZnOH+ species is formed together with a zeolitic proton. Several
reaction paths have been analyzed, dividing the hydrolysis reaction in three
parts: hydration, isomerization and product desorption. The water molecule
plays an important role in many elementary reaction steps. It acts as proton
donor in hydration and tautomerization parts and facilitates the product
desorption that is an inhibitor of the reaction.
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2
Interaction between acetonitrile and

different Brønsted acid models

Abstract

The interaction between acetonitrile and different Brønsted acids has
been studied. Hydrochloric acid, hydronium ion and protonic zeolite were
used as Brønsted acid models. A comparison between all these acids is
provided, indicating that neither hydrochloric acid nor zeolite models were
able to protonate acetonitrile directly. However, the hydronium ion is strong
enough to protonate acetonitrile without any activation barrier. In the case of
hydrochloric acid, several different models were tested by changing the
number of water molecules present and the dielectric constant of the
environment. Interestingly, acetonitrile was not protonated in any case, but
hydrochloric acid dissociated when the number of water molecules present
was sufficient to “solvate” the chlorine ion and the proton.

Keywords: Ab-initio, Brønsted acid site, zeolites, water molecules.
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2.1 Introduction

A less explored alternative for the production of organic acids is the
hydrolysis of nitriles, which is well-established catalytic procedure in acidic
and basic media (1). Some of these organic acids are considered special
commodities, such as terephthalic acid. The production of this acid together
with its dimethyl ester ranks about 10th in tonnage of all organic compounds
(2). However, their current industrial process is known to be
environmentally unfriendly.

The nitrile hydrolysis reaction proceeds in four steps, in which the
limiting step is the protonation of nitrile (1). This protonation occurs when
the Brønsted acid catalyst interacts with nitrile. Therefore, it is necessary to
understand how these acids interact with nitriles.

The first generation of Brønsted acid catalysts was aqueous solution
of hydrochloric and sulfuric acid (3). However, new solid acid catalysts,
zeolites, have been recently developed and employed for hydrolysis of
diverse molecules (4).

Our aim is to compare the interaction between nitriles and different
Brønsted acid catalysts, such as protonic zeolites, hydrochloric acid and
hydronium ion. In order to perform our investigation a theoretical study of
this phenomenon is applied by using ab initio methods.

The first Brønsted acid catalyst type employed is protonic zeolite
and is modeled by “3T” zeolite cluster. Such a theoretical approach has been
applied to several other zeolite-catalyzed reactions. The activation of C-H
and C-C bonds (5), the study of methanol reactions in zeolites (6) and
interaction studies between the Brønsted acid sites and chemical species (7)
are a few examples.

The other Brønsted acid catalysts are hydrochloric acid and
hydronium ion. These catalysts are modeled by HCl(H2O)x=1,2,3,5 and
H3O

+(H2O)x=0,2 clusters, thus so-called “homogeneous models”. Similar
homogeneous approach has also been used before in theoretical studies of
hydrolysis of isocyanates (8), β-lactams (9) and parent carbodiimide (10). In
these models one of the water molecules is a nucleophile, while the other
ones represent solvent. The second water molecule acts also as a basic
molecule, which is a homogeneous analogue of basic oxygen atoms of the
zeolite. This methodology is shown very useful to understand and compare
the interaction between the molecules that occurs in the zeolite cluster
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model. Furthermore, water molecule itself has been also used as Brønsted
acid catalyst and compared with the other catalyst types.

Acetonitrile (An) has been chosen as a model for simplicity (small
nitrile molecule). Moreover, acetonitrile has also been widely used to probe
Lewis and Brønsted acidity of zeolites (7a, 7e, 11, 12).

2.1 Methods

In this present work, different cluster fragments were used to model the
Brønsted acid site: “3T” (H3SiOHAl(OH)2OSiH3) for zeolite and (H2O)3,

H3O
+ (H2O)x=0,2 and HCl(H2O)x=1,2,3,5 for “homogeneous” Brønsted acids. In

the zeolite models, the Al center has two or three adjacent oxygen basic
atoms, which are necessary for hydrogen bonding with OH and NH groups
(13).

H-termination of Si group has been chosen instead of OH-
termination to avoid problems such as intramolecular hydrogen bond
formation, which results in the creation of a non-acceptable model (14).
Clusters provide qualitatively interesting results with activation energies
typically 10 kJ/mol higher than found for extrapolated bulk zeolite
reactions. The use of such clusters has been extensively discussed elsewhere
(13, 15).

All the calculations have been performed using two different types
of basis set with polarization functions: D95– Dunning/Huzinaga full double
- ζ (16) (for: Cl, Si, Al, C, N, H) and 6-311G (for the O). For studies of
methanol and ammonia in zeolites, such combination of double and triple -
ζ  plus polarization function type has been successfully employed with “3T’
cluster (17). Large basis sets, at least double −ζ type, have been shown to be
necessary for good accuracy in energy and physical properties (18).

Restricted Hartree Fock (RHF), Density Functional theory (DFT)
and second order Møller-Plesset perturbation theory (MP2) have been used
in this study. RHF calculations were used to save computer time and to
obtain initial guesses for the other calculations. MP2 is used to correct the
RHF geometry and energy in our systems for small systems. In case of
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zeolite clusters, MP2 was only used to correct the RHF energy (single point
calculations).

DFT calculations were performed because they include some
electron correlation and it scales much better than the previous MP2 method
(19). The hybrid B3LYP functional was used, which gives acceptable values
for molecular energies and geometries (19,20).

The results were obtained with Gaussian94 (21) and 92 (22)
packages. The DFT calculations using the 92 version were performed using
Int=FineGrid keyword (which is a default on the 94 version) (23) to avoid
numerical inaccuracies in the energy and gradients calculations. The hybrid
B3LYP functional was used in our work as implemented in Gaussian94 (21)
or 92 (22) codes.

For RHF and DFT calculations, all the stationary points (transition
states and geometry minima) were verified by frequency calculations. These
tests produce no imaginary frequencies for local minimum and one
imaginary frequency for transition states (first order saddle points) (24). The
computation of Hessian matrix within MP2 framework requires large
resources, therefore the DFT geometry and Hessian are used as initial
guesses, which are updated according to MP2 forces.

RHF and DFT energies were also corrected using zero-point energy
(ZPE). The basis set superposition error (BSSE) was verified for DFT and
MP2 (“homogeneous model”) using counterpoise method (25). Although
our calculations involve more than two molecules, the N-body counterpoise
method (26) was not applied completely. For most of the cases here studied,
such procedure becomes very expensive. For example, 22 calculations and
125 calculations are required for 3-body system and for 4-body system,
respectively. Instead, only the 2-body method was applied in four different
cases, such as HCl plus water, acetonitrile plus water, acetonitrile plus HCl,
“3T” model plus acetonitrile. On average, the BSSE content (in percentage)
for these interaction energies was 20.1 and 25.4 respectively for DFT and
MP2 (only for the binary systems of the “homogeneous model”). These
values are in agreement with recent studies of BSSE for H-bonded
complexes (27). Even though these values are not negligible, the BSSE was
not corrected but simply verified in our results (see also recommendations in
previous specific studies on this subject (25,26)).

No symmetry constraints have been used for most of the
configurations studied (all exceptions are described along the text). Since
MP2, RHF geometries are quite similar to DFT in most of the cases, the
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latter geometries are shown in the Figures and Tables. RHF and MP2
energies are shown only when it is necessary.

Figure 2.1a: Acetonitrile interacting with the Brønsted acid (zeolite model)
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2.3 Results and discussion

Interaction between acetonitrile and zeolites

Figure 2.1a shows the computed acetonitrile (An) adsorption complex using
“3T” model. This configuration indicates that An forms a hydrogen bond
with the Brønsted site through nitrogen lone pair. This optimized structure is
similar to previously found by Hall et al (12) and Florian and Kubelkova
(11). The angles O(3)-H(8)-N and C(18)-N-H(8) are less than 180o. In (12)
the angle C(18)-N-H(8) was found to be 161.3o and in (11) it is equal to
175.6o, while our results (see Table 2.1) show values of 172.9o and 162.8o

for DFT and RHF methods, respectively. The distance between the Brønsted
site and acetonitrile is 1.75 Å (for DFT method). All these results are also in
agreement with the rules developed for gas phase hydrogen bonded dimers
(28), where it has been found that the non-bonding pair interacts with acidic
protons.

HCl(H2O)x model
(Figure 2.1d)

Zeolite model
(Figure 2.1a)

N-H(6) 1.75 -
C(9)-N-H(6) 161.4°{163.3°} -

N-H(8) - 1.73
C(18)-N-H(8) - 172.9°{162.8°}

Zeolite model
Cluster (“3T”) Cluster (“3T”)and acetonitrile

Al-O(3) 1.94 1.92
Si-O(2)-Al 156.4° 153.7°
Si-O(3)-Al 114.9° 118.9°

O-H(8) 0.96 0.99
O(3)-H(8)-N - 174.1°{168.4°}
H(8)-O(3)-Si 117.6° -
H(8)-O(3)-Al 127.4° -

Si-O(3)-Al-O(4) 6.25° {6.87°} -

Note: {RHF} values
Table 2.1 - Optimized geometries for various systems. All distances are in

Angstroms (Å) and angles in degrees.
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The cluster model geometry is also comparable with earlier reported
results. For instance, the distances Al-O(3) and O(3)-H(8) were calculated to
be 1.98 and 0.98 Å by Gale (13), 1.94 and 0.95 Å by Sauer (17a) and 1.94
and 0.96 Å in this work for DFT method. Following the previous
comparison, the model angles behave also similarly, H(8)-O(3)-Si  and
H(8)-O(3)-Al are 117.5o and 107.6o in (13) or 120.0o and 132.0o in (17a) and
in this work: 117.6o and 127.4o, respectively (see Table 2.1). The average
value for the angles between the T atoms, Si-O(3)-Al and Si-O(2)-Al, is
135.7o in this work. These values are in good agreement with the
experimental values found for ZSM-5, which range from 147.1 to 158.8o in
monoclinic and from 144.9 to 175.9o in orthorhombic framework (29).

The spatial positions of Si, O(3), Al and OH group show interesting
phenomenon. The dihedral angle between Si, O(3), Al and O(4) in our
studies is 6.25o for DFT (see Table 2.1) and 6.87o for RHF, which means
that these atoms are almost in the same plane. This distortion has not been
found in real zeolite frame, thus it might be a source of important
differences.

To verify such possible influence on our results, calculations of
acetonitrile adsorption and deprotonation energy were also performed using
some geometric constraints in the cluster model. The first idea is to fix the
position of Al atom, non-bridging oxygen and SiH3 groups as found in
faujasite. The other idea is to fix only the non-bridging oxygen and SiH3

groups.
The resulting deprotonation energies for the all models (with or

without constraints) can be found in Table 2.2. Our results do not
significantly change and are in a good agreement with previously calculated
and experimental values (30). Therefore, the geometry differences found in
our model have only a small influence on the result.

One remark should be made about the value of the adsorption energy
found in this study (using the full optimized “3T” cluster), which is 42.6 kJ,
47.5 kJ and 54.7 kJ for RHF, DFT and MP2//RHF calculations. Comparing
these values to the experimental result of 80 kJ (for HY) (31), one concludes
that our zeolite model does not represent completely the real zeolite
environment for acetonitrile adsorption. Cluster models does not contain
any stabilizing effects that result from the van der Waals interactions of
acetonitrile with zeolite cavity oxygen atoms. The energy difference
between cluster calculations and experiment agrees with data on the
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adsorption energy of acetonitrile in siliceous zeolites, which show values
between 30 kJ/mol (32) and 60 kJ/mol (33).

In all of our calculations, acetonitrile is not protonated by the zeolite
cluster. Even when this protonated geometric configuration was employed
as initial structure, the proton migrates back to the cluster. This agrees with
the interpretation of infrared spectra studies of acetonitrile adsorbed on
zeolites (7a, 7e, 11) and has also been observed before in different types of
calculations (12, 34).

Zeolites also can not protonate p-nitrotoluene and p-
fluornitrobenzene (19), these molecules are considered bases with Ho at the
border of superacidity, indicating that zeolites do not have super-acidity
character. This result was also confirmed by the NMR study of carbenium
formation (35), where zeolites appeared to be not stronger than 80% sulfuric
acid solution.

Model used Deprotonation
energy

Acetonitrile
adsorption

energy

3”T” – 2-dimensional 1301.4 -47.5
{-42.6}
[-54.7]

3”T” – 2-dimensional with constraints
(Al, SiH3, OH)

1268.6 -59.8

3”T” – 2-dimensional with constraints
(SiH3, OH)

1280.6 -51.9

3”T” – 3-dimensional 1331.0 -

4”T” 1287.3 -49.9

Experimental values for zeolites 1139-1204 (30a) 80 (31a)
110 (31b)

HCl(H2O)x=2,,0 model - 22.4, x=0
85.3,  x=2

Note: {RHF} value and [MP2//RHF] value
Table 2.2 - Deprotonation and adsorpion energies for various methods and
models (kJ/mol).
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Interaction between acetonitrile and “homogeneous” catalysts

In Figure 2.1b, one can see that acetonitrile is directly protonated by contact
with H3O

+(H2O)2 cluster. This occurs without any activation barrier. This
result confirms that in aqueous acid solution, where protons are readily
accessible, a step-by-step mechanism is preferred for the hydration of
nitriles (1).

Other calculation showed that when acetonitrile and H3O
+ ion

interacted directly (i.e. no water molecules present), the proton was also

Figure 2.1b Acetonitrile interacting with the Brønsted acid (H3O
+)

transferred directly. This indicates that extra water molecules do not
participate in this proton transfer.

In the case of a water molecule as a proton donor, the proton is not
transferred directly as seen before (see Figure 2.1c). Because of high energy

N

H

H

O

O

O

H

C



Chapter 2

38

Figure 2.1c Acetonitrile interacting with the Brønsted acid (water molecule)

cost in order to dissociate a water molecule one can expect this transfer to be
not favorable.

Similar acidity dependence was seen in some previous studies.
Denitration of nitroamides (36), N-substituted amides hydrolysis (37) and β-
lactam hydrolysis (19, 38) involve a neutral water mechanism at low acidity.
But in the polymerization of 1-pentene in 95% sulfuric acid, due to sulfuric
acid autoprotolysis and further solvation of [HSO4]

1-, aliphatic carbenium
ions are formed (39a). Furthermore, in the study of the formation
mechanism of tert-butyl carbenium ions in 100% sulfuric acid (39b),
isobutene is protonated directly in the presence of H3SO4

1+, while in the
presence of sulfuric acid the protonation occurs with activation barrier
energy.

N

H

H

O

O

O

H

C



Interaction between acetonitrile and
different Brønsted acid models

39

In the case of HCl (H2O)2 (HCl as a proton donor), acetonitrile is
also not protonated (see Figure 2.1d). The homologous angle of C(18)-N-
H(8) in zeolite model is C-N-H(6) in the HCl(H2O)2 model and its value is
161.4o and 163.3o for DFT and RHF methods respectively (see Table 2.1),
which is in a good agreement with the previous values found for zeolite
model.

The distance between the Brønsted acid and acetonitrile is 1.73 Å
(for DFT method) for the HCl(H2O)2 model. One can notice again that
acetonitrile has quite similar position for both Brønsted acid catalyst models
studied and it is also in agreement with the rules developed for gas phase
hydrogen bonded dimers (28).

The interaction energy between acetonitrile and HCl (without water
molecules) has been also calculated to be 22.4 kJ/mol for DFT method. This
value is around half of the previously found for the zeolite model. However,
when two water molecules are added to the model, this energy increases to
the value of 85.3 kJ/mol, which is similar to the experimental value for the
zeolite. This water addition strengthens the acidity of HCl cluster model in
gas phase.

However, the addition of a water molecule in the clusters HCl(H2O)x,
up to x=3, does not favor the HCl dissociation and further acetonitrile
protonation. When the water content in the HCl(H2O)x cluster model is
increased to x=5 and this cluster is optimized using DFT and RHF, HCl
dissociation occurs. The proton is transferred to water molecule, which is
stabilized by three neighboring water molecules. This geometry is very
similar to previously reported for water dissociation (40) and for
dissociation of HCl in concentrated solution (41). One point should be noted
is that there is a charge separation when acetonitrile is protonated in the
zeolite and HCl cases, which are neutral systems, and not for the H3O

+ case.
This charge separation can be only stabilized when a certain number of
solvent molecules are present.

The acetonitrile protonation still does not occur in this model, thus
it indicates that “solvated” H3O

+ has weaker acidity. Earlier experimental
studies of the hydrolysis of hydrogen cyanide and acetonitrile by HCl
indicated that the increase of the reaction rate is related to the increase in the
concentration of dissociated HCl molecules (3a, 42).

In a parallel calculation, the clusters HCl (H2O) and acetonitrile
plus HCl were studied by the Self-Consistent Reaction Field method
(SCRF) using the Self-consistent Isodensity Polarized Continuum
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Model(SCI-PCM) (43) to mimic a polar environment. This methodology
has been successfully used before in several studies (8, 38c, 44). Three
different dielectric constants (ε) were tested: 40 (similar to DMSO), 78.5
(similar to water solution) and 100.0 (similar to a high polar medium as
sulfuric acid).

HCl does not transfer its proton to acetonitrile after altering the
dielectric constant of the reaction medium, regardless of the value chosen. It
has been shown experimentally by using HX acids that nitriles only can be
protonated in special conditions (42). The same result is found for the
proton transfer from HCl to H2O in the cluster HCl(H2O). This indicates that
HCl possibly requires more water molecules to dissociate, which has been
already indicated in earlier study on HX acid dissociation (45).

Figure 2.1d Acetonitrile interacting with the Brønsted acid (HCl)
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2.4 Conclusions

The interaction between acetonitrile and Brønsted acid has been studied
theoretically by different ab initio methods (RHF, DFT and MP2). Different
Brønsted acid models have been compared, such as zeolite, hydrochloric
acid and hydronium ion.

Neither zeolite nor hydrochloric acid was able to protonate
acetonitrile directly. In both models there is a charge separation when
acetonitrile is protonated. This charge separation can be stabilized by adding
solvent molecules.

Zeolite and hydrochloric acid interact similarly with acetonitrile,
which the geometry and interaction energy of the complex catalyst-
acetonitrile are in good agreement. In case of zeolite our result also indicates
that this Brønsted acid is not a superacid, since experimental studies have
shown that acetonitrile can be protonated in super-acid medium as FSO3H-
SBF5-SO2 solution (46).

Hydronium ion is strong enough to protonate acetonitrile without
activation barrier, except if it is “solvated” by other water molecules.

Hydrochloric acid can be dissociated when the number of water
molecules present in the HCl (H2O)x cluster was equal to 5, which was
sufficient to “solvate” the chloride and proton and to stabilize the charge of
these ions.
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3
Interaction between acetonitrile and

Brønsted and Lewis acid sites on Zn2+

ion exchanged Zeolites: effects on the
Brønsted acidity

Abstract

The effect of Zn2+ exchange on the Brønsted acidity of a protonic zeolite has
been studied by the ab-initio DFT (Density Functional Theory) approach
using the BLYP generalized gradient approximation. Three different zeolite
cluster models have been compared: two 6”T” models (two 4”T” rings with
an oxygen atom bridge) with Si/Al=1 and Si/Al=2 and a 4”T” model (ring
form) with Si/Al=1. The Brønsted acidity has been probed by computation
of the acetonitrile adsorption and the cluster deprotonation energy. The
presence of Zn2+ does not affect the cluster Brønsted acidity but it creates a
very strong Lewis site (Zn2+) in all models studied. On the other hand, the
presence of ZnOH+ enhanced the Brønsted site acidity in the case of 6T
model with Si/Al=1. This enhancement is due to a change in cluster
geometry and position of OH group in ZnOH+ upon acetonitrile adsorption.

Keywords: ab-initio, Zn2+, ZnOH+, zeolites, Brønsted site and Lewis site
acidity.
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3.1. Introduction

Protonic zeolites have been shown theoretically (1) as well as
experimentally (2) to be weaker than superacids. A recent in situ NMR
study of carbenium ion formation, indicated that zeolite protons appear to be
not stronger than 80% sulfuric acid solution (2b).

On the other hand, the presence of Lewis sites is claimed to enhance
the acid strength of their neighbor Brønsted sites (3) and it has been
proposed that this synergetic interaction may result in superacidic behavior
(4). For instance, dealumination of zeolites, which creates deposits of extra-
framework aluminum (EFAl): AlO or AlOH+, has been shown to increase
the Brønsted acidity in many different reactions. Disproportionation of
toluene (4), isobutane/2-butene alkylation (5), isomerization and hydration
of α-pirene (6), ethylbenzene hydroisomerization (7) and MTBE synthesis
in the gas-phase (8) are just few examples. Promoters such as alkali cations
(Li +, Na+ or Rb+) (9) and adsorbed Lewis acid (BF3) on H-EMT zeolite (10)
have been shown to increase similarly the acid strength.

It is also known that low-coordination transition metal cations (Zn+2,
Ga+3, Cd+2 among others), which are stabilized in the voids of zeolites,
exhibit Lewis-acid properties and are believed to be the active sites for a
variety of catalytic conversion reactions (11).

For instance, zeolites containing Zn, Ga and Cd cations have been
reported to catalyze dehydrogenation of small paraffins such as ethane (12),
aromatization of in situ generated ethylene (13), aromatization of propane
(11b), as well as hydration of acetylene (14). Zinc is well known to be the
active site in enzymes for hydration of CO2 in living organisms and in many
other human tissues, such as the red blood cells (15). One example of those
enzymes is Carbonic Anhydrase that catalyses conversion of CO2 to
[HCO3]

- (16).
The Brønsted acidity of Ga-H-ZSM-5, prepared via impregnation,

does not show any great alteration compared to the H-ZSM-5. The
concentration of strong acidic sites appears to be only weakly dependent on
Ga content (12,17). Unlike Ga, Zn-containing H-ZSM-5 undergoes a large
change in acidity; the amount of strong acid sites decreases by introducing
Zn-cations via ion exchange and impregnation (12a, 12b). Lower Brønsted
acidity has been observed when pentasils (17a), ZSM-22 (16b), MCM-22
(17c) or Y (Si/Al=5) (17d) are modified by exchanging protons by Zn2+. The
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total number of Brønsted sites decreases while the Lewis sites number
increases  (17a). It has been demonstrated that Zn2+ exchanges with protons
of strong acidic OH-groups of the zeolite.

The effect of Zn2+ exchange on neighbor Brønsted site acid strength
of the zeolite has been studied theoretically in the present work. Three
different cluster models are used (Figures 3.1 and Table 3.1): two 6”T”
models (two 4”T” rings with an oxygen atom bridge) with Si/Al=1 and
Si/Al=2 and a 4”T” model (ring form) with Si/Al=1. Different aspects were
examined: the effect on Brønsted site strength; the formation of different
Lewis sites (Zn+2 and ZnOH+); and cluster geometry. A comparison between
the strength of Brønsted and Lewis acid sites is also provided.

Acetonitrile was chosen as a probe molecule as it has previously
been successfully applied in either theoretical (18) or experimental (19)
studies. Considerable computational time is also saved when a small basic
molecule is used rather than pyridine.

3.2. Methods

In the present work a 6”T” fragment cluster (a connection of two small rings
with 4 T atoms) is used to model the zeolite frame (see Figure 3.1a). A
6”TSi” cluster model, which is the 6”T” model in which Al(2) has been
replaced by a Si atom (see Figure 3.1a and 3.1d) and a 4”T” fragment, a
small ring that contains the equal number of Al and Si atoms (see Figure
3.1g) have been used. The initial geometries were taken from the faujasite
X-ray results available in the Insight II package (20).

All models have two neighboring Brønsted acid sites. These are
required in order to exchange divalent cations (11b, 12 and 17). The choice
of H-terminated Si groups rather than OH-terminated groups is to avoid
intramolecular hydrogen bonds, which would result in the creation of an
unacceptable model (21).

It has been previously shown that the cluster approach provides
qualitatively meaningful results. Activation energies are typically 10 kJ/mol
higher than those found for extrapolated bulk zeolite reactions. The use of
such approach has been extensively discussed elsewhere (21,22).
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All calculations have been performed using DZVP (Double Zeta
Valence plus Polarization function) for all atoms. This basis set is designed
to provide double −ζ  quality for importance valence region and a single
function to represent the less chemically reactive core orbital (23). This
basis set incorporates polarization function in all atoms, except for hydrogen
atoms. A second auxiliary basis set (A1) was also used to expand the
electron density in a set of a single-particle Gaussian-Type functions (24)
typically used by default in the DGauss package code (25). The choice of
large basis set, double −ζ type, has been shown to give good accuracy in
energy predictions and in geometry configurations (26).

Density Functional theory (DFT) has been used in this study. The
Becke exchange energy (27) plus Lee-Yang-Parr correlation functional (28)
(BLYP) have been employed. These functional gives acceptable values for
molecular energies and reasonable values for geometries (26).

Frequency calculations were performed in order to verify the
stationary point geometries. These tests result in no imaginary frequencies,
which indicate that these stationary points were local minima (29).

All energies were corrected using zero-point energy (ZPE). The
chosen basis set was previously optimized for use in order to minimize the
basis set superposition error (BSSE), as suggested by Radzio et al (30).
No symmetry constraints have been used for any of the configurations
studied. The exception is the 4”T” ring (Figure 3.1g), where the oxygen
atom (O8) was fixed in the “up” position to be compared to the substituted
cluster (Figures 3.1h and 3.1i).

3.3. Results and discussion

The adsorption energy of acetonitrile on Brønsted and Lewis acid sites has
been calculated using different Zn2+ exchanged clusters. Also, the proton
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Figure 3.1a Figure 3.1b

Figure 3.1c Figure 3.1d

Figure 3.1e Figure 3.1f
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Figure 3.1g Figure 3.1h

Figures 3.1: Cluster models and different Brønsted sites

affinity of the neighboring Brønsted site has been computed. Three different
proton positions can be distinguished: [A], [B] and [C] in our models (see
Figure 3.1a). The cluster nomenclature code used in the current chapter is
described in Table 3.1.

The position of Zn2+ cation in the cluster model

Zn2+ cations sit in the double-four ring inside of the cage. This supercage
position was found by Seidel et al, when zinc ions were incorporated in Y
zeolites by Chemical Vapor Deposition and Reaction (CVDR) method (31).
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Code Model
6T 6Tmodel (Si/Al=1) – 3. 1a

6T-nit 6Tmodel (Si/Al=1) with acetonitrile adsorbed

6TZn 6Tmodel (Si/Al=1) with Zn2+ – Figure 3.1b

6TZn-nit 6Tmodel (Si/Al=1) with Zn2+ with acetonitrile adsorbed
Figure 3.2

6TZnOH 6Tmodel (Si/Al=1) with (ZnOH)+ – Figure 3.1c and Figure 3.3

6TZnOH1 6Tmodel (Si/Al=1) with (ZnOH)+ –Figure 3.3

6TZnOH2 6Tmodel (Si/Al=1) with (ZnOH)+ –Figure 3.4

6TZnOH3 6Tmodel (Si/Al=1) with (ZnOH)+ –Figure 3.6

6TZnOH-nit 6Tmodel (Si/Al=1) with (ZnOH)+ with acetonitrile adsorbed
Figures 3.3 and 3.4

6TZnOH2-nit 6Tmodel (Si/Al=1) with (ZnOH)+ with acetonitrile adsorbed
Figure 3.6

6TSi 6Tmodel (Si/Al=2) –Figure 3.1d

6TSiZn 6Tmodel (Si/Al=2) with Zn2+ –Figure 3.1e

6TSiZnOH 6Tmodel (Si/Al=2) with (ZnOH)+ –Figure 3.1f and Figure 3.5

6TSiZnOH1 6Tmodel (Si/Al=2) with (ZnOH)+ –Figure 3.5

6TSiZnOH2 6Tmodel (Si/Al=2) with (ZnOH)+ –Figure 3.7

6TSiZnOH-nit 6Tmodel (Si/Al=2) with (ZnOH)+ with acetonitrile adsorbed
Figure 3.5

6TSiZnOH2-nit 6Tmodel (Si/Al=2) with (ZnOH)+ with acetonitrile adsorbed
Figure 3.7

4T 4Tmodel (Si/Al=1) –Figure 3.1g

4TZn 4Tmodel (Si/Al=1) with Zn2+ –Figure 3.1h

4TZnOH 4Tmodel (Si/Al=1) with (ZnOH)+ –Figure 3.1i

4TZnOH-nit
4TZnOH2-nit

4Tmodel (Si/Al=1) with (ZnOH)+ –Figure 3.7

Table 3.1: Description of the models.
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Zn2+ cation is tetracoordinated to oxygen atoms from the framework
as follows from studies with zeolite A (32), sodalite (32) and ZSM-5 (11b).
In our case, the Zn2+ cation is tetracoordinated to the oxygen atoms in the
4”T” ring model (see Figure 3.1h) but not in the 6TZn and 6TSiZn models
(Figures 3.1b and 3.1e). The main difference is the position of oxygen O8.
The “up” position (closer to the cation) was found to be preferred in the
4”T” ring, while the “down” position was preferred in the 6TZn and 6TSiZn
models (see O8-Zn distance in the Table 3.2). The average distance between
Zn2+ cation and oxygen atoms was about 1.97 Å and 2.09 Å in the study
with sodalite and zeolite A (32) and ZSM-5 (11b), respectively. This agrees
with the average values found here for 6”T” and 4”T” models, 2.08 Å and
2.04 Å respectively.

Interestingly, unlike Co2+ coordination to a six-ring in zeolites (33),
Zn2+ cation settles out of the plane of the oxygen atoms of the 6”T” and
4”T” model studied here. In both cases, Zn cation experienced a steric
hindrance effect because of the small size of cluster, even if the models have
some geometric distortions after the cation loading.

Effect of Zn2+ exchange on Brønsted site strength

Comparing the 6T, 6TZn, 6TSi, and 6TSiZn models (Figures 3.1a, 3.1b,
3.1d and 1e), one can see that the total number of protons decreases after
Zn2+ exchange: the Brønsted sites [A] and [C] (Figure 3.1a and 3.1d) are
substituted by Zn cation. The acetonitrile adsorption energies, as well as the
deprotonation energies calculated on those sites are shown in Table 3.3. In
the case of Si/Al ratio equal to 2 (6TSi) those Brønsted sites are equivalent,
but they have slightly different strength for the ratio equal to 1 (6T).

The Brønsted site [B] is the proton left after Zn2+ cation exchange
(see Figure 3.1b). In the original cluster (6”T”-model) the acetonitrile
interaction energy with this proton is -43.2 kJ/mol. A new value is
calculated when acetonitrile interacts with this Brønsted site [B] in the 6TZn
model: -39.8 kJ/mol. The acid strength of this site is comparable to the
original value (see Table 3.3). This is also confirmed by the proton affinity:
1236.3 for 6TZn[B] and 1236.5 kJ/mol for 6”T” model.
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Model 6T 6TZn 6TZnOH 6T-nit 6TZn-nit
site[B]
O2-Al2 2.03 2.04 2.02 1.98 2.01
O2-H2 0.98 0.98 0.98 1.01 1.00
O2-Si3 1.76 1.76 1.77 1.75 1.75

Al(O2)Si 127.9° 135.9° 134.1° - -
O2AlO1Si -78.5° -77.3° -77.4° - -

site[C]
Al4-O4 1.96 - - - -
O4-H4 0.98 - - - -
Si5-O4 1.78 - - - -

site[A]
Al6-O6 1.98 - 2.01 1.96 -
O6-H6 0.98 - 0.99 1.00 -
O6-Si1 1.78 - 1.76 1.75 -

Note: Model 6T(Si/Al=1)

Model 6TSi 6TSiZn 6TSiZnOH 4TZn 4TZnOH
site[B]
O2-Si3 1.69 1.69 1.69 - -
O2-Si2 1.66 1.66 1.66 - -

Si(O2)Si 137.0° 141.5° - - -
O2SiO1Si -64.8° 127.9° - - -

site[C]
Al4-O4 1.96 1.92 - 1.93 -
O4-H4 0.99 - - - -
Si5-O4 1.77 1.72 - 1.70 -

site[A]
Al6-O6 2.00 2.00 1.99 - 2.00
O6-H6 0.98 - 1.02 1.69 1.03
O6-Si1 1.76 1.72 1.75 1.69 1.75

Note: Model 6TSi(Si/Al=2); 4T(Si/Al=1)
Table 3.2: Optimized model geometries, distances in Å.
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Model 6TZn 6TZnOH 6TZnOH-nit
site Zn
O4-Zn 2.01 2.05 -
O5-Zn 2.13 2.27 -
O6-Zn 1.97 2.61 2.71
O7-Zn - 1.84 -
O7-H7 - 0.98 -
O8-Zn 2.28 2.51 -
O7-H2 - 3.64 1.63
O7-H6 - 2.6 3.46

Note: Model 6T(Si/Al=1)

Model 6TSiZn 6TSiZnOH 4TZn 4TZnOH 6TSiZnOH-nit
site Zn
O4-Zn 2.00 2.01 2.07 2.03 -
O5-Zn 2.16 2.22 2.09 2.31 -
O6-Zn 1.98 2.96 - 2.80 -
O7-Zn - 1.85 - 1.87 -
O7-H7 - 0.98 - 0.98 -
O8-Zn 2.31 2.49 2.09 2.24 -
O7-H2 - - - - -
O7-H6 - 1.84 - 1.78 3.16
O2-H8 3.00 2.51

Note: Model 6TSi(Si/Al=2); 4T(Si/Al=1)
Table 3.2: Optimized model geometries, distances in Å.

The acid strength of the zeolite is revealed by the degree of
interaction of the base (acetonitrile) with the Brønsted site. This interaction
promotes an electron donor-acceptor transfer within the zeolite frame to
compensate for the proton donation. Mortier (34) proposed that these
electron donor-acceptor transfer results in a shortening of Al-O and Si-O
bonds of the Brønsted site. Comparing 6T/6T-nit and 6TZn/6TZn-nit
models (see Table 3.2 for the site [B]), one can see these bonds length
decrease by 0.04 Å and 0.01 Å respectively. All these results indicate that
the Brønsted site strength is not enhanced after Zn2+ ion exchange.
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At higher coverage of acetonitrile (using model 6TZn), an interesting
effect appears. The interaction with the Brønsted site decreases by
approximately 12.3 kJ/mol. Acetonitrile adsorbed in the Brønsted site
suffers a steric repulsion from the other acetonitrile molecule. The angle C-
N-H8 changes from 170.6° at low to 168.5° at high coverage, as well as the
angle N-H2-O2 from 178.8° to 177.2° and distance between N-H2 from
1.95 Å to 1.85 Å respectively (see Figures 3.2). At high coverage, the
nitrogen lone pair orbital cannot perfectly overlap with the hydrogen s
atomic orbital.

Figure 3.2: Acetonitrile adsorption in different degree of coverages
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Adsorption on the Lewis site

A new Lewis site is formed (Zn+2) when protons are exchanged. This site
will compete with the remaining Brønsted sites for acetonitrile adsorption.
To study this competition the interaction of acetonitrile with this Lewis site
was calculated. The computed adsorption energy is respectively –125.6
kJ/mol (6TZn), –131.5 kJ/mol (6TSiZn) and –125.5 kJ/mol (4TZn). These
values are very close, because they correspond to a similar cluster
environment for the Zn2+ cation (see Figures 3.1b, 3.1e and 3.1h).
Comparison with the values previously obtained for the interaction with the
Brønsted sites reveals that acetonitrile will preferentially adsorb on the
Lewis site Zn2+, as the energy is lowered.

Experimental results of pyridine adsorption, using zeolite Y with
Si/Al ratio equal to 6.6 (17d), also indicate that considerable Lewis acidity
is created after Zn2+ exchange accompanied by decrease in Brønsted acidity.

Model 6TSi 6TSiZn 6TSiZnOH 6TSiZnOH1,2

Acetonitrile adsorption energy
on Lewis site ZnOH1+

- - -71.6 -

Acetonitrile adsorption energy
(using the distorted geometry)

- - - -58.72

Acetonitrile adsorption energy
on Brønsted site

-34.6[A]
-35.6[C]

- -24.9[A] -24.3[A]1

Acetonitrile adsorption energy
on Lewis site Zn+2

- -131.5 - -

Proton affinity 1245.5[A]
1241.4[C]

- 1209.1[A] 1209.5[A]1

Note: Model 6TSi(Si/Al=2)
Table 3.3: Acetonitrile adsorption and proton affinity energies (kJ/mol).
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Model 6T 6TZn 6TZnOH 6TZnOH1,2

Acetonitrile adsorption
energy on Lewis site

ZnOH1+

- - -89.4

Acetonitrile adsorption
energy (using the distorted

geometry)

- - - -34.91

Acetonitrile adsorption
energy on Brønsted site

-29.5[A]
-43.2[B]
-36.3[C]

-39.8[B]
-87.9[A]
-48.0[B]

-31.6[A]1

-39.2[B]2

Acetonitrile adsorption
energy on Brønsted site

Co-adsorbed with a
second acetonitrile on

Lewis site

- -27.5[B] - -

Acetonitrile adsorption
energy on Lewis site Zn+2

- -125.6 - -

Acetonitrile adsorption
energy on Lewis site
Co-adsorbed with a

second acetonitrile on
Brønsted site

- -113.3 - -

Proton affinity 1269.4[A]
1236.5[B]
1233.2[C]

1236.3[B] 1154.2[A]
1220.3[B]

1272.6[A]1

1240.3[B]2

Note: Model 6T(Si/Al=1)

Model 4TZn 4TZnOH
Acetonitrile adsorption energy on Lewis site

ZnOH1+
- -8.1

-72.9(2)

Acetonitrile adsorption energy on Brønsted
site

- -22.3

Acetonitrile adsorption energy on Lewis site
Zn+2

-125.5

Proton affinity 1207.5

Note: Model 4T(Si/Al=1)
Table 3.3: Acetonitrile adsorption and proton affinity energies (kJ/mol).
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At higher coverage of acetonitrile (using model 6TZn), the same
steric repulsion occurs. The interaction energy of acetonitrile with the
Lewis site decreases by the same value (ca. 12.3 kJ/mol) as mentioned for
the Brønsted site. The angle N-Zn-O5 changes from 123.8° at low to 114.5°
at high coverage, as well as the angle C-N-Zn form 177.6° to 172.7°
respectively (see Figures 3.2). At high coverage, the nitrogen lone pair
orbital also cannot perfectly overlap with Zinc s atomic orbital.

Effect of formation of ZnOH+ Lewis site

It has been shown in the previous section of this chapter that Zn+2 is a strong
Lewis acid. When water is in contact with Zn2+ exchanged zeolite (35), it
physically adsorbs to this Lewis site and may heterolytically cleave (see
Scheme 3.1) forming a new Brønsted site and a new Lewis site ZnOH+

(11b). In our models this new acid site has the same relative position as the
previous Brønsted site [A] (see Figure 3.1c). The synergetic effect of the
Lewis site (ZnOH+) on the Brønsted site strength has also been studied by
using the three different cluster models.

Scheme 3.1: Dissociation of water on Zn2+-containing zeolite
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ZnOH + effect on the Brønsted site strength

a) Si/Al=1: Brønsted site [A] and [B] – Model 6TZnOH

In Figure 3.3, the optimized geometries for two different models are shown:
6TZnOH, 6TZnOH-nit. The first model corresponds to the initial cluster
geometry and the second model to the cluster geometry after acetonitrile
adsorption. It can be seen for the first two models that orientation of the OH
group of the Lewis site changes, by moving away from its original position.

Figure 3.3: Cluster geometry distortion for the model 6TZnOH (Brønsted
site [A])
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Prior to acetonitrile adsorption, the OH group forms a hydrogen
bond with proton H6 (distance O7-H6 is 2.60 Å, see Figure 3.3: 6TZnOH).
This hydrogen bond is broken when acetonitrile interacts with the proton
(H6); the OH group moves away because of the repulsive interaction with
acetonitrile, changing the distance O7-H6 from 2.60 Å (6TZnOH) to 3.46 Å
(6TZnOH-nit). The OH group moves towards the proton H2, inducing
distortions in the cluster (see 6TZnOH-nit: Figure 3.3) and creating new and
stronger H-bond: O7-H2 (1.63 Å). These cluster distortions were also
observed in similar studies (36) using different monovalent cations (Li+,
Na+, K+, Ca(OH)+, AlO+ and Al(OH)2

+) substituted in zeolite clusters (6T
with Si/A=1). In this work analogous H-bond formation between the Lewis
and Brønsted site has been formed when calculations were performed with
Al(OH)2

+.
The new cluster configuration (6TZnOH-nit model without

acetonitrile interaction – see Figure 3.3 – 6TZnOH1) has been optimized.
The new O7-H6 and O7-H2 distances are 3.80 Å and 1.62 Å respectively,
indicating that the distortions remain. The proton affinity for site [A] is
1272.6 kJ/mol, compared to 1154.2 kJ/mol for the original 6TZnOH cluster.
This new value for the proton affinity shows that those configurations are
not equivalent.

The acetonitrile interaction energy, calculated using these different
cluster configurations, shows an interesting result: –87.9 kJ/mol using the
original geometry (6TZnOH) and –31.6 kJ/mol using the second geometry
(6TZnOH1). With ZnOH+ present, the Brønsted acid strength is found to be
enhanced by the cluster distortions (compare the values in Table 3.3 for
6T[A], [B] and [C] with 6TZnOH[A]). Makarova et al (10) found similar
enhancement on H-EMT after low-temperature adsorption of BF3 and
claimed that on the basis of the theoretical calculations an amphoteric
interaction results between the Lewis acid (BF3) and the zeolite, which
enhances the acidity of the remaining uncomplexed Brønsted hydroxyls.
Recently, experimental studies with cations substituted on clays also show
that Zn2+-containing clays have stronger acidity than other substituted clay
samples when compared via the acetonitrile interaction (37).

For the other Brønsted site [B], no repulsion between acetonitrile
and the OH group of ZnOH+ site is observed. Therefore there are no strong
distortions in the cluster geometry. Optimizing the new cluster configuration
(6TZnOH[B]-nit cluster without interaction with acetonitrile – Figure 3.4 –
6TZnOH2), the H6-O7 distance changes slightly from the original value
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(6TZnOH) 2.60 Å to 1.91 Å and H2-O7 distance from 3.64 Å to 3.91 Å,
respectively. Without strong geometry changes (hydrogen bond formation
between O7 and H2), the adsorption energy remains almost the same: –48.0
kJ/mol (6TZnOH) and –39.2 kJ/mol (6TZnOH2), as well as the
deprotonation energy of those cluster models: 1220.3 kJ/mol and 1240.3
kJ/mol (see Table 3.3). The stronger are these geometry changes (H-bond
formation), the higher is the energy difference.

Figure 3.4: Cluster geometry distortion for the model 6TZnOH (Brønsted
site [B])

b) Si/Al=2 and Brønsted site [A]

This model (6TSiZnOH) has only one Brønsted site, which is formed after
the water OH bond cleavage. The Brønsted site has the same relative
position in the cluster as the previous Brønsted site [A]. In Figure 3.5, one
can see the optimized geometries of two different models: 6TSiZnOH,
6TSiZnOH-nit. The first model corresponds to the initial cluster geometry
and the second model to the cluster geometry after acetonitrile adsorption.
When acetonitrile interacts with the Brønsted site [A], as previously seen
(Si/Al=1 ratio), the hydrogen bond H6-O7 is broken and the OH group
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moves towards O2 atom (see Figure 3.5: 6TSiZnOH and 6TSiZnOH-nit).
Therefore it creates some distortions in the cluster.

When we optimize the new cluster geometry (cluster 6TSiZnOH-nit
without interaction with acetonitrile – Figure 3.5 - 6TSiZnOH1), these
distortions disappear and the distances H7-O2 and H6-O7 return almost to
their original values: 3.00 Å and 1.84 Å respectively. Therefore no large
differences are found between the acetonitrile interaction energies calculated
using either 6TSiZnOH or 6TSiZnOH1: –24.9 and –24.3 kJ/mol respectively
(see Table 3.3). The same energy value was found when smaller cluster
(4TZnOH model –Figure 3.1i) is used: -22.3 kJ/mol; which also does not
have geometric distortions.

Figure 3.5: Cluster geometry distortion for the model 6TSiZnOH (Brønsted
site [A])
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The strength of the new Brønsted site (from 6TSiZnOH) decreases,
the computed interaction energy differs by 10 kJ/mol from its original value
(protonic cluster 6TSi), because there is neither distortion nor H-bond (H7-
O2) formation on the final cluster geometry, see Table 3.3. Similar result
has been obtained for the strength of Brønsted site in 4TZnOH cluster, in
which the computed interaction energy is reduced by 17.2 kJ/mol from its
original value (39.6 kJ/mol in protonic cluster 4T).

Adsorption on Lewis site ZnOH+

a) Si/Al=1

The acetonitrile adsorption on the new Lewis site ZnOH+ has also been
studied. In Figure 3.6, one can see the optimized structure of the cluster in
contact with acetonitrile (6TZnOH2-nit). Without acetonitrile adsorption, as
we have seen previously, the OH group forms an H-bond with the proton
H6. Clearly, 6TZnOH2-nit model shows that acetonitrile forces the OH
group (by acetonitrile repulsion) to move away. The new distance O7-H6 is
now 4.70 Å and the OH group moves again towards the proton H2. This
induces distortions in the cluster model and also creates a new and stronger
H-bond: O7-H2 (1.45 Å). These cluster distortions have been already
observed when acetonitrile interacted with the Brønsted site [A].

This new cluster configuration (6TZnOH2-nit without acetonitrile)
has been also optimized, but the deformations remained. The new O7-H6
and O7-H2 distances are 3.80 Å and 1.60 Å respectively (see Figure 3.6–
6TZnOH3). The optimized clusters: 6TZnOH3 and 6TZnOH1 have almost
the same final structures, thus we will consider those structures as the same.

The acetonitrile interaction energies calculated using these different
configurations (6TZnOH and 6TZnOH1), show again an interesting result: –
89.4 kJ/mol using the original geometry (6TZnOH) and –34.9 kJ/mol using
the distorted one (6TZnOH1). As in the previous section, the acetonitrile
interaction energy increases, when the O7-H2 hydrogen bond is formed,
compared to the original 6TZnOH model. In the present case, the energy
difference is the same as found for the Brønsted site [A]: –54.5 kJ/mol and –
56.3 kJ/mol, respectively.
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Figure 3.6: Cluster geometry distortion for the model 6TZnOH
(Lewis site ZnOH+)

b) Si/Al=2

Similarly to our previous calculations, in the Figure 3.7, the optimized
geometry of the system 6TSiZnOH2-nit (acetonitrile interacting with Lewis
site ZnOH+) shows that the OH group moves away from its original position
(Figure 3.5: 6TSiZnOH). In this case, instead of going only towards the O2
atom, the OH moves also closer to H6 atom. The distance between H7-O2
changes from 3.00 Å (6TSiZnOH) to 2.00 Å (6TSiZnOH2-nit) and from
1.84 Å to 1.41 Å for the O7-H6 bond respectively, creating again some
distortions in the cluster.

The distance H7-O2 is not restored, compared to its original value:
3.00 Å, even after the new cluster geometry optimization (6TSiZnOH-nit
cluster without acetonitrile interaction – Figure 3.7 – 6TSiZnOH2) . The H7-
O2 and O6-H7distances change to 2.64 Å and 1.72 Å, respectively. The
cluster still contains some distortions, therefore some differences in
acetonitrile interaction energies are found for both 6TSiZnOH and
6TSiZnOH2 cluster models: -71.6 and –58.7 kJ/mol respectively (see Table
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3.3). Interestingly, acetonitrile pushes the OH group towards the H6 atom,
but the H-bond formed (H6-O7) is still strong in the absence of acetonitrile,
due to the basic character of the OH group of ZnOH+ site.

Using small cluster models (4”T” – Figure 3.7), the influence of H-
bond creation/cleavage process is also noticed. There are two different
possibilities of interaction between acetonitrile and ZnOH+(4TZnOH-nit and
4TZnOH2-nit, Figure 3.7). The main difference is the H-bond (H6-O7).
While in the configuration 4TZnOH-nit, acetonitrile breaks this H-bond (see
Figure 3.1i – 4TZnOH), in the configuration 4TZnOH2-nit, acetonitrile
forces the OH group to move towards H6, forming a strong bond in
4TZnOH2-nit. This result is reflected directly in the interaction energy: –8.1
kJ/mol for the 4TZnOH-nit model and –72.9 kJ/mol for the 4TZnOH2-nit
(see Table 3.3). The latter interaction energy value is in complete agreement
with the previous one found for the 6TSiZnOH.

Figures 3.7: Cluster geometry distortion for 6TSiZnOH and 4TZnOH
models (Lewis site ZnOH+)
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3.4. Conclusions

No increase in Brønsted acid strength is found for Zn2+exchanged zeolite.
The Zn2+ ion interacts more strongly with acetonitrile than the zeolitic
proton, indicating that acetonitrile preferentially adsorbs at this Lewis site.
At higher acetonitrile coverages (in the Si/Al=1, 6TZn model – Figure 3.2),
steric repulsion between two acetonitrile molecules decreases slightly the
interaction energy.

The ZnOH+ models show an interesting effect. Acetonitrile
experiences a repulsive interaction with the OH group from the Lewis site.
This forces the OH to move towards O2 position, which corresponds to
proton [B] position (see clusters 6TZnOH-nit, 6TZnOH2-nit and
6TSiZnOH) or O6 position, which corresponds to proton [A] position
(6TSiZnOH2-nit), thus creating distortions in the final cluster geometry.
Due to a H-bond cleavage/formation process, the Brønsted acidity of those
protons is now enhanced. Changes in the size and the Si/Al ratio of the
models confirm our observations. Typical examples are found for the
6TZnOH and 4TZnOH models.
It is well known that acetonitrile is protonated in superacid solutions, such
as FSO3H-SBF5-SO2 (38). However, no indication of acetonitrile
protonation is found in the final optimized configuration for our enhanced
acidity cases. This indicates that superacidity could be not achieved in the
presence of ZnOH+ or by Zn2+.
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4
A systematic study of the acetonitrile
hydrolysis by different Brønsted acid

molecules

Abstract:

The hydrolysis of acetonitrile has been studied theoretically by different
quantum chemical methods, (RHF, DFT and MP2), focusing on transition
states for hydration and isomerization steps. Different proton donors have
been employed, such as HCl (H2O), HCl (H2O)2, (H2O)3, HCl (H2O)3 and
H3O

+(H2O)2 clusters. H2O, HCl, HCl(H2O) and H3O
+ cluster models were

used only for the study of tautomerism (intramolecular proton migration)
transition state. All ab-initio methods showed complete qualitative
agreement in the hydration transition state geometry. In the tautomerization
case, inclusion of electron correlation was required to obtain the correct
transition state geometry. The calculated activation barrier energies changed
considerably for the different clusters. An ancillary effect of water and HCl
was observed. Hydronium ion promotes step-by-step mechanism, while
water molecule and hydrochloric acid a concerted mechanism. For this latter
catalyst the rate-limiting step is either the hydration or the isomerization
step, due to the ancillary effect of the water in these steps.

Keywords: ab-initio, ancillary effect, water, transition state and acetonitrile
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4.1 Introduction

The hydrolysis of nitriles is an important synthetic route for
carboxylic acids in organic chemistry (1), which is widely applied in
industry (2,3). This reaction is known to proceed in four consecutive steps:
protonation of nitrile, nucleophilic attack by water, protonation of amide
(produced in steps 1 + 2) and finally nucleophilic attack of a second water
molecule (1). The complete process therefore requires two water molecules
as reactants (see Scheme 4.1) and it can be catalyzed by either acidic or
basic media.

Scheme 4.1: Hydrolysis of nitrile

Different catalysts have been used to promote nitrile hydrolysis:
aqueous solutions of hydrochloric and sulfuric acid (4), sodium hydroxide
(5), manganese oxide (6), unactivated alumina (7), protonated zeolites (8),
high-temperature water (9), Pd(II) complexes (10), enzymes (11) and ionic
copper and copper oxide (see for example a review on hydration/hydrolysis
reactions (12)). However, only few studies have proposed a reaction
mechanism or have suggested a structure for the hydration transition state
(6,8,10,12).

The first step of Scheme 4.1 is partial nitrile hydrolysis, which
produces an amide. It consists of two different parts: hydration and
isomerization (Scheme 4.2). The hydration step is merely the nucleophilic
attack by the water molecule on the protonated nitrile. This step is
considered to be rate-limiting in the overall reaction (8a). The second step
(tautomerization) is the transformation of the hydroxy imine intermediate
into the corresponding amide. In studies of acetonitrile hydration on Pd(II)
complexes (10) and of the interaction of acetonitrile with the Brønsted site
of protonic zeolites (8b), the existence of an isomerization step during the

C N H2O  
H+

RCONH2

H2O  +  

H+
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partial nitrile hydrolysis has been proposed, but no mechanism was
postulated.

Scheme 4.2: First part of the hydrolysis of acetonitrile

Different co-adsorbed molecules have been shown to assist reactions
by stabilizing the transition state and thus decreasing the activation energy
(13). For example, in the rearrangement of the isoformyl-cation to the
formyl cation (13b) these co-adsorbed molecules (He, Xe, Ar, CO, HF, N2,
H2O and NH3) promote proton transfer from oxygen to carbon. The overall
mechanism does not change but the activation barrier decreases due to
proton stabilization.

A water molecule can also act as a proton bridge in bimolecular
acid-base reactions such as the dissociation of water (14), the reaction of
acetic acid and aniline (15) and in enzyme-catalyzed hydrolysis (16) (the so-
called ancillary effect). This effect is also present in the hydrolysis of
acetonitrile parent molecules such as: nitrobenzamides (17), cellulose
xanthante (18), acylimidazoles (19), acetanilides (20), acetals (21),
isocyanates (22), peptides (23), parent carbodiimide (24), ethyl-
benzimidates (25) and β-lactams (26).

It was recently shown that reactions catalyzed by zeolites can be also
assisted by different co-adsorbed molecules (e.g. nitromethane) (27).
Protons were transferred from zeolites to acetone, methanol and isopropanol
by changes in the dielectric constant of the zeolitic medium caused by
nitromethane presence.

All of the previous examples show catalytic effect of co-adsorbed
molecules in chemical reactions. The opposite effect has been observed for
SN2 reactions. The solvent molecules surround the nucleophile (reactant)
and the transition state, thus stabilizing them. However, the nucleophile is
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more stabilized than the transition state, therefore the activation barrier
energy increases (28).

As a follow-up to these interesting results, a detailed study of the
reactivity of the acid clusters in the nitrile hydrolysis is presented here,
analyzing changes in the activation barrier energy as well as in the
mechanism of the hydration and isomerization reactions. The study consists
of ab-initio calculations of the possible mechanism of acetonitrile
hydrolysis, emphasizing acetonitrile hydration and of hydroxyl imine
isomerization. Two different approaches have been used: (i) variation of the
proton donor molecule (H2O, HCl and H3O

+) together with (H2O)2 and (ii)
variation of the water content x (1, 2, 3 and 5 molecules) in the HCl(H2O)x

cluster.

4.2 Methods

All calculations have been performed using two different types of
basis sets: D95 (Dunning/Huzinaga full double - ζ) with polarization
functions (29) for: the C, N, H and Cl atoms and 6-311G with polarization
functions for the O atom. The choice of a large basis set, at least double - ζ
type with polarization functions has been shown to provide good accuracy
in calculations of energy and physical properties (30). Triple - ζ  type plus
polarization functions were chosen for the oxygen atom, since earlier
theoretical studies have shown that the oxygen atom requires large basis sets
for accurate treatment (30,31).

The basis sets for the Cl and O atom were also supplemented by
diffuse p functions in order to check the accommodation of excess charge,
which can occur during proton transfer. The test consisted of a comparison
of the hydration activation barrier energy for the cluster HCl(H2O) with and
without a diffuse p function in the Cl and O atom basis sets. The energy
change was only 15.0 kJ/mol (this energy difference was not corrected for
ZPE). This relatively small change of the activation barriers should not
affect the main qualitative conclusions.

Restricted Hartree Fock (RHF), Density Functional theory (DFT)
and second order Møller-Plesset perturbation theory (MP2) have been used
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in this study. RHF was used to save computer time and to obtain faster
initial estimates for the other calculations. MP2 was used to correct the RHF
geometry and the energy in our systems and DFT calculations were also
performed because they include some electron correlation and scale much
better than the previous method MP2 (32). The B3LYP functional was used,
which gives acceptable values for molecular energies and geometries
(30,33). A comparison of all three methods is provided in this paper.

Results were obtained using the Gaussian94 (34) and 92 (35)
packages. The DFT calculations using the 92 version were performed using
Int=FineGrid keyword (which is the default on the 94 version) (36) to avoid
numerical inaccuracies in energy and gradient calculations. The hybrid
B3LYP functional was used in our work as implemented in Gaussian94 (34)
or 92 (35) codes.

For the RHF and DFT calculations, all the stationary points
(transition states and geometry minima) were verified by frequency
calculations. These tests produced no imaginary frequencies for local
minimum and one imaginary normal mode frequency for transition states
(first order saddle points) (37). The computation of Hessian matrix within
MP2 framework requires large resources, therefore the DFT geometry and
the Hessian were used as initial estimates, which were updated according to
MP2 forces. The final result was in general close to the initial guesses. For
example, the transition states calculated in the case of the hydration study,
the MP2 results were in good agreement with the DFT results. The typical
difference for the bond length calculated by these methods was � 0.02 Å
and 1°-2° for angles. The maximum difference found, in modulus, 0.12 Å
for C(1)-O(2) distance, which corresponds to 6% of the calculated using
MP2.

RHF and DFT energies were corrected for zero-point energy (ZPE).
Free energies at room temperature were also calculated for these two
methods (as default in Gaussian94 (34)), MP2 free energies were not
calculated because of the high computational cost (as mentioned before).
The basis set superposition error (BSSE) was verified for DFT and for MP2
(using counterpoise method) (38). Although our calculations involved more
than two molecules the N-body counterpoise method (39) was not applied.
For most of the cases here studied, such procedure becomes very expensive.
For example, the system acetonitrile plus HCl and two water molecules (4-
body system) would require 125 calculations. Instead, four binary systems
were checked using the 2-body method (38,39): acetonitrile plus water,
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acetonitrile plus HCl, HCl plus water and water dimer. On average, the
BSSE content (in percentage) for the interaction energies was 18.9 and 22.9
respectively for DFT and MP2 methods. These values are in complete
agreement with recent studies on BSSE for hydrogen-bonded complexes
(40). Even though these values are not negligible, the BSSE was not
corrected but simply verified in our results (see also recommendations in
previous specific studies on this subject (38,39)).

No constraints have been used for any of the configurations studied.
Hence MP2 geometries are quite similar to those calculated using DFT; the
results of the later method are shown in the Figures and Tables. Results for
the RHF geometry are included to further compare the DFT and MP2
results.

4.3 Results and discussion

Firstly, the effect of different proton donors on the hydration reaction was
examined, checking the changes in the transition state geometry and in the
activation barrier energy. Water, HCl, and H3O

+ were chosen as proton
donor molecules.

Subsequently, the effect of HCl(H2O)x cluster composition has been
studied on the transition state geometry and on the activation barrier energy
(Ts1 – Schemes 4.3). The number of water molecules, x, was varied from 1
to 3 in the hydration case and from 0 to 1 in the isomerization.

In the last part, the complete hydrolysis scheme was presented for
hydrochloric acid as a catalyst (Schemes 4.3). All steps were analyzed
generically.
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Schemes 4.3a: RHF energy diagram – HCl(H2O)2 cluster model.
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Scheme 4.3b: DFT and MP2 energy diagram – HCl(H2O)2 cluster
model.

In this chapter, the following transition state notation (Ts//nWY) was
used. It represents: the type of transition state (Ts1 for hydration and Ts2 for
isomerization), the number of (W)ater molecules, n, and the third symbol, Y,
indicates the proton donor molecule used. For example, Ts1//2WHCl
denotes the transition state for hydration studied with two water molecules
in the cluster and HCl as the proton donor (see in Table 4.1).
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Ts1//2WH3O
+

(Figure 4.1a)
Ts1//2WH2O
(Figure 4.1b)

Ts1//2WHCl
(Figure 4.1c)

Ts1//1WHCl
(Figure 4.1c)

Ts1//3WHCl
(Figure 4.1c)

RHF 47.2 (62.8) 277.0
(297.2)

161.2
(181.6)

186.6 (209.8) 135.3 (151.3)

DFT 8.2 (22.2) 134.5
(150.4)

78.2 (94.1) 98.9 (112.6) 55.9 (67.6)

MP2 25.1 194.5 117.2 147.3 101.2

Table 4.1: Hydration reaction activation and thermal free activation (∆G#)
energy, (kJ/mol)

Hydration of acetonitrile – Effect of different protonating species

The mechanism of hydration seems to depend on the catalytic medium. In
zeolites, it is concerted process, in which nucleophilic attack of water on the
protonated nitrile is coupled with the proton back-donation to the acid
catalyst in a consecutive step (8a) (Scheme 4.4). In aqueous acid solutions,
hydration proceeds via step-by-step mechanism (Scheme 4.4). Initially rapid
protonation occurs followed by nucleophilic attack of water (1).

Scheme 4.4: Hydration mechanisms
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Figure 4.1a: Hydration reaction (DFT results): H3O
+(H2O)2  cluster

 From chapter 2, one knows that acetonitrile is directly protonated,
without an activation barrier, in contact with H3O

+(H2O)2 cluster. The
second stage is therefore the nucleophilic attack of water (Ts1//2WH3O

+–
Figure 4.1a). This result confirms that in aqueous acid solution, where
protons are readily accessible, step-by-step mechanism is preferred.

In the case of water molecule as a proton donor, the concerted
mechanism is preferred. The proton is transferred simultaneously with the
nucleophilic attack (Ts1//2WH2O – Figure 4.1b). This process is very
similar to those previously studied, such as N-nitroacetamide hydrolysis
(17) and β-lactam hydrolysis (41). Because there is a high energy cost in
order to dissociate a water molecule one can expect a very high activation
barrier, as well as high free activation energy (∆G#). These values are shown
in the Table 4.1 and are indeed the highest calculated, regardless of the
theoretical method used.

Similar acidity dependence has been seen in some previous studies,
see chapter 2. For example, in the study of the formation mechanism of tert-
butyl carbenium ions in 100% sulfuric acid (42), isobutene is protonated
directly in the presence of H3SO4

1+, while in the presence of sulfuric acid the
protonation occurs with activation barrier energy of 62.4 kJ/mol (MP2/6-
31*//6-31*).
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Figure 4.1b: Hydration reaction (DFT results): H2O(H2O)2 clusters.

In the case of HCl (as a proton donor) acetonitrile is also not
protonated (see chapter 2), thus the reaction path follows the concerted
mechanism. The transition states Ts1//2WHCl and Ts1//2WH2O are very
similar (compare Figure 4.1b and Figure 4.1c). Indeed, the distances
between C(1) and O(1) are 1.84 Å and 1.92 Å respectively (see Table 4.2)
and these values are far from the C–OH experimental bond length: 1.36 Å
(43). This indicates that the O(1)-C(1) bond has not been formed yet. It is
not the case when H3O

+ is used as a proton donor, this bond is almost
formed (1.47 Å) in the transition state Ts1//2WH3O

+. Another geometric
similarity is the N-C(1)-O(1) angle: 118.3° and 113.8° for Ts1//2WH2O and
Ts1//2WHCl respectively, while in the Ts1//2WH3O

+ transition state the
angle has already its final value: 121.1°.
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Haw et al (8b) propose proton transfer from zeolite to acetonitrile
with bending of C-C(1)-N angle to a value closer to 120.0°, C hybridization
changing from sp to sp2. This seems to agree with our bent transition state
for hydration (Ts1), where the triple bond character in the C-N bond
disappears.

Analyzing now the activation barrier energies, the DFT values are
the lowest calculated and the RHF are the highest. This trend is well known,
since RHF without further electronic correlation correction overestimates
calculated energies (43) and DFT, in some cases, underestimates calculated
energies (30, 44) and activation barriers (45). MP2 values, in most of the
cases found here, have a larger difference in comparison to DFT. This
difference can be caused by the basis set used in our calculations is not large
enough to describe correctly the MP2 energy of hydrogen bonding
complexes, as has been recently shown in (46). One finds that H3O

+

promotes the nucleophilic attack better than HCl and H2O, even taking the
difference between these methods into account.

Figure 4.1c: Hydration reaction (DFT results): HCl(H2O)x clusters.

Nucleophilic attack by water molecule becomes easier when the
nitrogen atom is protonated, creating a positive charge on carbon C(1).
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Analyzing the Mulliken charge of this atom, which has the following
values: +0.27 (Ts1//2WH3O

+), +0.22 (Ts1//2WHCl) and +0.17
(Ts1//2wH2O) (see Table 4.3), one can verify a consistent trend, the lower
activation barrier, the higher is the charge (see Table 4.1).

Ts1//2WH3O
+ Ts1//2WH2O Ts1//2WHCl Ts1//1WHCl Ts1//3WHCl

N-H(1) 1.02 1.31 1.10 1.09 1.12
N-C(1) 1.25 1.19 1.20 1.21 1.19

C(1)-O(1) 1.47 1.84 1.92 1.85 2.01
O(1)-H(3) 1.03 - 1.00 - 1.00
O(1)-H(2) 1.02 1.26 0.99 1.06 0.98
O(2)-H(2) 1.49 1.16 2.73 - 3.46
O(2)-H(3) - - 1.68 - 3.24
O(2)-H(4) - 1.23 - - 0.98
O(3)-H(1) - 1.17 - - 4.08
O(3)-H(3) 1.47 - - - 1.66
O(3)-H(4) - 1.18 - - 3.04
Cl-H(1) - - 1.87 1.90 1.78
Cl-H(2) - - 2.18 1.80 2.22
Cl-H(4) - - 2.20 - 2.14

N-C(1)-O(1) 121.1° 118.3° 113.8° 114.0° 112.2°

Table 4.2: Optimized (DFT) geometries of transition state configurations –
distances in Å and angle in degrees.

Water molecules in Ts1//2WH3O
+ and Ts1//2WHCl stabilize the

charges on the H atoms or Cl atom respectively. The Cl ion has the same
computed distances to H(2) and H(4) for the transition state Ts1//2WHCl.
The distances O(2)-H(2) and O(3)-H(3), O(1)-H(2) and O(1)-H(3) for
transition state Ts1//2WH3O

+ are also almost equal (see Table 4.2).

Ts1//2WH3O
+ Ts1//2WH2O Ts1//2WHCl Ts1//1WHCl Ts1//3WHCl

C(1) +0.27 +0.17 +0.22 +0.23 +0.23
O(1) -0.48 -0.63 -0.51 -0.49 -0.55
O(2) -0.59 -0.67 -0.59 - -0.61
O(3) -0.59 -0.64 - - -0.63
H(1) +0.24 +0.37 +0.28 +0.28 +0.28
H(2) +0.45 +0.41 +0.31 +0.32 +0.30

N -0.26 -0.31 -0.16 -0.19 -0.19
Cl - - -0.61 -0.58 -0.58

H(3) +0.46 - - - -
H(4) - +0.40 +0.30 - +0.31

Table 4.3: Mulliken charges (DFT) of the atoms involved in the hydration
transition states
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The Mulliken charges of H(2), H(4) for Ts1//2WHCl, O(2) and O(3), H(2),
and H(3) for Ts1//2WH3O

+ follow the same idea, see Table 4.3.

Hydration of acetonitrile - Effect of the HCl(H2O)x cluster composition

Earlier studies have shown that co-adsorbed molecules can alter activation
barrier energies (28). Water molecule has a special ancillary effect,
catalyzing or co-catalyzing reactions (14-26) or stabilizing charges (47). All
of these examples lead us wonder about the influence of a water molecule
on the hydration transition state. To analyze this influence, three different
clusters were used: HCl(H2O), HCl(H2O)2, and HCl(H2O)3, see Figure 4.1c.

The addition of an extra water molecule to the cluster substantially
decreases the activation energy as well as the free activation energy (∆G#)
(see Table 4.1 and Figure 4.1c), regardless of the ab-initio method applied.
This indicates that similar ancillary effect is also observed in our present
case. The simple difference between the activation barrier energies will be
referred to as “Relative activation energy difference” (∆Erel) as described by
the equation 1. These differences are shown in Table 4.4.

∆Erel = Ea(Ts1//(n+1)WHCl) – Ea(Ts1//(n)WHCl) (1)

Ea(Ts1//(n+1)WHCl) is the activation barrier energy calculated from
the energies of the reactants and the transition state with the same number of
water molecules. ∆Erel includes the stabilization energy of the reactants and
transition state when an extra water molecule is added to the cluster
configuration (see Figure 4.2). In order to determine whether the
stabilization occurs in the transition state, the stabilization energy of the
transition state should be analyzed. It is useful to define the “Stabilization
energy of the transition state” (∆Est(Ts)):

∆Est(Ts) = E(Ts1//(n+1)w) – (E(Ts1//(n)w) + E(water)) (2)

E(Ts1//(n+1)WHCl) is the calculated energy of the transition state
configuration with (n+1) water molecules and E(water) is the calculated
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energy of one isolated water molecule. In the Table 4.4, one notes that for
all ab-initio methods, addition of water molecule leads to stabilization of the
hydration transition state. ∆Est(Ts) < 0 means that the configuration of
Ts1//(n+1)w system is more stable than the separated Ts1//(n)w system and
isolated water molecule. Defining the “ Free stabilization energy of
transition state (∆Gst(Ts))”similarly to ∆Est(Ts), it is also possible to note
that the addition of water molecule has a favorable effect (Table 4.4).

∆Est(Ts)
(∆Gst(Ts))

∆Erel

Ts1 RHF DFT MP2 RHF DFT MP2

1w to 2w -53.2
(-17.2)

-62.7
(-25.2)

-76.7 -25.4 -20.7 -30.1

2w to 3w -47.6
(-13.8)

-60.7
(-25.5)

-67.7 -25.9 -22.3 -16.0

Ts2 RHF DFT MP2 RHF DFT MP2

H2O case
0w to 1w -130.3

(-89.5)
-148.6

(-107.9)
-149.5 -98.8 -98.1 -92.2

HCl case
0w to 1w -29.9

(+14.9)
-25.3
(+9.9)

-36.6 -22.0 -18.5 -20.2

Table 4.4: Stabilization ∆Est(Ts), thermal free stabilization ∆Gst(Ts) and
relative activation difference energy ∆Erel for all transition states, (kJ/mol)

∆Est(Ts) and ∆Gst(Ts) remain almost constant with the number of
water molecule increasing. One finds this result by comparing the rows 1
and 2 from Table 4.4.

Once the values of ∆Erel and ∆Est(Ts) have been obtained, the
reactant stabilization energy after adding an extra water molecule to the
cluster can be determined (see Figure 4.2).

∆Est(react)= E(CH3CN//(n+1)WHCl) – E(CH3CN //(n)WHCl) – E(water) (3)

∆Erel values are smaller than ∆Est(Ts) (see Table 4.4), since their
difference has a positive value and consequently the ∆Est(react) is negative.
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The reactants also become more stable with the addition of one more water
molecule, but less stabilized than the transition state. This shows an opposite
behavior to the earlier mentioned SN2 reactions, where ab-initio calculations
showed that the stabilization of the reactants is more important than the
transition state (28).

Figure 4.2: Relation between ∆Erel and ∆Est(Ts) energies.

Following the hydration reaction path, the extra water molecules do
not act as a proton bridge as verified in other studies (14-26) but they
stabilize the proton transfer. Therefore, ∆Est(Ts), ∆Erel and ∆Gst(Ts) do not
change after extra water molecules addition (see Table 4.4)
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Figures 4.3: Intermediate configurations.

Isomerization of the intermediate

The first product of the hydration of acetonitrile is not acetamide (Ac), but
an intermediate molecule (hydroxy imine) that changes into acetamide. This
intermediate has been identified in a number of previous studies, such as
unactivated alumina (7), on Pd (II) (10) and di-rhenium (48) complexes, and
protonic zeolites (8b). This intermediate molecule has four different isomers
(Figures 4.3). Each of them differs simply from others by rotation of OH or
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NH group. The latter transformation is the most difficult, since it is a
rotation of a double bond. The equilibrium constants for the isomerization in
gas phase between all configurations were calculated using the following
expression:

298K
o = exp (-∆298G

o/(RT)) (4)

All those values are available when the zero point energy were
computed by Gaussian 94 code (34).

The equilibrium constant values suggest that the configuration 4
(anti-isomer) is more stable than the other iminol isomers in gas phase (see
Table 4.5). The tautomerism process occurs directly from this configuration
via intramolecular proton transfer (see Figure 4.4a – Ts2). This tautomeric
equilibrium is of great interest, especially in relation to biochemistry.
Acetamide and formamide are the simplest molecules that contain a peptide
bond. Formamide has been the subject of numerous theoretical and
experimental studies (49). Our equilibrium constant for tautomerism is also
in good agreement with other examples, such as the equilibrium constant
found for the tautomerism of 9-acridamine into 9(10H)-acridinimine (49a).
The value found was 0.787 (RHF) and 0.107 (DFT) at 298 K.

Configuration Relative energy to
 Syn-isomer

Equilibrium constants (298K o)

syn
RHF
0.0

DFT
0.0

MP2
0.0

RHF
syn→2
0.166

DFT
syn→2
0.284

MP2
syn→2
0.176

2 +4.6 +3.2 +4.4 2→3
1.88 10 -3

2→3
4.32 10 –3

2→3
3.19 10 -3

3 +20.2 +17.0 +19.0 anti→3
9.49 10 -7

anti→3
5.34 10 –6

anti→3
2.17 10 -6

anti -14.4 -13.3 -11.9 Ac→anti
2.63 10 –12

Ac→anti
1.65 10 –12

Ac→anti
1.69 10 –11

Acetamide(Ac) -76.1 -76.5 -71.9

Table 4.5 - Relation between intermediate isomers and acetamide, energies
in kJ/mol.

For the case of HCl (H2O) model the configuration 2 is the product
of acetonitrile hydration (see Schemes 4.3). This is not a stable
configuration, therefore it isomerizes into acetamide in several steps.
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Initially, this isomer changes into syn-isomer by simple C-OH bond
rotation, which requires low activation energy, 13.0 kJ/mol (see Schemes
4.3). The next step is to transform syn- into anti-isomer by C=NH bond
rotation. At last, anti-isomer tautomerizes into acetamide.

The effect of different protonating species

In this part the main focus was on the tautomerization into acetamide. The
direct transfer mechanism has a very high activation barrier and free
activation energy (greater than 100 kJ/mol) regardless of the ab-initio
method used (see Table 4.6 – Ts2). An analogous intramolecular
tautomerization reaction occurs on formohydroxamic acid tautomers (50)
and in isocyanic acid hydration (22), where similar geometry has been found
for the hydrogen migration transition state. The activation barrier found was
193.0 kJ/mol (without ZPE corrections) and 138 kJ/mol (with ZPE
correction) for MP2/6-31+G**, respectively. This is to be compared with
our value of 142.0 kJ/mol, using similar accuracy (see Table 4.6).

Anti-isomer Syn-isomer
RHF DFT MP2 RHF DFT MP2

Ts2 180.1
(179.3)

120.1
(119.6)

142.0 - - -

Ts2//0WH2O 81.3
(85.9)

22.0
(24.9)

49.8 - - -

Ts2//0WHCl 5.5
(10.7)

0.0 1.0 113.5
(110.1)

85.8
(89.7)

119.2

Ts2//1WHCl -0.5
(3.8)

0.0 0.0 91.5
(102.9)

67.3
(79.6)

99.0

Ts2//0WH3O
+ 0.0 0.0 0.0 - - -

Table 4.6: Tautomerism reaction activation and thermal free activation
(∆G#) energies, (kJ/mol)

Nevertheless, proton donor molecules such as H2O, HCl or H3O
+ can

catalyze the tautomerization reaction, acting as a bridge and transferring the
proton from the OH group to the NH group (see Figure 4.4a: Ts2//0WH2O).
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Figure 4.4a: Tautomerization reaction from anti-isomer (DFT results).

When water is the proton donor molecule, the activation barrier
energy and the free activation energy decrease about 100 kJ/mol, again
regardless of the method used (see Table 4.6). The transition state geometry
(Ts2//0WH2O) is still similar to Ts2 and in both cases anti-isomer changes
into acetamide. Again, the ancillary effect of water has been noticed and it is
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azetidinones, the activation barrier decreased by 42 kJ/mol (26a).
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Figure 4.4b: Tautomerization reaction from syn-isomer (DFT results).
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isomerization mechanism has changed: the isomerization of syn-isomer and
tautomerization paths merge in just one. Syn-isomer changes directly into
acetamide, since the rotation of C=N bond can occur simultaneously with
the proton transfer (see Figure 4.4b – Ts2//0WHCl). However in the RHF
calculation, this is not found (see Figure 4.4a – Ts2//0WHCl – RHF
Method).

Figures 4.5a and b: Interaction of the anti-isomer with H3O
+ and HCl

respectively (as the activating catalyst site).

Interestingly, when H3O
+ is used as a proton donor, anti-isomer

becomes protonated directly without any barrier (see Figure 4.5a). Similar
behavior has been already reported in earlier experimental works as with
benzimidic ester, which are completely protonated in acid solution (25) and
isomerization of simple enols into ketones, which is shown to proceed 1000
times faster in neutral aqueous solution (51). Our calculated configuration is
protonated acetamide, indicating that there is no distinction between the
tautomerism and the acetamide protonation (the third step of the nitrile
hydrolysis). In this case, since the protonation of acetamide is the first step
of the acetamide hydrolysis (17, 26b, 52), nitriles can be hydrolyzed directly
into organic acids.
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activation barrier decreases from 90.9 kJ/mol, in the H2SO4 case, to
negligible activation barrier energy in the H3SO4

1+ case. In our study, the
tautomerization activation barrier decreases from 81.3 kJ/mol (H2O) to zero
(H3O

+) (see Table 4.6).
The effect of embedding the reaction system has been also studied

using the Self-Consistent Reaction Field method (SCRF) (53). Calculations
were repeated, placing anti-isomer in contact with the HCl cluster (see
Figure 4.5b). Both at RHF and DFT level, assuming the dielectric constant
equal to 40, show that HCl protonates the intermediate directly, as found in
the H3O

+ calculations (see Figure 4.5a). Thus, it could be concluded that
anti-isomer will not be formed in strong acid solution and the
tautomerization reaction will proceed simultaneously with amide hydrolysis.

Effect of HCl (H2O) cluster composition

As it has been discussed in the previous section, tautomerization reaction
proceeds via syn-isomer, when HCl is a proton donor. Here the ancillary
effect of water on the isomerization was investigated.

The addition of water to HCl cluster decreases the activation barrier
and the free activation energy (∆G#) (see Table 4.6 for syn-isomer) by about
20 and 10 kJ/mol respectively. The activation energy for NH rotation (see
Figure 4.4b: Ts2//0WHCl) decreases with addition of water molecules to the
system (see Table 4.4 for ∆Est(Ts), ∆Gst(Ts) and ∆Erel). However, ∆Gst(Ts)
has a positive value, this indicates that the transition state is not favored by
this water addition.

It is interesting to compare the activation barrier energy for HCl
(H2O) with that for H2O clusters (see Figures 4.4a and 4.4b). The extra
water molecule, in these cases, plays a different role: it acts as a bridge for
proton transfer only in the latter case, as in the hydration transition state.
Therefore ∆Est(Ts) and ∆Gst(Ts) are greater than 130 and 90 kJ/mol,
respectively.

The reactants are also stabilized by extra water added (compare in
Table 4.4: ∆Erel and ∆Est(Ts)), but less than the transition state. The
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stabilization energy of the transition state is only about 10 kJ/mol and it is
also less than the stabilization energy found for the hydration reaction.

The complete hydrolysis scheme for HCl (H2O)2 cluster model

The acetonitrile hydrolysis path is show in Schemes 4.3. The Scheme 4.3a is
the RHF and Scheme 4.3b is the DFT and MP2 energy profiles. One can
notice the MP2 and DFT have good agreement in the geometry of the
configurations but not in their energies, as mentioned before.

The reaction followed exothermic steps, except for hydration in all
cases. Due to the ancillary effect of water molecule, the rate-limiting step of
the reaction can be either hydration or isomerization step, except for RHF
level of theory.

The isomerization step is composed by two transformations:
configuration 2 to syn-isomer and then to acetamide. One point to notice is
that anti-isomer does not occur in both Schemes, as predicted in the
previous sections. Even in Scheme 4.3a, in which the activation energy of
the transformation of this isomer into acetamide, calculated for RHF
(including ZPE), is negative. Moreover, acetamide is the most stable
configuration among all studied

4.5 Conclusions

Transition states for the acetonitrile hydrolysis reaction (including hydration
and isomerization steps) catalyzed by different proton donors have been
studied by different quantum chemical methods, (RHF, DFT and MP2),
using different clusters. They showed complete qualitative agreement for the
hydration reaction case. In the tautomerization case, inclusion of electron
correlation is required to obtain the correct transition state geometry.

The hydration mechanism is influenced by the proton donor
capacity: a strong donor (H3O

+) promotes stepwise path, while weak proton
donors (HCl and H2O) promote concerted path.
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The water molecule has an ancillary effect in the HCl(H2O)x clusters
(x=1 to 3). The hydration transition state is stabilized by 60 kJ/mol
(∆Est(Ts)) after the addition of one extra water molecule.

The tautomerization mechanism changes by the use of different
proton donors (H2O, HCl and H3O

+). In the case of HCl, anti-isomer is not
formed; the tautomerization reaction occurs simultaneously with the
isomerization reaction of syn-isomer. In the H3O

+ case, there is no
distinction between tautomerization and amide protonation. Therefore
acetonitrile is converted directly into acetic acid in this case. Embedding the
tautomerization step with HCl in a polar environment, the proton donation
gets lower activation barrier energy and HCl behaves as H3O

+.
When water is added to the direct anti-isomer tautomerization, the

transition state is stabilized by 130 kJ/mol, more than in the hydration case.
The water molecule plays a different role in the tautomerization reaction: it
participates in the proton transfer from OH to NH group.

The reaction followed exothermic steps, except for hydration in all
studied cases. Due to the ancillary effect of water in the hydration and
isomerization, the rate-limiting step of the reaction can be either hydration
or isomerization step, except for RHF level of theory.
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5
Study of the hydrolysis of acetonitrile

using Zeolite-type Brønsted acid
models

Abstract

The hydrolysis of acetonitrile has been studied theoretically by different ab-
initio methods (RHF, DFT and MP2) for protonic zeolite, which is a
Brønsted acid catalyst. The size and the configuration of zeolite cluster
model have an important influence on predicting the reaction mechanism.

The oxygen atoms of the zeolite cavity play an important role in this
reaction. Due to electronic interactions with such atoms, charged species, as
N- and O-protonated acetamide, can be stabilized.

For the zeolite catalyst, the rate-limiting step of the overall reaction
is the hydration of acetonitrile. Acetamide appears to be the most stable
species adsorbed on zeolite and it is responsible for poisoning the reaction.

Keywords: Ab-initio, hydrolysis, Brønsted acid site, zeolites, water
molecule.
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5.1 Introduction

Lately, increasingly stringent environment constraints have led to a
significant effort in new industrial routes and catalysts design and
application. However, current industrial processes for organic acids
synthesis are known to be environmentally unfriendly. The majority of these
processes is based on the oxidation of alkylaromatic compounds as toluene,
ethylbenzene and xylenes (1). One example is the production of terephthalic
acid, which ranks about 25th in tonnage of all chemicals and 10th of all
organic compounds together with its dimethyl ester (2).

A less explored alternative for the production of such acids is the
hydrolysis of nitriles, which is well-established catalytic procedure in acidic
and basic media and has been continuously used in many organic chemistry
lab classes (3). Another interesting point is that nitriles appear in industrial
waste streams (4), therefore it is necessary to develop new processes to
solve this problem.

The nitrile hydrolysis reaction proceeds via a succession of four
steps: protonation of nitrile, water nucleophilic attack, protonation of amide
(product of the first hydration) and finally second water nucleophilic attack
(see Scheme 4.1 in chapter 4).

Different catalysts have been employed to promote this reaction.
Manganese oxide (5), unactivated alumina (6), high-temperature water (4),
Pd (II) (7) and di-rhenium complexes (8), hydroxylated zirconium dioxide
(9), copper-nickel alloys (10), hydrotalcite-like materials (11), ionic copper
and copper oxide (see a review on hydration/hydrolysis reaction (12)) are
few examples.

Even enzymatic hydrolysis has been getting more and more attention
in this particular field due its very high stereoselectivity and use in a wide
range of substrates (13). This has led to a development of a large-scale
industrial process for production of acrylamide from acrylonitrile (13c).
Unfortunately, enzymatic processes are not economically competitive in
most of the cases.

A new class of Brønsted acid catalysts, protonic zeolites, has been
recently developed, based on so-called first generation Brønsted acids
(aqueous solution of hydrochloric and sulfuric acid (14)), and employed for
hydrolysis of diverse molecules (15). Interestingly, the nitrile hydrolysis has
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been studied as a side reaction of the formation of ethyl esters from aromatic
nitriles on different zeolites (15a).

The Brønsted acid catalyst studied here is protonic zeolite. This
catalyst is modeled by “3T”, “4T” and “5T” clusters. Several other zeolite-
catalyzed reactions have been successfully studied theoretically. The
activation of C-H and C-C bonds (16), the study of methanol reactions in
zeolites (17) and interaction studies between the Brønsted acid sites and
chemical species (18) are a few examples.

Acetonitrile (An) has been chosen as a model for simplicity (small
nitrile molecule). Its size and structure are evocative of typical reactants in
zeolitic–catalyzed reactions (17, 19). Furthermore, acetonitrile has also been
widely used to probe Lewis and Brønsted acidity of zeolites (18a, 18e, 19d,
20).

5.2 Methods

In this present work, different cluster fragments were used to model the
Brønsted acid site: “3T” (H3SiOHAl(OH)2OSiH3), “4T”
(H3SiOHAl(OSiH3)2OH), “5T” (“4Tring” plus OSiH3 group). In these
models, the Al center has two or three adjacent oxygen basic atoms, which
are necessary for hydrogen bonding with OH and NH groups (21).

The “3T” model was employed to study the adsorption of
acetonitrile and acetamide. The “4T” model is shown to be needed in the
hydration mechanism study, even though the “3T” cluster could also be
used with some configuration changes. In the case of isomerization study,
larger clusters, which have two adjacent acid sites, were necessary. Later
more details about this extra site requirement are provided.

H-termination of Si group has been chosen instead of OH-
termination to avoid problems such as intramolecular hydrogen bond
formation, which results in the creation of a non-acceptable model (22).
Clusters provide qualitatively interesting results with activation energies
typically 10 kJ/mol higher than found for extrapolated bulk zeolite
reactions. The use of such clusters has been extensively discussed elsewhere
(21, 23).
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All the calculations have been performed using two different types
of basis set with polarization functions: D95– Dunning/Huzinaga full double
- ζ (24) (for: Si, Al, C, N, H) and 6-311G (for the O). For studies of
methanol and ammonia in zeolites, such combination of double and triple -
ζ  plus polarization function type has been successfully employed with “3T’
or bigger models (25). Large basis sets, at least double −ζ type, have been
shown to be necessary for good accuracy in energy and physical properties
(26).

Restricted Hartree Fock (RHF), Density Functional theory (DFT)
and second order Møller-Plesset perturbation theory (MP2) have been used
in this study. RHF calculations were used to save computer time and to
obtain initial guesses for the other calculations. In case of small zeolite
clusters (“3T” and “4T”), MP2 was only used to correct the RHF energy
(single point calculations). Neither MP2//RHF nor RHF were used for the
5T model.

DFT calculations were performed because they include some
electron correlation and it scales much better than the previous MP2 method
(27). The hybrid B3LYP functional was used, which gives acceptable values
for molecular energies and geometries (27, 28).

The results were obtained with Gaussian94 (29) and 92 (30)
packages. The DFT calculations using the 92 version were performed using
Int=FineGrid keyword (which is a default on the 94 version) (31) to avoid
numerical inaccuracies in the energy and gradients calculations. The hybrid
B3LYP functional was used in our work as implemented in Gaussian94 (29)
or 92 (30) codes.

For RHF and DFT calculations, all the stationary points (transition
states and geometry minima) were verified by frequency calculations. These
tests produce no imaginary frequencies for local minimum and one
imaginary frequency for transition states (first order saddle points) (32). The
computation of Hessian matrix within MP2 framework requires large
resources, therefore the DFT geometry and Hessian are used as initial
guesses, which are updated according to MP2 forces.

RHF and DFT energies were also corrected using zero-point energy
(ZPE). The basis set superposition error (BSSE) was verified for DFT using
counterpoise method (33). The BSSE content for MP2 was not calculated
since only “single point energies corrections” were employed in this work.
Although our calculations involve more than two molecules, the N-body
counterpoise method (34) was not applied completely.
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For most of the cases here studied, such procedure becomes very
expensive. For example, 22 calculations and 125 calculations are required
for 3-body system and for 4-body system, respectively. Instead, the 3-body
method was applied to one system (“4T” model plus acetonitrile plus
water). To complement the BSSE investigation, the 2-body method was
applied in three different cases, such as acetonitrile plus water, “4T” model
plus acetamide and “5T” model plus intermediate. On average the BSSE
content (in percentage) for these interaction energies was 19.2 for DFT. This
value is in agreement with recent studies of BSSE for H-bonded complexes
(35). Even though this value is not negligible, the BSSE was not corrected
but simply verified in our results (see also recommendations in previous
specific studies on this subject (33,34)).

No symmetry constraints have been used for most of the
configurations studied (all exceptions are described along the text). For
deprotonation energy calculation 5”T” model has been used with some
constraints to prevent unrealistic configurations. Since MP2, RHF
geometries are quite similar to DFT in most of the cases, the latter
geometries are shown in all Figures and Tables. RHF and MP2 energies are
shown only when it is necessary.

5.3 Results and discussion

For better understanding the reaction is divided in three distinct steps:
hydration, isomerization (tautomerization) and desorption of product
(Schemes 5.1a, b in this chapter). Water ancillary and product poisoning
effects are discussed along all reaction paths.

Hydration step

Our first attempt to calculate the reaction path using “3T” model has failed.
The so-called “2-dimensional model” has only two adjacent oxygen atoms
(see Figure 2.1a - chapter 2), which seem to be not enough to accommodate
both reactant molecules: acetonitrile and water. However, this problem was
overcome when the “3T” model with a different geometry has been used.
This new configuration, so-called “3-dimensional model”, has three oxygen
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sites (Figure 5.1a). The drawback of this model is the existence of two non-
equivalent oxygen sites: O(4) and O(2)/O(3).

Figure 5.1a: Acetonitrile, water molecule and “3T” model (3-
dimensional configuration).

To check the influence of this inequality, a “4T” model, which is the
previous model with OSiH3 group replacing one OH group, was also used
(see Figure 5.1b).

Comparing these two models, one can see that the activation energy
values and final geometries of the transition states (Ts1-3T and Ts1-4T) for
the hydration step are in good agreement (Table 5.1 and Figures 5.2a-b).
However, the inequality of oxygen atoms O(4) and O(3) in “3T” cluster
influences the reaction energy, since different Brønsted sites are formed
during the reaction (see Table 5.1).

Hall et al (20) proposed transfer of the proton from zeolite to
acetonitrile with its bending, where the C hybridization changes from sp to
sp2. This seems to agree with the found transition state (Figures 5.2a), where
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the triple bond character in C-N disappears. The values of C-N bonds length
and C-C-N angle (represented by C(18)-N and C-C(18)-N) can be shown in
the Table 5.2.

Step Models
HCl (H2O)2

(chapter 4)
H3O

+(H2O)
(chapter 4)

Zeolite
”3T”model

Zeolite
”4T”model

Heat of reaction
RHF
MP2
DFT

33.5, 27.4#

45.9, 37.6#

7.0, 6.3#

64.2
39.8
22.5

31.5
22.8
3.5

Activation energy
RHF
MP2
DFT

161.2
116.7
78.2

47.2
25.1
3.2

170.8
111.2
75.9

156.4
104.3
70.9

Ancillary effect of water
∆Εst(Ts)- DFT
∆Gst(Ts)- DFT

-32.5
2.5

-26.5
8.6

Note: (1)# reaction heat corresponded to syn-isomer.
Table 5.1 – (DFT/B3LYP)- calculated energies for hydration step in kJ/mol.

Figure 5.1b: Acetonitrile, water molecule and “4T” model
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Lasperas et al (15a) proposed a mechanism for the hydration step on
protonic zeolites, in which the nucleophilic attack by water on protonated
acetonitrile is coupled with a proton transfer to another water molecule.
However, Sugiyama et al (5), using manganese dioxide to hydrolyze
acrylonitrile, suggested that proton transfer, which restores the active sites
(OH groups on the surface), occurs by back donation from the nucleophile
agent. Both ideas are analogous to our reaction path, in which all transition
states show that water molecule is a nucleophile agent and source of protons
simultaneously. Moreover, all transition states found also describe concerted
mechanism for the hydration.

Zeolite model Exp*.
Ts1-3T Ts1-4T Ts1-3T//2w Ts1-4T//2w -

N-H(8)
N-H(6)

1.11 1.11 1.13 1.11 -

C(18)-N
C(9)-N

1.20 1.20 1.20 1.20 1.27

O(3)-H(24) 1.66 1.69 1.72 1.73 -

O(2)-H(25) 1.66 1.69 1.74 1.77 -

Cl-H(5) -

C(18)-O(23)
C(9)-O(3)

1.82 1.88 1.76 1.79 1.36

N-C(18)-O(23)
N-C(9)-O(3)

118.9° 117.8° 118.6° 117.6° -

C-C(18)-N
C-C(9)-N

141.5° 143.7° 139.1° 140.2° -

N-O(4)-Al-O(23) 0.99° 0.00° -17.9° -24.3° -

Note: *Refers experimental values in Å (35):
C-OH: from acetic acid, C=N: from methyleneimine.
Table 5.2 – DFT/B3LYP optimized geometries for the hydration transition
state. All distances are in Angstroms (Å) and angles in degrees.

In the HCl (H2O)2 cluster system, the second water molecule
stabilizes the transition state, as previously verified in chapter 4. Hydrogen
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H(2) is donated to Cl, which is stronger Lewis base than water molecule.

Figure 5.2: Transition states of the hydration reaction for different
models.
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Applying the same analysis to the zeolite cluster, one can see that
hydrogen is not back donated to the same oxygen site. Instead, it goes to
another one, which is also a strong Lewis base. Although the proton
donation follows different path, both systems behave similarly. The non-
solvated HCl has similar reactivity to the zeolitic proton.

The ancillary effect of water molecules has also been studied by
adding an extra water molecule into the zeolite model. In this case, the extra
water molecule acts as a bridge for the back donation (see Figure 5.2c –
Ts1-4T-1w).

However, it is important to note that a simple difference between the
activation energies of these two systems, with and without the extra water
molecule, can lead to misinterpretation. This misinterpretation occurs due to
the stabilization energy of reactants, which was not taken into account in
this calculation (see chapter 4).

Figures 5.2c: Transition states of the hydration reaction - Ts1-4T-1w.
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Therefore, it becomes necessary to calculate only the stabilization energy
(∆Εst(Ts)) and the stabilization free energy (∆Gst(Ts)) of the transition state,
which is described by equation 1.

∆Est(Ts) = E(Ts1//(n+1)w) – (E(Ts1//(n)w) + E(water)) (1)

E(Ts1//(n+1)w) is the calculated energy of the transition state
configuration with (n+1) water molecules and E(water) is the calculated
energy of one isolated water molecule. This energy difference is shown in
the Table 5.1. ∆Est(Ts)<0 means the hydration transition state is stabilized
by this extra water molecule. Interestingly, the stabilization effect found
here, about 30 kJ/mol for the DFT method is not pronounced compared to
previous result in chapter 4, in which this stabilization was 60 kJ/mol for the
DFT method.

This process is not favorable, ∆Gst(Ts) > 0, since the addition of an
extra water molecule creates a steric hindrance for acetonitrile, which can be
seen by comparing the dihedral angle between the atoms N, O(4), Al and
O(23) in the Ts1 and Ts1-(3/4T)-1w (see Table 5.2). The higher deviation
from the coplanarity, the lower is the stabilization energy. The active
species are not in the best position to overlap their orbitals.

None of these results predicts the stepwise mechanism commonly
verified in aqueous acid solution (3), which corresponds to a fast
protonation followed by the nucleophilic attack. Only calculations with the
H3O

+(H2O)2 cluster show that acetonitrile is directly protonated (see chapter
2).

One should note that the activation energy calculated for the
concerted reaction is higher than for the stepwise mechanism (see Table
5.1). Since the stepwise activation energy is only water nucleophilic attack
energy, the proton donation energy is the main factor for the high barrier
found for the concerted mechanism. Subtracting the activation barrier
energy found for the H3O

+ (H2O)2 model from the one for zeolite and for
HCl(H2O)2 model, this proton donation energy for the concerted process can
be calculated. This energy has the same magnitude for both Brønsted acid
catalysts (zeolite or HCl(H2O)2 models) and is approximately 100, 90 and 70
kJ/mol for RHF, MP2 and DFT methods, respectively.

In the case of Zn-exchanged zeolite (see chapter 6), acetonitrile is
activated by zinc ion (Lewis acid) and not by proton transfer. For the
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preferred reaction path, the activation energy for hydration (nucleophilic
attack) is 25.8 kJ/mol. In a different path using the same catalyst, the value
of the activation energy increases to 66.2 kJ/mol, since acetonitrile is
protonated. One can conclude that the key of the hydration step is the
activation of the reactants, mainly acetonitrile.

Analyzing now the activation energy values, our zeolite model
predict a lower energy than the experimental value, 127.3 kJ/mol (14d).
DFT, in some cases, underestimates calculated energies (21, 26, 36) and
activation energies (37). MP2 values, in most of the case, found here have a
larger difference in comparison to DFT. This difference is caused by two
factors: MP2 energies are calculated from the geometries obtained at RHF
level (single point) and the basis set used in our calculations is not large
enough to describe correctly the MP2 energy of H-bonding complexes, as it
has been recently shown in (38).

Step Models
HCl (H2O)2

(chapter 4)
Zeolite

”4T”model
Zeolite

”5T”model

2 ↔ syn -isomer
RHF
MP2
DFT

13.1
22.7
13.5

syn↔anti -isomer
RHF
MP2
DFT

uncatalyzed (DFT)

91.5
-
-

95.5
102.7
84.9
82.6

anti-isom↔acetamide
RHF
MP2
DFT

uncatalyzed (DFT)

-0.50
-
-

157.4
126.8
109.2
120.1

syn-isom↔acetamide
RHF
MP2
DFT

-67.3
88.4

13.3*
4.72*
-3.80* 10.5

Note: (2)* this reaction forms the protonated form of acetamide.
Table 5.3: (DFT/B3LYP) energies for isomerization step in kJ/mol.
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Isomerization of the intermediate

As one could see in chapter 4, the first product of the hydration of
acetonitrile is not acetamide (Ac), but an intermediate molecule (hydroxy
imine).

Scheme 5.1a: DFT/B3LYP and MP2//RHF energy diagram –“4T” model.

This intermediate molecule has four different isomers (see Figures 4.3 in
chapter 4). Each of them differs simply from others by rotation of OH or of
NH group.

The “3T” zeolite model demonstrates deficiency to predict the
isomerization transition states, because of the problems mentioned
previously. Instead, the “4T” model describes the isomerization by two
different reaction paths (see Schemes 5.1). The first idea is very similar to
the “homogeneous model” reaction path (see Scheme 5.1a). However, there
are few differences, the main one is that the hydration product is not the
configuration 2, but syn-isomer. Therefore, this path has only two steps:
formation of anti-isomer and tautomerism. Both transition states require
high activation energy: 84.9 and 109.2 kJ/mol for isomerism and
tautomerization respectively (for DFT method, see Table 5.3).
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Figures 5.3a: isomerization and tautomerization transition states.

Surprisingly, the tautomerism barrier is even higher than the
hydration activation energy (see Scheme 5.1a).

Another interesting point is that these two processes are very similar
to the un-catalyzed ones (see Figures 5.3a). The transition states have
similar optimized geometry, as well as the activation energies: 82.6 and
120.1 kJ/mol for isomerism and tautomerization respectively (see Table
5.3). The zeolite model does not influence the mechanism, since neither NH
nor OH groups have been activated by the catalyst model in the transition
state.

However, the tautomerism can be assisted by water molecules, as
one could see in the previous chapter. This proton transfer assistance has
also been observed for other different molecules, such as N-
nitrobenzenesulfonamides (39), isocyanates (40) and β-lactams (41),
carbodiimine (42). This synergetic effect can reduce the activation energy
up to 100 kJ/mol, favoring the tautomerism.

The anti-isomer could also adsorb in a different manner. NH group
instead of OH group interacts with the Brønsted site (see Figure 5.3b). In
this case, all our attempts resulted in the acetamide configuration, similarly
to the “homogeneous model” result (see chapter 4). The NH group seems to
be very reactive, accepting the proton easily. In all these cases, acetamide is
the final configuration.

The second idea is to start again from syn-isomer. In this case, this
molecule desorbs from the Brønsted site to re-adsorb in a different
configuration, so-called (N-configuration), see Scheme 5.1b.
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Scheme 5.1b: DFT/B3LYP and MP2//RHF energy diagram –“4T” model.

Figure 5.3b: Anti-isomer and “4T” model (geometry not optimized).
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The new configuration differs from the initial one by the H-bonding group:
NH (N-configuration) instead of OH. As mentioned before, NH group is
very reactive, thus its protonation occurs with a very low barrier energy, or
even no barrier (the DFT calculation corrected with ZPE gives a negative
value). This configuration is the protonated acetamide. The intermediate is
the first step for the amide hydrolysis as described in previous studies (39,
43), which means that hydrolysis may result directly in carboxy-acid.
However, protonated intermediate configuration is not stable in this model.
Even after fixing NH group in the N-H(9)-O(3)-O(2) and the N-H(8)-O(2)-
O(3) planes, this configuration was not obtained, regardless of the method
used. There are two different effects occurring simultaneously. The first is
that the “4T” model geometry is distorted when the proton is donated (see
Figure 5.4a). The SiH3 group moves up and creates a repulsive interaction
with the protonated molecule. This destabilizes the system, shifting the
configuration back to the neutral molecule (later another example of this
effect will be shown). The second effect explains instability of the
protonated molecule. Cluster approach does not take in account the
stabilization effects produced by van der Waals interaction of the positive
charged molecule with the zeolite cavity oxygen atoms.

Figures 5.4a: “4T” model problems.
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The model size was increased to a “5T” configuration (Si/Al=1.5),
which is composed by one “4T” ring plus OSiH3 branch. Even though this
model has one more Brønsted site than the “4T”, the “5T” model acidity
(1304 kJ/mol) is quite similar to the value found for “4T”model, see Table
2.2. Our aim was to study the NH protonation, avoiding the geometric
distortions that occurred with the use of “4T” model. In this case, only DFT
calculations were done, see scheme 5.1c. Similar result was obtained, except
that the activation barrier was not negligible as before: 10 kJ/mol (see Table
5.3). The protonated intermediate is also not stable, however the previous
constraints used for the “4T” model resulted in a final optimized geometry,
which had no negative frequencies. Although this approach avoids the
geometric distortions, the model is still far from the real zeolite system.

Schemes 5.1c: DFT energy diagram – “5T” model.
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3.2.3 Amide desorption

Despite the fact that the most favorable isomerization path does not form
acetamide directly but possibly its O-protonated form, three different
configurations for acetamide adsorption were studied. These configurations
differ by changing the H-bond between acetamide and zeolite model (see
Figure 5.4b). The first structure is so-called configuration Ac2, in which
both CO and NH2 groups interact with the cluster model. However, the main
H-bond is between CO and the Brønsted site. The second configuration
(Ac1) has only NH2 group interacting with the Brønsted site. The last
configuration (Ac3) is the N-protonated form of acetamide.

Figures 5.4b: Different configurations of acetamide adsorption on the
models (Ac1 and Ac2).

Ac2 is the most stable acetamide configuration. The energy
difference between Ac2 and Ac1 is about 40 kJ/mol (see Table 5.4),
regardless of the method and cluster model used. This configuration
stabilization is in line with the idea that the higher number of hydrogen
bonds formed, the more stable is the adsorbed species (44).

Ac2 requires higher desorption energy compared to acetonitrile (see
chapter 2 and Scheme 5.1a), thus indicating that it is potential inhibitor for
acetonitrile hydrolysis. This poisoning effect has been previously observed
in experimental studies, such as in ethyl ester synthesis from aromatic
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nitriles on acid zeolites (15a) and in the liquid phase hydration of
acrylonitrile on manganese dioxide catalyst (5).

Model used Proton affinity Acetamide adsorption energy

acetamide NH3 Ac1 Ac2 Ac3
3”T”

2-dimensional
-44.4

{-26.7}
[-53.9]

-85.4
{-61.2}
[-97.3]

-14.1
{+30.6}
[-24.2]

4”T” -44.9
{-26.2}
[-56.3]

-90.2
{-68.3}
[-94.7]

-11.2
{+37.1}
[-19.9]

Gas-phase NH2 C=O
RHF
DFT
MP2

-803.8
-812.7
-821.8

-884.5
-869.3
-864.2

-867.9
-865.4
-866.2

Note: {RHF} value and [MP2//RHF] value
Table 5.4 - Adsorption and proton affinity energies for acetamide (kJ/mol).

The desorption of Ac2 can be promoted by the reactants, restoring
the catalytic cycle (Scheme 5.2). Both reactants decrease the energy needed
for Ac2 desorption by 50 kJ/mol. However, the process is still endothermic.

Scheme 5.2:Desorption of acetamide promoted by the reactants.
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This promoted desorption is better illustrated by using Zn-exchanged
zeolite to catalyze the nitrile hydrolysis (see chapter 6). Water and
acetonitrile can displace acetamide from the active site (Zn2+) in a
exothermic process.

For Ac1 configuration, nitrogen from the NH2 group interacts with
the zeolite proton. At the same time, one of the zeolite oxygen atoms forms
another H-bond with the same NH2 group. Although this configuration has
two H-bonds, both bonds are weaker than the ones for Ac2 configuration
(compare the distances O(24)-O(3) and N-O(2) in Ac2 to N-O(3) and N-
O(2) in Ac1, Table 5.5).

Cluster and acetamide (“4T”)
Ac1 Ac2

O(24)-O(3) - 2.52
N-O(2) 2.93 2.85
N-O(3) 2.71 -

Table 5.5 - Optimized geometries for N-O and O-O distances in Å.

This bidentate configuration is very similar to the ammonia bidentate
configuration (44), however in the latter case nitrogen is protonated by the
zeolite cluster. Interestingly, methyl group of acetamide moves away from
O(4)H (“3T” model) and OSiH3 (”4T” model) groups, see Figure 5.4b for
the “4T” model, to avoid a repulsive interaction between these cluster
groups and acetamide molecule.

Ac3 (the protonated Ac1 form) forms three hydrogen bonds with the
cluster (Figures 5.4b). The protonation energy (difference between Ac3 and
Ac1 adsorption energies) has positive values: 57.3, 29.7 and 30.3 kJ/mol for
RHF, MP2//RHF and DFT methods respectively (using either “3T” or “4T”
model), which indicates an endothermic process. Moreover, the Ac1 binding
energy (see Table 5.3) has very low value (about 10 times less) compared to
the previously calculated for different organic amines and ammonia, which
ranges from 145 kJ/mol for ammonia to 230 kJ/mol for 2-methylpyridine
(18b). Both results indicate that NH2 group from acetamide is not a good
proton acceptor.

Two remarks are necessary about the latter results. First, the RHF
method shows quite different results from DFT and MP2//RHF, thus
indicating that electron correlation is recommended to calculate for charged
species.
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Figures 5.4b: Ac3 configuration of acetamide on different cluster models
(“3T” and “4T” models).

Second, the “4T” cluster model was partially constrained (the hydrogen
atoms from all SiH3 groups were frozen in their spatial position) for the DFT
calculation. These constraints prevented the repulsive effect of OSiH3 group,
which moves up (Si-O-Al angle becomes close to 180°) and pushes
acetamide molecule away during the optimization process. Without those
constraints, the final configuration obtained was the Ac1 configuration.
However, this effect has not been observed in the case of “3T”model,
because OH group has less volume than OSiH3 group. This effect is equal to
previously observed in our study of the isomerization mechanism.

To complement this study, the proton affinity of C=O and NH2 of
acetamide was compared, since there are two possibilities of acetamide
protonation: N- and O-protonation. This affinity is calculated by subtracting
the neutral molecule energy from its protonated form energy:
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is even comparable to the value of ammonia (see Table 5.4). Previously,
different studies, such as of ketones adsorption (19g) and aromatic amides
hydrolysis (45) on zeolites showed that C=O group interacts directly with
the cluster proton. Combining both results, one can conclude that acetamide
will be certainly O-protonated on zeolites, which agrees with the current
proposed mechanism of acid-catalyzed hydrolysis for regular amides (e.g.
acetamide) (39).

For comparison, the energy difference between the two possible
acetamide configurations using HCl (H2O) model, which are homologous to
Ac1 and Ac2 configurations (see Figures 5.4c), is not large. This difference
has the following values: 3.3, 4.9 and 5.8 kJ/mol for RHF, MP2 and DFT
respectively. Therefore, acetamide has no preference to interact with the
different HCl (H2O) model configurations.

Figures 5.4c: Different configurations of acetamide adsorption on the
HCl(H2O) model.
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5.4. Conclusions

The hydrolysis of nitriles has been studied theoretically on protonic zeolites
by different ab initio methods (RHF, DFT and MP2). Similarly to
“homogeneous Brønsted acid catalyst” (see chapter 4), this reaction can be
divided in three well-defined steps: hydration, isomerization of the
intermediates and desorption of acetamide. In both Brønsted acids studied a
concerted mechanism is preferred for hydration step.

The isomerization pathway consists of two parts: rotation of C-NH
bond and tautomerism. This mechanism for the zeolite model has less steps
than for its homogeneous homologous (see chapter 4). However, it leads to
two different paths. One forms acetamide directly, the other forms its O-
protonated configuration, which is the first step for acetamide hydrolysis.
This path seems to be preferred, since low activation energy is required and
it can lead directly to the carboxy-acid formation.

Acetamide can be adsorbed in three different ways on zeolite cluster.
The most stable configuration (Ac2) has higher desorption energy than
acetonitrile and it may certainly poison the catalytic site. However, this
desorption energy can be reduced by displacing acetamide with either water
or acetonitrile, which restores the catalytic cycle.

The overall rate limiting step is the hydration since the isomerization
step is assisted by water molecule and the displacement of acetamide from
the catalytic site is promoted by the reactants.

The oxygen atoms of the zeolite cavity play an important role in this
reaction. Due to electronic interactions with such atoms, charged species, as
N- and O-protonated acetamide, can be stabilized.
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6
Theoretical study of nitrile hydrolysis

reaction on Zn2+ ion exchanged zeolites

Abstract

The hydrolysis of acetonitrile catalyzed by Zn2+ ion exchanged zeolites has
been studied theoretically by DFT (Density Functional Theory). A 4T
cluster (Si/Al=1) with zinc in the cation position has been chosen to model
the zeolite site. The action of the metal ion is found to be quite analogous to
that of the hydrolyzing enzymes, especially to Carbonic Anhydrase. The
primary reaction of Zn2+ with H2O is a dissociative reaction, in which
ZnOH+ species is formed together with a zeolitic proton.

Many alternative reaction paths have been analyzed and their
reaction energy diagrams, including transition states, are presented. The
hydrolysis reaction can be divided in three parts: hydration, isomerization
and product desorption. The rate-limiting step is the nucleophilic step during
the hydration reaction.

Water molecule plays an important role in many elementary reaction
steps. It acts as a proton donor in hydration and tautomerization parts and
facilitates the desorption of the reaction product that is an inhibitor of the
reaction. A detailed comparison is made with related enzymatic reactions.

Keywords: Ab-initio, hydrolysis, Lewis acid site, zeolites, water molecule.
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6.1 Introduction

During the past 15-20 years there has been a significant increase in use and
interest of enzymes as catalysts for organic synthesis. There are two major
reasons for the widespread use of these catalysts: (i) a variety of substrates
can be operated with a high selectivity and yield, moreover (ii) enzymes are
extremely easy to be manipulated. In particular, hydrolytic enzymes (e.g.
lipases, esterases and acylases) have been proved to be particularly useful
and widely used in organic synthesis (1).

In the specific case of hydrolysis of nitriles, this reaction represents a
potentially useful synthetic method for either amide or carboxylic acids
(2b), taking into account that the current carboxylic acid production process
is considered to be environmentally unfriendly and such acids have very
high industrial demand among all chemicals.

The hydrolysis reaction can be performed in two different ways:
directly to organic acids (using nitrilase) or initially amides are formed
(using nitrile hydratase) and then, hydrolysis proceeds in consecutive step
to organic acids (using amidase). Generally, the guideline is to perform the
hydrolysis of aliphatic nitriles via two steps and of aromatic nitriles via a
single step pathway. Several groups have been studying successfully these
enzymatic hydrolysis reactions (2). The yields obtained are reasonable and
the selectivity of the desired product in some cases is higher than 95%.

An industrial application of enzymatic hydrolysis is acrylamide
production. Nitrile hydratase is used to convert acrylonitrile into the
corresponding amide (3). This process, compared to the current route using
copper catalyst, has several advantages (3): high conversion, thus there is no
need to recover nitrile and it is performed at low temperature and pressure,
therefore requires easy design equipment.

However, the general disadvantage of enzymatic catalysts is their
instability or low activity under high temperature conditions, which are
normally necessary for high conversion.

Similarly, zeolites, which are crystalline microporous
aluminosilicate materials formed by a combination from Si and Al atoms
linked tetrahedrally by O atom bridges, are also subject of large interest
from scientific and industrial points of view and are widely used to catalyze
petrochemical processes (4).
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These materials have unique defined pore system, cation exchange
capacity and high stability (thermal and chemical). In its protonic form (H+),
zeolites catalyze proton donor reactions (acid catalyzed reactions):
activation of C-H and C-C bonds (5), formation of dimethyl ether (6),
hydrolysis of organic compounds (7) and opening of organic rings (8).
Recently, zeolites have been used for fine chemical synthesis, where
selectivity of the desired compound is very important: SN type reactions,
carbocationic rearrangements, additions and β-elimination reactions (9).

The combination of the special characteristics of both types of
catalysts: high selectivity and yield of enzymes and unique pore system and
high stability of zeolites can be very useful to improve the catalytic activity
for several reactions. Lately, studies have been performed in this direction.
For example, zeolites substitute enzymes in the hydrolysis of frutose and
glucose precursors. In this case, high temperature reactions could be used to
improve both activity and selectivity (10). Zeolites have also been used as a
solid support for enzymes. Enzymes have been immobilized by adsorption
(11a-b) or catalytically active molecules have been synthesized inside of the
micropores (zeolite or mesoporous support), which is called “Ship-in-the-
bottle” method (11c-h).

Our interest is to study theoretically the nitrile hydrolysis reaction
catalyzed by zeolites, but combining special feature from enzyme. One way
to employ this is to mimic the enzyme active site inside of the zeolite frame.

The enzyme active site for hydrolysis has been indicated, in some
cases, to be metal cations. Fe3+or Co3+ in Nitrile Hydratase (2a, 2g), Zn2+ in
Carbonic Anhydrase (2g, 12, 13), Alcohol Dehydrogenase (14) or Zinc-
peptidases (15) and Ca2+ in the Staphylococcal Nuclease (12) are common
examples. The most suitable active site for hydrolysis can be determined by
analyzing four states along the reaction pathway: (1) interaction between the
reactant and the active site, (2) formation of OH- nucleophile and (3)
subsequent OH- nucleophilic attack on the reactant and (4) product
desorption.

One example of this mechanism is Carbonic Anhydrase in the red
blood cells of living organisms (13). This enzyme performs hydration of
CO2 to HCO3

-. Its active site has to be activated by creating ZnOH+. The
reaction proceeds via OH nucleophilic attack on CO2 (see Scheme 6.1).
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Scheme 6.1: Enzymatic CO2 hydration.

This active site (Zn2+ cations) can also be found in some substituted
zeolites. Zinc containing zeolites catalyze dehydrogenation of light paraffins
such as ethane (16, 17), aromatization of in situ generated ethylene (18),
propane (19) and hydration of acetylene (20), which has similar mechanism
to one found for Carbonic Anhydrase. Zinc ion exchanged zeolite can be
prepared by different methods, such as solid-state ion exchange and
chemical vapor deposition (21) or by ion exchange and impregnation (17).

Based on the active site found for Carbonic Anhydrase and for
acetylene hydration, our model was chosen to be a 4”T” ring (with Si/Al=1),
in which both Brønsted site protons were substituted by zinc ion. The model
allows to study directly the catalytic effect of the substituted cation (Zn+2)
on the nitrile hydrolysis, similarly to catalytic effect found for CO2

hydrolysis on the Carbonic Anhydrase.
The chosen probe molecule is acetonitrile, since it is the smallest

nitrile molecule being applied in either experimental (7a, 7c, 22b, 22c) or
theoretical (7b, 22a, and see chapter 5) studies.

Furthermore, the nitrile hydrolysis has also been studied
experimentally using different other catalysts (7a-c, 23, see also chapters 4
and 5), which gives interesting data set for further comparisons.
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6.2 Methods

A 4”T” cluster fragment with (Al(H2)OSi(H)2OH)n basic unit (n=2) is used
to model the zeolite acid site (see Figures 6.1). The initial geometry was
taken from the faujasite X-ray results available in the Insight II package
(24). Studies were limited to the small size cluster to save computational
time and in order to focus on the different elementary reaction steps,
primary interest of this work.

Figures 6.1: Cluster models and active sites.
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The choice of H-terminated Si group rather than OH-terminated
group is to avoid problems such as intramolecular hydrogen bonds, which
can result in significant artifacts (25). It has been shown that the clusters
provide qualitatively interesting results, although activation energies are
typically 10 kJ/mol higher than the ones found for extrapolated bulk zeolite
reactions. The use of such clusters has been extensively discussed elsewhere
(25, 26).

All calculations have been performed using DZVP (Double Zeta
Valence plus Polarization function) for all atoms. This basis set is designed
to provide double −ζ  quality in the valence orbital region and a single
function to represent the less chemically reactive core orbital (27). This
basis set incorporates polarization functions on all atoms, except for
hydrogen. A second auxiliary basis set (A1) was also used to expand the
electron density in a set of a single-particle Gaussian-Type functions (28)
typically used by default in the DGauss package code (29). Large basis set,
double −ζ type, has been shown to give good accuracy in energy predictions
and geometry configurations (30).

Density Functional theory (DFT) has been used in this study. The
Becke exchange energy (31) plus Lee-Yang-Parr correlation functional
(BLYP) (32) have been employed. These functional give acceptable values
for molecular energies and reasonable values for geometries (30).

Frequency calculations were performed in order to verify the
stationary point geometries. These tests result in no imaginary frequencies,
which indicate that these stationary points were local minima, or in one
imaginary frequency, which corresponds to transition states (33).

All energies were corrected using zero-point energy (ZPE). The
chosen basis set was previously optimized for use in order to minimize the
basis set superposition error (BSSE), as suggested by Radzio et al (34).

No symmetry constraints have been used in the present work. Some
extra transition states were calculated by including water molecules to our
system. Furthermore, one geometry configuration was calculated by using
“water rings” (with 7 and 5 water molecules).
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6.3 Results and discussion

Three specific points will be compared between the ion exchanged zeolites
and enzymes for the nitrile hydrolysis reaction. In the first part, the active
site for both catalysts will be compared. In the second part, the reaction path
will be discussed by studying different mechanisms, which depend on the
activated reactant (water or acetonitrile). Together with the reaction path
study, the ancillary effect of water molecule will be also investigated,
analyzing the changes in the activation energy and desorption of acetamide.

Active site study

Strong Lewis acids such as a divalent metal cations are found to be the
active site in different ligand environment: dirhenium (23h) and palladium
(II) complexes (23e) for acetonitrile hydrolysis, Ce (III) and Cd (II)
exchanged zeolites for phenylacetilene hydration (23b), copper (II) in
copper-containing micelles (35) for amide and ester hydrolysis, zinc cation
in Carbonic Anhydrase for CO2 hydrolysis (13), zinc cation in polyamine
complexes for different hydrolysis reactions (36) and also in zeolites for
acetylene hydrolysis (20).

Zinc ion is found to be tetra-coordinated in the latter two catalysts.
In enzymes, it is surrounded by water molecule (so-called Zn-bound water)
and three chains of histidine amino-acids. In polyamines (triamines), it
replaces protons inside of polycyclic-amine cavity. In these catalysts, the
water molecule is considered as the fourth ligand. In zeolites, zinc ion
substitutes protons, being surrounded by oxygen atoms from the frame (19,
20c, 21, 37). However, the coordination number depends on the degree of
hydration. Roessner et al (37a) indicated that zinc has octahedral
coordination in MFI, since the hydrate shell around zinc ion contains six
water molecules, but it became lower coordinated after temperature
increase. Iglesias et al (19), also studying Zn-H-MFI, found that zinc
coordination is only four after thermal dehydration.

In the present work, zinc is tetra-coordinated in the 4T cluster
(Figure 6.1), similar to the active systems mentioned. Comparing the
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distances Zn-O in our model with the distances found for Zn-N in enzymes
and Zn-O in zeolites, the geometric similarity becomes more evident, see
Table 6.1. Its coordination number also changes with hydration degree from
tetra-coordinated in Zn-Zeolite model (Figure 6.1a) to 4 + 1 coordination in
Zn-bounded water-Zeolite model (Figure 6.1b). This 4 + 1 coordination of
zinc cation is also found in Carbonic Anhydrase upon CO2 adsorption (13e).

Distance Zn-X
X= O X= N

Enzymes 2.12 (13b) -water
2.0 (13c) - water
1.92(13e) - water
2.04 (14)- water

2.06, 1.99 (13b)
2.1 (5c)

1.97, 1.94 (5e)
2.25 (6)

Zeolites 2.09 (19)
1.56 (37a)

1.97, 1.99 (37b)

-

Polyamines 2.00, 2.04, 2.01 (36)

This work 2.08 (frame)
2.13 (frame), 2.11 water

Table 6.1: Distance between Zn ion and the ligands, in Å.

Another interesting point about zinc position is that it prefers
coordination out of the plane of the oxygen atoms. This was also observed
in other zeolite model calculations, where Co2+ and Zn2+ stayed out of plane
of oxygen atoms in a six-ring model (38). This position is very important for
the accessibility of the active site, which has been verified for
tetraaminecyclan (36) and for Carbonic Anhydrase (13g-h).

However, zinc ion must be activated by formation of ZnOH+ species.
This is the known mechanism for CO2 hydrolysis, illustrated in Scheme 6.1.
This activation proceeds via dissociation of water molecule on the ion. This
activation is known to occur in systems such as: Zn-zeolites (19, 39), Zn-
polycyclic-amines (36, 40), Cu-containing micelles (35), palladium (II)
(23e) and dirhenium complexes (23h). In an interesting study of MnO2 as
catalyst for acrylonitrile hydration in liquid phase, zinc was used to
substitute protons in hydroxyl groups formed on the oxide surface (23a),
which were claimed to be the active centers. After the proton substitution
there was no activity for the related reaction. However, nothing was
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discussed about zinc ion inactivity, since water molecules were present in
the reaction medium. But the formation of ZnOH+ was impossible, due to
the lack of basic oxygen free on the surface.

In the case of enzymes, this Zn-bound water dissociation is
considered the rate-limiting step, see Scheme 6.1. Several mechanisms have
been proposed for this proton transfer: (i) intramolecular proton shuttle
between one histidine group and the Zn-bound water (13d), (ii) transfer by a
bridge of water molecules that transfers the proton to the histidine group
(13f-h) and (iii) transfer by external buffer (13a-b), including the
bicarbonate just formed in the reaction (13g).

In our model, this activation process occurs by intramolecular proton
transfer. The proton is transferred to the frame oxygen, thus creating a
Brønsted site (see Scheme 6.2). Later, it will be demonstrated that this
Brønsted site can also participate in the hydration of acetonitrile, as well as
in acetamide desorption from the active site.

Scheme 6.2: Dissociation of zinc- bounded water.
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This water molecule dissociation has low activation energy, 41.4 kJ/mol,
and it is endothermic reaction, +23.0 kJ/mol. The calculated equilibrium
constant of dissociation at room temperature by equation (1) was found to
be equal to 2.5 x10-5. This result agrees with previous experimental work,
which showed that ZnOH+ is not thermally stable and undergoes
dehydration by coupling with acidic OH groups to form water (19).

TK
o = exp (-∆t,TG

o/(RT)) (1)

The computed activation energy for water molecule dissociation is in
good agreement with theoretical calculations for enzymatic systems: it is
around 37 kJ/mol for Carbonic Anhydrase (13h) and 38.5 kJ/mol for
Alcohol dehydrogenase (14).

In Carbonic Anhydrase, the addition of water molecules, assisting
the proton transfer, decreases the activation barrier from around 140 kJ/mol
to the previous by given value of 37 kJ/mol (13h). In our model, the
presence of second water molecule (see Scheme 6.2) decreases the
activation barrier to the value of 16.5 kJ/mol and increases the constant of
the proton dissociation to 1.0 x10-4. This value is 40 times higher than the
original value, which indicates that water molecule assists this proton
transfer in our model. There is not a large energy gain in this water addition,
one possible explanation is that the nature of the H-bond has not changed in
both cases. These H-bonds can not be considered weak interactions, in
which distance O-O is shown to be from 2.8 to 3.0 Å (41). For example, in
the absence of water molecule the distance O-O (OH group from zinc and
OH from the Brønsted site) is 2.69 Å and this distance becomes 2.64 Å in
the presence of water (between OH (Zn2+) and O (water)) and 2.57 Å for O
(water) and OH (the Brønsted site).

As will be shown later, the dissociation of water molecule is not the
rate-limiting step for the acetonitrile hydration by zeolitic Zn2+ ion. This is
in contrast to the enzymatic case (13).
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Reaction mechanisms

The mechanism of nitrile hydrolysis can be divided in three different steps:
hydration, isomerization and product desorption. The hydration step
includes two different parts: activation of the reactant and nucleophilic
attack by water. The isomerization step is the transformation
(tautomerization) of the iminol intermediate into acetamide, studied by
many other authors (7a-b, 23d, 23g, see also chapter 4 and 5). At last, the
desorption of acetamide occurs followed by restoration of the active site.

In the hydration step, both reactants (water and acetonitrile) compete
for the active site. This does not occur in enzymes, because the water
molecule is already one of zinc ligands (13). Previously, the interaction of
these molecules was studied for different metal cations: Pd2+(23e), K+ (42)
and Zn2+ exchanged zeolite (see chapter 3). For cis-[Pd (ethane-
diamine)(H2O)2]

2+ (23e) the equilibrium constant for displacement water
ligand by acetonitrile at 293 K is about 22 K/dm3 mol-1. In potassium ion
clusters (42) binding energies for gas phase have been calculated using ab-
initio RHF method, acetonitrile is shown to bind stronger than water
molecule. In chapter 3 one could see that acetonitrile binds better to Zn2+ ion
than the Brønsted site. These mean that acetonitrile as a ligand is preferred
to water on such cations. In this chapter, the same trend is observed. The
acetonitrile binding energy is –125.5 kJ/mol, while the water binding energy
is only –115.2 kJ/mol (see Table 6.2).

This small binding energy difference does not eliminate the
possibility of water activation. Water can also bind to the zinc ion when
acetonitrile is already adsorbed and in this case its binding energy decreases
to –58.1 kJ/mol. The zinc cation has now an increased coordination to 6,
which has been found experimentally for Zn-zeolites (37a). The activation
of water molecule by the zinc ion (formation of ZnOH+) happens as a
second step of the mechanism.

In enzymatic system, theoretical calculation has shown that the water
binding energy has a higher value than ours: -146.9 kJ/mol (12b). In the
studied model water molecule is fourth ligand of zinc ion and the other three
ligands are neutral species.
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Hydration mechanism

Step from mechanism A Energy cost Activation energy
0→1* -115.2 (water adsorption) -

1→3* +23.0 41.4

3→4* -22.7 (acetonitrile adsorption) -

4→6* +14.6 37.0

6→8* +12.6 25.8

Step from mechanism B

4→6* -6.9 62.2

Step from mechanism C

3→4* -8.1 (acetonitrile adsorption) -

4→6* +12.6 25.8

Step from mechanism D

3→4* -73.0 (acetonitrile adsorption) -

4→6* +69.9 122.3

Step from mechanism E

0→1* -125.5 (acetonitrile adsorption) -

1→2* -58.1 (water adsorption)

2→4* +18.4 +42.2

4→6* +69.9 122.3

Step from mechanism F

1→3* -118.5 +186.3

Step from mechanism G

1→2* -22.3  (water adsorption)

2→4* +52.5 +66.9

Note: (*)Reaction steps, as indicated in the Schemes 6.2, 6.3a and 6.3b
Table 6.2: Hydration mechanisms: reaction and activation energies, in
kJ/mol
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In this work, seven different hydration reaction paths were
generated. Four reaction paths use zinc ion to activate water molecule,
similarly to previously described catalysts (enzymes, metal ion complexes
and metal zeolites). In the other three, zinc ion activates acetonitrile but not
water molecule (see Schemes 6.3).

The hydration mechanism

Initially, the mechanisms based in water activation will be discussed. There
are four different paths, the main difference is related to how acetonitrile is
activated and reacts with a water molecule (see Schemes 6.3a). These ideas
were inspired by knowledge of the Carbonic Anhydrase mechanism (13).

In mechanism A, water is activated by dissociation of OH bond. This
dissociation produces a Brønsted site, on which acetonitrile adsorbs. Then
acetonitrile is transferred from the Brønsted to the Lewis site. This is
relatively easy (37.0 kJ/mol), but the result is not stable because of two
factors: a relatively strong H-bond (distance N-O, 2.79 Å) is broken and OH
group changes its position by acetonitrile repulsion. Since acetonitrile is
adsorbed on the zinc ion, the nucleophilic attack by OH occurs with very
low activation energy (25.8 kJ/mol). This activation energy is lower than the
previously calculated for the Carbonic Anhydrase mechanism 54.8 kJ/mol
(semi-empirical) (13g) and to the experimental value for the β-lactam
hydration by ZnOH+-macrocyclic tetraamine (around 49 kJ/mol) (40a). All
energy costs and activation energy can be seen in Table 6.2.

In mechanism B, acetonitrile is protonated by the Brønsted site
simultaneously with the OH nucleophilic attack (concerted reaction). In this
case, the bi-functionality of zeolites has been used. Acetonitrile does not
need to be transferred to the zinc ion to be activated. However, the
activation energy of the nucleophilic attack increases to 62.2 kJ/mol in
comparison to mechanism A. This mechanism has two major drawbacks:
the intermediate is very stable and NH group is not activated by the zinc
cation, which will be important for the next reaction step – isomerization.

Mechanism C has a slight difference from mechanisms A and B.
Acetonitrile adsorbs directly on the Lewis site (Zn2+). Compared to the
previous mechanisms (see Schemes 6.3), this path initially has two
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advantages: fewer number of steps and lower activation energy. However,
acetonitrile adsorption on the zinc cation is not favorable compared to the
Brønsted site (see Table 6.2). Acetonitrile adsorption is slightly exothermic
(-8.1 kJ/mol). The nucleophilic attack of OH is the same shown in
mechanism A.

Interestingly, acetonitrile adsorption can result in two different
configurations (see structures number 4 for mechanisms C and D). The main
difference is the side, where acetonitrile is adsorbed related to OH group. In
mechanism D, acetonitrile is adsorbed on the left side of OH group. This
group suffers a repulsion and moves towards the Brønsted site. Due to the
strong H-bond formed, the new configuration is more stable by 64.9 kJ/mol,
in the present case O-O distance is 2.49 Å (ZnOH+ and the Brønsted site
oxygen), compared to the distance O-O < 2.5 Å (41).

Scheme 6.3a: Hydration mechanisms: water molecule activation.
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acetonitrile prefers to adsorb as configuration D(4), the activation energy for
the nucleophilic attack is about 96.7 kJ/mol lower in mechanism C.

These mechanisms (C and D) might produce different optical
isomers because of the relative position of OH group. This would be an
interesting probe to distinguish one mechanism from another.

As seen before, acetonitrile interacts strongly with the Lewis site.
Three different reaction paths have been analyzed starting in this way
(Schemes 6.3b).

Scheme 6.3b: Hydration mechanisms: acetonitrile activation.
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Water dissociation requires more energy (42.2 kJ/mol). Interestingly,
this dissociation energy has the same value as the one found in mechanism
A, B, C and D, which indicates that the presence of acetonitrile does not
influence the dissociation reaction. The nucleophilic attack is similar to the
one found for mechanism D, therefore both intermediate configurations are
identical.

In mechanism F, acetonitrile reacts directly with water. One could
expect a high activation barrier, because only acetonitrile has been activated
by the catalytic site. Indeed this energy is 186.3 kJ/mol, much higher than
any activation energy found so far.

In contrast to what it is observed in mechanism B, the intermediate
has the appropriated configuration (compare Schemes 6.3a – mechanism B
and 6.3b – mechanism F), this means NH group is being activated by the
active site. Furthermore, this intermediate geometry is very similar to one
found for mechanisms D, E.

In mechanism G, the bi-functionality of zeolites has been used once
more. Water molecule is activated by the basic oxygen atom from the
zeolite frame. The nucleophilic attack occurs simultaneously with the
Brønsted site formation (dissociation of water). It is the only case, in which
the dissociation of water and the nucleophilic attack are coupled in
concerted mechanism. The intermediate has also the same geometry as in
mechanisms D, E and F.

A similar mechanism has been proposed for this reaction in
experimental study using hydroxylated zirconium dioxide as catalyst (23d).
Acetonitrile adsorbs on zirconium (Lewis site), while water is activated by
the basic oxygen atom. The reaction occurs directly via nucleophilic attack
on acetonitrile simultaneously with water dissociation.

Mechanism G produces a reaction diagram that it is the most
favorable of the paths studied here. It has the least number of steps, as well
as lower activation energy for the nucleophilic attack than mechanisms D
and E. Mechanism C has the lowest activation energy for the nucleophilic
attack, but it has the disadvantage of low acetonitrile binding energy: -8.1
kJ/mol. However, this mechanism can be an alternative for the hydration
step when water is present in excess.

In enzymes, as mentioned before, water plays an important role
during the reaction. To analyze this, three nucleophilic steps in the hydration
mechanism were studied by adding one extra water molecule (Schemes 6.4).
The first step is the nucleophilic attack as in mechanism D. In the absence of
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water molecules, this higher activation energy is resulted from the cleavage
of a strong H-bond (between OH group from ZnOH+ and the Brønsted site
proton). However the presence of an extra water molecule, which is
positioned between the OH group and the proton, forces the OH group to
move towards acetonitrile. This reaction occurs with lower activation
barrier. The new value found is 87.4 kJ/mol (see Table 6.3), which
corresponds to a reduction of 34.9 kJ/mol from the original value. However
this new value is still higher than the activation energy found in mechanism
C.

Scheme 6.4: Hydration mechanisms: water ancillary effect.
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The second step is the nucleophilic attack as in mechanism G. The
extra water molecule acts now as a proton donor and nucleophilic agent
simultaneously. Activation barrier is not lower, when water molecule is
added. Instead, the final activation energy increases to 81.0 kJ/mol (see
Table 6.3). If one analyzes the stabilization energy of the transition state
(∆Est(Ts)) and of the reactants (∆Est(react)) (see chapter 4), the reactants are
more stabilized than the transition state. In this case, the result is not
favorable, although the transition state is stabilized.

The third step is present in mechanism C. The addition of an extra
water decreases slightly the activation energy for the nucleophilic attack.
The new calculated activation energy is 22.1 kJ/mol and is the lowest found
for the nucleophilic attack. Thus, taking into account the ancillary effect of
water, one can see that mechanism C became preferred with added water
molecules, while mechanism D, G were either slightly influenced or
inhibited respectively. However, mechanism G may be preferred in the
presence of excess of acetonitrile.

Finally, the presence of zinc ion in zeolites modifies the mechanism
of acetonitrile hydration, compared to protonic zeolites (chapter 5).
Acetonitrile is not activated by protonation, but by interaction with zinc ion.
Furthermore, water molecule plays important role in the hydration by
stabilizing the transition state, which is not found in protonic zeolites.

The isomerization mechanism

Among all mechanisms studied in the previous part, two were chosen to be
studied using follow-up steps: C and G. From these mechanisms, two
different intermediate configurations (an iminol-type compound) result (see
Schemes 6.3). The first configuration (configuration A – Scheme 6.5a) has a
H-bond between its OH group and the Brønsted site of the frame, while the
other one (configuration B) does not have this (see Scheme 6.5b).
Mechanism G results in an intermediate configuration, with H-bond, while
mechanism C results in the other intermediate configuration.
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Hydration mechanism

Step from mechanisms
A,B,C and D

∆Est(Ts), ∆Est(React) Activation energy
after adding one
water molecule

1→3 -86.6, -61.8 16.5

Step from mechanism D
4→6 -72.7, -37.8 87.4

Step from mechanism C
4→6 -51.6, -47.9 22.1

Step from mechanism G
2→4 -46.2, -60.4 81.0

Isomerization (tautomerization)

∆Est(Ts), ∆Est(React) Activation energy
after adding one
water molecule

Step from configuration A -108.8, -31.9 14.8

Step from
Configuration B

-135.6, 27.0 16.0

Desorption of acetamide from configuration E

Adsorption cost for an extra
adsorption on Zn2+

Acetamide
displacement energy

Water addition -79.0 48.1

Acetanitrile addition -46.8 45.1

Desorption of acetamide

Displacement of acetamide
by acetonitrile -52.7

Table 6.3: Hydrolysis reaction: water ancillary effect and activation
energies, in kJ/mol.
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The isomerization mechanism is composed of two different steps:
OH bond rotation and proton transfer from the OH group to nitrogen atom.
The rotation requires low activation energy in the case of configuration A
(see Table 6.4). The energy difference between the activation barrier in
those two paths is mainly caused by the H-bond, which activates OH group.

However the second step, the proton transfer (tautomerization),
requires a high energy similar as the hydration mechanism: 91.7 kJ/mol and
124.6 kJ/mol for mechanism G and mechanism C, respectively. In both
mechanisms, the proton transfer barrier is even higher than in the previous
nucleophilic attack. This higher activation barrier for the proton transfer in
tautomerization has been already observed previously in chapters 4 and 5
for the same isomer on different catalysts, as well as for formohydroxamic
acid tautomers, which is a parent molecule of hydroxy imine (44).

Scheme 6.5a: Isomerization and Tautomerization mechanism
(configuration A): water ancillary effect
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Similar to the previous case, the ancillary effect of a water molecule
was studied for proton transfer. Water acts as a bridge transferring proton
from the OH group to nitrogen, see Schemes 6.5a-b. The original barriers
decrease to the value of 14.8 and 16.0 kJ/mol, respectively. The energy gain
in these cases is 76.9 and 108.6 kJ/mol.

Scheme 6.5b: Isomerization and Tautomerization mechanism
(configuration B): water ancillary effect
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zinc-bound HCO3
- in Carbonic Anhydrase (13f) are some examples. The

energy gain in our tautomerization step is in good agreement with values
reported in those studies. For example in the β-lactam study the activation
energy reduction was 54.4 kJ/mol, in the parent carbodiimine hydrolysis
study 48.6 kJ/mol in the α-OxO Carboxylic acids derivatives hydrolysis
74.9 kJ/mol and in Carbonic Anhydrase 134.4 kJ/mol. The water molecule
also plays an important role in the isomerization mechanism.

Isomerization mechanism

Step from configuration A Reaction energy Activation energy

Rotation of C-OH bond + 0.3 21.7

Tautomerization -63.2 91.7

Step from configuration B

Rotation of C-OH bond -28.2 47.7

Tautomerization -42.9 124.6

Desorption of the product

Step from configuration C

protonation -35.7 1.4

Displacement of acetamide
by water from

configuration E

30.9 -

Water desorption from
configuration E

73.3 -

Acetamide desorption
from Zn-model

72.8 -

Step from configuration D

protonation +19.6 43.1

Acetamide desorption
from ZnOH+-model

-15.6 -

Table 6.4: Isomerization and desorption mechanisms: reaction and
activation energies, in kJ/mol.
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An additional study has been done using a water molecule ring. This
study consisted on verify the existence of a proton shuttle during the
isomerization step. In Carbonic Anhydrase, the existence of this proton
shuttle catalyzes the dissociation of zinc-bounded water (13). In our case,
this proton shuttle was studied during the tautomerization step. Two
different intermediate configurations were employed in this (see Figure 6.2).

Configuration A needs only 5 water molecules, while configuration
B requires 7 water molecules to form a ring. During the optimization of
configuration B (Figure 6.2a), the proton is transferred directly without
barrier to nitrogen, giving NH group as a final geometry. However, only one
molecule acts as a proton shuttle. The position of the other 6 water
molecules does not change during the optimization process. The proton is
transferred from the Brønsted site to nitrogen and not from OH group as it
has been anticipated.

Figures 6.2a: Water ring configurations (7 water molecules).

Starting from configuration B, 7 water molecules are added
in a “ring” configuration. The figure shows the initial guess
used.

“ring”does not change its geometry during the optimization

The final geometry indicates that the proton is transferred to the N
atom from water molecule. The Brønsted site participates activating
water molecule. Zn2+ also moves towards the oxygen atom from the
Brønsted site. The proton is transferred without activation barrier
energy.
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The result is different for configuration A, (Figure 6.2b). The OH
group interacts with the Brønsted site. None of water molecules is activated
in this case, therefore the transfer does not occur directly as it does in the
previous case. The new activation barrier in this case might be lower than in
the previous tautomerization case (calculated with water molecule), but this
new transition state for the proton transfer was not calculated due to the high
computational cost of this system.

Figures 6.2b: Water ring configurations (5 water molecules).

The desorption of acetamide

Product desorption is the next step in the studied mechanism (Schemes 6.4).
However, acetamide has not yet been completely formed. One more proton
is required, which comes from the water molecule.

Starting from configuration A, 5 water molecules are added  in a “ring”
configuration.  The figure shows the initial geometry.

The final geometry indicates that the proton is not transferred
to the N atom, from the water molecule. In this case the
Brønsted site is not close enough to activate any water
molecule.
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As it could be seen in Schemes 6.5a, it follows that a water molecule
can co-catalyze the tautomerization reaction. Once the reaction is complete,
water can adsorb in two different positions: it can interact with the Brønsted
site (configuration C) or directly with the divalent Zn+2 ion (configuration
D). The former one is more stable than the latter by 14.5 kJ/mol (see
Schemes 6.6a).

Starting with configuration C (Scheme 6.6a), water acts as a bridge
for the Brønsted site proton. This donation requires only 1.43 kJ/mol. One
can notice that the zinc ion binds to the basic oxygen atom of the cluster
when acetamide is formed, since the bond between nitrogen and zinc has
been weakened. This proton shuttle is similar to the one previously studied
(see Figure 6.2a). The Brønsted site activates the water molecule in both
cases, promoting proton transfer without activation barrier. It confirms that
the presence of other water molecules has no influence on the stabilization
of activated water.

Scheme 6.6a: Proton donation to acetamide by water molecule

Acetamide interacts strongly with both water and Zn+2 ion. The final
configuration (E) is the most stable among all studied in this work.
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Consequently, acetamide, interacting with water and the Lewis acid, can
inhibit the reaction, leaving the active site occupied for the hydration step.

In the case of configuration D, water molecule is activated by Zn2+

ion (Scheme 6.6a). This activation is found in zinc-peptidases for the
opening of β-lactam rings (15). Although, the water binding energy is -48.1
kJ/mol, the activation energy for the proton transfer is not negligible, 43.1
kJ/mol. Therefore, the proton transfer will occur by following the previous
mechanism.

An interesting point is to study acetamide desorption. Acetamide can
be displaced from the active site (Zn2+) directly by acetonitrile, see Scheme
6.6b. This displacement is an exothermic reaction releasing 52.7 kJ/mol.
Therefore, the inhibition process verified in configuration E does not occur
due to acetamide adsorption on the Lewis site but from a combination of
two interaction: adsorption on Zn2+ion and the H-bond between acetamide
and water molecule. In enzymes, this inhibition effect is also verified,
HCO3

- (12b, 13f,) or benzamide (46) poisoned the active site.

Scheme 6.6b: Displacement of acetamide by reactants.
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To break this complex (water + acetamide) is necessary 146.1 kJ/mol
(73.3 kJ/mol to desorb water and 72.8 kJ/mol to desorb acetamide), see
Scheme 6.6b and Table 6.4). However, the displacement of acetamide by
other molecule requires less energy. For instance, acetonitrile replaces
acetamide on this complex needing almost no energy, -1.8 kJ/mol. This
replacement restores the catalytic cycle observed in mechanism G (see
Schemes 6.6b and 6.3b). The water molecule also promotes product
desorption, preventing product inhibition. In the case of one water molecule,
the required energy is reduced to 30.9 kJ/mol. The synergetic effect of water
becomes more evident, when two water molecules are employed. The
displacement of acetamide becomes an exothermic process, -30.9 kJ/mol.
Furthermore, the catalytic cycle is again restored in both cases, as observed
in mechanism C. In enzymatic system, water molecule also facilitates the
displacement of HCO3

- ion, decreasing the calculated desorption energy by
about 250 kJ/mol (13f). In this case, the extra water molecule acts as the
fifth ligand on Zn+2ion.

Scheme 6.6c: Desorption of acetamide co-promoted by adsorption of
reactants.
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To test similar effect, a second water molecule is added to
configuration E in order to increase number of the ligands of zinc ion (see
Schemes 6.6c). The process is exothermic: -79.0 kJ/mol (see Table 6.3).
However, the desorption of acetamide is still endothermic, 48.1 kJ/mol. The
metal ion prefers to maintain its 4 + 1 coordination, thus breaking one of the
bonds with the oxygen of the frame.

In the case of acetonitrile co-adsorption (see Schemes 6.6c), the
active site becomes completely filled, creating steric repulsions. Therefore,
the adsorption energy is lower than the previous case, 46.8 kJ/mol. In this
case the metal ion also maintains 4 + 1 coordination, thus acetamide
desorption is also endothermic, requiring the same energy: 45.1 kJ/mol.
Similarly, both molecules (water and acetonitrile) restore the catalytic cycle
as observed in the previous cases.

An interesting point is that acetamide desorption is also facilitated by
OH group, formed after proton donation (see Scheme 6.6a). Due to the
strong H-bond formed between the OH group and the Brønsted site proton,
acetonitrile displacement is an exothermic process: 15.6 kJ/mol. This
displacement also restores the catalytic cycle observed in mechanism C.

6.4 Conclusions

A 4T cluster  (Si/Al=1), in which zinc substitutes both Brønsted sites, was
used to model zinc loaded zeolites in the acetonitrile hydrolysis reaction.
The zinc ion positioned in the model frame with geometry close to the
enzyme Carbonic Anhydrase active site. The reactivity of metal ion is also
shown to be very similar to this enzyme active site. In both cases, the zinc
ion is activated with H2O to form ZnOH+ species. Another interesting point
is that the basic oxygen atom next to zinc ion acts similarly to the basic
organic groups found in the Carbonic Anhydrase, promoting the
dissociation of the Zn-bound water.

The hydrolysis reaction has been divided in three parts: hydration,
isomerization and product desorption. In the first part seven different
mechanisms have been analyzed starting with two different activated
reactants: either water or acetonitrile. Among these mechanisms, the most
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favorable one is very influenced by the reactant concentration and can be
represented by different starting activation of both reactants: water and
acetonitrile. The hydration mechanism has some similarities with both
enzymatic CO2 hydrolysis and zeolite catalyzed acetylene hydration. In the
isomerization route, only two mechanisms have been studied, based in the
intermediate configurations. Water molecule plays an important role in
many parts of the reaction mechanism. It acts as proton donor in hydration
and tautomerization and also facilitates the displacement of the product that
is a possible inhibitor of the reaction. Because of this water co-promotion
effect, the rate-limiting step is the hydration. A similar role has been seen in
metalloenzymatic systems, therefore water co-catalyzes equally both
environments.

Interestingly, the zinc ion exchanged zeolite promotes the hydrolysis
reactions better than zeolite protonic form (chapter 5) and even some
protonic enzymes as papain (47). Moreover, the reactants can avoid product
poisoning, commonly verified in Nitralase enzymes (45) and protonic
zeolites (chapter 5).



Chapter 6

160

6.5 References and Notes:

(1) Zhu, L.–M., and Tedford, M.C., Tetrahedron 46, 6587 (1990).
(2) (a) Cohen, M.A., Sawden, J., and Turner, N.J., Tetrahedron Lett. 31,

7223 (1990);
(b) Cohen, M.A., Parrat, J.S., and Turner, N.J., Tetrahedron: Asymmetry
3(12), 1543 (1992);
(c) Beard, T., Cohen, M.A., Parrat, J.S., and Turner, N.J., Tetrahedron:
Asymmetry 4(6), 1085 (1993);
(d) Crosby, J., Moillet, J., Parrat, J.S., and Turner, N.J., J. Chem. Soc.
Perkin Trans. 1, 1679 (1994);
(e) Meth-Cohn, O., and Wang, M.-X., J. Chem. Soc. Perkin Trans. 1,
1099 (1997);
(f) Matoishi, K., Sano, A., Imai N., Yamazaki, T., Yokoyama, M., Sugai,
T. and Otha, H., Tetrahedron: Asymmetry 9, 1097 (1998);
(g) Bauer, R., Knackmuss, H.–J., and Stolz, A., Appl. Microbiol.
Biotechnol. 49, 89 (1998).

(3) Ashima, Y., and Suto, M., in “Industrial Applications of Immobilized
Bio-catalysts” (A.Tanaka, T.Tosa and T.Kobayashi, Eds.) p. 91, Marcel
Dekker, New York, 1992;

(4) Maxwell, I.E., and Stork, W.H.J., in “Studies in Surface Science and
Catalysis ” (H.van Bekkum,. E.M Flanigen,. J.C.Jansen Eds.) Vol. 58 p.
571, Elsevier, Amsterdam, 1991.

(5) (a)Blaszkowski, S.R, Nascimento, M.A.C., and van Santen, R.A. J.
Phys. Chem. 100, 3463 (1996);
 (b) Boronat, M., Viruela, P.M., and Corma, A., J. Phys. Chem Part: A
102, 982 (1998);
 (c) Boronat, M., Viruela, P.M., and Corma, A., J. Phys. Chem Part: B
101, 10069 (1997).

(6) (a) Blaszkowszki, S.R., and van Santen, R.A. J. Am. Chem. Soc. 118,
5152 (1996); (b) Sinclair, P.E., and Catlow, C.R.A., J. Chem. Soc.
Farad. Trans. 93, 333 (1997); (c) Sinclair, P.E., and Catlow, C.R.A., J.
Phys. Chem. Part: B 101, 93 (1997).

(7) (a) Lasperas, M., Graffin, P., and Geneste, P., J. Catal. 139, 362 (1993);
(b)Haw, J.F., Hall, M.B., Alvarado-Swaisgood, A.E., Munson, E.J., Lin,
Z., Beck, L.W., and Howard, T., J. Am. Chem. Soc. 116, 7308 (1994);



Theoretical study of nitrile hydrolysis
reaction on Zn2+ ion exchanged zeolites

161

(c) Stepanov, A.G., and Luzgin, M.V., Chem. Eur. J. 3(1), 47 (1997);
(d)Valente, H., and Vital, J., in “Heterogenous Catalysis and Fine
Chemicals IV” (H.U.Blaser, A.Baiker and R.Prins, Eds.) p. 555,
Elsevier, Amsterdam, 1997;
(e) Gigante, B., Santos, C., Marcelo-Curto, M.J., Coutanceau, C., Silva,
J.M., Alvarez, F., Guisnet, M., Selli, E., and Forni, L., in “Heterogenous
Catalysis and Fine Chemicals IV” (H.U.Blaser, A.Baiker and R.Prins,
Eds.) p. 547, Elsevier, Amsterdam, 1997;

(8) Ogawa, H., Miyamoto, Y., Fuijigaki, T., and Chihara, T., Catal. Lett. 40,
253 (1996).

(9) (a) Kazansky, V.B., Acc. Chem. Res. 24, 379 (1991);
(b) Venuto, P.B., Microporous Materials 2, 297 (1994);
(c) Xu, T., Munson, E.J., and Haw, J.F., J. Am. Chem. Soc. 116, 1962
(1994);
(d) Armengol, E., Corma, A., García, H., and Primo, J., Appl. Catal. A:
General 149, 411 (1997).

(10) Moreau, C., Durand, R., Duhamet, J., and Rivalier, P., J. Carbohydrate
Chem. 16(4&5), 709 (1997).

(11) (a) Mattiason, B., and Larson, M., in “Biotechnology and Genetic
Engineenring Reviews” (G.E.Russel, Ed.), vol. 3 p. 137, Intercept Ltd.,
NewCastle upon-Tyne, 1985.

(b) Gonçalves, A.P.V., Lopes, J., M., Lemos, F., Ramôa Ribeiro, F.,
Prazeres D.M.F., Cabral, J.M.S., and Aires-Barros, M.R., J. Mol. Catal.
B: Enzymatic 1, 53 (1996).
(c) Parton, R.F., Bezoukhanova, C.P., Grobet, J., Grobet, P.J., and
Jacobs, P.A., Zeolites and Microporous Cristals, 371 (1994);
(d) Knops-Gerrits, P.-P., De Vos, D.E., Thibault-Starzyk, F., and
Jacobs, P.A., Nature 369, 543 (1994).
(e) Weckhuysen, B.M., Verberckmoes, A.A., Vannijvel, I.P., Pelgrims,
J.A., Buskens, P.L., Jacobs, P.A., and Schoonheydt, R.A., Agew. Chem.
Int. Ed. Engl. 34 (23&24), 2652 (1995);
(f) Subba Rao, Y.V., De Vos, D.E., Bein, T., and Jacobs, P.A., Chem.
Comm. 5, 355 (1997);
(g) Vankelecom, K. Vercruysse, A., Moens, N., Parton, R., Reddy, J.S.,

and Jacobs, P.A., Chem. Comm 1, 137 (1997);
(h) van Looveren, L.K., De Vos, D.E., Vercruysse, K.A., Geysen, D.F.,

Janssen, B., and Jacobs, P.A., Catal. Lett. 56, 53 (1998).



Chapter 6

162

(12) (a) Warshel, A., in “Computer Modeling of Chemical Reactions in
Enzymes and Solutions”, Willey- Interscience Publications, New York,
1991;
(b) Lu, D. and Voth, G.A., Proteins: Structure, Function and Genetics
39 119 (1998).

(13) (a) Lindskog, S., in “Zinc Enzymes” (I.Bertini, C.Luchinat,W.Maret
and M.Zeppezauer, Eds), vol. 1 p. 307, Birkhäuser, Boston, 1986;

(b) Eriksson, E.A., Jones, T.A., and Liljas, A., in “Zinc Enzymes”
(I.Bertini, C.Luchinat,W.Maret and M.Zeppezauer, Eds), vol. 1 p. 317,
Birkhäuser, Boston, 1986;
(c) Eriksson, E.A., Kylsten, P.M., Jones, T.A., and Liljas, A., Proteins:
Structure, Function and Genetics 4, 283 (1988);
(d) Silverman, D.M., and Lindskog, S., Acc. Chem. Res. 21, 30 (1988);
(e) Vendani, A., Huhta, D.W., and Jacober, S.P., J. Am. Chem. Soc. 111
4075 (1989);
(f) Liang, J.–Y., and Lipscomb, W.N., Int. Quant. Chem. 34, 299
(1989);
(g) Merz Jr, K.M., Hoffman, R., and Dewar, M.J.S., J. Am. Chem. Soc.
111 5636 (1989);
(h) Lu, D., and Voth, G.A., J. Am. Chem. Soc. 120, 4006 (1998);
(i) Lesburg, C.A., Huang, C.–C., Christianson, D.W., and Fierke, C.A.,
Biochemistry 39, 15780 (1998).

(14) Ritter, A., and Clark, T., J. Comp. Chem. 14(4), 392 (1993).
(15) Ogawa, K., Nakata, K., and Ichikawa, K., Chem. Lett. 8, 797 (1998).
(16) (a) Ono, Y., Catal. Rev. Sci. Eng. 34, 179 (1992);

(b) Quake, B.S., Sacthe,r W.M.H., J. Catal 145, 456 (1994).
(17) (a) Frash, M.V., and van Santen, R.A., J. Phys. Chem. Submitted.

 (b) Frash, M.V., and van Santen, R.A., Phys Chem. Phys. Chem.
submitted.

(18) Hagen, A., and Roessener, F., in “Studies in Surface Science and
Catalysis ” (H.G.Krager and J. Eds.) Vol. 98 p. 189, Elsevier,
Amsterdam, 1995.

(19) Biscaia, J.A., Meitzner, G.P., and Iglesia, E., J. Catal. 70, 192 (1998).
(20) (a) Onyestyák, G.Y., and Kalló, D., in Studies in Surface Science and

Catalysis (B.Delmont and G.F.Froment, Eds.), Vol. 34 p. 605, Elvesier
Science BV, Amsterdam, 1987.



Theoretical study of nitrile hydrolysis
reaction on Zn2+ ion exchanged zeolites

163

 (b) Onyestyák, G.Y., Papp, J., and Kalló, D., in “Studies in Surface
Science and Catalysis”(H.G.Karge and J.Weitkamp, Eds.), Vol. 46 p.
241, Elvesier Science BV, Amsterdam, 1989.
(c) Onyestyák, G.Y., and Kalló, D., in “Studies in Surface Science and
Catalysis”, (H.K.Beyer, H.G.Karge, I.Kiricsi and J.B.Nagy, Eds.) Vol.
94 p. 435, Elvesier Science BV, Amsterdam, 1995.
(d) Onyestyák, G.Y., and Kalló, D., Zeolites, 17 489 (1996);
(e) Onyestyák, G.Y., and Kalló, D., J. Mol. Catalysis A: chem. 106 103
(1996).

(21) (a) Seidel, A., Kampf, G., Schmidt, A., and Boddenberg, B., Catt. Lett.
51, 213 (1998);
(b) Seidel, A., Rillner, F., and Boddenberg, B., J. Phys. Chem. B, 102
7176 (1998),.

(22) (a) Pelmenschikov, A.G., van Santen, R.A., Jänchen, J., and Meijer, E.,
J. Phys. Chem. 97, 11071 (1993);

(b) Jänchen, J., Peeters, M.P.J., van Wolput, J.H.M.C., Wolthuizen, J.P.,
van Hooff, J.H.C., and Lohse, U., J. Chem. Soc. Faraday Trans. 90
1033 (1994);
(c) Jänchen, J., Stach, H., Busio, M., and van Wolput, J.H.M.C.,
Thermochimica Acta 312(1-2), 33 (1998).

(23) (a) Sugiyama, K., Miura, H., Nakano, Y., Suzuki, H., and Matsuda, T.,
Bull. Chem. Soc. Jpn., 60 453 (1987);
(b) Finiels, A., Geneste, P., Marichez, F., and Moreau, P., Catal. Lett.
2, 181 (1989);
(c) Wilgus, C.P., Downing, S., Molitor, E., Bains, S., Pagni, R.M., and
Kaballa, G.W., Tetrahedron Lett., 36(20), 3469 (1995);
(d) Boulayat, A., Binet, C., and Lavalley, J.-C., J. Chem. Faraday
Trans 91(17) 2913 (1995);
(e) Kaminskaia, N.V., and Kostié, N.M., J. Chem. Soc. Dalton Trans.
3677 (1996);
(f) Izzo, B., Harrell, C.L., and Klein, M.T., AIChE J., 43(8), 2049
(1997);
(g) Izumi, Y., Catal. Today, 33 371 (1997);
(h) Bauer, C.B., Concolino, T.E., Eglin, J.L., Rogers, R.D., and
Staples, R.J., J. Chem. Soc. Dalton Trans 2813 (1998).

(24) Insight II – Catalysis 3.0 Biosym/MSi 9685 Scranton Road, San Diego,
CA 92121-3752 USA.



Chapter 6

164

(25) Sauer, J., Ugliengo, P., Garrone, E., and Saunders, V., R., Chem. Rev.
94, 2095 (1994).

(26) (a) Shah, R., Gale, J.D., and , Payne, M.C., J. Phys. Chem. B 101 4787
(1997);
(b) van Santen, R.A., Catal. Today 38 377 (1997).

(27) Godbout, N., Andzelm, J., Wimmer, E., and Salahub, D.R., Can. J.
Chem. 70, 560 (1992).

(28) Andzelm, J., Russo, N., and Salahub, D.R., Chem. Phys. Lett. 142, 169
(1987).

(29) DGauss program, version 2.1 part of Unichem package from Cray
Research Inc –Andzelm, J., and Wimmer, E., J. Chem. Phys. 58, 1280
(1992).

(30)  Scheiner, A.C., Baker, J., and Andzelm, J., J. Comput. Chem. 18(6),
775 (1997).

(31) Becke, A.D., Phys. Rev. A 33, 3098 (1988).
(32) Lee, C., Yang, W., and Parr, R.G., Phys. Rev. B 37, 785 (1988).
(33) Schlegel, H.B., in “Advances in Chemical Physics, AB INITIO

Methods in Quantum Chemistry” (I.Priogine and S.A.Rice, Eds.), Vol.
LXVII - part I p. 249, Wiley-Interscience, Chichester, UK, 1987.

(34) Radzio, E., Andzelm, J., and Salahub, D.R., J. Comp. Chem. 6, 533
(1985).

(35) Broxton, T.J., and Nasser, A., Can. J. Chem. 75 202 (1997).
(36) Kimura, E., Shiota, T., Koike, T., Shiro, M., and Kodana, M., J. Am.

Chem. Soc. 112 5805 (1990).
(37) (a) Hagen, A., Hallmeier, K.-H., Hennig, C., Szargan, R., Inui, T., and

Roessner, F., “in Studies in Surface Science and Catalysis, (H.K.Beyer,
H.G.Karge, I.Kiricsi and J.B.Nagy, Eds.) Vol. 94 p. 195, Elvesier
Science BV, Amsterdam, 1995;

(b) Khouchaf, L., Tuilier, M.–H., Wark, M., Soulard, M. and Kessler,
H., Microporous and Mesoporous Materials 20, 27 (1998).

(38) (a) Pierloot, K., Delabie, A., Ribbing, C., Verbeckmoes, A.A., and
Schoonheydt, R.A., J. Phys. Chem. B 102, 1078 (1998);
(b) Shubin, A.A., Zhidomirov, G.M., and van Santen, R.A., in
preparation.

(39) Wark, M., Lutz, W., Shuz-Ekloff, G., and Dyer, A., Zeolites 13, 658
(1993).

(40) (a) Kimura, E., and Koike, T., J. Am. Chem. Soc. 116, 8443 (1994);



Theoretical study of nitrile hydrolysis
reaction on Zn2+ ion exchanged zeolites

165

(b) Kimura, E., and Koike, T., Chem. Comm. 1495 (1998).
(41) Cleland, W.W., and Kreevoy, M.M., Science 264, 1887 (1994).
(42) Islam, M.S., Pethrick, R.A., and Pugh, D., J. Phys. Chem. A 102, 2201

(1998).
(43) (a) Gonzales, N.O., Chakraborty, A.K., and Bell, A.T., Cat. Lett. 50,

135 (1998),
(b) Rice, M.J., Chakraborty, A.K., and Bell, A.T., J. Phys. Chem. A
102, 7498 (1998).

(44) WU, D.-H., and Ho, J.J.-J., J. Phys. Chem. A 102 3582 (1998).
(45) (a) Cox, R.A., J. Chem. Soc. Perkin Trans. 2, 1743 (1997);

(b) Lewis, M., and Glaser, R., J. Am. Chem. Soc. 120, 8541 (1998);
(c) Raspoet, G., Nguyen, M.T., McGarraghy, M., and Hegarty, A.F., J.
Org. Chem. 63, 6867 (1998);

 (d) Wolfe, S., Kim, C.–K., and Yang, K., Can J. Chem. 72, 1033
(1994);

 (e) Pitarch, J., Ruiz-López, M.F., Silla, E., Pauscual-Ahuir, J.–L., and
Tuñón, I., J. Am. Chem. Soc. 120, 2146 (1998).

 (f) Janoschek, R., and Fabin, W.M.F., J. Org. Chem. 64, 3271 (1999).
(47) Kobayashi, M., Goda, M., and Shimizu, S., Biochem. Biophys. Res.

Comm. 253, 662 (1998).
(48) Harrison, M.J., Burton, N.A., and Hillier, I.H., J. Am. Chem. Soc. 119,

122285 (1997).



Chapter 6

166



167

Summary and General Remarks

The hydrolysis of nitriles has been studied theoretically by different ab-
initio methods. This reaction was investigated using two acidic catalysts –
Brønsted and Lewis type, in Chapter 2 and 3 respectively. These acid
catalysts were also modeled using diverse acid models. Hydrochloric acid
and the hydronium ion with different solvation degrees represented the so-
called "homogeneous" systems in Chapters 2 and 4; whilst protonic and
zinc-exchanged zeolites were employed as the so-called "heterogeneous"
system in Chapters 5 and 6 respectively.

The hydrolysis reaction can be divided in three parts: acetonitrile
hydration, intermediate isomerization and product desorption. For
“heterogeneous” systems the last part was found to be very important.

The hydration part consists of two reaction steps: protonation of
acetonitrile and nucleophilic attack of water molecule. The strength of the
Brønsted acidic catalysts is critical, since the nitrile protonation requires a
high activation energy around 70 kJ/mol (Chapter 5). HCl and protonic
zeolite models behave similarly and can not protonate acetonitrile (Chapter
4 and 5 respectively). The hydration reaction step follows a concerted
mechanism. In contrast to the other Brønsted acids, the hydronium ion
catalyzes the reaction by a stepwise mechanism (Chapter 4). It protonates
acetonitrile directly.

Both HCl and protonic zeolite catalysts have a similar configuration
for the hydration transition state (Chapter 4 and 5 respectively). The
activation energy is strongly influenced by water “solvation”. This energy
decreases about 30 kJ/mol due to the combined effect of transition state and
reactant stabilization. In the case of protonic zeolites, the transition state is
not well stabilized due to steric constraints between the reactant molecules
and the extra water molecule.

Zn(II) ion exchanged in zeolites activates both reactants (Chapter 6).
Acetonitrile binds better to the zinc ion than the Brønsted site and its
binding to the Zn2+ ion is stronger than the water binding energy to the same
ion. The lowest energy reaction path for hydration predicts an activation
energy of 25.8 kJ/mol. In the presence of excess of acetonitrile the
mechanism changes and the new activation energy becomes 66.9 kJ/mol,
which has the same magnitude as the previous activation energy for proton



168

transfer. Interestingly, water can either co-promote the reaction or inhibit it
partially. The inhibition is mainly due to H-bond formation with OH group
of the active site.

The tautomerization of intermediate requires a high activation.
However in the presence of proton donors, as water molecule and
hydrochloric acid, this reaction occurs with small activation barrier (Chapter
4). The protonic zeolite catalyzes this reaction only if the functional groups
NH and OH of the intermediate are in contact with the acid and basic sites
of the zeolite respectively (Chapter 5). Water molecule can act as a bridge
decreasing the activation energy up to 100 kJ/mol. The same water ancillary
effect is observed in zinc exchanged zeolite (Chapter 6).

The protonic zeolite may donate proton to the intermediate molecule,
similarly to hydronium and hydrochloric acid. However due to the lack of
van der Waals interactions, which are not present in the cluster approach,
the protonated structure is neither stable nor optimized.

Similar to experimental results, acetamide inhibits the reaction in
protonic zeolites (Chapter5). It binds stronger than acetonitrile to the
Brønsted site, 85.5 kJ/mol. Both water and acetonitrile can displace
acetamide from the active site, but this process still requires energy, 30
kJ/mol. The use of zinc-exchanged zeolite solves this problem (Chapter 6).
Whereas acetamide inhibits the reaction by creating a very stable complex
with water molecule, it can be displaced from this complex either by
acetonitrile or by water molecule. In both cases, the displacement occurs
exothermically. Moreover, acetonitrile itself can displace acetamide from
the active site also exothermically. In all these cases the catalytic site is
restored.

It is the first time that this zinc exchanged zeolite was studied in
hydrolysis reaction. The active site was based in homology to the enzyme
Carbonic Anhydrase active site. The zinc ion behaves similarly in both
systems, activating the reactants and suppressing the product poisoning. The
ancillary effect of water molecule is very important in both cases.
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Samenvatting

De hydrolyse van nitrilen is theoretisch bestudeerd met behulp van ab-initio
methoden. Deze reactie was bestudeerd gebruik makend van twee zure
katalysatoren – Brønsted en Lewis, respectievelijk in Hoofdstukken 2 en 3.
Deze zure katalysatoren zijn ook gemodelleerd door gebruik te maken van
verschillende zure modellen. Zoutzuur (HCl) en het hydronium ion met
verschillende gradaties in solvatatie representeerden de “homogene”
systemen in Hoofdstukken 2 en 4, terwijl proton en zink uitgewisselde
zeolieten de werden gebruikt als de “heterogene” systemen respectievelijk
in Hoofdstukken 5 en 6.

De hydrolyse reactie kan worden verdeeld in drie stappen, de
hydratatie van acetonitril, isomerisatie van het intermediair en desorptie van
het product. Voor “heterogene” systemen werd gevonden dat de laatste stap
zeer belangrijk is.

De hydratatie bestaat uit twee gedeelten: protonatie van acetonitril
en een nucleofiele aanval van een water molecuul. De sterkte van de
Brønsted zure katalysatoren is kritisch, daar de protonatie van acetonitril een
hoge activerings energie vergt van ongeveer 70 kJ/mol (Hoofdstuk 5). HCl
en proton gewisselde zeoliet modellen gedragen zich gelijk en kunnen
acetonitril niet protoneren (beschreven in Hoofdstukken 4 en 5). De
hydratatie stap volgt een “concerted” mechanisme. In tegenstelling tot de
andere Brønsted zuren katalyseert het hydronium ion de reactie via een
stapsgewijs mechanisme (Hoofdstuk 4). Het protoneert acetonitril direct.
Zowel HCl als proton gewisselde zeolieten hebben eenzelfde configuratie
voor de gehydrateerde overgangstoestand (Hoofdstukken 4 en 5). De
activeringsenergie wordt sterk beïnvloed door water “solvatatie”. Deze
energie daalt ongeveer 30 kJ/mol ten gevolge van het gecombineerde effect
van overgangstoestand en reactant stabilisering. In geval van proton
gewisselde zeolieten wordt de overgangstoestand niet goed gestabiliseerd
door sterische beperkingen tussen de reactant moleculen en het extra water
molecuul.

Zn(II) ion uitgewisseld in zeolieten activeert beide reactanten
(Hoofdstuk 6). Acetonitril bindt zich beter met het zink ion dan met de
Brønsted site en zijn binding met zink is sterker dan de bindingsenergie van
water aan hetzelfde ion. Het laagste energie reactie pad voor de hydratatie
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voorspelt een activeringsenergie van 25.8 kJ/mol. In de aanwezigheid van
een overmaat acetonitril verandert het mechanisme en wordt de nieuwe
activeringsenergie 66.9 kJ/mol, welke dezelfde grootte heeft als de vorige
activeringsenergie voor de proton overdracht. Interessant is het feit dat
water zowel de reactie kan helpen als co-promotor als de reactie gedeeltelijk
kan stoppen. Het stoppen is hoofdzakelijk te wijten aan de vorming van
waterstofbruggen met de OH-groep van de actieve site.

De tautomerisatie van het intermediair heeft een hoge
activeringsenergie. Echter in de aanwezigheid van proton donoren, zoals
water en HCl, kan deze reactie verlopen met een lage activeringsbarriere
(Hoofdstuk 4). De proton gewisselde zeoliet katalyseert deze reactie alleen
als de functionele groepen NH en OH van het intermediair in contact zijn
met respectievelijk de zure en basische sites van de zeoliet (Hoofdstuk 5).
Het water molecuul kan dienen als een brug en zo de activeringsenergie
verlagen tot 100 kJ/mol. Hetzelfde helping water effect is geobserveerd in
de zink gewisselde zeoliet (Hoofdstuk 6)

De proton geladen zeoliet kan protonen doneren aan het
intermediair, gelijk aan het hydronium ion en HCl. Echter ten gevolge van
het gebrek aan van der Waals interacties, welke niet aanwezig zijn in de
cluster benadering, de geprotoneerde structuur is niet geoptimaliseerd of
stabiel.

Vergelijkbaar met experimentele resultaten blokkeert acetamide de
reactie in geprotoneerde zeolieten (Hoofdstuk 5). Het bindt beter dan
acetonitril aan de Brønsted site, 88.5 kJ/mol. Zowel water als acetonitril
kunnen acetamide vervangen op de actieve site, maar dit proces heeft nog
steeds energie nodig, 30 kJ/mol. Het gebruik van zink gewisselde zeolieten
lost dit probleem op (Hoofdstuk 6). Waar acetamide de reactie blokkeert
door de vorming van een zeer stabiel complex met een water molecuul, kan
het vervangen worden door acetonitril of door een water molecuul. In beide
gevallen verloopt deze vervanging exotherm. Zelfs acetonitril zelf kan
acetamide exotherm vervangen. In alle gevallen wordt de katalytische site
hersteld.

Het is de eerste keer dat zink gewisselde zeolieten was bestudeerd in
de hydrolyse reactie. De actieve site was gebaseerd op de actieve site van
het enzym Carbonic Anhydrase. Het zink ion gedraagt zich vergelijkbaar in
beide systemen, de reactanten activerend en product vergiftiging
onderdrukkend. Het helping effect van een water molecuul is zeer belangrijk
in beide gevallen.
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Sumário e Considerações Gerais

A reação de hidrólise que ocorre em nitrilas foi estudada teoreticamente
utilizando-se diferente métodos ab-initio. Para tal, dois catalizadores ácidos
foram empregados: ácidos de Brønsted e de Lewis, como se pode ver nos
Capítulos 2 e 3 respectivamente. Estes catalizadores foram também
modelados usando diversos exemplos de ácidos. Ácido Clorídrico e íon
hidrônio com  diferente níveis de solvatação representam o chamado
“sistemas homogêneos” nos Capítulos 2 e 4, enquanto zeólitos na forma
protônica e substituídos por zinco o chamado “sistemas heterogêneos” nos
Capítulos 5 e 6, respectivamente.

Esta reação de hidrólise pode ser dividida em três partes distintas:
hidratação da molécula de acetonitrila, isomerização do intemediário e por
fim, dessorção do produto formado. Para o caso dos “sistemas
heterogêneos”, foi verificado que a última etapa é muito importante.

Considerando-se a etapa de hidratação, esta é sub-dividida em duas
etapas: protonação da molécula de acetonitrila e ataque nucleofílico por
parte da molécula de água. A força do catalizador ácido de Brønsted é
determinante, porque a reação de protonação apresenta uma energia de
ativação em torno de 70 kJ/mol (Capítulo 5). Os modelos de HCl e zeólitos
na forma protônica comportam-se de maneira similar, não protonando a
molécula de acetonitrila (Capítulos 4 e 5, respectivamente). Neste caso, a
hidratação segue o mecanismo concertado. Opostamente a estes ácidos de
Brønsted, o íon hidrônio catalisa a reação por etapas. (Capítulo 4), isto é,
acetonitrile é protonada diretamente.

Os estados de transição para a etapa de hidratação nos casos dos
modelos de HCl e zeólitos na forma protônica apresentam configurações
bastantes similares (Capítulos 4 e 5, respectivamente). A energia de ativação
é fortemente influenciada por “solvatação” de moléculas de água. A energia
é reduzida em torno de 30 kJ/mol devido à combinação dos efeitos
provenientes da estabilização energética dos reagentes e do estado de
transição. No caso de zeólitos, na forma protônica, o estado de transição não
é estabilizado devido a efeitos de impedimento estérico que ocorre entre os
reagentes e a molécula de água em excesso.

No caso do zeólito substituídos por Zn(II), ambos reagentes são
ativados (Capítulo 6). Acetonitrila interage melhor com o ion Zn(II) do que
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com o sítio ácido de Brønsted e essa interação é mais forte do que a
interação entre a molécula de água e o mesmo íon. O mais provável
caminho reacional para a hidratação apresenta uma energia de ativação de
25,8 kJ/mol. Na presença de excesso de moléculas de acetonitrila, a mesma
energia de ativação torna-se 66,9 kJ/mol, a qual apresenta a mesma
magnitude em relação a energia de ativação encontrada para a reação
catalisada pelo sítio ácido de Brønsted. O mais interessante é que a molécula
de água pode tanto co-catalisar como inibir a reação parcialmente. Essa
inibição é devido principalmente à formação de pontes de hidrogênio entre o
grupo OH e o sítio ativo.

A tautomerização do intermediário necessita de uma alta ativação.
Entretanto, in presença de moléculas doadoras de prótons, como, por
exemplo água e ácido clorídrico, esta reação ocorre com menor energia de
ativação (Capítulo 4). No caso de zeólitos na forma protônica, esta reação é
catalisada somente se os grupos NH and OH do intermediário entram em
contato com o sítio ácido (Capítulo 5). Contudo a molécula de água pode
agir como uma ponte para transporte do próton, sendo assim, a energia de
ativação decresce em até 100 kJ/mol. O mesmo efeito co-catalítico é
observado nos zeólitos substituídos com Zn (II) (Capítulo 6).

O zeólito na forma protônica pode doar prótons para o intermediário,
similarmente ao íon hidrônio e HCl, contudo devido à ausência das forças
de van der Waals, que não estão presentes no modelos estudados, as
configurações protonadas não podem ser tanto encontradas quanto
estabilizadas.

Similarmente a resultados experimentais, acetamida inibe a reação
catalisada por zeólitos na forma protônica (Capítulo 5). Esta molécula
interage mais fortemente com o sítio de Brønsted, 85,5 kJ/mol. Ambos
reagentes (acetonitrila e água) podem substituir acetamide, adsorbendo no
sítio ativo, porém este processo ainda necessita de energia, 30 kJ/mol. O uso
de Zn(II) pode resolver este problema (Capítulo 6). Ainda assim, acetamida
cria em combinação com a molécula de água um complexo muito estável.
Esse complexo pode ser quebrado pela adsorção de ambos reagentes. Nos
dois casos esta substituição acontece via uma reação exotérmica. Além
disso, acetonitrila pode substituir diretamente acetamide. Em todos os casos
estudados, o ciclo catalítico é restaurado.

Pela primeira vez este catalizador, zeólito substituído com Zn (II), é
estudado para promover a reação de hidrólise de nitrilas. O sítio ativo foi
baseado homologamente ao sítio ativo da enzima Carbonic Anhydrase. O
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íon Zn (II) se comporta de maneira similar em ambos os sistemas, tanto
ativando os reagentes como evitando inibição pelo produto formado. Em
ambos casos os efeitos co-catalíticos da água são determinantes.
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Statements (Stellingen)

1) Finiels et al found that the less acidic H-Y zeolite favors ester formation
while in the case of H-Mordenite the amide is preferably formed. It was
concluded that ester formation occurs over weak acidic sites, whereas the
hydration reaction needs stronger sites. However acetamide poisoning
indicates an alternative explanation. This would be more pronounced in the
strong acidic sites, see chapter 5 of these thesis.

Finiels, A., Geneste, P., Lasperas, M. Marichez, F. and Moreau, P., in
“Heterogenous Catalysis and Fine Chemicals II” (M. Guisnet, J. Barrault,
C. Bouchoule, D. Duprez, G. Pérot, R. Maurel and C. Montassier, Eds.) p.
565, Elsevier, Amsterdam, 1991;

2) Sugiyama et al studied MnO2 as catalyst for acrylonitrile hydration in
liquid phase. Zinc ions were used to substitute protons in hydroxyl groups
formed on the oxide surface, which were claimed to be the active centers.
After proton substitution there was no activity. The results in this thesis
indicate that the formation of ZnOH+ was also impossible, due to the lack of
basic oxygen free on the surface.

Sugiyama, K., Miura, H., Nakano, Y., Suzuki, H., and Matsuda, T., Bull.
Chem. Soc. Jpn., 60 453 (1987);

3) Based on their calculations Merz et al proposed that hydration of CO2

catalyzed by Carbonic Anhydrase is inhibited by addition of an extra water
molecule. However, the difference between the activation energy found for
the systems with and without this extra water molecule was only 2.0
kcal/mol. Interestingly, the same year Liang et al showed that there is no
activation barrier for this hydration reaciton.

Merz Jr, K., M., Hoffman, R., and Dewar, M., J., S., J. Am. Chem. Soc. 111
5636 (1989).
Liang, J., –Y., and Lipscomb, W., N., Int. Quant. Chem. 34, 299 (1989).

4) In his book “The end of the Science” (Helix books 1996), John Horgan
claims that almost all horizons of the human knowledge have already been
achieved. This idea can be questioned by a previous famous quotation:
“What does the fish know about the sea that it lives in?”

Albert Einstein
(German physicist – 1879 –1955)



5) Venuto wrote in his review that the field of organic catalysis over zeolites
and related microporous materials has shown enormous number of
applications in the last 30 years. Unfortunately, only few of these molecular
sieves have major industrial use as catalysts among all known molecular
sieve types.

Venuto, P., B., Mircroporous Mat. 2, 297 (1994).

6) Kaneda et al studied epoxidation of olefines using hydrogen peroxide
catalyzed by hydrotalcites in the presence of different solvents: nitriles
(1998) and amides (1999) respectively. The nitrile hydrolysis was not
observed as a side reaction in the paper from 1998, as they claimed in the
recent paper from 1999.

Ueno, S., Yamaguchi, K., Yoshida, K., Ebitani, K., and Kaneda, K., Chem.
Comm. 295 (1998).
Yamaguchi, K., Ebitani, K., and Kaneda, K, J. Org. Chem. 64, (1999) 2966.

7) “Give me a lever and I can pry the world“
Archimedes

(Greek mathematician and inventor - 287-212 BC)

“Give me water molecules and I can pry proton transfer reactions“
(Chapter 4, 5 and 6)

8) “Computers are useless. They can only give you answers”
Pablo Picasso
(Spanish painter and sculptor – 1881-1973)

Perhaps this can be re-phrased in a different way:
“Computers are useful, once you know the correct questions”

9) “We can not learn without pain”
Aristotle (Greek philosopher – 384-322 BC)

If Aristotle wanted to say this nowadays, probably he would say:
“We can not learn without mental pain”

10) It has always been told that Brazil is the country of the future. This
future is constructed every day by us, Brazilians.

11) To live abroad is a fantastic experience; you can know, understand and
interact with different people and cultures. However you will discover at the
end that all are very similar in essence.



12) Where the weather changes abruptly, an umbrella is not anymore just a
simple item but a necessity.

13) Time is just like sand … Thin, unsubstantial and you can never hold it
all.
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