ABSTRACT
TURNER, CHRISTOFFER HEATH. Computer Simulation of Chemical Reactions in Porous
Materials. (Under the direction of Keith E. Gubbins.)
Understanding reactions in nanoporous materials from a purely experimental perspective is a
difficult task. Measuring the chemical composition of a reacting system within a catalytic
material is usually only accomplished through indirect methods, and it is usually impossible
to distinguish between true chemical equilibrium and metastable states. In addition,
measuring molecular orientation or distribution profiles within porous systems is not easily
accomplished. However, molecular simulation techniques are well-suited to these
challenges. With appropriate simulation techniques and realistic molecular models, it is
possible to validate the dominant physical and chemical forces controlling nanoscale
reactivity. Novel nanostructured catalysts and supports can be designed, optimized, and
tested using high-performance computing and advanced modeling techniques in order to
guide the search for next-generation catalysts - setting new targets for the materials synthesis
community.

We have simulated the conversion of several different equilibrium-limited reactions within
microporous carbons and we find that the pore size, pore geometry, and surface chemistry are
important factors for determining the reaction yield. The equilibrium-limited reactions that
we have modeled include nitric oxide dimerization, ammonia synthesis, and the esterification
of acetic acid, all of which show yield enhancements within microporous carbons. In
conjunction with a yield enhancement of the esterification reaction, selective adsorption of

ethyl acetate within carbon micropores demonstrates an efficient method for product
recovery.

Additionally, a new method has been developed for simulating reaction kinetics within
porous materials and other heterogeneous environments. The validity of this technique is
first demonstrated by reproducing the kinetics of hydrogen iodide decomposition in the gas
phase, and then predictions are made within slit-shaped carbon pores and carbon nanotubes.
The rate constant is found to increase by a factor of 47 in carbon nanotubes, as compared to
the same reaction in the bulk gas phase. Overall, the results of these simulation studies
demonstrate improvements in chemical reaction yield and chemical kinetics that are possible
by understanding the nature of confined reactions, and applying this knowledge to catalyst
design.
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CHAPTER 1
Introduction
1.1 Motivation
The research that we present is motivated by the need to understand reactions that are altered
by strong intermolecular forces, such as reactions at high pressures, reactions in inert
solvents, and most importantly, reactions occurring within microporous materials. There is a
great deal of interest from a practical standpoint to understand the molecular level
interactions and forces that dictate macroscopic level phenomena such as reactant selectivity,
reaction conversion, and the kinetic properties of reacting systems. Knowledgeable design of
porous catalysts and catalyst support materials can result in increased conversions, higher
reaction rates, higher product selectivity, and many derivative environmental benefits.

There have been several recent examples from the literature demonstrating the role of strong
intermolecular forces on chemical reactions. Regan and coworkers [1] have used both
experiment and the RRKM (Rice- Ramsperger-Kassel-Marcus) statistical rate theory [2] to
study the differing reaction rates in the gas phase and in solution for SN2 reactions. The
authors find that the activation barrier and reaction rate both change due to differential
solvation of the transition state for the reactions in solution.
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Another recent contribution [3] in this area has examined the effects of geometric
confinement on the creation of self-assembled monolayers (SAMs) on gold surfaces. During
a process that the authors term "nanografting", it is found that the development of thiolderived SAMs are favored in the geometrically confined space between an atomic fo rce
microscopy (AFM) tip and a gold surface. It is suggested that spatial confinement between
the surface and the AFM tip alters the mechanism and kinetics of the surface reactions by
preventing alternative reaction pathways and stabilizing particular transition states or reaction
intermediates. In addition, the authors find that the SAMs created at the tip of the AFM tend
to be free of defects, in contrast to SAMs formed in otherwise unconstrained environments.

In another related area, Brunet has recently reviewed [4] applications of using confinement to
determine the stereochemical outcome of a reaction through space constriction and molecular
close contact, thus providing an alternative method for enantiomeric separation. In this work,
Brunet reviews several potential methodologies for confinement-induced asymmetric
induction of chemical reactions. One of these techniques is called molecular imprinting,
which strives to imprint orifices within polymeric matrices having structures that mimic the
transition state of enantioselective processes. This potentially lowers the activation barrier
for a selected enantiomer and increases the selectivity. Another route to asymmetric
induction is the development of temporary microscopic chiral molecular capsules or vessels
with a complementary structure specific to the reactants [5,6]. It is envisioned that
temporary confinement of pro-chiral reactants within these structures might lead to the
production of nonracemic mixtures in solution. There is also the avenue of enclosing chiral
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auxiliaries and pro-chiral molecules within cationic pores of zeolites in order to induce
diastereoselectivity. It has been shown that confinement within the orifices of zeolites can
dramatically enhance the transfer of chirality as compared to an unconfined system [7]. The
last methodology reviewed [4] is the possibility of constructing hybrid organic- inorganic
materials, and using the cavities within these frameworks as catalytic points for
enantioselective reactions. The performance of these hybrid materials for enantioselective
catalysis is still being evaluated.

The effects of confinement on other chemical reactions have also been studied on more
fundamental levels, such as with hybrid density functional theory. Halls and Schlegel [8]
have recently studied the Menshutkin SN2 reaction within (8,0) and (9,0) carbon nanotubes,
and find significant lowering of the activation energy and the reaction endothermicity as
compared to the bulk gas phase. The reaction path for the Menshutkin SN2 reaction involves
an intermediate with a distinct separation of charge, and the formation of this intermediate is
favored within the (8,0) and (9,0) carbon nanotubes due to their large polarizabilities.
Additionally, it is found that similar activation energy lowering will occur near surfaces of
planar graphite, and this effect tends to become more pronounced as the distance from the
graphitic sheet decreases. It is suggested by the authors [8] that any reaction in which there
is a large separation of charge along the reaction coordinate may be enhanced inside these
fullerene-based materials due to their large polarizabilities.
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The above examples clearly demonstrate the importance of understanding the phenomena
contributing to reactivity in microscopically constrained environments. We have attempted
to contribute to this area by expanding the understanding of chemical reaction equilibria and
chemical reaction kinetics using molecular- level simulations. The next section will explain
the specific focus that we have adopted for our work.

1.2 Defining the Research Agenda
The above examples demonstrate the significant effects and potential benefits for conducting
chemical reactions in confined systems. We have attempted to contribute to this broad area,
by again addressing the following question: how does the surrounding environment, and in
particular, confinement within porous materials, influence a chemical reaction? In order to
differentiate our investigation from previous studies, it is helpful to identify the most
important questions that will define the scope of our project:

(a) How does the equilibrium conversion of a reaction within a porous material compare
to the same reaction in the bulk gas phase, at a given temperature and pressure of the
bulk phase?
(b) Does the selectivity of reactant and product molecules in a pore affect the conversion
of a reaction?
(c) Are the pore geometry or the pore dimensions important factors when trying to
determine the extent of reaction in a pore?
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(d) Can the surface chemistry within a pore be modified in order to shift the equilibrium
of the reacting system?
(e) How is the heat of reaction affected within a porous material as compared to the bulk
gas phase?
(f) How are reaction rates influenced by the surrounding environment, such as inert
solvents or confinement within porous materials?
(g) Can the geometry of a micropore affect the kinetics of a chemical reaction?

Since we are primarily interested in learning about the fundamental nature of reactions within
porous materials and other non- ideal environments, we start with simple reactions within
well-defined pore structures having simple surface chemistries. While this research is
intended to influence and shape the understanding of realistic reacting systems, an
experimental investigation of this nature can produce ambiguous results. In experimental
studies there are inevitable complications arising from competing side reactions, long- lived
metastable states, uncertainties arising from the micropore characterization, uncertainties in
determining the me an compositions and composition profiles in the pores, etc. Simulation
methods allow precise control of these variables and determination of the true
thermodynamic equilibrium state, and detailed measurements of the reaction can be easily
performed. The next few sections lay the foundation for the main simulation tools that we
have used in our studies of reaction equilibrium and kinetics.

5

1.3 Available Simulation Methods
Once it is apparent that simulations are best suited to this type of investigation, it is then
necessary to decide which types of simulations to employ. The answers to the previous
questions can be investigated from several different perspectives and length scales: quantum
mechanical simulations, Monte Carlo (MC) simulations, molecular dynamics (MD), finite
element simulations, all the way up to continuum approximations. There are unfortunate
tradeoffs between accuracy and efficiency as the focus shifts from the quantum mechanical
level all the way up to the continuum level. This is shown quantitatively in Figure 1.1, which
illustrates the length and time scales accessible with each computational method. This Figure
was constructed assuming that computations are performed for a maximum of one week on
the Blue Horizon (SP3) supercomputer located at the San Diego Supercomputer Center
(SDSC), which has a maximum speed of 1.728 Tflops (1 Tflop = 1×1012 floating point
operations per second). As more approximations are introduced into the computational
methods, the length and time scales accessible grow exponentially.

In general, we have addressed our previous list of questions from a semi-classical standpoint,
while still incorporating perspectives and information from separate but related quantum
mechanical studies. We have chosen this level of approximation since we are primarily
interested in studying the influence of “physical” forces on chemical reactions. This differs
from the majority of research on catalysis, which has focused on the “chemical” interaction
of molecules with a catalyst surface. For the present discussion, it is convenient to refer to
these “chemical” interactions as forces that are strong enough to change the electronic
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structure of the atoms and molecules involved, and must be studied with quantum mechanical
techniques.

However, in supported catalysis we anticipate a further significant effect of confinement on
the reaction rate, due to the finite size and reduced dimensionality of the adsorbed phase, and
to the strong interactions of the reacting species with the pore walls. We refer to these latter
interactions (repulsion, dispersion, electrostatic, etc.) as "physical" forces to distinguish them
from the chemical interactions with the catalyst itself. For these reasons, we have elected to
use semi-classical Monte Carlo methods. This level of approximation allows us to simulate
realistic molecular systems composed of millions of molecules, yet still accurately capture
the physical effects on chemical reactions which we wish to understand.

By performing Monte Carlo simulations and accumulating statistical averages of the system,
we can accurately measure quantities such as the number of molecules of various species
adsorbed in a pore, the heats of adsorption, the density, the molecular arrangement within the
pores, etc. We begin by assuming that a given system maintains a Boltzmann distribution of
states. Then by applying the rules of statistical mechanics, an arbitrary observable system
property 〈A〉 may be calculated according to the following equation:

∫ dr exp [− βU (r )]A(r )
=
∫ dr exp [− βU (r )]
N

A

N

N

N

(1.1)

N
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In Eq. (1.1), β=1/kBT is the reciprocal of the Boltzmann constant times the temperature, and
U is the configurational energy of the system, which depends on the coordinates,
rN=r1 r2 ...rN, of the N molecules in the system. Although it is usually not possible to solve
Eq. (1.1) analytically, it can be statistically approximated as an average over randomly
generated system configurations, according to:

τ =τ max

A ≈

∑ A(τ ) exp [− βU (τ )]
τ =1
τ =τ max

(1.2)

∑ exp [− βU (τ )]
τ =1

By generating many different system configurations, τ, and sampling the average va lue of the
property 〈A〉 at each of these configurations, an accurate estimate of the integral, and thus the
equilibrium value of A can be obtained. However, in practice it turns out that only a small
number of randomly generated configurations make non-negligible contributions to the
average, due to highly energetic overlaps encountered between the molecules in the system.
Thus, the utility of the Monte Carlo method hinges on various algorithms to efficiently
sample the most probable configurations for a given system.

The generation of trial configurations important to chemically reacting systems provides an
excellent example of applying these Monte Carlo sampling techniques. Since bond breaking
and bond formation between molecules involves high potential energy barriers, sampling
techniques, such as the ones described in the following section, must be applied in order to
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explore the most significant contributions to ensemble averages. The following sections give
brief reviews of the development and application of Monte Carlo methods for predicting
chemical reaction equilibria and kinetics in environments where intermolecular interactions
are significant. For our applications, the simulations must be flexible enough to allow us to
look at reactions between individual molecules, reactions occurring in multiple phases, and
reactions in which the number of moles changes.

1.4 Simulating Chemical Reaction Equilibria
1.4.1 Available Methods
While the bond breaking and bond formations associated with forward and reverse reaction
steps are statistically inaccessible in a typical Monte Carlo search, in 1981 Coker and Watts
devised one of the first simulation methods which was able to deal with this challenge [9,10].
Their technique was based on grand canonical Monte Carlo (constant chemical potential,
volume, and temperature), but was modified to directly sample forward and reverse reaction
steps. Thus the high-energy process of bond breaking and bond formation is circumvented
by directly simulating the equilibrium between the reactants and the final products. The total
number of molecules was held fixed in their simulations, but the identities of the individual
molecules were allowed to vary. However, in order to sample these identity cha nges, the
chemical potential differences between the two species had to be specified. Coker and Watts
used their method to simulate the equilibrium conversion of the reaction:

Br2 + Cl2 ↔ 2BrCl

(1.3)
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Their simulated mole fractions were found to agree closely with experimental measurements,
within the small temperature range that they investigated. However, in addition to requiring
the chemical potentials as a necessary input, their method was restricted to chemical
reactions that preserve the total number of moles in the system.

In 1988, Kofke and Glandt proposed an improved simulation technique to model both
reaction equilibria and phase equilibria [11]. They termed their new method the semigrand
canonical ensemble MC method, and used it to study the same reaction as Coker and Watts,
Eq. (1.3). This method was more versatile and corrected some of the errors in the method of
Coker and Watts, such as mistakes in the equilibrium constant, the acceptance criteria, and an
incorrect form of Widom's particle insertion method [12]. The semigrand ensemble samples
forward and reverse reactions by using the ratios of the component fugacities to a reference
fugacity in the acceptance criterion, instead of using chemical potentials. While this method
was an improvement over the method of Coker and Watts, its application was still restricted
to reactions in which the number of moles remained fixed.

Soon after Kofke and Glandt's work, Shaw devised a new simulation technique [13] to
simulate chemical reaction equilibria that eliminated the requirement of specifying the
chemical potentials or chemical potential difference between the reacting species. Shaw
named the new technique the NatomsPT ensemble, and applied it to the reaction:
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N2 + O 2 ↔ 2NO

(1.4)

Shaw's method was a significant improvement over previous methods, primarily because
simulations could be performed in the more convenient isothermal- isobaric ensemble.
Chemical equilibrium along with other thermodynamic quantities could be measured at
constant pressure, temperature and total number of atoms, which allowed more natural
comparison with experiments. In the NatomsPT ensemble, the acceptance criteria for the
forward and reverse reaction steps involves only the ideal gas partition functions for the
reaction components, and the method can, in principle, accommodate reactions tha t involve a
change in the number of moles. However, due to its cumbersome nature, there have been no
applications of this method to reactions that change in mole number.

In the years following Shaw's contribution, several new techniques were introduced which
dealt with chemical reaction equilibria by biasing moves through configuration space to areas
that are significant for chemical bond formation and breakage, instead of the direct sampling
methods employed in the previously mentioned techniques. Instead of the random particle
displacements included in traditional Metropolis Monte Carlo simulations, these techniques
bias displacements towards areas of phase space which are significant for associations (i.e.,
the close approach of two molecules). One of these methods was named association biased
Monte Carlo (ABMC) and was developed by Busch et al. [14 ,15]. This method was based
on the work of Kranendonk and Frenkel [16]. ABMC was first applied to particles with one
bonding site, which only allowed dimer molecules to form. The method was later extended
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to accommodate particles with multiple binding sites that form higher order complexes.
Their primary focus was studying antigen-antibody interactions. While the ABMC method
efficiently samples the important regions of phase space, the calculations necessary for the
biasing can become quite complicated.

Tsangaris and de Pablo developed a method that they named bond-bias Monte Carlo
(BBMC) [17]. Similar to the ABMC method, their technique also biased Monte Carlo moves
into areas of phase space significant to bond breaking and bond formation. The BBMC
technique therefore avoids the high-energy activation barrier usually associated with strong
associa tions and efficiently samples phase space. With BBMC simulations, Tsangaris and de
Pablo studied the phase equilibria and energetics of acetic acid dimerization, Eq. (1.5), and
achieved close agreement with experimental data and theoretical predictions.

2CH3 COOH ↔ CH3 C(OHO)2CCH3

(1.5)

However, defining the regions of phase space to explore is dependent on the specific system.
Due to the sampling technique used in BBMC, small displacements and reorientations must
be made to bonded complexes, which then limits the ability of the bonded species to explore
phase space. In addition, the BBMC method is restricted to open systems such as the grand
canonical or Gibbs ensemble.
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Another Monte Carlo method was developed by Shew and Mills to simulate systems that
involve high energy barrier crossings, such as chemical reactions [18-20]. Their method was
named the subspace sampling method (SSM), and it works by partitioning configuration
space into regions which are separated by potential energy barriers or by different
hamiltonians. While they began with studies in one dimension [18,20], they later applied
their method to simulate the thermodynamic and structural properties of a weak electrolyte
solution in three-dimensional space [19]. Although reasonable results can be obtained with
this method, an adjustable simulation parameter must be optimized in order to achieve
convergence rates comparable with other methods.

The most powerful and flexible technique for simulating molecular reaction equilibria to date
was developed simultaneously by two separate groups, Smith and Triska [21] and Johnson et
al. [22], which we collectively refer to throughout this work as the Reactive Monte Carlo
(RxMC) simulation method. The two methods are similar to the one developed by Shaw
[13], except that the method can be easily applied to reactions that change in mole number.
Additionally, multiple simultaneous reactions can easily be studied, as can reactions in
multiple phases, and reactions within porous materials. Both renditions of this method
[21,22] simulate reaction equilibria through trial attempts of complete forward and reverse
reaction steps (in addition to the traditional Metropolis Monte Carlo moves), while
conserving the total number of atoms in the system. Although the simulation technique of
the two groups is virtually identical, the acceptance probability for a reaction step is
formulated by Johnson and coworkers in terms of the molecular partition functions, while the
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acceptance probability for a reaction step is formulated by Smith and Triska in terms of the
Gibbs free energy of reaction. Consequently, the two methods are interchangeable, as the
Gibbs free energy of reaction can be easily formulated in terms of the molecular partition
functions.

1.4.2 Recent Applications of Reactive Monte Carlo
Aside from the research presented in the following chapters of this work, there have only
been a few applications of the RxMC simulation technique. The first application of the
RxMC method to a realistic molecular reaction was performed by Johnson et al. [22] in order
to study the dimerization of nitric oxide in both the gas and liquid phases:

2NO ↔ (NO)2

(1.6)

The equilibrium conversion of this reaction was simulated along the saturation line for the
liquid phase through a temperature range of 110 K to 170 K, and the extent of dimerization
was found to compare closely with both experiment [23] and theory [24]. The reaction
shows a high degree of dimerization in the liquid phase, while the gas phase is almost
entirely composed of monomers. Additionally, it was found that the simulation predictions
were quite sensitive to the dimerization binding energy, Do , which is used in the Monte Carlo
acceptance criteria for the forward and reverse reaction steps.
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Subsequently, Lisal et al. published a series of papers applying the RxMC method (therein
referred to as the reaction ensemble method) to realistic molecular reactions [25-27] and to
complex phase equilibria [28 ,29]. Although chemical reactions are not considered in
references [28] and [29], phase equilibrium is treated as a special case of chemical
equilibrium. According to this treatment, the Gibbs ensemble technique is combined with
the RxMC moves in order to predict accurate phase behavior of complex binary mixtures
involving water, methanol, ethanol, carbon dioxide, isobutene, MTBE, and n-butane.

The first realistic reaction that this group studied was the equilibrium of the bromine-chlorine
system, Eq. (1.3). This reaction has been modeled previously using other simulation
methods, such as that of Coker and Watts [9 ,10] for a study of the liquid phase conversion
and by Kofke and Glandt [11] for a study of simultaneous reaction and phase equilibrium.
Lisal et al. [25] expanded upon the work of these previous studies to map out the complete
simultaneous reaction and phase equilibrium diagram of the bromine-chlorine system. Their
agreement with previous simulation and experimental results was good, and they were able to
contribute additional information about this system where experimental data is inaccessible
(due to the chemical instability of the system).

The second application of RxMC simulations by Lisal et al. [27] was to high temperature
chemically reacting plasmas, in which the ionization reactions of helium were modeled:

He ↔ He+ + e-

(1.7)
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He+ ↔ He++ + e-

(1.8)

These simultaneously occurring ionization reactions were studied at high temperatures (up to
100,000 K) and high pressures (10, 100, and 400 MPa), and the equilibrium results were
compared with predictions from the classical Debye-Hückel (DH) macroscopic model [30].
The authors calculate the composition of the plasma, molar enthalpies, molar volumes, molar
heat capacities, and coefficients of cubic expansion for this system. The predictions from the
DH theory tend to slightly underpredict the amount of ionization in the plasma as the
pressure is increased. Additionally, the DH predictions tend to be least accurate when
calculating the coefficient of cubic expansion and the molar heat capacity, by up to 40% at
the highest pressure (400 MPa).

The most recent contribution from Lisal et al. [26], is an extension of the RxMC method to
constant enthalpy and constant internal energy simulations. The utility of this approach is
demonstrated by simulating the conversion of ammonia synthesis within an adiabatic plug
flow reactor. The enthalpy corresponding to the inlet composition, a stoichiometric feed of
H2 and N2 , is first calculated. Then, this value is used to perform a RxMC simulation at
constant enthalpy and pressure to determine the exit composition and temperature.

Brennan and Rice have used RxMC to study the shock properties of liquid NO and liquid N2
[31]. RxMC simulations were carried out at high pressures (2-90 GPa) and high
temperatures (500-13,000K) and the shock properties of these systems were determined.
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Excellent agreement was found with experimental measurements at these conditions. The
RxMC method shows great promise in the development of novel energetic materials, in
testing current detonation theories, and in furthering our understanding of materials under
shock.

Reactive Monte Carlo simulations have also been used to study [32] the ammonia synthesis
reaction at conditions characteristic of the deep atmosphere of Jupiter (temperatures between
500 and 2300 K and at pressures up to 10,000 bar):

N2 + 3H2 ↔ 2NH3

(1.9)

In order to compare with experiments, simulations were also performed at 573 K and 873 K
and in pressure ranges where experimental data is available (100 to 1,000 bar), and close
agreement was found with the available data. We have performed similar simulations of the
ammonia synthesis reaction, which will be presented later in Chapter 3 of this work.

With the exception of our work, we only know of one other application of the RxMC method
to specifically study a reaction confined within a micropore. Borówko and Zagórski [33]
have studied a simple dimerization reaction in slit- like pores, with A-type and B-type
molecules assigned different Lennard-Jones diameters (σ) for the potential energy
calculation:
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2A ↔ B

(1.10)

They use the Reactive Monte Carlo method for their simulations, but they arbitrarily allow
the ideal gas contribution of the equilibrium constant to vary with respect to distance from
the pore walls. This is a quantity that we have not allowed to vary in our work for a given
reaction. They find that the bulk phase composition favors the creation of B molecules at
higher densities, according to LeChatlier's Principle, as the forward reaction results in a
reduction in the number of moles. This effect is magnified within the pore phase, as the
confinement tends to show an increased conversion due to preferential solvation within the
adsorptive pore (in cases when the equilibrium constant is held fixed). When the equilibrium
constant is allowed to vary, the confinement within the pore has a mixed effect on the
reaction conversion, depending on the relative effects of the adsorption and the surfacemediated changes allowed in the equilibrium constant.

1.5 Simulating Chemical Reaction Kinetics
1.5.1 Available Methods
In addition to studying the equilibrium yield of chemical reactions in non- ideal
environments, we are also interested in how kinetics can be influenced by these same
environments. There are several different theories and simulation methods that are able to
incorporate the physical interactions with the surrounding environment into the prediction of
rate constants. In order to review the progress in this area, it is convenient to segregate these
methods along the different applicable length scales, as depicted in Figure 1.1. This should
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help give some perspective to the method that we have developed [34] and to the systems and
forces that we are able to study with our method, which will be discussed in Chapter 5.

A. Continuum Methods
Starting with general expressions used for reaction rate constants at the highest level of
approximation should give justification for the more fundamental research performed on the
smaller length scales, such as our own. As an example, the rate (rA) for an elementary binary
chemical reaction, A+B→C, can be expressed in terms of the reactant concentrations and a
rate constant (k obs), and this rate “constant” is typically assumed to only depend on the
temperature according to Eq. (1.12):

rA =

d [A ]
= k obs [A ][B]
dt

(1.11)

k obs (T ) = A exp ( Ea RT )

(1.12)

In Eq. (1.11) and (1.12) k obs is the observed rate constant, where brackets denote the
concentration of each species, t is time, A is the preexponential factor, Ea is the activation
energy, and R is the gas constant. These two expression can be easily incorporated into
engineering design equations for stirred-tank reactors, plug flow reactors, batch, semi-batch,
etc. in order to describe the spatial or temporal rate of a chemical reaction.

While determining the initial concentrations in Eq. (1.11) is a fairly routine measurement,
predicting the rate constant for a reaction is not as simple, especially when the conditions of
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the surrounding environment, the solvent, or the catalyst change. In order to quantify the
change of a rate constant with respect to the environment, it is imperative to incorporate more
details into the model than the simple temperature-dependent Arrhenius expression shown in
Eq. (1.12). For example, additional expressions, such as Eq. (1.13) are available [35 ,36]
which are able to roughly model the pressure dependence of rate constants:

 ∂ ln k obs  − ∆V ≠

=
RT
 ∂P 

(1.13)

In the above equation, P is the pressure and ∆V ≠ is the effective volume difference between
the reactants and an assumed transition state. This estimate is based on the transition state
theory method [37] and predicts that if the transition state for the reaction has a smaller
effective volume than the reactants, then the reaction rate constant will increase with the
pressure of the system. This is not generally applicable to a wide range of conditions, and
the value for ∆V ≠ is not known a priori but must be inferred from experiments or calculated
using quantum mechanical simulations. Little insight is gained from merely knowing the
activation volume, since many sources contribute to its value, such as bond breaking, bond
formation, charge creation, etc. There exist other approximations as well on this (continuum)
length scale, which account for the change in the reaction rate with respect to the surrounding
phase in an approximate way [38].
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B. Classical Simulations
In order to more accurately predict the rate constant in non- ideal environments, it is
necessary to increase the amount of detail in the model. Within the context of transition state
theory (TST) [37 ,39], the interactions with the environment can be accounted for in
≠
simulation by calculating the free energy of solvation ( ∆G sol
) of a reaction. The free energy

of solvation can then be added to the free energy of activation for the reaction in the ideal gas
≠
phase ( ∆Ggas
) in order to account for the overall free energy of activation in the solvent (or

other medium). The resulting expression for the rate constant is shown below, and reflects
≠
≠
the strong dependence on the free energy of activation, ∆G ≠ , where ∆G ≠ = ∆G sol
+ ∆Ggas
:

k obs = κ

(

k BT
exp − ∆G ≠ k BT
h

)

(1.14)

In the equation above, κ is the transmission coefficient, h is Plank’s constant, and k B is the
Boltzmann constant. The transmission coefficient (κ) accounts for any recrossing of the
activation barrier, and will have a value of less than one if recrossing is significant.

The contribution of Lim et al. [40] gives a nice review of the equilibrium solvation methods
for calculating the overall free energy of activation. As a first approximation, the free energy
of solvation can be calculated in simulation by treating the solvent as a continuum, or more
rigorously, by treating the solvent molecules explicitly. The continuum models can either be
treated classically as with generalized Born models [41 ,42], or the continuum can be treated
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quantum mechanically, as with self-consistent reaction field (SCRF) methods. If the
molecular details of the solvent are included, which may be important for hydrogen bonding
systems or other systems that have specific interactions, Monte Carlo or molecular dynamics
simulations can be used to calculate the free energies in such molecular fluids.

Other solvation methods are also available within classical MC and MD simulations, which
accumulate the probability of observing the extent of a predefined reaction coordinate. For
instance, in the dissociation of HCl, the statistical elongation of the H-Cl bond distance in a
simulation can be related to the free energy of dissociation in different environments.
However, unless the potential energy associated with changes in the reaction coordinate is
small (<5k BT), biasing methods such as umbrella sampling [43] must be used to accumulate
accurate statistics.

Another approach on this same leve l of molecular detail is the free energy perturbation (FEP)
method [44]. This method relates the change in free energy ∆G between two different
systems A and B in terms of potential energy differences (δUA→B), as shown in Eq. (1.15),
where the brackets denote ensemble averages.

∆G( A → B ) = −k BT ln − (δU A→ B ) k B T

(1.15)

To use the FEP method to calculate a rate constant, the reaction can again be modeled
according to transition state theory. State A is assigned as the reactant state and state B is
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assigned as the transition state for the reaction, and the free energy change for the formation
of the transition state can be computed in a variety of non-ideal environments. If the two
states (A and B) are not similar, then the convergence of the method will be slow. To avoid
slow convergence, the transformation between the reactants and the transition state can be
discretized into intermediate structures between the two states. The free energy difference of
each incremental step can then be calculated in simulation and summed to give the total
change in free energy from state A to state B.

Using molecular dynamics simulations, it is also possible to compute rate constants using
time correlation functions [45]. A dividing surface or reaction coordinate can be defined in
the simulation which separates reactant species from product species. Then, the net flux
through this dividing surface can be measured in simulation during a given length of time,
and this flux (calculated using time correlation functions) can then be related to a rate
constant. If the activation barrier is high, simulations can incorporate constraint molecular
dynamics in order to observe the barrier crossing. The Bennett-Chandler approach [46-48],
uses this general framework for calculating rate constants. However, a suitable reaction
coordinate must be pre-defined in the Bennett-Chandler approach in order to generate
accurate statistics, and this approach gives poor results when the transmission coefficient (κ)
is low. An alternative route for employing the general time correlation formalism is using
the transition path ensemble, which was recently developed by Chandler and coworkers [49].
However, unlike the Bennett-Chandler approach, the reaction coordinate is not pre-defined,
but is found during the course of the simulation by sampling different possible reaction
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trajectories. The reaction path ensemble can explicitly account for external forces, such as
solvation effects, in identifying the transition state structure for a reaction. Further review
and application of these two methods are discussed by Frenkel and Smit [43]. Quantum
mechanical analogues of the time correlation technique also exist [50, 51].

There are several ways to refine the rate constants determined from the above equilibrium
solvation methods. First of all, corrections can be included to account for dynamic collision
effects or frictional effects that might alter the rate constant. These effects are not
specifically included in the equilibrium solvation methods, but can be approximated
separately and absorbed into the transmission coefficient, κ, shown in Eq. (1.14). The
analytical theory of Kramers [52,53] and the transmission coefficient of Grote and Hynes
[54] are fairly well established for accommodating these effects. A discussion of these
methods and others for approximating the transmission coefficient is presented by RuizMontero et al. [55]. Also, since external interactions can affect the free energy of activation,
there is a form of transition state theory that varies the definition of the activated
configuration (i.e., transition state species) in order to minimize the rate constant. This
widely-accepted approach, called variational transition state theory (VTST) [56-59], tends to
give more accurate values of the rate constant.

There are additional methods to improve the values of the rate constant, but in order to do so,
it is necessary to increase the level of detail, and study reactions on a much smaller length
scale. These methods are discussed in the next section.
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C. Quantum Mechanical Simulations
While the methods described in the previous section are primarily classical methods, many of
the molecular quantities and parameters used in these methods are taken directly from
quantum mechanical simulations. The quantum mechanical simulations are performed on a
much smaller length scale, which limits the size and time scale of the simulations to a few
hundred atoms and to a few picoseconds, but detailed information about the transition state
geometry, quantum mechanical tunneling, energy barriers, etc. can all be calculated. This is
extremely important to the calculation of rate constants since this type of information is
either difficult or impossible to measure with experiments.

Both ab initio methods and density functional theory (DFT) methods are capable of
generating potential energy surfaces (PES), which are routinely used as input in classical MC
and MD simulations for calculating rate constants. The calculation of a PES is usually
attempted in order to identify a transition state species, which is defined to correspond to the
maximum in the free energy during the course of a reaction. The observation of the
transition state in the quantum mechanical simulations can normally be verified by observing
a single imaginary frequency in one of the normal vibrational modes. Once a possible
transition state has been observed, it can be confirmed to be the correct transition state by
examining the normal mode corresponding to the imaginary frequency [60]. The motion in
the normal mode should tend to deform the transition structure as expected, and this motion
should connect reactants and products on the two sides of the potential barrier. Once the
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transition state is identified, the necessary parameters such as the activation energy and the
transition state geometry can be calculated.

In addition to developing PES's, several quantum mechanical methods, similar to the
classical methods described above, are available for estimating rate constants in the presence
of external interactions. For instance, Miller et al. [50,51] have developed a quantum
mechanical analog for implementing the time correlation function approach for calculating
rate constants. Additionally, there is the quantized version of variation TST, which is
reviewed by Truhlar et al. [61] and applications of which are demonstrated in ref. [62,63].
This is similar to the classical version, which varies the definition of the dividing surface to
minimize the rate constant. Also, there is a path integral formulation of quantum TST [64],
which can be applied to reactions in solution and has been reviewed by Voth [65,66].
Applications of these methods as well as other quantum mechanical approaches to reaction
rates can be found in the ref. [61]. In order to refine predictions of rate constants, there is a
quantum mechanical analog of the classical Kramers and Grote-Hynes theories, which was
first derived by Wolynes [67], and can account for quantum mechanical tunneling through
the activation barrier or non-classical reflection above the barrier.

Probably one of the most recent and most popular quantum mechanical methods for
calculating rate constants in the presence of surrounding molecules is called the CarParrinello method [68]. This is a molecular dynamics type approach for estimating kinetics,
coupled with DFT to account for the motion of the electrons. The primary difference

26

between this method and other quantum mechanical methods is that a special technique is
used to propagate the molecular orbitals. Instead of reoptimizing the orbitals at each step, the
orbitals are assigned a fictitious mass and propogated along with the atomic nuclei. This
maintains the orbitals on the ground-state (Born-Oppenheimer) surface in an efficient way
and reduces the computational demands of the method. The main drawback of the CarParrinello method is that it is still limited to small systems (of the order of 100 atoms),
similar to other quantum mechanical methods. Applications of this method to reactions in
solution, at surfaces, and for biological processes have been recently reviewed by Trout [69].

1.5.2 Integration of RxMC Simulations with Transition State Theory
Since we are primarily concerned with the physical interactions, such as confinement within
porous materials, on chemical reaction kinetics, we have primarily used semi-classical
methods to study rate constants. Although we have adopted a semi-classical simulation
approach to our project, much of the information about the transition state and the activation
energy for the reaction must be gathered from separate studies at the quantum mechanical
level.

In order to address our questions about the change of the rate constant in different physical
environments, we have developed a simple technique, which combines the TST quasiequilibrium hypothesis [37,39] with Reactive Monte Carlo [22] simulations. We are able to
perform these simulations in heterogeneous environments, with simulation scales on the
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order of 106 atoms, and achieve close agreement where experimental comparison is available.
Our methodology is described in detail in Chapter 5, as well as applications of this method to
the kinetics of hydrogen iodide decomposition in a variety of non- ideal environments.

1.6 Overview of Our Work
1.6.1 Equilibrium Studies
From the survey given in Section 1.4, it is clear that little work on confined reactions has
been reported. In the following chapters, we will present our simulation results for several
realistic systems. While the work of Borówko and Zagórski [33] and other contributions [7077] give some insight into confined chemical reactions by studying simple, idealized
reactions and associations, we have chosen to model more realistic reactions using detailed
micropore models. We have chosen to model several systems, which we believe explore a
range of chemical reaction phenomena. We begin by looking at the dimerization of nitric
oxide in activated carbon fibers and in carbon nanotubes. Next, we model the ammonia
synthesis reaction within several different microporous carbon models, as there has been
recent interest in catalyzing this reaction within porous carbons. We then look at the
esterification of acetic acid in both microporous carbons and in a supercritical CO2 solvent.

1.6.2 Kinetic Studies
There have been many quantum mechanical studies examining the effects of solvents and
surfaces on reaction kinetics. However, there have been few, if any, molecular level studies
of the effects of porous confinement on chemical reaction rates. The last part of our work
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focuses on this relatively unexplored effect, as we combine RxMC simulations within the
framework of transition state theory. We demonstrate the validity of our new technique by
studying the hydrogen iodide decomposition reaction within carbon slit pores and carbon
nanotubes as an example.
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Figure 1.1 Molecular simulation time scales for various computational methods. This
assumes calculations are allowed for a maximum of one week on the Blue Horizon (SP3)
supercomputer, which operates at a maximum speed of 1.728 Tflops.
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CHAPTER 2
Dimerization of Nitric Oxide
2.1 Introduction
We began our project by looking at the dimerization of nitric oxide, Eq. (2.1), within
microporous carbons [1]:

2NO ↔ (NO)2

(2.1)

The NO dimerization reaction is a convenient choice for several reasons. First, the molecules
involved are simple and easy to model in simulations. NO has a negligible dipole moment
and a small quadrupole moment [2]. Intermolecular force models for both NO and (NO)2
have already been developed based on site-site Lennard-Jones potentials and have been
shown to give an accurate account of the chemical equilibrium in the bulk gas and liquid
phases [3]. Second, NO dimerization is interesting because experimental measurements have
been reported for this reaction in both the bulk phase [4-6] and in activated carbons having
slit pores [7]. The NO molecule is paramagnetic while the (NO)2 dimer is diamagnetic.
Therefore the composition of the reaction mixture in the activated carbon can be obtained by
measuring the magnetic susceptibility [7]. Furthermore, this reaction is important in
atmospheric chemistry [8], pollution abatement [8], and in medicine, where it controls certain

36

functions in living organisms [9]. It is important to note that activated carbons are commonly
used for removal of nitrogen oxides from auto exhaust and industrial effluent gas streams.

Although there is only limited experimental data for reactions in confinement, there have
been several attempts by Kaneko and co-workers at Chiba University to measure chemical
reaction equilibria in pores [7 ,10], which includes studies of the NO dimerization reaction.
However, there are typically many challenges associated with these types of experiments.
First of all, determining the composition of the confined phase is usually very difficult and is
only possible using indirect methods. It is usually impossible to distinguish between true
equilibrium in the pore and long- lived metastable states. Also, it has not proved possible to
determine the free energies of confined phases. In spite of these challenges, Kaneko et al. [7]
have been able to observe large increases in yield for the nitric oxide dimerization reaction
within activated carbons.

The increased conversion in the pore phase can be understood in terms of Le Chatlier's
principle, since there is a reduction in the number of moles as the conversion shifts towards
the (NO)2 dimer. According to Le Chatlier's principle, the increased density within the pore
phase should naturally shift the conversion towards the formation of (NO)2 , as well as any
other reaction that involves a reduction in mole number. Surprisingly however, this same
group found large increases in yield for the following two reactions when carried out in
activated carbons:
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3(NO)2 ↔ 2NO2 + 2N2 O

(2.2)

2NO + C ↔ N2 + CO2

(2.3)

We would not expect the increased density in the pores to produce these results, so a more
subtle explanation must exist.

In order to clarify the experimental picture, we have modeled the nitric oxide dimerization
reaction, Eq. (2.1), within two different microporous models, intended to represent activated
carbon fibers and carbon nanotubes. The model for the activated carbons (the slit-pore
model) was assigned pore widths similar to the carbons used by Kaneko et al. [7], in the
range of 0.8 to 0.9 nm.

Using molecular simulations, we should be able to clarify the experimental understanding of
this system by answering several basic questions:

a) Do simulations and experiments predict the same conversion in microporous carbons?
b) How sensitive is the conversion of the reaction to the width of the pore?
c) What is the distribution and orientation of the molecules within the pore?
d) What is the primary driving force for the equilibrium in the pore phase?

The rest of this Chapter is arranged as follows. In Section 2.2 we will describe the
simulation techniques that we have used to predict the reaction conversion. Next, we will
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present in Section 2.3 the models that we have used for the reacting molecules and the carbon
pore. Then in Section 2.4 we will discuss our results and compare with the experimental and
theoretical results of other groups. Finally, in Sectio n 2.5 we will present our conclusions
and extensions of this work.

2.2 Simulation Methods
2.2.1 Reactive Monte Carlo
As mentioned in Chapter 1, we have used the Reactive Monte Carlo (RxMC) method [3] to
determine the equilibrium state of reactive mixtures in both the bulk phase and also in
micropore spaces. Attractive features of this method are that it can be applied to reactions in
which the number of mole changes and to reactions in multiple phases, and it is not necessary
to calculate chemical potentials or chemical potential differences. The RxMC approach is
designed to minimize the Gibbs energy at constant pressure, thus determining the true
equilibrium condition, irrespective of any rate limitations. The general acceptance criteria
for the forward and reverse reaction steps used in this method can be found by combining the
grand canonical partition functio n for a multi-component fluid with the restrictions of
chemical equilibrium,

∑ν µ
i

i

= 0 , and conservation of mass. The resulting expression for

the acceptance criteria can be easily evaluated in simulation for either a forward or reverse
reaction step:

C
C

Ni! 
Pacc = min 1, exp (− βδU )∏ qνi i ∏

i =1
i =1 ( N i + ν i ) !
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(2.4)

In the above equation, β is the reciprocal of the Boltzmann constant times the temperature, qi
is the partition function for molecular species i, Ni is the number of moles of species i, ν i is
the stoichiometric coefficient for component i (negative for reactants and positive for
products), and δU is the change in configurational energy during the attempted reaction step.
The products in Eq. (2.4) are over the total number of species C participating in the reaction.
For a rigorous derivation and confirmation that detailed balance is obeyed during the RxMC
moves, see the recent review by Johnson [11]. The constant pressure version of the RxMC
method, as applied to nitric oxide dimerization, involves the following trial moves [3], with
each move being accepted with the designated probability criterion (Pacc):

(a) A change in the position or orientation of a molecule, chosen at random
Pacc = min [1, exp (− βδU )]

(2.5)

(b) 2NO→(NO)2 : A forward reaction step, in which one randomly selected NO molecule is
deleted and another randomly selected NO molecule is changed to (NO)2 , with the
acceptance probability of:

q ( NO ) ( N )( N NO − 1) 
Pacc = min 1, exp (− βδU F ) × 2 2 × NO

q NO
N (NO )2 + 1 


(

)

(2.6)

(c) (NO)2 →2NO: A reverse reaction step, in which one randomly selected (NO)2 molecule is
changed to NO and another NO molecule is randomly inserted into the system, with the
acceptance probability of:
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Pacc

2


N ( NO )2
q NO
= min 1, exp (− βδU R ) ×
×

q ( NO )2 ( N NO + 1)( N NO + 2 )


(2.7)

(d) VB,o→VB,n : A random change of volume, in order to maintain the bulk pressure constant:

[

{ [

]}]

Pacc = min 1, exp − β δUV + PδVB − Nβ −1 ln (VB, n VB, o )

(2.8)

In the above equations, the symbols δUF, δUR, and δUV represent the changes in the
configurational energy of the system for forward reaction, reverse reaction, and volume
change steps, respectively. In the volume change steps, VB,o is the original volume, VB,n is the
new system volume, and δVB is the difference between these two volumes, VB,n-VB,o . In order
to maintain microscopic reversibility, the forward and reverse reaction steps (steps b and c
above) must be attempted with equal probability, and in an identical fashion. To illustrate
this last point more clearly, consider the more general equilibrium reaction: A+B↔C+D. If
A is replaced by C and B is replaced by D in a forward reaction step, then the reverse move
must preserve detailed balance by replacing C with A and D with B.

While performing the single-phase bulk simulations, we used the isothermal- isobaric
ensemble, which specifies the total number of atoms, the pressure, and the temperature of the
system. For the nitric oxide bulk phase simulations, we typically used 1,200 NO particles,
equilibrated for about 10×106 moves, and took averages for about 30×106 moves. The
simulation lengths at the lower temperatures were approximately five times longer, due to
slower convergence. The potential cutoff was set at 1.6 nm (5.0σNO), with no long-range
corrections applied.
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2.2.2 Constant Pressure Gibbs Ensemble Monte Carlo
In order to simulate a two-phase system, consisting of a pore phase and a bulk phase, we
implemented a constant pressure Gibbs ensemble Monte Carlo technique [12,13]. This
technique divides our system into two separate phases (or simulation boxes): (1) the bulk gas
phase and (2) the microporous carbon phase. Through the appropriate application of the
RxMC simulation moves and the constant pressure Gibbs ensemble, we maintain chemical
equilibrium within each phase and phase equilibrium between the bulk and the pore phase:

∑ν µ
i

i ,bulk

= ∑ ν i µ i, pore = 0

(2.9)

µ i, bulk = µ i , pore

(2.10)

This simulation design facilitates a more natural comparison with experimental results, since
the specified simulation parameters are temperature, pressure, and initial composition, and
the measured quantity is the equilibrium conversion (along with other thermodynamic
properties). This technique permits the use of a constant pressure bulk phase, eliminating the
need to specify chemical potentials or fugacities. The equilibria between the two phases is
maintained through attempted particle exchange, which only requires the (# of reacting
species - 1) to be exchanged, since the chemical equilibrium of the last species will always be
maintained through the RxMC steps in each of the discreet phases. The particle exchanging
convention is chosen to increase the sampling efficiency, as only the smaller molecules are
used for insertions and deletions (in our case the NO monomer). The validity of this method
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was tested by swapping all molecular species (monomer and dimer) between the two phases,
and we obtained identical reaction conversions. Additionally, the chemical potential of each
species was measured in simulation using Widom's test particle insertion method [14], in
order to insure that Eq. (2.9) and (2.10) are satisfied.

According to the constant pressure Gibbs ensemble method [12 ,13], the following moves are
added to establish equilibrium between the bulk phase reaction and the pore phase reaction:

(a) particle transfer from the bulk phase to the pore phase (NB,i -1, NP,i +1):

(

)


N B, iV P 
Pacc = min 1, exp − βδU N B ,i −1 − βδU N P,i +1 ×
( N P ,i + 1)VB 


(2.11)

(b) particle transfer from the pore phase to the bulk phase(NB,i +1, NP,i-1):

(

)


N P, iV B 
Pacc = min 1, exp − βδU N P ,i −1 − βδU N B,i +1 ×
( N B ,i + 1)VP 


(2.12)

In equations (2.11) and (2.12), NP,i and NB,i represent the number of molecules of type i in the
pore and bulk phase, respectively. VB is the volume of the bulk phase and VP is the volume
of the pore phase. The exponential term in equations (2.11) and (2.12) accounts fo r the total
change in potential energy associated with the particle transfer.
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2.3 Simulation Models
2.3.1 Molecular Models
The intermolecular potential models used for the NO dimerization reaction were those
previously applied by Johnson et al. [3]. Following Kohler et al. [15], the NO and (NO)2
interactions were modeled using the site-site Lennard-Jones (LJ) potential:

 σ
i α , jβ
u ij = ∑∑ 4ε iα , jβ 
 riα , jβ
α
β


12


σ
 −  iα , jβ

r

 iα , jβ






6






(2.13)

In equation (2.13), the sum is calculated over the sites (α) on molecule i with each site (β) on
molecule j, riα,jβ is the separation distance between sites on different molecules, and the
interaction parameters σ and ε are specific to each molecular species, as shown in Table 2.1.
Since the dipole moment (µ=0.16×10-18 esu) of NO is very small, and the quadrupole moment
(Q~ -1.0×10-26 esu) is also rather small [2], electrostatic forces were neglected. The (NO)2
dimer was modeled using a two-site LJ potential. The individual site parameters of the dimer
were identical to those of the monomer, and the bond length was set equal to the
experimental value of 0.2237 nm [16]. In Table 2.1, the positions of the two LJ sites of the
dimer are given in reference to the center of mass, so that each site is displaced from the
center of mass by a distance of "bl".

Fluid-wall interactions were calculated between the LJ sites on the fluid and the LJ carbon
atoms forming the walls of the slit-shaped pores or the carbon nanotubes, depending on the
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chosen pore model. Unlike pair interactions between the fluid molecules and the carbon
pores were approximated using the standard Lorentz-Berthelot mixing rules: ε iα,jβ = (ε iαε jβ )1/2
and σiα,jβ = (σiα+σjβ )/2.0.

Table 2.1 Summary of the Lennard-Jones parameters.
molecule
site #
bl/nm
σ/nm
NO
1
0.0
0.31715
(NO)2
1
0.11185
0.31715
2
0.11185
0.31715
C (pore)
1
0.0
0.340

ε/kb/K
125.0
125.0
125.0
28.0

reference
[15]
[3]
[17]

We calculated the molecular partition functions for NO and (NO)2 from a variety of sources;
these are used in the acceptance criteria for the forward and reverse reaction steps.
Molecular constants for the NO monomer were taken from standard sources [18,19].
Rotational and vibrational constants for the dimer were taken from Kukolich [16] and Smith
et al. [20], respectively. Unfortunately, the experimental and theoretical values of the
dimerization energy, D°, vary over a wide range: from 7.64 to 13.8 kJ/mol [21-25].
Therefore, we fitted our simulation data at the lowest temperature of 110 K to experimental
data for the dimer mole fraction in the bulk saturated liquid and obtained a value of D°=10.9
kJ/mol, which is close to the midpoint of the range of experimental estimates.

2.3.2 Pore Models
Carbon slit-shaped pores were used as an approximate model for the activated carbon fibers
used by Kaneko et al. [7]. The 10-4-3 Steele potential [17], was used to model the
interaction of the reacting adsorbate molecules with the carbon walls, with the usual potential
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parameters for carbon (Table 2.1). This model assumes that the carbon pore is constructed of
two parallel walls that are infinite in the x-y plane. The structure of these walls is assumed to
be that of sheets of graphite, and the surface corrugation is neglected by averaging the carbon
potential over the two graphitic pore surfaces. As a result, the interaction potential between
an adsorbate molecule and the pore wall is only a function of the z-coordinate, the distance of
each site from each pore wall.

10
4
 




σ
σ
σ i4α ,c
1  iα ,c 
1  iα , c 
2


U iα ,c (z ) = 4πεiα , cσ iα ,c ∆ρ c 
− 
−
3

5 H ± z 
H
2
±z
H

 2
 6∆ 2 ± z + 0.61∆ 
  2

(

)

(2.14)

H

In equation (2.5), H is the width of the pore, defined as the distance between carbon centers
on the two opposing walls of the pore, ∆ is the experimentally measured interlayer spacing of
graphite (0.335 nm), ρc is the experimentally measured density of graphite (2.27 g/cm3 ), and
ε and σ are the LJ parameters shown in Table 2.1.

The models for the carbon nanotubes were slightly more detailed. We modeled the carbon
nanotubes by using explicit carbon atoms, with site-site LJ interactions (no electrostatic
interactions) between the carbon atoms and the adsorbate molecules. The nanotubes were
chosen to be single-walled carbon nanotubes, arranged in a hexagonal array, as is the
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configuration typically observed in experiments. Nanotubes can be uniquely defined in
terms of their helicity, and according to the standard convention [26], the nanotubes in our
model are designated as (10,10) nanotubes. This is essentially an armchair type of structure,
with ten carbon rings forming the circumference of the cylinder. The corresponding diameter
of these nanotubes is 1.36 nm, as measured from the carbon centers. Figure 2.1 shows the
(10,10) nanotubes in a bundled configuration, as used in our simulations. The distance
between neighboring nanotubes within a bundle is 0.34 nm (as measured from the carbon
centers), which is the LJ diameter of carbon. Periodic boundary conditions are applied in all
three coordinate directions, and adsorption and reaction are allowed within the nanotubes and
in the interstitial spaces between the tubes.

As a refinement to the ideal nanotube model, depicted in Figure 2.1, we have added defects
to the nanotube structure. This modification should create more realistic representations of
the actual nanotube samples used in experiments. Experimental synthesis of single-walled
carbon nanotubes typically results in the production closed-end structures, which decrease
adsorption capacity and diffusion [27-31]. In order to open the ends of these tubes, chemical
cutting can be applied, followed by thermal decomposition of functional groups. This
chemical cutting and thermal treatment process creates a more porous material by removing
approximately 5% of the carbon structure. Some of the removed carbon originates from the
tips of the nanotubes, but a large fraction of the carbon comes from the nanotube walls. The
defects are reflected in our models by randomly removing similar amounts of carbon from
the nanotube arrays. We have randomly removed 2.5%, 5.0%, 7.5%, and 10% of the carbon
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from the structure in order to quantify the influence of the defects on the yield of confined
chemical reactions. The only restriction imposed during this process is that every carbon
atom within a single nanotube must maintain connectivity with the neighboring atoms, so
that an unphysical structure is not produced. In other words, we have intentionally
eliminated the possibility of "floating" carbon atoms within our nanotube model. A
simulation snapshot of one of these defective bundles, in the absence of the nitric oxide
reaction, is shown in Figure 2.2. It is additionally noted that defects can be intentionally
introduced into the nanotube structure by ion irradiation [32].

2.4 Results and Discussion
2.4.1 Reaction in the Bulk Phase
In order to validate the molecular models, we first carried out RxMC simulations for the NO
reaction in the bulk phase using an isothermal- isobaric (NPT) ensemble. We began by
making comparisons in the bulk saturated liquid phase for the nitric oxide reaction. Reliable
experimental data is available for this reaction for temperatures in the range of 110-120 K
[4], and extrapolated estimates for the reaction yield is available from 120-170K [6]. The
fraction of dimers was much higher in the liquid phase than in the gas phase in both
experiment and in our simulations. In Figure 2.3, our simulated results in the liquid phase
show excellent agreement in the temperature range over which the experimental and
extrapolated experimental results are available. For the vapor phase at a pressure of 1.01 bar
and 121.4 K we obtained a mole percent of monomers of 98%, which is in agreement with
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Guggenheim's estimate [5] based on analysis of second virial coefficient data. In both gas
and liquid phases, our simulations are consistent with the reference data.

The heat of reaction, ∆Hr, was measured using a van't Hoff plot, and we obtained a value of
12.8 kJ/mol. This is well within the range of experimental measurements of 11.0 to 15.5
kJ/mol [4,5]. The heat of reaction was obtained from the slope of the natural logarithm of the
equilibrium constant, Kc, versus the inverse temperature of the reaction, where Kc is written
in terms of the concentrations. This assumes an ideal gas phase. The equilibrium constant
can also be calculated directly from the partition functions of each of the reacting molecules,
as shown in Eq. (2.15), and is a function of temperature only.

Kc

(q (
=

NO )2

V

)

(q NO V )

ν ( NO ) 2

ν NO

=

[( NO )2 ]
[NO]2

(2.15)

2.4.2 NO Dimerization in slit-shaped carbon pores
After confirming the accuracy of our simulated conversion in the bulk gas and liquid phases,
we then wanted to measure the effects of confinement by allowing the reaction to adsorb into
the slit-shaped carbon pores. We investigated the influence of confinement on conversion by
combining the two-phase simulation technique with RxMC moves (as described in Section
2.2.2). This permitted the use of a constant pressure bulk phase and made it possible to
simultaneously predict both chemical and phase equilibrium in the pore.
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The confinement in the slit-pores had a large effect on the yield of dimers for the nitric oxide
reaction. Results for the yield of dimers for a range of pore sizes and temperatures are shown
in Figure 2.4, for a constant bulk pressure of 0.16 bar (which corresponds to a gas phase).
Results for the reaction in the bulk gas phase at these same conditions are shown for
comparison. The initial mixtures at the start of the simulations contained 100% NO
monomers. However, different starting compositions were tested and found not to influence
the final conversion, as should be expected. The simulations show a great enhancement of
the dimer formation in the pores, with increases of a factor of about 40 at the lower
temperatures. This enhancement effect becomes greater as the pore size is reduced. For
larger pore sizes, above 4.00σΝΟ, the influence of further increases in pore width is small.
The reason for this is readily seen from plots of the solid- fluid interaction potentials, shown
in Figure 2.5. For the larger pores, the adsorbate molecules near the center of the pore
experience only a weak interaction with the walls. Consequently, the fluid density in the
center of the pore is small in these larger pores (Figure 2.6) and contributes little to the
average dimer yield in the pore. The density profiles in the smaller pores are more dependent
on pore size deviations due to potential overlap near the center of the pore. The density is
high even near the pore center (Figure 2.7), and thus the yield is more strongly affected by
variation in pore width. It is expected that the pore phase conversion would approach the
bulk phase conversion as the width of the pore increases.

The yield of (NO)2 dimers in the pore is strongly affected by the temperature, and this
temperature effect is much larger than that seen in the bulk phase. This increased
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temperature sensitivity arises because of the strong temperature dependence of the average
density in the pore. As the temperature is increased, the molecules tend to migrate from the
pore phase to the bulk phase, reducing the average density in the pore and shifting the
equilibrium further towards the NO monomers.

The effect of varying the bulk gas pressure on the number of molecules adsorbed is shown in
Figure 2.8 for a temperature of 122.5 K and a slit width of 5.5σΝΟ (1.74 nm). A relatively
low temperature was chosen in order to observe the effect of capillary condensation in the
pore. Capillary condensation leads to the filling of the pore with a phase of liquid-like
density, and is a first order transition. It results in the formation of additional dense layers of
molecules in the center of the pore. Although the number of dimers in the pore almost
doubles upon capillary condensation, the overall mole fraction in the pore is only slightly
enhanced since the monomers fill the pore in a similar proportion. Therefore, although there
is a significant amount of hysteresis in the adsorbate density, there is only a small amount of
hysteresis in the pore phase conversion. The small cusp in Figure 2.8 at around 0.52 bar is
due to finite-scaling effects, as this point corresponds to a change of the simulation box size.

Since first publishing our simulated conversion for the NO dimerization reaction in the slitshaped carbon pores [1], our results have been verified by Tripathi and Chapman [33] at Rice
University using perturbation density-functional theory (TPT1)[34]. They ha ve used similar
intermolecular potentials and models for the NO monomer, the (NO)2 dimer, and the slitshaped carbon pore. The DFT predictions, illustrated in Figure 2.9, show excellent
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agreement with our simulation results (Figure 2.4) but tend to predict slightly higher
conversion than the RxMC simulations at the higher temperatures. As noted by Tripathi and
Chapman [34], these small discrepancies between simulation and theory could possibly
originate from two different sources. First, the long-range fluid-fluid interactions are slightly
different, as the DFT calculations use a hard-sphere reference and the attractive tail treated in
the mean field approximation. This specifically neglects fluctuations in the density and
energy, and molecular correlations are neglected, in contrast to the simulations. Secondly,
the theory is based on Wertheim's first order perturbation theory (TPT1) [35-38], which
assumes the dimers are formed from tangent spheres. Wertheim's theory has been shown
[39] to deviate from exact results when applied to systems with bond lengths less than 0.8σ.
The bond length of the (NO)2 dimer model is 0.705σNO, which may cause slight errors.

The increased yield shown by our nitric oxide simulations [1] and theory [34] is qualitatively
similar to that found in experiments [7], which were carried out at ambient temperature and
above. However, the experiments show even larger increases in dimerization than we find in
our simulations. Thus, at 298 K and a bulk pressure of 0.8 bar (the pressure studied
experimentally) we find a dimer mole fraction of 0.22 for a pore width H of 0.85 nm.
Keeping the pressure and pore width constant and raising the temperature to 373 K, reduces
the simulated mole fraction of dimers to 0.033. Similar mole fractions are found using DFT
at these two temperatures: 0.17 at 298 K and 0.023 at 373 K [34]. The experiments
surprisingly indicate a constant yield of approximately 0.98 mole fraction dimers at these
elevated temperatures. The reason for this discrepancy is unresolved. However, the
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qualitative correspondence between simulation and theory, suggests a reconsideration of the
experimental results.

This system is now being investigated by Prof. J. Yates at the University of Pittsburgh.
Studying the same reaction, the dimerization of nitric oxide, Yates is using spectroscopic
techniques to look at the formation of the (NO)2 dimer in (10,10) carbon nanotubes. In
anticipation of this comparison, we have performed additional simulations of this system in
(10,10) carbon nanotubes, which are modeled with site-site interaction parameters. We
expect that comparison with the Yates' experiments will shed light onto the discrepancy
found for (slit-shaped) activated carbons.

2.4.3 NO Dimerization in Carbon Nanotubes
Our simulations show that the equilibrium shift in the NO conversion is even more dramatic
in the carbon nanotubes. Since we have already verified the conversion in the bulk phase
reaction, we will use these same models of NO and (NO)2 for simulating the conversion in
the carbon nanotubes. These are again two-phase simulations that insure both chemical and
phase equilibrium between the reaction in the bulk phase and the reaction in the nanotubes.

We began by simulating the conversion in a perfect (10,10) carbon nanotube bundle (Figure
2.1). Each nanotube in the bundle has a diameter of 1.36 nm, as measured from the carbon
centers. Both adsorption and reaction were allowed within the nanotubes and in the
interstitial spaces between adjacent carbon nanotubes. The simulations were performed at a
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constant temperature of 130 K while the pressure was varied from 0.001 bar to 0.100 bar and
the resulting conversion was measured. The mole fraction of the (NO)2 dimer is shown in
Figure 2.10 at various pressures for two different nanotube-nanotube separation distances,
0.34 nm and 0.32 nm.

Table 2.2 Simulation results of the nitric oxide dimerization reaction in the bulk gas phase at
a temperature of 130 K.
Pressure/bar
y(NO)2
density/(mol/L)
0.001
0.000011
0.000092
0.005
0.000052
0.000463
0.010
0.000105
0.000924
0.025
0.000262
0.002314
0.050
0.000523
0.004628
0.100
0.001041
0.009232

In the pressure range that we have studied (0.001 to 0.100 bar), there is a significant increase
in the reaction conversion as compared to the conversion in the bulk gas phase, which is
shown in Table 2.2 as y(NO)2. This can be attributed mainly to the increased density found
within the nanotubes, as compared to the equilibrium bulk phase. Snapshots from our
simulations clearly demonstrate this point, as significant changes in the conversion
correspond to increases in the fluid adsorption. Figure 2.11 contains four snapshots, each
corresponding to a different pressure, and hence a different conversion. There is a large
increase in conversion from a pressure of 0.001 bar to 0.005 bar, and this is reflected in the
filling of the nanotubes. As the pressure is further increased, the adsorption increases
gradually, along with the conversion, and a second layer begins to form in the center of the
pore. When the conversion in the (10,10) nanotubes is compared with that in a slit-shaped
pore of similar dimensions (H=1.36 nm), we find the mole fraction of (NO)2 to be
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consistently higher in the nanotubes. For example, at a bulk pressure of 0.16 bar and a
temperature of 130 K, the mole fraction of (NO)2 in the bundle of (10,10) nanotubes is 0.875,
while the mole fraction in the slit-pore is 0.705.

Figure 2.10 also shows that the conversion in the more tightly packed model is about 5%
higher than the model with the 0.34 nm nanotube- nanotube separation, and this differential
increases to about 8% at the highest pressure studied. Snapshots from our simulations clearly
explain the shift in conversion between the two different nanotube models. Figure 2.12
reveals that at a 0.34 nm separation distance NO and (NO)2 can adsorb within the interstitial
spaces of the nanotubes. Due to the restricted size of these cavities, NO (the smaller species)
is preferentially formed over (NO)2 , in contrast to the reaction within the nanotubes. The
formation of NO in the interstitial spaces dilutes the overall conversion of the system.
However, the more tightly packed structure (0.32 nm spacing) completely eliminates
adsorption or reaction between the nanotubes, and hence reduces the formation for the nitric
oxide monomer. This preserves the elevated conversion of the overall nanotube structure,
since NO formation is geometrically forbidden within the interstitial gaps.

Structural defects in the nanotube can yield surprising results in the equilibrium conversion,
as shown in Figure 2.13. The most significant effects are seen at intermediate pressures from
about 0.005 bar to 0.010 bar. For example, only 5% defects in the nanotube structure causes
the mole fraction of (NO)2 to fall from 0.611 to 0.309 at a pressure of 0.005 bar. The driving
force for the shifts in conve rsion can be attributed to the adsorbate density. As the defects
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increase, the nanotubes become less adsorptive, and the conversion tends to diminish. Figure
2.14 illustrates this more clearly, as the adsorbate density is plotted versus the pressure for
the same array of defective nanotubes. The adsorbate density plotted in Figure 2.14 is almost
an exact reproduction of the mole fraction plotted in Figure 2.13, which suggests again that
the conversion within the nanotubes is strongly linked to the adsorbate density.

2.5 Conclusions
For the nitric oxide dimerization reaction, there are large increases in dimerization, within
carbon slit-pores and carbon nanotubes, especially at lower temperatures and higher
pressures. In these systems the carbon pores show no significant preference for the two
reactant NO molecules over one product (NO)2 molecule, since the LJ parameters are
identical for the two molecules, and hence adsorption selectivity is not an important factor.
For this reaction the large increase in dimerization is mainly due to the increased density
within the pores. This conclusion is confirmed by calculations of the mole fraction of dimers
in a bulk phase reacting mixture at a density equal to the average density found in the pore.
The yield of dimers in such a system is very similar to that found in the carbon pore,
indicating that the principal effect of confinement is the increased density of the reaction
mixture.

For NO dimerization, the yield in the slit-pores decreases rapidly as temperature is increased,
particularly for the narrower pores. This temperature effect is much larger than that for the
bulk phase, and arises because the average density in the pore decreases rapidly with rise in
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temperature. In both phases, the exothermic nature of the reaction contributes to the
temperature sensitivity of the equilibrium conversion.

The NO dimerization in the (10,10) carbon nanotubes yields similar increases in conversion.
The fundamental difference between the two systems is that the slit-pores confine the system
in only one of the dimensions (z), while the nanotubes confine the reaction in two
dimensions. We found that by manipulating the nanotube- nanotube separation distance we
can inhibit NO monomer formation in the interstitial spaces, and thus increase the overall
(NO)2 yield for the system. Alternatively, we found that the conversion decreases when
defect sites (i.e., structural vacancies) are included in the nanotube model, due to the
decreased adsorption strength of the pores. The effects tend to fade away at pressures of
0.100 bar and greater.

While our simulations [1] and the theoretical work of Tripathi and Chapman [34] are in
almost exact agreement for the NO dimerization reaction in carbon slit-pores, the
experimental investigation gives quantitatively different results [7]. The reason for this
discrepancy is still unclear. While both simulation and experiment show a large increase in
dimerization due to confinement, the effect is much larger in the reported experiments. The
composition in the pore is determined experimentally from magnetic susceptibility
measurements. Since NO is paramagnetic and (NO)2 is diamagnetic, by assuming that
changes in magnetic susceptibility arise solely from the dimerization reaction it is possible to
deduce the composition of the equilibrium mixture. It is possible that other phenomena
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contribute to the magnetic susceptibility. One such possibility is complexation between the
NO monomer and defects on the pore surface. Alternatively, other molecular species could
be formed within the pore which might be incorrectly interpreted as (NO)2 dimers.

We note that the intermolecular potential models used in our simulations are simple, and that
additional interactions, particularly between the fluid molecules and the wall, could be
significant. For example, electrostatic and induction interactions with the carbon wall have
been neglected. However, from test simulations we find that the binding energy of the dimer
would have to increase by a factor of six in order to approach the elevated conversions
measured in the experiments. Our ab initio calculations of the (NO)2 dimer near a carbon
surface have show that an increase in the binding energy of this magnitude is unlikely. Our
calculations have shown that the binding energy of the dimer is actually 2.3 kcal/mol lower
near a carbon surface than in the gas phase. These calculations were performed with
Gaussian 98 [40] using the density function theory (DFT) method in conjunction with the
B3LYP functional, while the carbon surface was approximated as a benzene ring.

We believe in this work we have fully investigated the equilibrium conversion of the nitric
oxide dimerization reaction and ha ve shown adequate justification for reconsideration of the
experimental results. John Yates at the University of Pittsburgh is currently using
spectroscopic techniques to study NO dimerization in (10,10) carbon nanotubes, which
should provide a rigorous test of the earlier measurements [7].
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Figure 2.1 Simulation snapshot of the (10,10) carbon nanotube bundle, without defects. The
nanotube diameters are 1.36 nm and the spacing between adjacent nanotubes is 0.34 nm.
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Figure 2.2 Simulation snapshot of the (10,10) carbon nanotube bundle, with 5% of the
carbon atoms removed from the model. The nanotube diameters are 1.36 nm and the spacing
between adjacent nanotubes is 0.34 nm.
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Figure 2.3 Conversion of the NO dimerization reaction in the bulk saturated liquid.
Simulation results are shown with hollow circles and dashed line. Experimental results [4]
from 110 to120 K and extrapolated estimates [6] from 120 to 170 K are represented by the
filled circles and solid line.

64

Mole Fraction of (NO)2

1.0
0.8
Pore Width
H/nm

PORE
0.6

0.95
0.4

1.11
1.27

0.2

1.43
1.59

BULK
0.0
115

125

135

145

155

165

Temperature/K
Figure 2.4 Conversion of the NO dimerization reaction within slit-shaped carbon pores,
predicted from simulation. The bulk phase pressure is 0.16 bar, and the corresponding
conversion in the bulk phase is shown for comparison.
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Figure 2.5 Potential energy profile of NO within slit-pores modeled with the 10-4-3 Steele
potential. The pore widths in the figure are H/σNO = 2.0, 2.5, 3.0, 4.0, and 5.0, beginning
with the innermost curve and moving outwards. The LJ diameter of NO, σNO, is 0.31715 nm.
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Figure 2.6 Density profiles for the NO monomers (solid line) and (NO)2 dimers (dashed
line) in the slit-pore at 125 K and 0.16 bar bulk pressure. A value of z/σNO = 0.0 corresponds
to the center of the pore.
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Figure 2.7 Density profiles for the NO monomers (solid line) and (NO)2 dimers (dashed
line) in the slit-pore at 125 K and 0.16 bar bulk pressure. A value of z/σNO = 0.0 corresponds
to the center of the pore.
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Figure 2.8 Effect of bulk gas pressure on the adsorption and reaction equilibrium at 122.5 K
for a pore width of H/σNO=5.5 (1.744 nm). Open circles and closed circles correspond to
monomers and dimers, respectively, and vertical jumps represent capillary condensation (the
lines are drawn as a guide to the eye).
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Figure 2.9 Conversion of the NO dimerization reaction within slit-shaped carbon pores,
predicted from DFT [33 ,34]. The bulk phase pressure is 0.16 bar, and the corresponding
conversion in the bulk phase is shown for comparison.
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Figure 2.10 Simulated conversion of the NO dimerization reaction in the perfect (10,10)
carbon nanotube bundle during RxMC simulations. The system temperature is 130 K. The
solid line represents a bundle with 0.34 nm spacing between adjacent nanotubes, and the
dashed line represents a tighter spacing of 0.32 nm between the tubes.
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Figure 2.11 Simulation snapshots during adsorption and reaction of the nitric oxide system at
a temperature of 130 K. The (10,10) nanotubes within the bundle are separated by a distance
of 0.34 nm. Starting in the upper left hand corner and moving clockwise, the pressure
corresponds to 0.001, 0.005, 0.010, and 0.050 bar. The NO monomers are shown in red and
the (NO)2 dimers are shown in blue.

72

Figure 2.12 Simulation snapshot of the nitric oxide dimerization reaction in (10,10) carbon
nanotubes with two different nanotube- nanotube separation distances: 0.34 nm (top) and 0.32
nm (bottom). The temperature is 130 K and the bulk phase pressure is 0.100 bar.
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Figure 2.13 Simulated conversion of the NO dimerization reaction in the (10,10) carbon
nanotube bundle during RxMC simulations. The system temperature is 130 K. The legend
shows the amount of carbon removed from each bundle, in order to represent structural
defects. The solid lines represent bundles with 0.34 nm spacing between adjacent nanotubes,
and the dashed lines represent 0.32 nm spacing.
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Figure 2.14 Adsorbate density in the (10,10) carbon nanotube bundle during RxMC
simulations of the NO dimerization reaction with 0.34 nm spacing between adjacent
nanotubes. The system temperature is 130 K.
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CHAPTER 3
Ammonia Synthesis
3.1 Introduction
In this Chapter simulation results are presented for the yield of the ammonia synthesis
reaction, N2 +3H2 ↔2NH3 , in several different microporous carbon models. Our work is
motivated by the recent industrial interest of catalyzing the ammonia synthesis reaction with
an alternative ruthenium catalyst on a carbon support instead of the traditional iron catalyst
[1-4]. Based on the enhanced performance of the carbon-supported catalyst, a 600 ton/day
plant began producing ammonia in 1992 using this new technology. Since the
commercialization of this process, research has been devoted to optimizing the catalyst
support material [5], selecting catalytic promoters [6], and understanding the structure
sensitivity of this reaction [2].

The current simulations have been designed to supplement the growing interest of Ru/C
catalysts by providing simulation studies of ammonia synthesis in several different
microporous carbon support structures. We have focused primarily on the geometrical and
chemical heterogeneity of microporous carbons and how these characteristics influence the
equilibrium yield of ammonia. In this study, Reactive Monte Carlo (RxMC) [7] simulations
are used to calculate the yield of ammonia in four different types of carbon models: a smooth
slit-shaped carbon pore, a smooth slit-shaped carbon pore decorated with carboxyl (-COOH)
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groups, a realistic coconut shell carbon model, and an atomistic carbon nanotube model.
Using these four micorporous carbon models, we are able to determine the most significant
pore characteristics for the yield of ammonia.

The fundamental nature of this work is motivated by the fact that porous materials are used
extensively as catalysts and catalyst supports in industrial chemical reactions. However,
there has been relatively little fundamental theoretical or simulation work performed to
evaluate the effects of physical confinement on chemical reaction equilibria [8-10]. There are
several effects that should be considered to be important. First, the pore phase is typically at
a higher density than the coexisting bulk phase, due to the strong adsorption potential of the
porous material. Furthermore, reactions will be influenced by selective adsorption of the
reactant and product molecules, depending on the nature of the material and the specific
reaction. Finally, the geometrical structure of the pores can favor certain products, when the
pores are of molecular dimensions [1,11]. In this Chapter, we explore all of these
phenomena as related to the ammonia synthesis reaction.

3.2 Simulation Methods
3.2.1 Reactive Monte Carlo
In this study, we use the Reactive Monte Carlo (RxMC) simulation technique [7 ,12-14]
(reviewed in Chapter 1) in order to predict the reaction yield within each of the carbon
models. Attractive features of this method are that equilibrium yield can be predicted for
reactions that involve a change in the number of moles, multiple simultaneous reaction
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equilibria, or multi-phase reacting systems. The only information necessary for predicting
reaction equilibria using this technique are the molecular partition functions (qi) for each of
the reacting species, in addition to accurate potentials for describing the intermolecular
interactions. The constant pressure version of RxMC, applied to the ammonia synthesis
reaction in the bulk phase, involves the following trial moves, with the forward and reverse
reaction steps being accepted with the designated probability. The forward and reverse
reaction steps are directly derived from Eq. (2.4) in Chapter 2.

(A) Move/Rotation: a change in the position or orientation of a molecule chosen at
random;
Pacc = min [1, exp (− βδU )]

(3.1)

(B) Forward Reaction Step: reactant molecules are chosen at random and changed to
product molecules (N 2 +3H2 →2NH3 );

Pacc

(

)(
(

)(

)(

)


q 2NH 3
N N 2 N H 2 N H 2 − 1 NH 2 − 2 
= min 1, exp (− βδU F ) ×
×

qN 2 qH3 2
N NH 3 + 1 N NH 3 + 2



)(

)

(3.2)

(C) Reverse Reaction Step: product molecules are chosen at random and changed to
reactant molecules (2NH3 →N2 +3H2 );

(

)(
)(

)
)(


q q3
N NH 3 N NH 3 − 1
Pacc = min 1, exp (− βδU R ) × N 22 H 2 ×
q NH 3
N N2 + 1 N H 2 + 1 N H 2 + 2 N H 2 + 3


(

)(


 (3.3)


)

(D) Volume Change: a random change in the bulk gas phase volume in order to maintain
the bulk pressure constant.
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{ [

]}]

Pacc = min 1, exp − β δ U V + P δ VB − N β −1 ln (VB , n / VB , o )

(3.4)

In the above equations, β is the reciprocal of the Boltzmann constant times the temperature,
Ni is the number of molecules of component i present in the system, and qi is the
intramolecular partition function for molecular species i. In the volume change steps, VB,o is
the original volume, VB,n is the new system volume, and δVB is the difference between these
two volumes, VB,n-VB,o . The symbols δUF, δUR, and δVB represent the changes in the
configurational energy of the system for forward reaction, reverse reaction, and volume
change steps, respectively. For instance, δUF signifies the change in the configurational
energy required to remove one N2 and three H2 molecules and insert two NH3 molecules into
the system. In order to maintain microscopic reversibility within the reacting system, the
forward and reverse reaction steps, (B) and (C) above, must be attempted with equal
probability. During the forward and reverse reaction steps, the newly created molecules are
placed in the cavities left by the deleted molecules, which tends to aid in convergence at the
higher densities. When the reaction step involves an increase in mole number, such as in step
(C), the excess molecules are inserted randomly into the fluid. In simulations, these reacting
systems were typically equilibrated for 1×106 moves and averages taken for 3×106 moves,
with moves (A), (B), (C), and (D) selected 39.9%, 30%, 30%, and 0.1% of the time,
respectively.
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3.2.2 Constant Pressure Gibbs Ensemble Monte Carlo
The overall objective in this study was to measure the shift in conversion of a reaction
confined within a carbon micropore as compared to an unconfined phase, or bulk phase, that
is in equilibrium with the confined phase. In order to perform these two-phase simulations,
between a pore phase and a bulk phase, we implemented a simulation technique called
constant pressure Gibbs Ensemble Monte Carlo [15,16]. This technique permits the use of a
constant pressure bulk phase, without specifying chemical potentials or fugacities. This twophase simulation technique is easily combined with the RxMC framework shown previously,
by incorporating particle swaps between the bulk phase and the pore phase. The acceptance
probabilities for these exchange moves are shown in Eqs. (3.5) and (3.6):
(A) Bulk to Pore : particle transfer from the bulk phase to the pore phase:

(

)


N B ,iVP 
Pacc = min 1, exp − βδU N B ,i −1 − βδU N P,i + 1 ×
( N P,i + 1)VB 


(3.5)

(B) Pore to Bulk : particle transfer from the pore phase to the bulk phase:

(

)


N P ,iVB 
Pacc = min 1, exp − βδU N P ,i −1 − βδU N B,i + 1 ×
( N B,i + 1)VP 


(3.6)

In Eqs. (3.5) and (3.6), NP,i and NB,i represent the number of molecules of type i in the pore
and bulk phase, respectively. VB is the volume of the bulk phase and VP is the volume of the
pore phase. The exponential term in Eqs. (3.5) and (3.6) accounts for the total change in
potential energy associated with the particle transfer. All but one of the molecular species
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participating in the reactio n needs to be swapped between the two phases, as the equilibrium
of the last species will be completely satisfied by the RxMC reaction steps within each of the
discrete phases. In order to increase sampling efficiency, only the smaller species should be
exchanged between the bulk and the pore. Consequently, in our simulations, only nitrogen
and hydrogen were exchanged. It is important that a molecular species be transferred from
the bulk phase to the pore phase with a probability equal to its transfer from the pore phase to
the bulk phase, for this technique to be valid. The chemical potential of each species, µi, was
calculated in several different simulations in order to confirm that the chemical equilibrium
between the reacting species,

∑ν µ
i

i , bulk

= ∑ ν i µ i, pore = 0, and the equilibrium between the

two phases, µ i, bulk = µ i, pore , was maintained, where ν i is the stoichiometric coefficient of
component i (negative for reactants and positive for products).

3.2.3 Reverse Monte Carlo
One of the microporous carbon models used in this work is a structural model of a coconut
shell activated carbon developed by Jorge Pikunic [10 ,17]. The name of the activated carbon
reflects the fact that coconut shells are used as the starting material in its production process.
Pikunic's simulation model was built from the experimental diffraction data of the coconut
shell carbon, using a simulation protocol based on Reverse Monte Carlo [18]. The goal is to
produce an atomic configuration that is consistent with a set of experimental structure data.
The method consists of changing the positions of groups of atoms in a simulation box
through a stochastic procedure. Using the Metropolis algorithm, these moves are accepted or
rejected based on the agreement between some simulated structural property and a
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corresponding experimental target. During the progress of the simulation, the differences
between the simulated and the target functions are minimized. Since the experimental g(r)
was used as the target function for the current model, the appropriate quantity to be
minimized is:
n exp

[

i =1

(3.7)

2

]

χ = ∑ g sim (ri ) − g exp (ri )
2

where nexp is the number of experimental points, gsim (ri) is the simulated g(r) and gexp(ri) is
the experimental g(r) evaluated at ri. After each move, the quantity χ2 is calculated and the
move is accepted with probability Pacc, shown in Eq. (3.8). In Eq. (3.8), Pχ is a weighting
parameter. Note that when Pχ is set to infinity, the moves are only accepted if χ 2new < χ 2old .

{

}

2
2
Pacc = min 1,exp − Pχ ( χnew
− χ old
) 

(3.8)

In conjunction with the minimization procedure, the following constraints were imposed to
eliminate unphysical features in the model: (1) any atom can only have two or three
neighbors, (2) all the interatomic distances are 1.42 Å, (3) all bond angles are 120º. When
these three constraints are applied together, it is possible to generate basic carbon units.
These units are rigid aromatic sheets of sp2 bonded carbon which resemble the struc ture of
graphene sheets.

Once convergence is achieved, the final configuration of the atoms is saved and then used
later as one of the four microporous carbon models in the ammonia synthesis simulations.
For additional information about the details of the model construction, see references [10 ,17].
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3.3 Simulation Models
3.3.1 Molecular Models
In all simulations, the configurational energy between any two molecules, i and j, is
represented by the site-site Lennard-Jones (LJ) plus Coulomb potential:

ui, j

 σ
= ∑∑ 4ε iα , jβ  iα , jβ
 riα , jβ
α β


12


σ
 −  iα , jβ

 riα , jβ



6






 q q
 + iα jβ
 riα , jβ


(3.9)

In Eq. (3.9), the sum is calculated over the sites (α) on molecule i with each site (β) on
molecule j, riα,jβ is the separation distance between sites on different molecules, and the
interaction parameters σ, ε, and q are specific to each molecular species, as shown in Table
3.1. The interaction sites on each molecule are found at a distance of 'bl' from the molecule
center of mass. All of the molecules are linear with the exception of ammonia, which has a
HNH bond angle of 110.9° [19]. The cross-term interaction parameters between unlike
species in the potential were calculated using the Lorentz-Berthelot mixing rules: ε iα,jβ =
(ε iαε jβ )1/2 and σiα,jβ = (σiα+σjβ )/2.0. Before making predictions of the conversion in the
carbon pores, the molecular models used in the ammonia synthesis simulations have been
first verified by reproducing the experimental conversion in the bulk gas phase [19]. The
results of the bulk phase comparison are presented in Section 3.4, along with adsorption
isotherms in carbon slit-pores using the chosen nitrogen and hydrogen models.
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Table 3.1 Summary of potential parameters used in the ammonia simulations.
molecule
site
bl/nm
q/e
reference
σ/nm
ε/kb/K
NH3
1
0.0
0.0
0.332
36.4
[20]
2
0.10124
+0.485
0.225
21.1
3
0.10124
+0.485
0.225
21.1
4
0.10124
+0.485
0.225
21.1
5
0.0156
-1.455
0.0
0.0
N2
1
0.055
-0.40505
0.332
36.4
[21]
2
0.055
-0.40505
0.332
36.4
3
0.0
+0.81010
0.0
0.0
H2
1
0.0
0.0
0.2915
38.0
[22]
C (pore)
1
0.0
0.0
0.340
28.0
[23]

3.3.2 Microporous Carbon Models
RxMC simulations of the ammonia synthesis reaction have been performed in four distinct
microporous carbon models. These carbon models, which are listed below, are chosen to
reproduce the general structure and surface chemistry of realistic microporous carbons used
in experiments. For simplicity and clarity, these models are labeled as smooth, activated,
coconut, and nanotubes, as designated below.
(A) Smooth:

smooth, slit-shaped graphitic pores

(B) Activated:

smooth, slit-shaped graphitic pores, activated with surface carboxyl
groups

(C) Coconut :

atomistic, graphitic pores, which include surface corrugation and
connectivity, modeling carbon produced from coconut shells

(D) Nanotubes: atomistic, single-walled carbon nanotubes, in a hexagonal array
The following sections give the structural and energetic details unique to each of the
microporous carbon models used in these simulations.
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A. Smooth Slit-Shaped Pore
We modeled the smooth slit-shaped carbon pore using the structureless 10-4-3 Steele
potential [23], shown in Eq. (3.10). This model assumes that the carbon pore is constructed
of two parallel walls that are infinite in the x-y plane. The structure of these walls is assumed
to be that of graphene sheets, and the surface corrugation is neglected by averaging the
carbon potential over the two graphitic pore surfaces. As a result, the interaction potential
between an adsorbate molecule and the pore wall is only a function of the z-coordinate, the
distance from each pore wall:

Uiα , c ( z ) = 4πεiα , cσ

2
iα , c

 1  σ iα , c 10 1  σ iα , c  4

σ i4α , c
∆ρc   H
 −  H
 −

2  2 ± z  6 ∆(H 2 ± z + 0.61∆)3 
 5  2 ± z 

(3.10)

In equation (3.10), H is the width of the pore, defined as the distance between carbon centers
on the two opposing walls of the pore, ∆ is the experimentally measured interlayer spacing of
graphite (0.335 nm), ρc is the experimentally measured density of graphite (2.27 g/cm3 ), and
ε and σ are the LJ parameters listed in Table 3.1.

B. Activated Carbon Pore
The second microporous carbon model used in these simulations, the activated carbon pore,
is similar to the smooth slit-pore model just described. The only difference is that carboxyl
surface groups are added to the smooth carbon surface in order to mimic the chemical
activation that is often applied in experiments. The experimental activation process typically
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increases the surface area and adsorption capacity of the carbon, while the carbon surface is
chemically altered by the addition of hydroxyl, carboxyl, quinone, peroxide, and aldehyde
groups [24]. For simplicity, the activated sites on the carbon pore surface were all modeled
as carboxyl (-COOH) groups with varying site densities, according to Shevade et al. [25].
The carboxyl group is planar, with the geometry shown in Figure 3.1. The interaction
potential between these activated sites and the adsorbate molecules are modeled with the
potential of Eq. (3.9), with the parameters of –COOH shown in Table 3.2, and the interaction
between the adsorbate molecules and the carbon surface is modeled with Eq. (3.10).

Table 3.2 Summary of the potential parameters for –COOH sites [25].
Molecule
Site
q/e
σ/nm
ε/kb/K
-COOH
1 (C*)
0.08
0.340
28.0
2 (C)
0.55
0.375
52.8
3 (=O)
-0.50
0.296
105.7
4 (O)
-0.58
0.300
85.6
5 (H)
0.45
0.0
0.0
* Anchor carbon on the graphite basal plane.

C. Coconut Shell Carbon
The RMC simulation method, described in Section 3.2, was used to generate the coconut
shell carbon model. The simulation cell length was 11 nm, and the target density was 1.90
g/ml, based on the actual carbon density estimated by helium pycnometry [26]. A structural
representation of this model is shown in Figure 3.2. The simulated and the target g(r) are
shown in Figure 3.3.
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The experimental and the simulated g(r) are in overall good agreement. Deviations are seen
in the first four peaks (r less than ~ 6 Å). In this range of r, the structure of the model is
driven by the constraints imposed in the simulation. The three constraints applied by Pikunic
in this approach do not allow the appearance of any defects, such as rings of 5 or 7 carbon
atoms, which would cause curvature in the plates. These irregularities of the graphene layers
can be introduced by allowing the bond angles and bond distances to change about an
equilibrium value [17]. However, the current RxMC simulations focus on the effect of the
energetic heterogeneity caused by connectivity, variation in size and shape of the graphene
sheets, and number of graphene sheets that are stacked to form the pore walls. It can be seen
in Figure 3.2 that there is a nematic order (little orientational disorder) in the structure.
Figure 3.2 represents only a small slice (~1.5%) out of the actual carbon model used in our
simulations, which is composed of approximately 130,000 carbon atoms.

All the carbon atoms in the coconut shell model are assumed to have sp2 hybridization and
each carbon atom is bonded to 2 or 3 other atoms. Based on the experimental composition
[26], it is assumed that the amount of oxygen and other heteroatoms is negligible and thus,
the material is composed entirely of carbon and hydrogen. The interaction between each
carbon site and an adsorbate molecule is modeled with the site-site LJ potential (without
electrostatic interactions). This is in contrast to the smooth slit-pore model, in which the
surface corrugation is neglected and the interactions with neighboring graphite layers are
averaged together. The LJ parameters used for the carbon sites are the same as those used for
the smooth models listed in Table 3.1.
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D. Carbon Nanotube Model
We modeled the carbon nanotubes by using explicit carbon atoms, with site-site LJ
interactions (without electrostatic interactions) between the carbon atoms and the adsorbate
molecules. The nanotubes are modeled as single-walled carbon nanotubes, arranged in a
hexagonal array, as is often found in experiments. Nanotubes can be uniquely defined in
terms of their helicity, and according to the standard convention [27], the nanotubes in our
model are designated as (8,8), (9,9), and (10,10) nanotubes. This is essentially an armchair
type of structure, with 8, 9, and 10 carbon rings forming the circumference of the cylinder,
respectively. Figure 3.4 shows the bundled nanotube configuration used in these simulations.
Periodic boundary conditions are applied in all three coordinate directions, and adsorption
and reaction are allowed within the nanotubes and in the interstitial spaces between adjacent
nanotubes.

3.4 Results and Discussion
The effect of confinement on the ammonia reaction in the two-phase system is more complex
than for the nitric oxide reaction presented in Chapter 2, and provides an interesting
comparison. In contrast to the nitric oxide reaction, the molecules in this system experience
selective adsorption in the pore phase, due to the differing adsorption characteristics of the
N2 , H2 , and NH3 . Also, there are now three components in the mixture, which further
complicates the reaction and phase equilibrium.
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3.4.1 Conversion in the Bulk Gas Phase
In order to validate our molecular models and algorithms, we first carried out RxMC
simulations for the ammonia synthesis reaction in the bulk gas phase using an isothermalisobaric (NPT) ensemble. Due to the abundance of experimental data, we were able to make
comparisons of simulation and experiment over a broad range of temperatures and pressures.
The reference data that we used for the ammonia reaction comes from an analytical
expression for the equilibrium composition developed by Gillespie and Beattie [28], which
accurately reproduces experimental measurements of ammonia conversion within the
experimental uncertainty over a large temperature and pressure range. We compared our
simulated mole fraction of ammonia to this analytical expression over a temperature range of
573 K to 873 K and over a pressure range of 100 to 1000 bar, with the results shown in
Figure 3.5. All of the bulk phase ammonia simulations were performed with an initial N:H
ratio of 1:3, as in the experiments. We modified the bond energy of the NH bond, given in
reference [29] by less than 0.2% (to a final value of 385.8 kJ/mol) in order to achieve a close
match with the reference data at the lowest temperature. Considering the wide range of
temperature and pressure conditions, the agreement is very good. The heat of reaction of the
ammonia synthesis reaction was also calculated using a van't Hoff plot and the result was
45.2 kJ/mol of NH3 . This agrees with the value calculated from the heats of formation of the
individual molecules of 45.9 kJ/mol [30] and the experimental value of 44.39 kJ/mol [28].

As a further test of our molecular models, we simulated the ammonia reaction in the presence
of two inert components, methane and argon, and compared these results with experimental
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data. The same molecular models for the N2 , H2 , and NH3 like-pair interactions were used.
The ratio of N:H was held constant at 1:3, and methane and argon were added in amounts of
7.5 mol% and 2.5 mol% respectively and were modeled as LJ spheres [22]. Again, we
compared our simulation results with data from the work of Gillespie and Beattie [28]. The
results are shown in Figure 3.6. The agreement is again good, considering the wide
temperature and pressure range.

3.4.2 Pure Component Adsorption Isotherms
Before studying this reaction in the carbon pore, we first tested the adsorption characteristics
of the pure components. We carried out constant pressure Gibbs ensemble Monte Carlo
simulations to determine the adsorption isotherms of pure N2 and pure H2 in our slit-pore
model, and confirmed that our models could accurately reproduce experimental adsorption
isotherms in activated carbon fibers [31,32]. The comparisons are shown in Figures 3.7 and
3.8, which show close agreement with the experimental results. It is noted that the
adsorption of H2 is slightly over-predicted in our simulations. After performing these checks,
we then carried out RxMC simulations for the reaction in the carbon pores in equilibrium
with the bulk phase, again using an overall N:H ratio of 1:3.

3.4.3 Smooth Slit-Shaped Pore
Having verified our simulation results in the bulk gas phase and with the pure component
adsorption isotherms, we began by performing the two-phase RxMC simulations of ammonia
synthesis between a bulk phase and the smooth slit-pore, modeled with the 10-4-3 Steele
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potential [23]. These simulations were performed over a distribution of pore widths ranging
from about 0.8 nm to 1.5 nm, which are pore widths characteristic of microporous carbons.
The reacting conditions of 100 bar and 573-773 K were chosen in order to compare with the
typical industrial operating conditions for the production of ammonia [19].

The results for these RxMC simulations in the smooth slit-pores are shown in Figure 3.9. It
is readily apparent that the reaction yield in the pore is enhanced when compared to the bulk
phase yield. Furthermore, the conversion within the pore increases as the pore width
decreases. This enhancement is in part due to the increased density within the pore phase, as
the smaller pores are more adsorptive than the larger pores. The total adsorbate density
within several different pore widths is shown in Table 3.3, and reflects the fact that the
conversion increase within the pores can be well-correlated to the total adsorbate density. In
Table 3.3, the adsorbate density is calculated from the accessible pore volume, with the
accessible pore width H' defined as: H'=H−σcarbon.

Table 3.3 Simulated density within the bulk phase and in several different pore sizes,
corresponding to a bulk phase pressure of 100 bar.
Temperature/K
573
623
673
723
773
3
Density (g/cm )
0.83 nm pore
0.1009
0.0720
0.0538
0.0415
0.0338
1.16 nm pore
0.0642
0.0461
0.0353
0.0281
0.0236
1.49 nm pore
0.0518
0.0380
0.0299
0.0244
0.0207
Bulk
0.0268
0.0218
0.0183
0.0158
0.0141

While narrower pores generally tend to increase the conversion, the conversion within the
slit-pore is limited by geometric factors when the pore width becomes too small. Below a
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pore width of about 0.65 nm, the conversion quickly declines, as the formation of the
ammonia molecule is limited by the proximity of the pore walls (Figure 3.10).

The trends in the ammonia conversion are qualitatively similar to those observed for the
nitric oxide dimerization reaction presented in Chapter 2. However, the increase in yield
within the pores is smaller in the case of the NH3 synthesis reaction. This is a result of the
higher (sup ercritical) temperatures, and also of the selective adsorption of N2 over H2 in the
pores. The change in the ammonia concentration with temperature in the pores is less
pronounced than for the NO dimerization (Figure 2.4), which is due to a more gradual
decrease in adsorbate density with temperature for the NH3 synthesis reaction.

In the case of the NO dimerization, there is only one reactant and selective adsorption of
reactants does not arise. For the ammonia synthesis reaction, equilibrium is further
complicated due to selective adsorption of the reactant molecules in the pore. Nitrogen is
preferentially adsorbed over hydrogen, and this effect is more pronounced at low pressures,
where fluid-wall interactions dominate the adsorption. Thus, the ratio of N:H within the pore
phase was not constant, and selective adsorption of N2 at the lower pressures caused the N:H
ratio to deviate from the ideal value of 1:3. Table 3.4 shows the selectivity of N2 over H2 in a
2.5σN2 (0.83 nm) carbon pore during constant pressure Gibbs ensemble simulations at 573K.
Only N2 and H2 are present in the measurement of selectivity, and the selectivity of nitrogen,
SN2 , is defined in Eq. (3.11), where x N2 and yN2 are the mole fractions of N2 in the pore and
bulk phase, respectively.
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SN 2 =

xN 2 xH 2
y N 2 yH 2

(3.11)

Table 3.4 Selectivity of N2 to H2 in a 0.83 nm wide carbon pore at a temperature of 573 K.
Pressure/bar
Selectivity, S N2
10
3.33
20
3.30
40
3.26
60
3.22
80
3.19
100
3.12
200
2.89
300
2.75

In order to compensate for the selective adsorption and maximize the yield in the pore phase,
the bulk phase composition was varied in order to maintain the optimum 1:3 N:H ratio in the
pore. This was accomplished by increasing the overall H2 concentration in the simulation.
The results for these simulations in a pore width of 2.5σN2 (0.83 nm) and at a temperature of
573 K are shown in Figure 3.11. The experimental bulk phase conversion with a 1:3 overall
ratio of N:H is shown for comparison.

For high pressures the 1:3 ratio of N:H yielded the highest conversion of ammonia.
However, at lower pressures, N2 was selectively adsorbed and resulted in a slightly lower
yield of NH3 than can be obtained by an increased concentration of H2 . The mole fractions
of NH3 in the lower pressure range are shown in Table 3.5 for N:H ratios ranging from 1:3 to
1:4. The standard deviation in the last digit of the reported NH3 mole fraction is shown in

93

parenthesis. Although the maximum NH3 conversion shifts when the overall N:H ratio
changes from 3:12 to 3:9, the highest conversion was always obtained when the N:H ratio
within the pore was in the stoichiometric ratio of 1:3.

Table 3.5 Ammonia mole fraction corresponding to Figure 3.11. The pore width is 0.83 nm
and the temperature is 573 K. The highest conversion at each pressure is shown in bold type.
Overall N:H ratio
3:9
3:10
3:11
3:12
Pressure/bar
Mole Fraction of NH3
20
0.452(11)
0.467(7)
0.470(11)
0.478(9)
40
0.598(8)
0.611(9)
0.612(11)
0.621(10)
60
0.678(7)
0.690(7)
0.693(8)
0.695(9)
80
0.727(6)
0.742(9)
0.741(7)
0.746(10)
100
0.768(5)
0.774(5)
0.777(5)
0.774(6)
150
0.824(5)
0.833(5)
0.831(6)
0.820(5)
200
0.859(4)
0.864(5)
0.859(5)
0.844(6)
250
0.882(4)
0.884(4)
0.871(4)
0.853(4)
300
0.896(4)
0.899(5)
0.881(4)
0.854(5)

The simulations show that the effect of selective adsorption on the ammonia synthesis
reaction within a carbon pore is significant at lower pressures. Although the effect is small at
higher pressures, this could be an important factor in other reacting systems.

3.4.4 Coconut Shell Carbon Model
The overall structure of the coconut shell carbon model is similar to the slit pore model.
However, the coconut shell carbon preserves the surface corrugation and the pore structure
seen in realistic microporous carbons. We adapt a common procedure to compare the
conversion in the smooth slit-pore model to the more detailed coconut shell carbon model.
The basic steps in the procedure are as follows:
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(A)

Calculate the pore size distribution (PSD) of the coconut shell carbon, according to
the procedure of Gelb and Gubbins [33]. The pore size distribution is represented as
P(H) (see Eq. (3.12) below) and the PSD is shown in Figure 3.12.

(B)

Perform Reactive Monte Carlo simulations in the slit-pore model at a specified
temperature (573 K) and bulk phase pressure (100 bar), with pore widths (H)
covering the range of the PSD of the realistic carbon model (HMIN to HMAX).
Document the adsorbate density, ρ(H), and the conversion, XSLIT(H), measured in
each slit-pore width. See Figure 3.10 for the conversion versus pore width (H).

(C)

Perform a Reactive Monte Carlo simulation in the realistic coconut shell carbon
model at the same temperature (573 K) and bulk phase pressure (100 bar). Document
the equilibrium conversion, XCOCONUT.

(D)

Equation (3.12) below is then used to predict the equilibrium conversion,
XSMOOTH(AVG), from the slit-pore model approximation, by averaging the results over
the PSD of the coconut shell carbon, weighting the average according to the total
adsorbate density within each pore width. This can be directly compared with the
simulated conversion in the coconut shell carbon, XCOCONUT, to probe the effects of
the more realistic pore structure.

H MAX

X SMOOTH ( AVG) =

∫ P( H ) ⋅ ρ ( H ) ⋅ X

SLIT

( H ) dH

H MIN

(3.12)

H MAX

∫ P(H ) ⋅ ρ ( H )dH

H MIN
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This comparison procedure was performed for the ammonia synthesis reaction at a bulk
phase pressure of 100 bar and a temperature of 573 K. Using the procedure just outlined, the
average conversion in the smooth pores is XSMOOTH(AVG) = 0.771, while the simulated
conversion in the coconut shell carbon model is XCOCONUT = 0.785. The equilibrium
conversion of the slit pore model lies within one standard deviation of the more realistic
coconut shell carbon model. We would assume any discrepancy between the two
calculations to arise from differences in the two pore structures.

The close agreement in conversion between the slit-pore model and the more realistic model
can be attributed to the fact that there is almost no orientational disorder in the more realistic
model. This causes most of the porous region to be slit-shaped. It is interesting to note that
pore connectivity, corrugation and heterogeneity in the size and shape of the graphene layers
and the number of graphene layers that are stacked to form the pore walls have very little
influence on the equilibrium yield. Consequently, the smooth slit-pore approximation is
justified as a reasonable model for adsorption in graphitic carbons and for carbons with little
orientational disorder, such as graphitizable carbons heated at high treatment temperatures.
In the future, it would be interesting to test the slit-pore model against other realistic models
that include structural defects and curvature in the graphene sheets [17].
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3.4.5 Chemically Activated Carbon Slit-Pores
In the previous two models, the carbon pore surfaces were chemically inert, with the pore
surfaces composed entirely of carbon and hydrogen. However, microporous carbons often
have oxygenated groups on the carbon surfaces; these can increase the selectivity and
adsorption capacity of the carbon. We have modeled these chemically activated carbon pores
by attaching carboxyl groups to the carbon surface at various densities, ranging from 0
sites/nm2 (an unactivated pore) to 1.6 sites/nm2 , which are typical site densities measured in
experiments. The activation sites are placed randomly on the surface, with the physical
restriction that adjacent sites cannot overlap. At the highest site density studied, 1.6
sites/nm2 , the available volume for adsorption is reduced by roughly 8%, due to the
protrusion of the carboxyl groups into the pore space. A typical configuration of these sites
is shown in Figure 3.13.

We have performed simulations within these activated pores at temperatures ranging from
573-773 K and at a bulk phase pressure of 100 bar. Figure 3.14 shows the conversion to
ammonia in the activated pores at these conditions and with different site densities. As seen
in Figure 3.14, there is a large increase (20-80%) in conversion resulting from the surface
activation. The effect of surface activation on the conversion is more pronounced at the
lower temperatures, and the conversion then decreases with increasing temperature, as is seen
in the unactivated pores. Over the entire temperature range, the yield of ammonia increases
with an increasing amount of chemical activation. This increase in yield can be attributed to
the electrostatic interaction between the ammonia molecules and the carboxyl groups.
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Ammonia is strongly adsorbed to the carbon surface due to these interactions and this shifts
the equilibrium towards the product ammonia molecules, as the free energy of the reacting
system is minimized. We have performed simulations in narrower activated slit-pores, and
similar results are obtained. Figure 3.15 shows the conversion of ammonia in a 1.0 nm
activated pore, with site densities similar to the 1.6 nm pore shown in Figure 3.14 and at the
same pressure of 100 bar.

The strong affinity of ammonia for the carboxyl sites is clearly illustrated in Figure 3.16,
which is a simulation snapshot taken during a RxMC simulation in the activated carbon pore.
For visual clarity, the top half of the pore is removed, and only ammonia molecules and
carboxyl surface groups are shown. It is readily apparent in Figure 3.16 that the ammonia
molecules tend to migrate towards the areas of high carboxyl site density, which is due to the
favorable electrostatic interactions. Although not shown, the nitrogen and hydrogen
molecules, which are also present in the pore, show very little preference for adsorption near
the carboxyl groups.

While the results in the two pore sizes are similar, there are several differences that are
evident. The conversion in the unactivated 1.00 nm pore is higher than in the 1.60 nm
unactivated pore at 573 K, whic h is consistent with the trends seen in Figure 3.9. It is
interesting to note that over the entire temperature range, the 1.00 nm pore maintains a
distinct yield enhancement over the 1.60 nm pore, given the same amount of surface
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activation. This seems to indicate that surface activation and pore width are two parameters
that can be independently tuned to maximize the yield of this reaction.

3.4.6 Single-Walled Carbon Nanotubes
The last carbon model studied is the carbon nanotube model. The pore diameter of the tubes
is varied, and the conversion is measured. Since these nanotubes are not isolated but rather
are arranged in a hexagonal bundle, a second variable is also present in the model, the
nanotube-nanotube separation distance. We have measured the conversion of ammonia
synthesis at several different nanotube separation distances, ranging from 0.34 nm to 0.613
nm, where this separation distance is defined as the closest distance between any two carboncenters on neighboring tubes. For the ammonia synthesis reaction, the conversion in the
nanotube arrays is found to be relatively insensitive to the nanotube separation distance, for
the range of separations covered. This insensitivity to nanotube separation is due to the fact
that the interstitial space between the nanotubes is generally too small for ammonia
molecules to form. Therefore, we have chosen to focus on the effect of the individual
nanotube diameters on the yield of ammonia, leaving the separation distance fixed. In all of
the carbon na notube simulations, we have fixed the nanotube-nanotube separation distance at
a value of 0.34 nm, which corresponds to the LJ diameter of a carbon atom. With a
separation distance of 0.34 nm, the majority of the adsorbate molecules are located within the
inside of the nanotubes, due to the negligible space available for interstitial adsorption.
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Using RxMC, the conversion of ammonia has been simulated in three different bundles with
discreet nanotube diameters of 1.087 nm, 1.223 nm, and 1.359 nm, which correspond to
(8,8), (9,9), and (10,10) nanotubes, respectively. The nanotube separation distance was 0.34
nm. The mole fraction of ammonia within each of these nanotube arrays is shown in Figure
3.17 at a bulk phase pressure of 100 bar and temperatures ranging from 573-773 K.

In Figure 3.17, the conversion of ammonia within slit-shaped pores is shown along with the
conversion in the carbon nanotube arrays, in order to elucidate the effect of the different pore
structures. While the pore diameters and the slit-pore widths in Figure 3.17 are comparable
in dimension, the conversion within the nanotubes is noticeably higher than in the slit-pores.
Although the smallest nanotube diameter shown is 1.087 nm, corresponding to an (8,8)
nanotube, a (7,7) nanotube was also tested which had a diameter of 0.955 nm. However,
there was very little increase in the conversion of ammonia as compared to the (8,8)
nanotube. Although, the cylindrical geometry of the carbon nanotubes seems to favor the
formation of ammonia, there is the same decrease in conversion with increasing temperature
that is seen in the slit-pores, regardless of the nanotube diameter. We have also performed
the comparison between slit-pores and the carbon nanotubes at higher pressures (200-500
bar, results not shown), and the enhancement is similar to the results shown in Figure 3.17.

3.5 Conclusions
The simulation results presented here demonstrate that the structural and chemical details of
catalysts and catalyst supports can cause significant changes in the yield of chemical
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reactions. This effect is seen with the ammonia synthesis system studied in this work [10], as
well as with the nitric oxide dimerization reaction presented in Chapter 2 [8].

The current ammonia synthesis simulations within the four different microporous carbon
models lead us to several conclusions. First, regardless of the pore geometry (slits or
cylinders), the conversion of ammonia is enhanced within narrower pores. This conclusion is
limited by geometric constraints when the accessible pore space becomes too small to allow
the formation of ammonia molecules (widths below ~0.65 nm). Second, the comparison
between the slit-pore and the more realistic coconut shell carbon suggest that the pore surface
corrugation and pore connectivity are relatively unimportant in determining the yield of
ammonia for such graphitic carbon. This result should be taken in conjunction with the
relatively high simulation temperatures, as lower reaction temperatures could possibly
magnify the effects of the geometric pore details. Lastly, the chemical nature of the pore
surface was found to have a dramatic effect on the equilibrium yield of ammonia, regardless
of the pore width in the slit-pore model.

Although all carbon pore types and sizes in this study have demonstrated an increased yield
for the ammonia synthesis reaction, the yield was typically less than optimum due to
selective adsorption of nitrogen over hydrogen within these microporous carbons. The
maximum yield of ammonia synthesis is always obtained from a stoichiometric 3:1 mixture
of H2 :N 2 , whether the reaction is occurring in the bulk phase or in the pore phase. We have
found that the stoichiometric imbalance within the pore, due to selective adsorption, can
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cause up to a 5% decrease in the conversion of ammonia. The conversion within the pore
can be maximized by adjusting the overall system composition, i.e., by increasing the relative
concentration of H2 to N2 above 3:1.

The impact of these results should not be limited to the ammonia synthesis reaction or to
carbon pores. Rather, these simulations should motivate work aimed to tailor the geometric
and energetic details of microporous catalysts and support materials in an effort to create
optimum nanoreactor environments for chemical synthesis.
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Figure 3.1 Structure of the –COOH activation site used in simulation.
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Figure 3.2 Coconut shell carbon model reconstructed from experimental structure factor
data.
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Figure 3.3 Radial distribution function of activated carbon from coconut shell. Experimental
(line) and RMC model (diamonds).

107

Figure 3.4 Hexagonal packing of the carbon nanotubes used in simulatio ns. These are
(10,10) nanotubes, corresponding to a diameter of 1.36 nm.
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Figure 3.5 Mole fraction of NH3 for the bulk phase reaction, with the ratio of N2 to H2 set at
1:3. The solid points and solid lines represent fits to experimental data [28], while the open
points and dashed lines correspond to simulations from this work. Key: circles: 573 K,
diamonds: 673 K, squares: 773 K, triangles: 873 K.
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Figure 3.6 Mole fraction of NH3 for the bulk phase reaction starting from a 1:3 ratio of N2 to
H2 , in the presence of inert gases (2.5 mole % Ar; 7.5 mole % CH4 ). The solid points and
solid lines represent fits to experimental data [28], while the open points and dashed lines
correspond to simulations from this work. Key: circles: 573 K, diamonds: 673 K, squares:
773 K, triangles: 873 K.

110

Adsorption excess/molecules nm-2

2.5

2.0

1.5

1.0

0.5

0.0
0

10

20

30

40

50

60

70

80

Pressure/Bar
Figure 3.7 N2 adsorption isotherm in a pore of width H/σN2 =2.98 (0.99 nm) at a temperature
of 303 K. The solid line and solid points correspond to the experimental adsorption
measurements of N2 in activated carbon fibers [31]. The open circles correspond to the
constant pressure Gibbs ensemble MC simulations from this work.
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Figure 3.8 H2 adsorption isotherm in a pore of width H/σH2 = 2.53 (0.737 nm) at a
temperature of 293 K. The solid line and filled circles correspond to the experimental
adsorption measurements of H2 in AX21 activated carbon fiber [32]. The open circles
correspond to the constant pressure Gibbs ensemble MC simulations from this work.
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Figure 3.9 Simulations of ammonia synthesis in carbon slit-shaped pores of various widths,
corresponding to a bulk phase pressure of 100 bar. The corresponding mole fraction of NH3
in the bulk phase is shown for comparison.
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Figure 3.10 Conversion of the ammonia synthesis reaction at a temperature of 573 K and a
pressure of 100 bar, in a smooth slit-shaped pore modeled with the 10-4-3 Steele potential
[23].
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Figure 3.11 Ammonia synthesis at a temperature of 573 K in a pore width of 2.5σN2 (0.83
nm). The graph shows the effect of different overall N:H ratios (bulk + pore) on the
conversion within the pore phase. The experimental mole fraction of NH3 from a bulk phase
mixture with an overall 1:3 N:H ratio is shown for comparison.
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Figure 3.12 Pore size distribution (PSD) of the coconut shell microporous carbon model.
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Figure 3.13 A slit-shaped pore, chemically activated by –COOH groups. The site density is
0.544 sites/nm2 and the pore width is 1.60 nm.
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Figure 3.14 Conversion to ammonia in chemically activated slit-pores, with varying -COOH
site densities. The bulk phase pressure is 100 bar, and the pore width is 1.60 nm. The
conversion in the equilibrium bulk phase is shown for comparison.
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Figure 3.15 Conversion to ammonia in chemically activated slit-pores, with varying -COOH
site densities. The bulk phase pressure is 100 bar, and the pore width is 1.00 nm. The
conversion in the equilibrium bulk phase is shown for comparison.
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Figure 3.16 The ammonia synthesis reaction in an activated carbon pore. For clarity, the
top half of the pore is removed and only the ammonia molecules are shown. The pore width
is H=1.60 nm, the temperature is 573 K, the bulk phase pressure is 100 bar, and the carboxyl
site density is 1.59 sites/nm2 .
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Figure 3.17 RxMC simulations of ammonia synthesis in carbon nanotube bundles,
corresponding to a bulk phase pressure of 100 bar. The conversion of ammonia within
various slit pores is shown for comparison. The corresponding tube diameters (D) and slitpore widths (H) are shown in the figure.
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CHAPTER 4
Esterification of Acetic Acid
4.1 Introduction
Ethyl acetate is an important industrial solvent, which is typically produced from ethanol and
acetic acid in the liquid phase, using a homogeneous catalyst such as hydrochloric acid or
sulfuric acid [1].

CH3 COOH + C2 H5OH ↔ C2 H5OOCCH3 + H2O

(4.1)

This reaction, Eq. (4.1), is an equilibrium- limited reaction with a final conversion of about
66-67% in the liquid phase [2-5], depending on the starting ratio of the reactants. The
conversion will tend to increase or decrease by a few percent, if the 1:1 stoichiometric ratio
of acetic acid to ethanol increases or decreases, respectively. Additionally, there have been
several thermodynamic models developed in order to describe the equilibrium [5-8] and
kinetics [9-15] of this reaction. Although the esterification reaction is typically conducted in
the liquid phase in industry, it is well-known [16] that higher conversions are found when the
reaction is conducted in the gas phase. This fact has motivated several experimental studies,
as well as our simulation work, to transfer this reaction from the liquid phase to other
alternative reaction environments in an effort to increase the equilibrium yield.
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In this Chapter, we explore alternative reaction environments, which show potentially higher
conversions of ethyl acetate than the liquid phase reaction allows. The two reaction systems
that we focus on are ethyl acetate production in a carbon dioxide solvent and within
microporous carbons. There is existing experimental evidence [17-22] that the equilibrium
conversion of ethyl acetate can be moderately enhanced in both of these alternative
environments, as compared to the same reaction in the liquid phase. We would like to
confirm these findings, as well as explain the source of the enhanced yield.

Using supercritical fluids, such as supercritical carbon dioxide (scCO2 ), as a reaction media
has gained considerable attention in recent years, due to the environmental benefits and to the
favorable processing conditions. These benefits are due in part to the increased diffusivity,
lowered viscosity, and enhanced mass and heat transfer, as compared to traditional organic
solvents [23]. However, chemical reactions are expected to behave differently in
supercritical fluids than in the gas phase or in traditional liquid phase solvents [24]. If we are
able to understand and accurately model this behavior, then we may be able to increase
reaction rates, enhance selectivity, and allow more efficient separation processes [25].

A specific effect of using a supercritical solvent, the local density enhancement of the fluid,
is expected to influence chemical reactions [26]. In supercritical fluids, the average solvent
density in the region around a solute molecule will typically be different from the bulk phase
density, and this deviation is often on the order of 50 to 300%. This density enhancement, as
well as selective partitioning between solute clusters and the surrounding solvent, can
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potentially influence the kinetics as well as the yield of chemical reactions. While we are
interested in exploiting this density enhancement to improve chemical reaction yields, the
influence of solvent inhomogeneities and cluster effects on chemical reactions is presently
not well understood. In order to explain the role of a supercritical solvent on reactions, we
have dedicated a large portion of this Chapter to modeling the chemical reaction yield of
ethyl acetate in scCO2 .

In order to evaluate another potentially viable environment for producing higher yields of
ethyl acetate, we have studied the conversion of this same reaction, Eq. (4.1), in slit-shaped
carbon pores, which is an approximate model for activated carbons. This vapor-phase
process, using an activated carbon support, presents an alternative to the traditional liquidphase process, which could potentially reduce energy costs, minimize unnecessary waste, and
reduce reactor corrosion. Microporous carbons have been identified in experiments [21,22]
for their unique ability to entrap heteropoly acids (HPAs), which are active catalysts for the
esterification of acetic acid. HPAs are highly soluble in polar media, and entrapping these
catalysts within a support material, such as activated carbon, is necessary for avoiding
difficult separation processes. Additionally, industry has found that esterification is an
efficient method for regenerating activated carbon from waste water purification units that
have become saturated with acetic acid [19,20]. It has been shown [20] that approximately
90% of the acetic acid in the saturated carbon can be converted to ethyl acetate and
recovered.
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There are several other alternatives as well for the vapor-phase production of ethyl acetate,
but these alternatives will not be considered here. For example, both ion-exchange resins
[14] and HPAs entrapped in Y-type zeolites [27] have been used for the esterification of
acetic acid. However, HPAs immobilized on activated carbon have shown [22] to be much
higher in activity, stability, and selectivity for esterification than zeolites or ion exchange
resins currently used in industry. Furthermore, although zeolite catalysts have a high
activity, reactions tend to give a variety of undesired by-products due to the higher reaction
temperatures used [22], and commonly result in the dehydration of the alcohol or
isomerization. However, side reactions are not always seen in zeolites at high temperature.
For instance, Santacesaria et al. [15] have performed the esterification reaction in
decationized Y zeolites at 423K, and see no traces of the ethyl ether as a byproduct under
steady-state conditions. Also, calcined niobic acid has been shown to be an efficient catalyst
for vapor-phase esterification [28]. In this study [28], the conversion tends to increase with
temperature, which is the opposite of what the equilibrium constant would naturally predict.

In consideration of these previous experimental studies, the goal of this Chapter is to
understand the effect of CO2 and microporous carbons on the production of ethyl acetate, and
is organized according to the following outline. In Sections 4.2 and 4.3, we describe our
simulation methods and molecular models used to predict the conversion of this reaction.
Then in Section 4.4, we present our simulations results of ethyl acetate conversion in the bulk
gas phase, in supercritical carbon dioxide, and in two different microporous carbon models.
Finally, in Section 4.5 we present the conclusions of our simulation studies.
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4.2 Simulation Methods
4.2.1 Reactive Monte Carlo
In this study, we use Reactive Monte Carlo (RxMC) simulations [29,30] to predict the yield
of acetic acid esterification in the bulk gas phase, adsorbed within carbon slit-pores, and
dissolved in supercritical carbon dioxide (scCO2 ). This simulation method is essentially the
same as the reaction ensemble method developed independently by Smith and Triska [31,32].
Using this flexible Monte Carlo technique, the equilibrium yield can be predicted for
reactions that involve a change in the number of moles, multiple simultaneous reaction
equilibria, or multi-phase reacting systems [31-38]. Furthermore, the equilibrium conversion
can be simulated without specifying the individual chemical potentials or chemical potential
differences of the reacting molecules. The only information necessary for predicting reaction
equilibria using this technique are the molecular partition functio ns (qi) for each of the
reacting species, the bond energies for the bonds that are broken or formed, and accurate
intermolecular potentials for calculating the configurational energy of the system. The
constant pressure version of RxMC is designed to minimize the Gibbs energy of the reacting
system, and thus determine the true equilibrium condition, regardless of any rate limitations.

The constant pressure version of RxMC, applied to the esterification of acetic acid, involves
the following Monte Carlo trial moves, with the molecular moves, the forward and reverse
reaction steps, and volume changes being accepted with the designated probability (Pacc):
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(A) Move/Rotation: a change in the position, orientation, or dihedral angle of a molecule
chosen at random:

Pacc = min [1, exp (− βδU )]

(4.2)

(B) Forward Reaction Step: reactant molecules are chosen at random and changed to
product molecules:

CH3 COOH (Ac) + C2 H5 OH (Et) → C2 H5 OOCCH3 (EtAc) + H2 O (W)

LM
N

b

g

Pacc = min 1, exp −βδUF ×

b gb g OP
b
gb g Q

NEt N Ac
qEtAc qW
×
qAc q Et
NEtAc + 1 NW + 1

(4.3)

(C) Reverse Reaction Step: product molecules are chosen at random and changed to
reactant molecules:

C2 H5OOCCH3 (EtAc) + H2 O (W) → CH3 COOH (Ac) + C2 H5OH (Et)

LM
N

b

g

Pacc = min 1, exp −βδUR ×

b

gb g OP
gb gQ

NEtAc NW
q Ac qEt
×
qEtAc qW
NAc + 1 NEt + 1

b

(4.4)

(D) Volume Change: a random change in the system volume in order to maintain a
constant pressure:
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[

{ [

Pacc = min 1, exp − β δ U V + Pδ V B − Nβ

−1

]}]

ln (V B , n / V B , o )

(4.5)

In the above equations, β=1/k BT is the reciprocal of the Boltzman constant times the
temperature, δUi are the changes in configurational energy involved in each step, Ni is the
number of molecules of component i present in the system, and qi is the partition function for
species i. In the volume change steps, VB,o is the original volume, VB,n is the new system
volume, and δVB is the difference between these two volumes, VB,n-VB,o . In order to maintain
microscopic reversibility within the reacting system, the forward and reverse reaction steps,
labeled (B) and (C) above, must be attempted with an equal probability. During the forward
and reverse reaction steps, the newly created molecules are placed in the cavities left by the
deleted molecules, which tends to aid in convergence at higher densities. In simulations,
these reacting systems were typically equilibrated for 30×106 moves and averages taken for
80×106 moves, with moves (A), (B), (C), and (D) selected 39.9%, 30%, 30%, and 0.1% of
the time, respectively.

4.2.2 Constant Pressure Gibbs Ensemble Monte Carlo
One of the goals of this study was to calculate the equilibrium yield of ethyl acetate when
this reaction is allowed to absorb within a microporous carbon support, and compare the
equilibrium yield to that in the bulk gas phase. In order to make this type of comparison, we
performed two-phase simulations, consisting of a slit-shaped carbon pore and a bulk gas
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phase, by implementing a simulation technique called constant pressure Gibbs Ensemble
Monte Carlo [39,40]. This two-phase simulation technique is easily combined with the
RxMC framework shown previously, by incorporating particle swaps between the bulk phase
and the pore phase. The acceptance probabilities for these exc hange moves are shown in
Eqs. (4.6) and (4.7):
(E) Bulk to Pore : random molecule transfer from the bulk phase to the pore phase:

L
MM
N

e

O
j c NN +V1hV PP
Q

Pacc = min 1, exp −βδU N B ,i −1 − βδU NP ,i +1 ×

B, i

P

P ,i

(4.6)

B

(F) Pore to Bulk : random molecule transfer from the pore phase to the bulk phase:

L
MM
N

e

O
j c NN +V1hV PP
Q

Pacc = min 1, exp −βδU N P ,i −1 − βδU N B,i +1 ×

P, i

B ,i

B

(4.7)

P

In Equations (4.6) and (4.7), NP,i and NB,i represent the number of molecules of type i in the
pore and bulk phase, respectively. VB is the volume of the bulk phase and VP is the volume
of the pore phase. The exponential term in Equations (4.6) and (4.7) accounts for the total
change in potential energy associated with the particle transfer. All but one of the molecular
species participating in the reaction needs to be swapped between the two phases, as the
equilibrium of the last species will be completely satisfied by the RxMC reaction steps within
each of the two discreet phases. In order to increase sampling efficiency, only the smaller
species should be exchanged between the bulk and the pore. Consequently, in our
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simulations only water, acetic acid, and ethanol were exchanged. It is important that for each
molecular species being transferred there exists an equal probability of attempting the two
exchange steps, (E) and (F) above.

4.3 Simulation Models
In all of the simulations, site-site Lennard-Jones (LJ) plus Coulomb interactions were used to
calculate the potential energy between molecule pairs, i and j:

ui , j

R|
= ∑ ∑ S4ε
|T
α

β

LMF σ I F σ I OP q q
MNGH r JK − GH r JK PQ + r
12

iα , jβ

iα , jβ

iα , jβ

6

iα , jβ

iα

iα , jβ

jβ

iα , jβ

U|
V|
W

(4.8)

In Eq. (4.8), r is the distance between interaction sites α and β located on molecule i and j,
respectively. The cross-term LJ parameters between unlike interaction sites, were calculated
according to the Lorentz-Berthelot mixing rules: ε iα,jβ = (ε iαε jβ )1/2 and σiα,jβ = (σiα+σjβ )/2.0.
Additional charge sites, with an elementary charge of q, are positioned on the molecules in
order to account for electrostatic interactions and hydrogen bonding.

During the simulations, the LJ potential energy term was calculated between two molecules
when their center of mass separation was less than 2.0 nm. The electrostatic part of the
potential energy was calculated when this separation distance was less than 4.0 nm.
Although the truncation of the electrostatic potential at a distance of 4.0 nm may lead to
small errors in the energy calculation, using Ewald sums [41] to correct for the truncated
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potential was not attempted. Ewald sums were avoided due to the high computational cost
leading to only a slight gain in accuracy. This was confirmed by Shevade et al. [42], who
have simulated a qualitatively similar system, the selective adsorption of water/methanol
mixtures in carbon pores. They report a slow down of two orders of magnitude by
incorporating the Ewald sum method, with an energy difference of less than 1%.
Table 4.1 Summary of potential parameters used in the current RxMC simulations.
Molecule
Site
q/e
Geometry
σ/nm
ε/kb/K
water
O
0.0
0.315
78.1
O-H: 0.9572 nm
ref. [43]
H
+0.52
0.0
0.0
O-M: 0.015 nm
M
-1.04
0.0
0.0
∠HOH: 104.52°
ethanol
CH3
0.0
0.3775 104.238
C-C: 0.153 nm
ref. [44]
CH2
0.265 0.3905 59.421
C-O: 0.143 nm
O
-0.70
0.307
85.606
O-H: 0.0945 nm
H
0.435
0.0
0.0
∠CCO: 108°, ∠COH: 108.5°
acetic acid
CH3
0.08
0.391
80.570
C-C: 0.1520 nm
ref. [45]
C
0.55
0.375
52.874
C=O: 0.1214 nm
=O
-0.50
0.296 105.749
C-O: 0.1364 nm
O
-0.58
0.300
85.606
O-H: 0.0970 nm
H
0.45
0.0
0.0
∠COH: 107°, ∠OCO: 123°,
∠CCO: 111°
ethyl acetate
CH3
-0.058 0.3775 104.238
CH3 -CH2 : 0.1512 nm
(this work)
CH2
0.481 0.3905 59.421
CH2 -O: 0.1445 nm
O
-0.517
0.300
85.606
O-C: 0.1347 nm
C
0.842
0.375
52.874
C=O: 0.1204 nm
=O
-0.694
0.296 105.749
C-CH3 : 0.1506 nm
CH3
-0.054
0.391
80.570
∠CCH2 O: 108°, ∠COC: 117°,
∠OCO: 124°, ∠O-CCH3 : 111°
carbon dioxide
C
0.6512 0.2757 28.129
C-O: 0.1149 nm
ref. [46]
O
-0.3256 0.3033 80.507
carboxyl groups
C
0.08
0.340
28.0
C-C: 0.152 nm
(on pore surface)
=C
0.55
0.375
52.836
C=O: 0.1214
ref. [47]
=O
-0.50
0.296 105.673
C-O: 0.1364
O
-0.58
0.300
85.551
O-H: 0.0970
H
0.45
0.0
0.0
∠CC=O: 126°, ∠CC-O: 111°,
∠C-O-H: 107°
carbon (pore)
C
0.0
0.340
28.0
ref. [48]

131

The LJ and coulomb interactions are summarized in Table 4.1 for each molecule
participating in the reaction, as well as for the inert carbon dioxide used as a solvent and the
carbon associated with the slit-pore model. In addition to the intermolecular interactions, the
models for ethanol, acetic acid and ethyl acetate also included an intramolecular torsional
potential. The form of the torsional potential, Eq. (4.9), was similar for all three models, with
different parameters assigned to each molecule, as shown in Table 4.2.

V (Φ ) = 0.5V1 (1 + cos Φ ) + 0.5V2 (1 − cos 2Φ ) + 0.5V3 (1 + cos 3Φ )

(4.9)

Table 4.2 Coefficients for the intramolecular potential function shown in Eq. (4.9).
Molecule
Dihedral Bond V1 (kcal/mol) V2 (kcal/mol) V3 (kcal/mol)
acetic acid
CCOH
4.98
6.20
0.0
ethanol
CCOH
0.834
-0.116
0.747
ethyl acetate
CCH2 OC
0.834
-0.116
0.747
CH2 OCC
4.98
6.20
0.0

Before the RxMC simulations were performed, pure component simulations were used to
verify the density, energy, and radial distribution functions of these models (data not shown)
by comparing with the references shown in Table 4.1. Excellent agreement was found with
the experimental literature data for ethanol, water, and acetic acid.

While reliable models were available in the literature for ethanol, water, and acetic acid
(references shown in Table 4.1), a complete molecular model for ethyl acetate could not be
found. Therefore, we constructed a model for ethyl acetate by combining the LJ interaction
parameters for ethanol and acetic acid with quantum mechanical calculations for the
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equilibrium geometry and the charge distribution of an isolated ethyl acetate molecule. The
quantum mechanical calculations were performed with Gaussian 98 [49] using the density
functional theory (DFT) method in conjunction with the B3LYP functional. This is a hybrid
functional which combines Becke's three parameter exchange functional [50] and the LeeYang-Parr correlation functional [51]. The basis set used for the geometry optimization and
for calculating the charge distribution (using a Mulliken population analysis) was the 6311G++(3df,3pd) basis set. This basis set includes three sizes of contracted functions for
each orbital, adds diffuse functions to both heavy atoms and hydrogens, and adds
polarization functions: 3 d-type and 1 f-type functions on heavy atoms, and 3 p-type and 1 dtype functions on the hydrogens. The DFT results for the approximate charge distribution
and the geometry optimization are included in Table 4.1. In order to account for the
intramolecular potential for ethyl acetate, we combined the torsional potentials from acetic
acid and ethanol (Table 4.2) along with intramolecular LJ interactions between sites
separated by more than three bonds. The LJ interactions for ethyl acetate were taken from
the ethanol and the acetic acid molecules. Using our approximate model for ethyl acetate, we
were able to accurately predict the density of ethyl acetate in the liquid phase by using a
Monte Carlo simulation at constant temperature and pressure. At a temperature of 25°C the
experimental density in the liquid phase is 0.9006 g/cm3 while the simulated density is found
to be 0.9386 g/cm3 , which is a difference of around 4%.

The partition functions for water, ethanol, acetic acid, and ethyl acetate used in the RxMC
acceptance criteria were also taken from DFT calculations, using the same basis set and
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B3LYP functional. The vibrational frequencies and zero-point energies were appropriately
scaled by a factor of 0.989, due to the comparisons presented by Bauschlicher and Partidge
[52]. The predicted vibration frequencies (unscaled) and rotational constants from these
calculations are shown in Table 4.3. The difference in electronic energy between the
reactants and products (∆Do ), including zero-point energy corrections and scaling, was
calculated to be 8.366 kcal/mol. This value was adjusted, to a final value of 5.204 kcal/mol,
in order to match the experimental conversion in the ideal gas phase (Figure 4.1). The
difference between these two values of ∆Do is within the limits of accuracy of the DFT
calculations, which are generally accepted to be accurate to within a few kcal/mol of
experimental measurements.

Table 4.3 Rotational and vibrational constants used in the partition functions.
Molecule
Rotational Temp/K
Vibrational Frequencies/K
water
39.615, 20.684, 13.589
5629.26, 5486.71, 2340.21
ethanol
1.697, 0.448, 0.390
337.61, 397.73, 601.90, 1183.65, 1290.45,
1481.75, 1582.05, 1696.49, 1821.00,
1870.61, 2024.61, 2084.51, 2134.35,
2158.95, 2195.91, 4291.43, 4328.96,
4366.97, 4463.03, 4469.00, 5528.72
acetic acid
0.530, 0.461, 0.255
148.40, 622.43, 681.37, 682.63, 863.98,
1232.26, 1422.11, 1531.63, 1726.87,
1860.11, 2013.54, 2119.87, 2141.75,
2668.07, 4370.60, 4452.17, 4543.18,
5482.75
ethyl acetate
0.406, 0.100, 0.083
77.91, 101.07, 217.82, 276.83, 375.27,
529.77, 620.76, 880.29, 918.38, 1172.71,
1236.66, 1361.33, 1457.52, 1534.86,
1537.78, 1634.74, 1697.85, 1817.34,
1867.36, 2005.67, 2024.96, 2053.59,
2119.09, 2127.82, 2139.87, 2156.87,
2187.73, 2579.65, 4371.65, 4391.48,
4393.84, 4443.04, 4467.54, 4475.41,
4482.85, 4545.01
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The interaction between the reacting adsorbate molecules and the carbon slit-pore was
modeled with the 10-4-3 Steele potential [48]:

Uiα , c (z ) = 4πε iα ,c σ

2
iα , c

L 1 F σ IJ
∆ρ M G
MN 5 H ± z K
iα , c

c

H

2

10

FG
H

1 σ iα ,c
−
2 H2 ± z

IJ
K

4

σ 4iα , c
−
6 ∆ H 2 ± z + 0.61∆

a

OP
f PQ
3

(4.10)

This model assumes that the carbon pore is constructed of two parallel walls that are infinite
in the x-y plane. The structure of these walls is assumed to be that of sheets of graphite, and
the surface corrugation is neglected by averaging the carbon potential over the two graphitic
pore surfaces. As a result, the interaction potential between an adsorbate molecule and the
pore wall is only a function of the z-coordinate, the distance from each pore wall. In Eq.
(4.10), H is the width of the pore, defined as the distance between carbon centers on the two
opposing walls of the pore, ∆ is the experimentally measured interlayer spacing of graphite
(0.335 nm), ρc is the experimentally measured density of graphite (2.27 g/cm3 ), and ε and σ
are the LJ parameters of carbon shown in Table 4.1.

In some of the simulations, carboxyl groups were placed on the surface of the pore in order to
mimic the chemical activation process often applied to the experimental materials. In our
simulation model, the carboxyl groups were oriented perpendicular to the pore surface, with
a random orientation. The carboxyl groups were placed at random positions on the pore
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surface, with the physical restriction that the sites could not overlap each other, as shown in
Figure 4.2. The potential parameters for the carboxyl sites are taken from ref. [47] and
summarized in Table 4.1.

4.4 Simulation Results
4.4.1 Esterification in the Bulk Gas Phase
As with our studies in the previous Chapters, we began by modeling the equilibrium
conversion of ethyl acetate in the bulk gas phase, where experimental comparison was
possible. This was done in order to verify our molecular models and to refine the electronic
contribution (∆Do ) to the molecular partition functions, as the reaction conversion is
particularly sensitive to this parameter.

Hawes and Kabel provide a thorough review of the vapor-phase equilibrium constant of the
esterification reaction [8] measured by several different authors. Our simulated conversion
of ethyl acetate is compared with the experimental results of Tidwell and Reid [53] and with
Hoerig et al. [54] in the gas phase, as shown in Figure 4.1. Although Tidwell and Reid did
not specifically account for any side reactions, their equilibrium data falls within a few
percent of the most accurate equilibrium data assembled by Hawes and Kabel [8].
Additionally, the data from both Tidwell and Reid and Hoerig et al. represents two of the
largest temperature ranges measured from the data sets compiled by Hawes and Kabel, which
was important for the validation of our simulations. In order to achieve close agreement with
the experimental data, we refined our value of ∆Do (change in ground state electronic energy
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between reactants and products) for this reaction from an initial DFT estimate of 8.366
kcal/mol to a final value of 5.204 kcal/mol. This adjustment tends to only affect the y-axis
position of our conversion versus temperature curve shown in Figure 4.1, but not the
characteristic shape of the curve. After fitting this single parameter, our simulations show
excellent agreement with the experimental data over a wide temperature range, at a constant
pressure of 1.0 bar. It is noted that calculating the equilibrium constant from thermodynamic
tables can lead to errors, due to the sensitive logarithmic dependence on these quantities.
The standard entropy and enthalpy changes in reaction are small in comparison to the thermal
data employed to obtain them. Thus, we have compared our simulation results only to
reliable experimental data.

4.4.2. Esterification in Supercritical Carbon Dioxide
Once we verified our simulation results against experiments in the bulk gas phase, we then
began studying the conversion of the esterification reaction in a carbon dioxide solvent. We
have found two separate experimental studies in the literature [17 ,18] which have studied
ethyl acetate production in carbon dioxide solvent, and both groups report enhanced
equilibrium conversion over the neat reaction.

Blanchard and Brennecke [18] report that the conversion of ethyl acetate can be increased by
pressurizing the neat liquid phase reaction with carbon dioxide. They find that the
equilibrium yield can be shifted from 63% conversion to 72% conversion at a temperature of
333 K by pressurizing the system to 58.6 bar, through the addition of the CO2 solvent. The
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mole fraction of CO2 in their system is 0.30. Since the total number of moles in the reaction
is conserved, it is not expected that the reaction would be sensitive to the pressure. The
authors attribute the observed equilibrium shift to pressure- induced non- ideality in the liquid
phase and preferential solubilization of ethyl acetate in the CO2 , which ultimately increases
the conversion. Although the conversion is enhanced in this study, it is not clear whether the
equilibrium shift is merely due to the increased pressure or to specific interactions with the
carbon dioxide. It seems that the equilibrium of the neat reaction at such an elevated
pressure (58.6 bar) should also be measured, as a strict comparison.

In a separate study, Hou et al. [17] found similar results when measuring the esterification
reaction in a CO2 solvent. They studied the same reaction at a temperature of 333.2 K but
with a higher mole fraction of CO2 of 0.90. The results of Hou et al. are more interesting, as
the conversion is measured as a function of the total system pressure. At sub-critical
conditions, the conversion increased with the applied CO2 pressure and reaches a maximum
(70% conversion) near the critical point of the fluid. As the pressure is further increased
beyond the critical pressure, the conversion quickly declines to a value below the sub-critical
conversion (62% conversion). This phenomena in the reaction conversion is attributed by the
authors to the local density enhancement or clustering which occurs near the critical point of
the fluid. This clustering effect is perceived to shift the equilibrium by altering the activity
coefficients of the molecules in the system. However, like the previous study [18], it is not
clear whether the effect on the reaction conversion is merely due to pressure increases or if
there are specific solvent-solute interactions that are responsible for shifting the conversion.
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In order to clarify the interpretation of the previous measurements, we have simulated the
conversion of ethyl acetate in CO2 near the critical point of the mixture. In our study, we
have performed simulations starting from a mixture of CO2 , ethanol, and acetic acid with an
initial mole ratio of 90:5:5, respectively. The carbon dioxide model [46] used in the
simulations reproduces the experimental critical point of pure CO2 (Tc=304.2 K and Pc=73
bar) within the limits of statistical error. The starting composition of our system is identical
to the mixture studied by Hou et al. [17]. In our RxMC simulations, we have maintained a
constant pressure of 103.3 bar using an NPT ensemble, while varying the system
temperature. We started above the critical point, at a temperature of 450 K, and we gradually
lowered the temperature until we approached the experimental critical temperature of the
fluid, 333.2 K [17]. The simulation results are shown in Figure 4.3.

As the temperature is lowered and the system approaches the critical point, there is a rapid
increase in the reaction conversion. This shift in equilibrium conversion is more dramatic
than that seen in the gas phase, Figure 4.1. We can explain the behavior of this reaction in
the CO2 solvent by looking at simulation snapshots as the system approaches the critical
point. Figure 4.4 shows the configuration of ethyl acetate molecules at a temperature of 450
K in the presence of CO2 . Only ethyl acetate molecules are shown in order to clarify the
illustration. The ethyl acetate molecules at 450 K are distributed fairly evenly throughout the
system, with only a few associated pairs found. However, the system configuration
dramatically changes as the temperature is lowered to 360 K. Figure 4.5 shows the
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configuration of ethyl acetate molecules at this lower temperature, again with the other
molecular species removed for clarity. At a temperature of 360 K, which coincides with the
onset of the enhanced conversion, there is a significant amount of solvent clustering in the
system. This is shown in Figure 4.6, as the CO2 molecules cluster around the reacting solute
molecules. Therefore, it is likely that this clustering phenomenon is directly responsible for
the equilibrium enhancement, seen in both our simulations and the experimental system [17].

4.4.3 Esterification in Carbon Slit-Shaped Pores
As mentioned in the Introduction, activated carbons have been used successfully to entrap
heteropoly acids (HPAs) for the catalytic esterification of acetic acid with ethanol [21,22].
Activated carbons have been utilized for the immobilization of HPAs, due to the undesirably
high solubility of HPAs in polar fluids. Using the HPA catalyst in activated carbon, Izumi
and Urabe [21] report a conversion of 95% at a reaction temperature of 423K and a
conversion of 83% at a temperature of 393K. Additionally, they report that the HPA
entrapped in activated carbon results in a much higher selectivity for ethyl acetate (99.5%),
as compared to the silica-supported HPA (71.8%), which can yield a significant amount of
diethyl ether as a by-product. It is surprising that the equilibrium conversion in this study
increases with respect to temperature, as the equilibrium constant would predict the opposite
dependence. However, there are two possibilities that may explain this unlikely result. First,
selective adsorption of ethanol, acetic acid, or water in the pores may affect the conversion.
Second, the results at the lower temperature may not be fully equilibrated, which could
underestimate the equilibrium yield at 393 K. If these experiments had also been started
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from the other direction (starting from products), the experimental results would be more
convincing.

Chu et al. [22] have also studied the production of ethyl acetate with HPAs immobilized on
activated carbon. Their results are shown in Table 4.4. Again, the experimental conversion
increases with respect to temperature, opposite of the results in the ideal gas phase.
However, Chu et al. [22] concede that conversions below 85% have not yet reached
equilibrium.

Table 4.4 Yield of ethyl acetate in activated carbon as reported by Chu et al. [22].
Temperature/K
373.15
383.15
393.15
403.15
413.15
423.15
Conversion %
67.9
69.7
74.9
77.8
83.6
87.3

These two experimental studies [21,22], as well as others [19,20], suggest that HPA/carbon
catalysis may be a viable alternative for the production of ethyl acetate. In order to
supplement this interest, we have modeled this equilibrium- limited reaction in carbon slitpores of various widths (H). Our RxMC simulation results of the esterification reaction in
carbon slit-pores (activated and unactivated) are shown in Figure 4.7. Figure 4.7 shows the
mole fraction of ethyl acetate versus the width of the pore (H) at a constant temperature of
573.15 K and a corresponding bulk phase pressure of 1.0 bar. The simulated mole fraction of
ethyl acetate is shown for a slit-shaped carbon pore and for a slit-pore modified by activated
sites (carboxyl groups) at a site density of 1.82 sites/nm2 . The mole fraction of ethyl acetate
in a bulk gas phase at the same temperature and pressure, as predicted by our simulations, is
shown for comparison.
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As compared to the bulk gas phase reaction, the mole fraction within the pore is significantly
enhanced. However, the differences in the simulation results between the activated pore and
the unactivated pore are rather subtle. The maximum mole fraction of ethyl acetate in the
two models is relatively similar, 0.882 for the unactivated smooth pore and 0.898 for the
activated pore. However, these maxima correspond to different pore widths (H). This is due
to the fact that the protrusion of the carboxyl groups into the pore space effectively reduces
the pore width of the activated pore, and shifts the maximum conversion to higher values of
H. This would also explain the rapid descent of the ethyl acetate mole fraction at low values
of H. At a pore width of 0.80 nm, the activated pore geometrically inhibits ethyl acetate
formation, due to the additional protrusion of the carboxyl groups. In the unactivated pore,
which is free of carboxyl groups, the pore space is not as restricted and tends to be a more
favorable environment for ethyl acetate formation.

Although the mole fraction of ethyl acetate within these carbon pores is significantly
enhanced, the overall mole fraction of ethyl acetate (bulk phase + pore phase) is not as
dramatically affected. The main contribution to the elevated mole fraction within the pore
space appears to be selective adsorption of ethyl acetate from the bulk phase, and as a
consequence, the mole fraction of ethyl acetate in the corresponding bulk phase tends to
decrease. This effect can be seen by comparing the overall reaction conversion (bulk gas
phase + pore phase) with the conversion in an isolated gas phase. This comparison is shown
in Figure 4.8 for the unactivated slit-shaped carbon pore and in Figure 4.9 for the activated
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carbon pore model at a temperature of 523.15 K and a pressure of 1.0 bar. While it is
obvious from Figures 4.8 and 4.9 that the elevated pore phase mole fraction is primarily due
to selective adsorption, it is also shown that the selective adsorption is coupled with moderate
increases in the overall reaction yield (up to 6%).

Since the pore environment favors the formation of ethyl acetate, the overall reaction yield
can be further enhanced by reducing the ratio of the bulk phase volume to the pore phase
volume, Vbulk /Vpore. This enhancement is illustrated in Figure 4.8, which shows the shift in
the overall conversion by reducing the ratio of Vbulk /Vpore from the original value of 1057 to a
value of 68, which is achieved by increasing the volume of the pore. Similar enhancements
in overall reaction conversion were seen in the activated pore model when the ratio of
Vbulk /Vpore was decreased (data not shown).

We have studied the effects of chemical activation further by measuring the overall system
conversion versus the carboxyl surface density. Simulation results are shown in Figure 4.10
for a fixed pore width of H=2.0 nm, a bulk phase pressure of 1.0 bar, and a temperature of
523.15 K. The overall conversion is shown to increase linearly with respect to increasing
surface activation. Figure 4.10 also shows the simulated conversion in an isolated bulk gas
phase for comparison. While the addition of carboxyl groups tends to enhance the
conversion, this enhancement cannot be attributed to specific interactions between the
carboxyl groups and the ethyl acetate molecules. The main cause of the enhancement seems
to arise from increased confinement effects. Figure 4.11 shows a simulation snapshot of this
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system at the highest surface site density, with only ethyl acetate molecules shown. There
are no strong correlations between ethyl acetate and the carboxyl sites, as evidenced by the
fairly random ordering of ethyl acetate on the pore surface. Many carboxyl sites are empty
and a significant fraction of the ethyl acetate molecules are adsorbed on unactivated areas of
the smooth pore surface.

We have also attempted to explain the peculiar temperature dependence of the reaction
conversion experimentally measured in carbon pores [21,22] by simulating the esterification
reaction at a slightly lower temperature, 473.15 K. Simulation results at a temperature of
473.15 K are compared with those at 523.15 K in Table 4.5. This table shows the average
number of molecules in each phase, as well as the mole percent of ethyl acetate in each phase
and the total conversion (bulk + pore).

Table 4.5 Simulation results of the esterification reaction in a smooth carbon slit-pore of
width H=2.00 nm. The average number of molecules in each phase is shown.
T = 473.15 K
T = 523.15 K
Molecule
BULK
PORE
BULK
PORE
acetic acid
70.23
78.82
165.38
12.08
ethanol
143.08
5.98
175.60
1.86
water
703.73
11.21
684.95
1.59
ethyl acetate
316.69
398.26
603.42
83.12
% ethyl acetate
25.7%
80.6%
37.0%
84.3%
% conversion
82.7%
79.5%

It is interesting to see in Table 4.5 that although the total conversion decreases with
temperature, the mole fraction of ethyl acetate in the pore phase increases. The increase in
ethyl acetate composition within the pore phase at 523.15 K is directly attributed to selective
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adsorption from the bulk gas phase, since the overall conversion at the higher temperature is
actually lower. The simulation results shown in Table 4.5 should be considered when
interpreting the experimental measurements by Chu et al. [22] and by Izumi and Urabe [21].
There are no comments made by either of the experimental groups concerning their measured
trend of conversion versus temperature. However, it seems likely that selective adsorption of
ethyl acetate within the microporous carbons could explain the surprising experimental
observations.

4.5 Conclusions
In this study, we have demonstrated the effects of a supercritical solvent and selective
adsorption in carbon micropores on the equilibrium conversion of acetic acid and ethanol to
form ethyl acetate. In the bulk gas phase we achieve close agreement with the experimental
results [53,54] over a fairly broad range of temperatures. Using the same molecular models
as in the bulk gas phase, we have examined the equilibrium behavior of this reaction in 90
mole % CO2 , near the critical point of the mixture. Our RxMC simulations justify the results
and suggestions of the experimental studies [17,18]. More specifically, we see increased
conversion near the critical point of the fluid, and this maximum in conversion is clearly
coupled with clustering of the ethyl acetate molecules in the system. While in this study we
have presented only equilibrium reaction conversions, there are several other studies which
have found dramatic rate enhancements (up to 30- fold) by conducting other esterification
reactions in scCO2 [55,56].
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We have also used RxMC simulations to investigate the equilibrium yield of ethyl acetate in
carbon slit-shaped pores, which are approximate models for activated carbon fibers. The
simulations predict a moderate increase in the overall yield (6%) by adsorbing the reaction
into a carbon pore, and a slightly larger increase when the pore is activated with carboxyl
groups. The reaction conversion shows relatively little sensitivity to the pore width, unt il the
pore becomes too narrow to allow the formation of ethyl acetate. Most importantly, we find
that ethyl acetate is selectively adsorbed within the carbon pores during the reaction. This
aspect could be highly desirable for designing an efficient process for simultaneous reaction
and separation. Furthermore, we believe that selective adsorption could explain the
surprising experimental results, which show an increase in reaction conversion with
increasing temperature, using similar systems and conditions.
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Conversion of Acetic Acid
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Figure 4.1 Conversion of acetic acid to ethyl acetate in the bulk gas phase at a total pressure
of 1.0 bar. Our simulated conversion is shown along with the experimental measurements of
ref. [53] and [54].
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Figure 4.2 Illustration of the smooth slit-shaped carbon pore (top) and the slit-shaped carbon
pore activated with carboxyl groups (bottom). In both types of pores, the carbon walls are
modeled with the 10-4-3- Steele potential [48].
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Figure 4.3 Equilibrium conversion of acetic acid to ethyl acetate in 90 mole % CO2 . The
total system pressure is 103.3 bar. The experimental critical point of this mixture is
measured to be at a temperature of 333.2 K and a pressure of 103.3 bar [17].
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Figure 4.4 Simulation snapshot of the esterification reaction in 90 mole % CO2 at 450 K.
For clarity, only ethyl acetate molecules are shown. Oxygen sites are shown in red, while the
carbon-containing interaction sites are shown in blue.
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Figure 4.5 Simulation snapshot of the esterification reaction in 90 mole % CO2 at 360 K.
For clarity, only ethyl acetate molecules are shown. Snapshots are identical but with
different orientatio ns, showing significant clustering in the fluid.
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Figure 4.6 Simulation snapshot of the esterification reaction in 90 mole % CO2 at 360 K and
103.3 bar. Carbon dioxide is shown in orange, water is shown in red, and ethyl acetate is
shown in blue. The ethanol and acetic acid are removed for clarity.
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Figure 4.7 Mole fraction of ethyl acetate in the carbon slit pores (activated and unactivated)
of a two-phase system. The mole fraction of ethyl acetate is plotted versus the pore width
(H) at a temperature of 523.15 K and a bulk phase pressure of 1.0 bar. For comparison, the
mole fraction of ethyl acetate in a bulk phase at the same temperature and pressure is
included.

157

Mole Fraction of Ethyl Acetate

0.45
Reduced
Vbulk/Vpore

0.40
Isolated Bulk

Overall

0.35

Bulk

0.30

0.25
0.80

1.00

1.20

1.40

1.60

1.80

2.00

H/nm

Figure 4.8 Mole fraction of ethyl acetate corresponding to the two-phase RxMC simulations
in the unactivated carbon slit-pore. The temperature is 523.15 K and the gas phase pressure
is 1.0 bar. For comparison, the mole fraction of ethyl acetate in an isolated bulk gas is
shown.
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Figure 4.9 Mole fraction of ethyl acetate corresponding to the two-phase RxMC simulations
in the activated carbon slit-pore (1.82 sites/nm2 ). The temperature is 523.15 K and the gas
phase pressure is 1.0 bar. For comparison, the mole fraction of ethyl acetate in an isolated
bulk gas is shown.
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Figure 4.10 Total conversion (bulk + pore) of acetic acid to ethyl acetate with a pore of
width H=2.00 nm. The system temperature is 523.15 K and the bulk phase pressure is 1.00
bar.
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Figure 4.11 Simulation snapshot of the esterification reaction in an activated carbon pore of
width H=2.0 nm. The carboxyl site density is 1.82 sites/nm2 and the temperature is 523.15
K. The top half of the pore is removed and only ethyl acetate molecules are shown for
clarity. The carboxyl sites are shown in gray, and the oxygen atoms within ethyl acetate are
shown in red.
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CHAPTER 5
Effect of Confinement on Reaction Kinetics
5.1 Introduction
An important class of catalysts in use today is supported catalysts, in which the catalytic or active
material is dispersed over a less active support material. Typically, the support material is highly
porous, with pore widths of the order of a few nanometers, and is characterized by a high surface
area. Confinement effects in these porous materials are known to be large for both phase [1] and
chemical [2,3] equilibria. In the latter case, increases in yield due to confinement in activated carbon
fibers of up to two orders of magnitude have been predicted from molecular simulations [2] and
have also been found in experiments [4]. Likewise, we expect that reaction rates in the porous
medium may differ substantially from those in the bulk phase due to increased density of the pore
phase, selective adsorption of some constituents, preferred molecular orientation near the walls,
changes in diffusion rates, shape-selectivity of the transition state, etc. Surprisingly, there seems to
have been little, if any, fundamental investigation of these effects. An understanding of these effects
is needed for the design of appropriate catalysts for a given reaction.

Almost all fundamental research on catalysis has focused on the interaction of the reactants with the
catalyst surface. For the present discussion, it is convenient to refer to such interactions as
"chemical" ones, by which we mean that they are sufficiently strong to significantly change the
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electronic structure of the atoms and molecules involved. These types of interactions are best
studied with quantum mechanical techniques, such as ab initio methods or density functional theory
(DFT). However, in supported catalysis we may anticipate a further significant effect of
confinement on the reaction rate due to the finite size and reduced dimensionality of the adsorbed
phase, and to the strong interactions of the reacting species with the pore walls. We refer to these
latter interactions (repulsion, dispersion, electrostatic, etc.) as "physical" forces to distinguish them
from the chemical interactions with the catalyst. While the values of these forces can be found using
quantum mechanical simulations, they can be approximated accurately using classical simulation
techniques, as will be demonstrated in this Chapter.

Gaining an understanding of confinement effects on reaction kinetics from experiments is very
difficult because of problems associated with observing the confined phase, characterization of the
pore structure, and separation of the "physical" effects of confinement from "chemical" interactions
with the catalyst. However, molecular simulation is an appropriate tool for such investigations
because these problems do not arise, and system parameters can be precisely controlled and
manipulated. Reaction rate constants can be estimated using either classical or quantum mechanical
calculations. While quantum mechanical approaches are the most accurate, the computational
demands of these methods limit the size of the system to a small number of molecules (typically < 32
molecules), too small to study confinement effects. With a few exceptions, such approaches usually
neglect intermolecular force contributions or include these forces in an approximate way. An
overview of the current methods available for predicting reaction rate constants is presented in
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Chapter 1, with the approaches segregated according to the level of approximation (continuum,
classical, or quantum mechanical).

In this Chapter we present a new classical-level approach to the prediction of rate constants that
allows us to address the influence of porous confinement or other highly non-ideal environments on
reaction rates. We develop this method within the framework of transition-state theory [5] for
calculating bimolecular rate constants under a wide range of conditions. The method is based on the
quasi-equilibrium hypothesis, which assumes that the reactants (A) and the transition state (TS)
complex are in direct chemical equilibrium: 2A↔TS→B. With this assumption, the Reactive Monte
Carlo (RxMC) method [6] is used to determine the concentration of the activated species, which
can then be directly related to the bimolecular rate constant. A requirement of the simulations is that
the structure of the transition state and the activation energy barrier must be determined a priori
from quantum mechanical and electronic structure methods. Once this is determined, any geometric
or energetic distortion of the transition state from neighboring molecules or from the pore walls is
ignored, although these details can be calculated separately and incorporated if found to be
significant. Furthermore, the method currently neglects dynamic collision effects, which can be an
important consideration when refining the value of the reaction rate constant [7]. The methodology is
computationally efficient so that large systems can be simulated, on the order of 106 atoms. Most
importantly, effects on the reaction rates caused by non-ideal environments (high pressures, various
solvent types, solid surfaces, or confinement in porous solids, etc.) are implicit to the methodology.
Therefore, corrections for non-ideal behavior of reacting systems made to standard transition-state
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theory expressions (e.g., by estimating free energies of solvation or by calculating activity
coefficients of the reacting species and the transition state) are not required.

An outline and validation of the transition-state theory-Reactive Monte Carlo methodology (TSRxMC) are given in Sections 5.2 and 5.3, respectively. To demonstrate the flexibility of this
technique, an application of the method to the decomposition reaction, 2HI→H2+I2, in various nonideal environments is presented in Section 5.4. Finally, in Section 5.5 we discuss some further
applications and possible future improvements to the current method.

5.2. Methodology
5.2.1 Transition-State Theory Background
The foundations of transition-state theory (TST) and the fundamental assumptions of the method
were developed in the 1930’s by Eyring [5] and Evans and Polanyi [8]. The application of
transition-state theory to bimolecular reactions generally hinges on two conditions:

1.

The free energy activation barrier (E*) to form the transition state must be high
compared to k BT, where T is the temperature of the reacting system and k B is the
Boltzmann constant.

and
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2.

The coupling of the system to the reaction coordinate must be strong enough to
dissipate roughly k BT energy from the product in time comparable to the velocity of
the reaction coordinate [9].

The repercussions of Condition (1) above have been examined with the following conclusions [10].
If the ratio of the activation energy to k BT is greater than about 5, i.e., E*≥5k BT, then the quasiequilibrium hypothesis (chemical equilibrium between the reactants and the transition state) is a good
approximation. Furthermore, this approximation will become exact in the limit of zero temperature.
At lower temperatures quantum mechanical effects can become significant due to tunneling of
reactants through the activation barrier (which invariably increases the observed rate constant).
However, if tunneling effects are neglected, TST gives the lower bound to the predicted reaction
rate constant.

Another challenge encountered when applying TST to predict reaction rate constants is that of
accounting for the re-crossing of the activation barrier by the products to regenerate reactants.
Condition (2) above minimizes this possibility. Product re-crossing occurs because of a low
activation barrier or by dynamic collisions of solvent molecules with product molecules and leads to
a decrease in the reaction rate. The reaction considered in this chapter, HI+HI↔(HI)2≠→H2+I2, is
carried out at temperatures high enough to avoid significant quantum tunneling effects, yet low
enough (E*~37k BT) so that Condition (1) is not violated.
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Further complications of applying TST involve defining the relative positions of the dividing surface
(the saddle point of the potential energy surface) and calculating the activation energy barrier (E*).
Knowledge of the position of the dividing surface for a chemical reaction - which typically lies close
to the free energy activation barrier of the transition state - is crucial for accurate calculations.
Typically, the dividing surface is chosen to minimize the value of the TST rate constant, and
therefore it corresponds to the maximum in the free energy along the path between reactants and
products. Finally, calculating properties of the transition state are difficult because the transition
state is never seen in experiment. Calculations of the activation energy, geometry and vibrational
energies of the transition state can all be performed with either ab initio or DFT calculations.

5.2.2 Transition-State Theory: Fundamental Expressions
The fundamental finding of Eyring’s original work [5] is the following expression for the standard
state rate constant,

o
k T
k = κ B e − ∆G
h

o

RT

∗
k BT q ≠
=κ
V ( n −1) e −E
h q1 Lq n

RT

(5.1)

where ∆Go is the standard Gibbs free energy of formation, h is the Planck constant and R is the
universal gas constant. This expression relates the standard state rate constant, k o , to the change in
the Gibbs free energy required to form the transition state. For gas reactions, the standard state is
taken to be the pure ideal gas at unit pressure (1 bar) for each reactant and the transition state. The
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symbol κ represents corrections due to any re-crossing of the products through the dividing surface
and has a value between 0 and 1. The value of κ depends on the specific reaction and the
conditions of the system; κ=1 yields the upper bound of the reaction rate predicted by TST, i.e.,
when re-crossing effects are neglected.

The expression for the rate constant can also be formulated in terms of molecular partition functions,
also shown in Eq. (5.1), where E* is the activation energy barrier, q≠ is the transition state partition
function and q1...qn are the reactant partition functions, and V is the system volume. While Eq. (5.1)
is convenient for predicting ideal gas kinetics, it cannot account for high-pressure effects, solvation
effects, and general non-idealities contributing to the rates of chemical reactions. Despite a lengthy
history of applying TST to condensed-phase systems, the accurate prediction of rate constants in
condensed phases still presents a formidable challenge. The difficulty results from the complexity of
including the non-ideal nature of the system into the rate constant calculation, as well as the
challenge of accurately evaluating the interaction energies.

5.2.3 Derivation of the TS-RxMC Working Expression
The simulation method presented in this work is based on an equilibrium solvation approach
together with fundamental aspects of equilibrium thermodynamics; any effects due to solvent
dynamics are neglected. The derivation of the working expression for the TS-RxMC method
begins with the seminal work of Eyring, reflected in Eq. (5.1). This general TST expression is recast
into a form more appropriate for combination with the Reactive Monte Carlo simulation method.
168

The exponential term of Eq. (5.1) can be rewritten in terms of an equilibrium constant (Ka≠ ) based
on the quasi-equilibrium between the reactants and the transition state. The standard Gibbs free
energy change is related to the equilibrium constant by Eq. (5.2).

∆G o = − RT ln K a≠

(5.2)

Ka≠ in Eq. (5.2) is defined as

K a≠ =

a≠
γ ≠c ≠
=
a1 L a n (γ 1 Lγ n )(c1 L c n )

(5.3)

where a is the activity, γ is the activity coefficient, c is the molar concentration, and ≠ denotes the
transition state while 1…n denotes the reactant species, where n=1 for unimolecular reactions and
n=2 for bimolecular reactions. Substituting Eqs. (5.2) and (5.3) into Eq. (5.1), the rate constant can
be re-written as

ko =κ

k BT ≠
Ka
h

.

(5.4)
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If the reaction is modeled as an ideal gas reaction at unit pressure the expression for the rate
constant would then reduce to Eq. (5.5), where x i is the mole fraction of component "i" in the fluid
mixture.

k o =κ

kB T x ≠
h x1 L x n

.

(5.5)

The equilibrium constant for a non-ideal gas reaction or for a reaction in solution is not as easily
obtained. The observed rate constant, k obs, as defined by Eyring [5], is related to the rate constant
at standard state conditions, k o , through the following relation:

ko =κ

k BT c ≠
γ≠
γ≠
= k obs
h c1 L cn γ 1 Lγ n
γ 1 Lγ n

(5.6)

A common approach to dealing with reactions in condensed phases is to calculate the reaction rate
at the standard state (k o ) and then estimate reactant and transition state activity coefficients. By
rearrangement of Eq. (5.6), the observed reaction rate constant (k obs) can then be calculated. The
main limitation of this approach is that the activity coefficients of the reactants and the transition state
must be determined. While this calculation may be straightforward for reactions in homogeneous
environments, it is not possible to make accurate calculations of activity coefficients in the
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heterogeneous environments of many solvent types or porous solids. Alternatively, the free energy
of solvation of the reactants and the transition state can be approximated in separate simulations and
then added to the ideal gas free energy of activation. In this Chapter, we present a method for
avoiding the need to calculate activity coefficients or the free energy of solvation. We do this in a
single simulation by directly evaluating the equilibrium between the reactants and transition state by
use of the RxMC method.

5.2.4 Reactive Monte Carlo Method
Reactive Monte Carlo (RxMC) is a simulation technique for calculating the properties of chemically
reactive systems. It can be used to predict equilibrium concentrations of reaction components in
one- or two-phase systems [2,3,6,11-17] by performing Monte Carlo sampling of forward and
reverse reaction steps of a predefined reaction. Neither the values nor the calculation of the
chemical potentials or chemical potential differences are required. The RxMC method is formulated
in terms of chemical potentials rather than activities, but the quantities are interchangeable by the
relation a i ≡ exp[( µ i − µ io ) / RT ] , where µi is the chemical potential of species i and µio is the
chemical potential of species i in the standard state. In addition, the RxMC method does not
constrain the values of the chemical potentials beyond the requirement of chemical equilibrium,
which is implicit to TST. This results in a reacting system that obeys:





 ∑ν i µ i 
=  ∑ν i µ i 
 i
 products  i
 reactants

(5.7)
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where ν i is the stoichiometric coefficient of species i.

For the purposes of combining transition-state theory formalism with the RxMC method, k obs from
Eq. (5.6) is written in terms of the concentrations as

kobs = k o

γ 1... γ n
k BT c ≠
=
κ
γ≠
h c1... cn

.

(5.8)

RxMC simulations can be performed to determine the equilibrium concentrations of the reactants
c1...cn and the transition state c≠. As evident from Eq. (5.8), the need to calculate the activity
coefficients of reacting components has been eliminated. Deviations of the reacting medium from
ideality which influence the reaction rate are manifested in the equilibrium concentrations within the
fluid mixture. These concentrations are influenced by the non-ideal interactions prescribed in the
simulation, for example, by imposing a high pressure on the system or by including pore walls in the
simulation cell.

5.2.5 Outline of Methodology
An algorithm for applying the transition-state theory-Reactive Monte Carlo method to the
calculation of rate constants is as follows:
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Step 1: For the chosen reaction, the following information is required:

(A) Intermolecular potentials for the reactants and the transition state
(B) Molecular partition functions for the reactants and the transition state
(C) Value of the activation energy barrier (E*) required to create a transition state

The molecular partition functions and model parameters for the reactants are readily available and
can be taken from standard sources [18-20]. However, knowledge of the transition state geometry
and the activation energy barrier must be determined from quantum mechanical calculations a
priori. Fortunately, recent research efforts have provided potential energy surfaces and transitions
states for a plethora of reactions [21]. After the transition state structure and partition functions
(rotational, vibrational, electronic) have been determined, intermolecular potentials for the transition
state can then be constructed by an amalgam of standardized atomic potentials [18-20].

Step 2: Perform a Reactive Monte Carlo simulation to calculate the equilibrium concentrations of
the reactants and the transition state. The simulations involve the following trial moves, with the
appropriate transition probability [6] applied to each. The transition probabilities for these moves
are similar to the ones prescribed in the previous chapters.

(A) Move/Reorientation: a random change in the position or orientation of a randomly selected
molecule
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(B) Forward Reaction Step: 2HI→ (HI )2 , reactant molecules are changed to product molecules
≠

(C) Reverse Reaction Step: (HI )2 → 2HI, product molecules are changed to reactant molecules
≠

(D) Volume Change: a random change in the volume that maintains the imposed pressure (constant
pressure simulations only)

For application of the RxMC scheme to the calculation of rate constants, the term "product
molecules" refers to the transition state (TS) molecule. If the probability of forming the transition
state (i.e., move (B)) is found to be extremely low due to the activation barrier (as it should be), the
simulations need to be biased in order to accumulate statistically-reliable Monte Carlo averages.
The biasing technique is described in detail in the next section.

Step 3: Substitute the accumulated averages of the reactants and transition state concentrations into
Eq. (5.8), and calculate the observed reaction rate constant. The rate constant must be
appropriately corrected for any biasing introduced in Step 2.

5.2.6 Biased TS-RxMC Simulations
Since one of the requirements in the TST formalism is that the activation barrier be large
(E*≥5k BT), the acceptance probability of creating the TS (defined as a forward reaction step) in the
RxMC scheme will be prohibitively low under moderate thermodynamic conditions. Thus,
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accurately measuring the concentration of the TS will be difficult within simulations of reasonable
length. This is apparent in the acceptance criterion expression for the forward reaction:

P ∝ exp

FG -E *IJ
H k TK

(5.9)

B

where P is the probability of the forward reaction occurring and E* is the activation energy barrier.
To increase the probability of forming the transition state, the activation energy barrier can be
carefully adjusted. The adjustment to the activation energy barrier can be included directly into the
acceptance criteria given in Eq. (5.9) as:

FG -E IJ expFG E IJ
H k TK H k TK
*

Pbias ∝ exp

adj

B

(5.10)

B

It is obvious from Eq. (5.10) that a positive value of Eadj will increase the probability of the forward
reaction step. After the equilibrium concentrations of the reactants and the transition state have
been determined from the RxMC simulations, corrections must be made in the final calculation of
the reaction rate constant. The correction can be made directly into the expression for k obs given in
Eq. (5.10) as:
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kobs

FG
H

− Eadj
kB T
c≠
=κ
×
× exp
h
c1Lcn
RT

IJ
K

(5.11)

Note that the sign proceeding the Eadj term is now negative. Although the choice of Eadj is
somewhat arbitrary, its upper and lower limits nevertheless should be sensibly bound. The
calculated transition state concentration in a reacting mixture is typically extremely small. This
feature should be preserved in the simulation so that the properties of the fluid are not altered by the
presence of TS molecules. In the current simulations, Eadj has been altered so that the molar
concentration of the TS is less than 1% of the fluid concentration. Thorough tests have been
performed to show that with such an Eadj value the reaction rate constant is independent of the
amount of bias introduced in a simulation. These results are shown in Section 5.3.

5.3 Verification of the TS-RxMC Method
The methodology presented in this work is validated from two perspectives. First, the method is
shown to accurately predict experimentally measured reaction rates, within the limits of classical
behavior. And second, the method is demonstrated to be thermodynamically self-consistent. These
verification tests are applied to the decomposition reaction: 2HI→H2+I2. Extensive experimental
[22] and theoretical [23] investigations have been carried out for the HI decomposition reaction.
Furthermore, the reaction is known to have no complicating side reactions, and the activation barrier
for the reaction, ~42 kcal/mol [7], is much greater than 5k BT at moderate conditions. Finally,
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critical to the validation of the methodology presented here, this reaction exhibits a significant change
in the reaction rate as the pressure is varied.

5.3.1 Prediction of Experimentally Measured Reaction Rates
The constant-pressure Gibbs ensemble method [24,25] (described in previous Chapters) is used in
conjunction with RxMC to find the equilibrium composition for the reaction, 2HI↔(HI)2≠, where
(HI)2≠ is the transition state. The HI molecule and (HI)2≠ are modeled as single-site Lennard-Jones
(LJ) spheres, each with an ideal dipole. The intermolecular parameters are summarized in Table
5.1, where µ is the ideal dipole assigned to each molecule [26]. The intermolecular potential for the
transition state has been approximated by assuming the transition state geometry shown in Figure
5.1 [23]. The trapeziodal geometry of the (HI)2≠ complex used in the current simulations has been
confirmed with semiempirical valence-bond calculations [27], but it is noted that a collinear
transition state structure has also been suggested [28].

Table 5.1 Intermolecular potential parameters for the 2HI↔(HI)2≠→H2+I2 reacting system.
Molecule
σ (nm)
ε/kb (K)
µ/(4πε oεσ3)0.5
Reference
HI
0.413
313
0.0205
[23]
≠
(HI)2
0.5169
513
0.0172
[23]
H2
0.2928
37
0.0
[19]
I2
0.4982
550
0.0
[19]

The TS-RxMC simulations for the HI decomposition reaction were typically equilibrated for 1×106
moves and averages were taken over 4×106 moves. The LJ interaction potential was cut off after
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2.0 nm and the electrostatic potential cutoff was 4.0 nm, without applying long-range corrections.
The standard Lorentz-Berthelot mixing rules were used for the interaction between unlike species:
σij=0.5(σi+σj) and ε ij=(ε iε j)0.5. The simulation box contained a total of approximately 2,000
molecules. For the two-phase (bulk + pore) simulations, presented in Section 5.4, the same
potentials are used, but the system size was increased. The pore size was adjusted so that there
was an even distribution of molecules between the bulk and the pore phases.

The TS-RxMC method was used to calculate the rate constant of the hydrogen iodide
decomposition reaction in the bulk phase over a range of pressures from 1 to 300 bar. The
concentrations determined in the simulations were used to calculate the rate constant at a specified
pressure relative to the standard state rate constant (1 bar pressure). The TS-RxMC data are
plotted in Figs. 5.2 and 5.3. For comparison purposes, the data are presented in the same manner
as in the original work of Kistiakowsky [22]. Figure 5.2 corresponds to a temperature of 573.15
K, and Fig. 5.3 to a temperature of 594.55 K, and the simulation pressures corresponding to
several different HI concentrations are shown. Quantitative agreement with the experimental data at
low HI concentrations is inconclusive due to considerable scatter of the experimental data.
However, excellent quantitative agreement between the TS-RxMC simulations and the experimental
data is found at moderate to high HI concentrations. More importantly, the TS-RxMC simulations
are able to accurately capture the overall dependence of the rate constant on the HI concentration,
including the more than 50 fold increase in (k/ko) at the highest pressure considered in the
simulations (300 bar).
178

A theoretical treatment of the HI decomposition reaction has been carried out previously. Based on
an application of the Brønsted-Bjerrum equation to non-ideal gas mixtures [23], the rate constant
can be expressed as

kobs = k o

φ 2HI Z
φ ( HI ) ≠2

(5.12)

where φ HI and φ ( HI ) ≠ are the fugacity coefficients of the reactant and the transition state,
2

respectively, and Z is the compressibility factor of the mixture. Fugacity coefficients were evaluated
from the second and third virial coefficients [29]. A comparison of the calculations of Eckert and
Boudart with the TS-RxMC simulation results is shown in Fig. 5.4. Excellent agreement is found for
both temperatures at low concentrations, while at higher concentrations Eq. (5.12) slightly over
predicts the relative reaction rate constants.

Kistiakowsky provided an interpretation of the dependence of the HI decomposition rate on the
pressure from arguments based on the van der Waals equation of state. Kistiakowsky reasoned
that since the rate increased faster than the square of the system density, then the increase must be
due to the non-ideality of the gas mixture [22]. From the TS-RxMC perspective, this interpretation
is encouraging because it implies that the simulation method is capturing essential features of nonideal reaction kinetics.
179

The implementation of the TS-RxMC method is justified when theoretical expressions, such as Eq.
(5.12), for predicting non-ideal phenomena are not available. For example, the prediction of nonideal reaction behavior in disordered porous solids is especially critical to the design of support
catalysts. However, simple expressions analogous to Eq. (5.12) are not presently available for such
systems.

5.3.2 Test of TS-RxMC Self-Consistency
Next we demonstrate that the TS-RxMC methodology is thermodynamically self-consistent. By
definition, at equilibrium, the forward and reverse rates should be equal. Also, by definition, the
equilibrium constant can be determined from the ratio of the rate constants. As a test of the selfconsistency of the TS-RxMC method, the forward and reverse rate constants were calculated at the
equilibrium condition of the HI decomposition reaction. We have assumed that the reverse reaction
is bimolecular and that the transition state is identical to that of the forward reaction. With these
assumptions, it should be possible to reproduce the concentration equilibrium constant:

(HI)2 ≠ / HI
k+
Kc ≡
=
k−
(HI) 2≠ / H 2 I 2
2

m

r

=

H 2 I2
HI

(5.13)

2
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where the brackets indicate the concentration of each species measured during the equilibrium
RxMC simulations, Kc is the concentration equilibrium constant, and the k + and k − are the forward
and reverse rate constants measured in the TS-RxMC simulations.

The first step was to use the original version of RxMC to predict the equilibrium composition of the
complete hydrogen iodide decomposition reaction, 2HI↔H2+I2, over a range of pressures. As this
reaction is a mole-conserving reaction, there was only a small variation of the equilibrium
composition with pressure. Next, TS-RxMC simulations in the forward direction were performed
for fluid compositions equal to the equilibrium RxMC simulations, approximately 95% HI, 2.5% H2,
2.5% I2, and <1% TS. The LJ parameters for the H2 and I2 intermolecular potential are shown in
Table 5.1. These simulations were carried out at a temperature of 573.15 K, over the pressure
range of 1 to 250 bar, and the corresponding forward rate constant was measured in each
simulation. Analogous simulations were performed for the reverse reaction, and the reverse reaction
rate constant at each pressure was measured. The equilibrium constant of the hydrogen iodide
decomposition reaction is plotted in Figure 5.5 over the pressure range studied. The results in
Figure 5.5 are taken as an average of 2 runs of 5×106 MC steps at each pressure. There is
excellent agreement in the value of the equilibrium constant between the RxMC simulations and the
ratio of the forward and reverse TS-RxMC simulations, as all points lie within one standard
deviation of the mean value. This exercise demonstrates the thermodynamic consistency of the TSRxMC method.
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5.3.3 Biased TS-RxMC Simulations
To determine the influence of the biasing on the rate constant calculation, tests have been performed
on the HI decomposition reaction and on the reaction H2+D↔H2D→HD+H. The partition
functions [30] and the molecular model parameters [31] for the H2 exchange reaction were taken
from standard sources. The results of these tests are shown in Figures 5.6 and 5.7. The simulated
reaction rate constant relative to the standard state reaction rate constant is plotted in Figs. 5.6 and
5.7 versus the amount of biasing introduced in the simulation. The standard state rate constant was
determined directly from Eq. (5.1). Error bars in Fig. 5.6 represent one standard deviation of the
mean for each data point. Both sets of simulations were performed at a pressure of 1 bar, and the
temperatures in the simulations were 450 K and 573.15 K for the H2 exchange reaction and the HI
decomposition reaction, respectively. In order to calculate the standard deviation and average
values, five separate simulations were performed corresponding to each value of Eadj, with 4×106
Monte Carlo steps in each simulation.

The studies show that the average values of the reaction rate constants are independent of the
choice of Eadj, while the statistical uncertainty is found to improve greatly by increasing the value of
Eadj. It is important to reiterate that the value of Eadj be reasonably bound. If the value is too high,
the mole fraction of TS becomes too large. Such large values are unrealistic and could affect the
properties of the fluid. Therefore, we have kept the value of Eadj bound so that the TS mole fraction
is never greater than 1%. An initial series of short simulations were performed to determine the
value of Eadj needed to maintain a composition of less than 1% TS for each simulation run.
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5.4 Effects of Strong Intermolecular Forces and Confinement
TS-RxMC simulations of the HI decomposition reaction were performed in several different inert
solvents as well as in microporous carbons. These environments can have significant effects on the
reaction kinetics. If the transition state interacts more favorably with the surrounding solvent than
the reactants, the reaction rate is expected to increase. However, if the transition state complex
does not interact favorably with the solvent molecules, the reaction rate is expected to decrease.
Analogous conjectures based on the interaction between the transition state and the pore wall can
be made for reactions occurring in porous materials. Furthermore, reactions with a negative value
for the activation volume should be expected to exhibit rate increases with increasing pressure or
density.

5.4.1 Solvation Effects
TS-RxMC simulations of the HI decomposition reaction (2HI↔(HI)2≠) have been performed in a
variety of different solvents: N2, CCl4, CH4, CO2 and NH3 over a wide range of pressures (1-250
bar). The solvents were intentionally chosen to explore a wide range of solvation effects, including
non-polar and polar fluids. The solvent molecules were modeled using site-site Lennard-Jones
potentials, with point charges distributed on those molecules in which electrostatic forces contribute
significantly to the overall interaction energy. A summary of the molecular interaction parameters for
the solvents used in the simulations is given in Table 5.2.
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Table 5.2 Solvent parameters corresponding to a site-site LJ plus point charge potential. The
column "bl" refers to the distance of an interaction site from the molecule center. All of the multi-site
molecules were linear except NH3, which has a HNH bond angle of 110.9°.
Molecule
Site
bl (nm)
σ (nm)
ε/kb (K)
q (e)
Reference
CO2
1
0.1149
0.3033
80.507
-0.3256
[32]
2
0.0
0.2757
28.129
+0.6512
3
0.1149
0.3033
80.507
-0.3256
N2
1
0.055
0.332
36.4
-0.40505
[33]
2
0.0
0.0
0.0
+0.8101
3
0.055
0.332
36.4
-0.40505
NH3
1
0.0
0.332
36.4
0.0
[34]
2
0.10124
0.225
21.1
+0.485
3
0.10124
0.225
21.1
+0.485
4
0.10124
0.225
21.1
+0.485
5
0.0156
0.0
0.0
-1.455
CH4
1
0.0
0.381
148.1
0.0
[35]
CCl4
1
0.0
0.588
323
0.0
[19]

The TS-RxMC predictions of the reaction rate in different inert solvents are shown in Figure 5.8.
The activation energy barrier of the transition state was assumed to remain unaffected by the
different solvents. Likewise, it is assumed that the solvent does not alter the structure of either the
reactants or the transition state. The presence of the solvents in the reacting mixture had only a
moderate effect on the reaction rate compared to the pure HI fluid, with the largest influence found
at the higher pressures. Furthermore, the reaction showed negative effects in three of the five
solvents, i.e., the reaction rate was retarded (up to a maximum of about 25%) when N2, CH4, and
NH3 were present in the reacting mixture. The solvents which accelerated the reaction rate (CO2
and CCl4) were found to be at a higher density than the solvents that decreased the reaction rate
(N 2, CH4, and NH3), given the same pressure. Therefore, the density is believed to be the main
factor influencing the reaction rate constants in the different solvents studied.
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The modest effect on the rate when the solvent is present can be attributed to the similarity of the
structures and intermolecular potentials of the reactant and transition state molecules. Since HI and
(HI)2≠ are quite similar in molecular nature, solvent molecules have a similar interaction with each
species. It is expected that the surrounding solvent would have a more dramatic effect on the
reaction rate in cases where the nature of the reactants and the transition state are very different.
For example, if two nonpolar molecules react and pass through a transition state that has a large
dipole, one would expect that such a reaction would be kinetically favored in a polar solvent.

5.4.2 Effect of Confinement in Carbon Pores
A two-phase reacting system consisting of a pore phase and a bulk phase at constant pressure
[24,25] was used to study the kinetics of hydrogen iodide decomposition in carbon pores [2].
Standard RxMC trial moves (particle displacements and rotations, forward reactions and reverse
reactions) are performed in each phase. Equilibria between the pore and bulk phases is established
through particle exchanges of the reactant and transition state molecules between the two phases.
The particle exchanges ensure that the chemical potential of each species is equal in both phases.

The two-phase TS-RxMC method was used to study the HI decomposition reaction confined in a
microporous carbon and in carbon nanotubes. The microporous carbon was modeled as a slit-like
pore with two infinite parallel walls in the x-y plane separated by a distance H in the z-direction.
Each of the two walls is taken to be the basal plane of a graphite surface comprised of Lennard185

Jones atoms. The 10-4-3 Steele potential [35] was used to describe the interaction energy
between a fluid particle and the pore wall. The usual potential parameters were taken for the
carbon atoms [35], and the Lorentz-Berthelot combining rules were used to estimate unlike-pair
potential parameters between the carbon walls and the reacting adsorbate molecules. TS-RxMC
simulations were performed at several different pore widths ranging from 1.0 nm to 1.75 nm. The
width of the pore is defined as the distance between the plane through the centers of the carbon
atoms that form the surface layers on opposing walls.

The effect of the pore width on the reaction rate constant is shown in Figure 5.9 for pressures up to
200 bar and a temperature of 573.15 K. The pressures correspond to the bulk phase pressure in
equilibrium with the pore. For comparison, the reaction rate dependence on the pressure for the
reaction in the pure bulk HI fluid is also shown. The effects on the reaction are much more dramatic
than the solvation effects (Fig. 5.8). The reaction rate was found to increase by a factor of 5 at a
pressure of 1 bar and a factor of 13 at a pressure of 200 bar in the 1.00 nm pore, as compared to
the bulk fluid at the same temperature and pressure. A physical interpretation of the appreciable
acceleration of the reaction rate in the carbon pores is based on the enhanced energetics that the
reacting fluid mixture experiences. In general, a confined fluid mixture (reacting or non-reacting) is
at a higher density than the corresponding bulk fluid because of the favorable interactions between
the wall and the fluid. However, the pore walls also impose spatial limitations on the fluid mixture
and may selectively adsorb some components. For the HI decomposition reaction, the transition
state is a smaller molecule than the two independently reacting HI molecules. The density within the
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pores is higher than in the bulk phase, and consequently, the contracted transition state structure is
energetically favored over the reacting molecules inside the pore.

The density increase within the pore phase accounts for only a fraction of the observed rate
increase. This is apparent when the rate constant in the bulk phase and in the pore phase is plotted
versus the corresponding density in each phase. The density within the pore phase is calculated
using the accessible volume, with the accessible pore width defined as the carbon-center to carboncenter distance minus the Lennard-Jones diameter of a carbon atom: Vpore=L×W×(H-σC). The
large increase in the reaction rate constant within a pore of width 1.75 nm, as compared to the bulk
phase at the same average density, is shown in Figure 5.10. This suggests that in addition to
increasing the reaction rate by the density enhancement, the strong physical interactions with the
pore walls tend to favor the formation of the transition state. The same results are seen in the pores
of smaller width as well.

At higher pressures the density of the reacting fluid mixture in the pore changes only slightly so that
little further effect of confinement is observed, and the rate constant seems to increase at a rate
similar to the bulk fluid (see Fig. 5.9). Comparing the pore widths of 1.00 nm and 1.25 nm with the
wider pores, one can see a significant increase in the reaction rate. In the 1.00 nm and 1.25 nm
wide pores, the size of the (HI)2≠ molecule is commensurate with the width of the pore and shows a
single deep minimum in the potential well. The potential for the HI molecules, by contrast, is divided
into two smaller potential wells, with a minimum located against each pore wall. The single, deep
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potential well for the transition state tends to favor the formation of the activated complex and leads
to significant increases in the reaction rate constant.

Two-phase simulations of the HI decomposition reaction were also performed in bundles of singlewalled carbon nanotubes. The nanotubes were modeled using site-site LJ potentials to account for
the interaction with the reacting adsorbate molecules, with the LJ parameters for carbon taken from
Steele [35]. Two nanotube models were used: (8,8) nanotubes and (10,10) nanotubes, according
to the standard convention [36], with diameters of 1.09 nm and 1.36 nm, respectively. The
nanotube diameter is defined as the diameter of a circle that passes through the center of the carbon
atoms composing the nanotube walls. These individual nanotubes were arranged in a hexagonal
array (see Fig 2.1), and adsorption and reaction were allowed within the nanotubes and in the
interstitial spaces between the nanotubes. The closest approach of any two carbon centers on
neighboring nanotubes is 0.34 nm, the LJ diameter of carbon.

The simulated reaction rate constants for the HI decomposition reaction are shown in Figure 5.11
for the two nanotube bundles. The (8,8) nanotube model shows a particularly strong catalytic effect
on this reaction, with a 13 fold increase in the rate constant at a pressure of 1 bar and rising to a
factor of 47 at a pressure of 200 bar. The sharp increase in the rate constant found in the (8,8)
model is interesting, since the density of reacting molecules within the two nanotube models is very
similar. Therefore, it seems that the increased catalytic effect of the (8,8) nanotube is mainly due to
the physical interaction with the pore walls that favors the formation of the transition state.
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The TS-RxMC simulations have demonstrated that the effect of the microporous support material
on the rate of a chemical reaction can be remarkable, and consequently should be an integral part of
the design of catalytic support materials. Likewise, Figures 5.9 and 5.11 illustrate that reactions
occurring in porous materials can result in much higher reaction rates as compared to the
corresponding bulk phase reaction. These molecular simulations suggest strong potential benefits
for reducing operational costs as well as eliminating safety concerns of high-pressure processes.

5.5 Discussion
The capacity of substances to enter into chemical reactions is primarily determined by the chemical
structure of the reacting molecules, but is also strongly affected by the reacting medium and the
experimental conditions. Reaction kinetics under non-ideal conditions can deviate significantly from
ideal gas behavior, for example, when reactions occur in nano-sized spaces or under high pressure.
At present, however, the nature and direction of the changes imposed by external forces on reaction
rate kinetics is unclear. The method presented in this Chapter provides a way to determine the
influence of such non-ideal conditions and environments on reaction kinetics in a rather
straightforward and efficient manner, using classical Monte Carlo simulations.

Good agreement with experiment [22] was found for the rate constant for the hydrogen iodide
decomposition reaction over a range of pressures (1-300 bar). The reaction rate was only
moderately affected by the solvents studied. This is to be expected since HI and the transition state
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interact only weakly with the solvents. If there was a significant charge separation along the reaction
coordinate, we would expect the polarity of the solvent to show more dramatic effects. The most
dramatic results were seen for the HI decomposition reaction in slit-shaped carbon pores and in
carbon nanotubes. The reaction rate was found to increase by a factor of 47 in the (8,8) nanotubes
at a pressure of 200 bar, as compared to the bulk fluid. These simulations illustrate that the effect of
confinement and simple fluid-wall "physical" forces on the rate of a chemical reaction can be large,
even in the absence of "chemical" catalysis. These fluid-wall interactions can catalyze reactions by
increasing the density of the reacting fluid and by enhancing formation of the transition state complex
in these confined spaces.

The methodology presented in this Chapter is a Monte Carlo-based approach capable of predicting
the rates of reactions that obey the fundamental assumptions of transition-state theory. Reaction
rates can be measured in any type of non-ideal environment (within pores, on planar surfaces, ionic
liquids, supercritical fluids, etc.). A key advantage of the TS-RxMC method over currently
available methods for calculating reaction rates is that large reacting systems, containing millions of
molecules or more, can be studied in a single simulation. Thus, intermolecular contributions (ideal or
non-ideal in nature) are accounted for explicitly within the simulation, and subsequent corrections to
account for non-ideal reacting media are not required.
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It is important to note that the structure and geometry of the transition state, and the value of the
activation energy barrier, must be known before TS-RxMC simulations can be performed. This is
not a significant drawback since advances in quantum mechanical methods have provided a great
deal of potential energy surface information. In this work, the activation energy barrier is assumed
to be constant within the different heterogeneous environments. Likewise, dynamic collision effects
as well as any geometric or energetic distortion of the transition state from neighboring or solvent
molecules are ignored, which may be important [7]. The consequences of these assumptions are
unknown at present and may prove important for certain phenomena, such as the chemisorption of
molecules on a surface. Finally, although non-ideal effects influencing reaction rates can be
manifested through equilibrium thermodynamic phenomena, the rates of reactions in solution can be
limited by the diffusion of the reactant molecules into the solvation shell. It should be noted that
because the RxMC is a Monte Carlo method, the TS-RxMC algorithm cannot rigorously investigate
these types of diffusion-limited processes.

The method presented here has been derived for bimolecular reactions only. Care is needed in
making extensions of the method to unimolecular reactions. In a gas-phase unimolecular reaction at
low pressure, a Boltzmann population of transition states (for unimolecular reactions the transition
state is the vibrationally excited molecule) cannot be maintained for TST to be valid. Since the TST
expression (Eq. (5.1)) assumes an equilibrium population of reactant states, it cannot be applied to
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unimolecular reactions at low pressure. In the high pressure region, the Boltzmann population of the
transition state is maintained, and TST gives the high-pressure rate constant as:

o
kuni
, P =∞ = κ

*
kBT q ≠
exp − E / RT
h q1

(5.14)

Therefore, the TS-RxMC method for unimolecular reactions is limited to applications at higher
pressures. However, the calculation of the rate constant could provide insight into the
experimentally observed high-pressure rate constant.

Application of TST to gas-phase trimolecular reactions such as the recombination,
A+B+M→AB+M (where A and B are atoms and M is a molecule) are not possible. The reaction
can proceed along a variety of trajectories, and thus no single configuration of A, B and M exists
that can be chosen as the transition state. It should be noted that the application of the TS-RxMC
method to unimolecular and trimolecular reactions is limited by the assumptions of transition-state
theory and not the TS-RxMC methodology. A powerful advantage of the TS-RxMC method,
however, is that the simulated system can contain multiple reactions occurring simultaneously. This
implies that if complex higher order reactions can be separated into a combination of bimolecular or
unimolecular reactions, then the TS-RxMC method could be applied accordingly.
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Figure 5.1 Structure of transition state taken from ref. [23].
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Figure 5.2 TS-RxMC simulations (¡) and experimental measurements [22] (l) of the rate
constant for the hydrogen iodide decomposition reaction at 573.15 K. The simulated pressure is
shown corresponding to different concentrations.
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Figure 5.3 TS-RxMC simulations (¡) and experimental measurements [22] (l) of the rate
constant for the hydrogen iodide decomposition reaction at 594.55 K. The simulated pressure is
shown corresponding to different concentrations.
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Figure 5.4 Comparison of TS-RxMC simulations with calculations of Eckert and Boudart [23].
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Figure 5.5 Equilibrium constant, Kc, of the HI decomposition reaction at 573.15 K. Results from
RxMC equilibrium simulations are represented by ¢, and results from the TS-RxMC kinetic
simulations are represented by ™.
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Figure 5.6 Effect of adjusting the activation energy barrier on accuracy of method for the H2
exchange reaction at 450 K.
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Figure 5.7 Effect of adjusting the activation energy barrier on accuracy of method for the HI
decomposition reaction at 573.15 K.
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Figure 5.8 TS-RxMC simulations of hydrogen iodide decomposition in different inert solvents.
The temperature is 573.15 K. The reaction is retarded by NH3, N2, and CH4, while CO2 and CCl4
solvents are predicted to marginally increase the reaction rate constant.
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Figure 5.9 TS-RxMC simulations of the hydrogen iodide decomposition rate at 573.15 K in the
bulk phase (l) and in carbon micropores of various widths: 1.00nm(£), 1.25nm(s), 1.50nm(™),
and 1.75nm(¿).
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Figure 5.10 TS-RxMC simulations of hydrogen iodide decomposition at 573.15 K in a slit-pore
of width H/nm=1.75 (£) and in the bulk phase (l). At equal average densities, physical
interactions with the pore walls catalyze the reaction.
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Figure 5.11 TS-RxMC simulations of the hydrogen iodide decomposition rate at 573.15 K in the
bulk phase (l) and in carbon nanotubes of different diameter: (8,8) nanotube (£) and (10,10)
nanotube (¯).
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CHAPTER 6
Conclusions and Future Work
6.1 Reaction Equilibria
We have used Monte Carlo simulations to predict the behavior of chemical reactions
within porous materials, where experimental observation is difficult or even impossible.
Where experimental comparison is available, we have found qualitative agreement with
our simulation results. Our work represents the first attempt at using molecular
simulations to predict chemical reaction equilibria and kinetics in confinement, and we
have found the effects to be dramatic.

First, we have shown that chemical reaction equilibria within porous carbons can be
significantly different from that in the bulk gas or liquid phases. We have shown that
nitric oxide dimerization and ammonia synthesis can be enhanced by factors of 40 and
1.6, respectively, when the reaction occurs within carbon pores of 1.0 to 2.0 nm in width.
Additionally, we have found that selective adsorption can be an important factor in
determining reaction yield within a carbon micropore. This was demonstrated with the
ammonia synthesis reaction in a slit-shaped carbon pore, and magnified when active sites
(in the form of carboxyl groups) were added to the pore surface. The importance of
selective adsorption was also demonstrated with the esterification of acetic acid. The
carbon pore slightly enhanced the yield of ethyl acetate, while at the same time
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selectively adsorbing this species at a high concentration, revealing a route for efficient
product separation and purification.

The are several opportunities for continuing the study of chemical reaction equilibria in
confinement. While we have studied only isolated reactions in porous carbons, the
behavior of competing or parallel reactions in confinement is relatively unknown and
difficult to measure experimentally. Additionally, as mentioned in Chapter 1,
enantiomeric separations using confinement has been studied experimentally, but a
molecular simulation study of this nature is still lacking. To improve the accuracy and
reliability of these reaction equilibria studies, it is important to include a greater amount
of molecular detail from ab initio studies in porous materials. It is expected that
molecular geometry, vibrational frequencies, and bond energies could be distorted within
pores, and this possibility should be incorporated within these molecular simulations.

6.2 Reaction Kinetics
A new method has been demonstrated for predicting rate constants within heterogeneous
environments, such as microporous carbons. This method was demonstrated to be
thermodynamically consistent and accurate for describing the kinetics of hydrogen iodide
decomposition. Furthermore, this new method was used to show the significant
enhancements in reaction rate possible due to the physical interactions within carbon slitpores and carbon nanotubes. In the future, the validity of this method could be refined by
incorporating dynamic collision effects with the surrounding molecules and the pore
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walls, as these effects have been ignored in our study. As with the equilibrium studies,
there should be ab initio results incorporated within these simulations, in order to
describe the change in the molecular structure, energetics, and transition state species
within the pore phase.
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