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Abstract

Confinement within porous materials can affect chemical reactions through a host of different effects, including changes in
the thermodynamic state of the system due to interactions with the pore walls, selective adsorption, geometrical constraints that
affect the reaction mechanism, electronic perturbation due to the substrate, etc. In this work, we present an overview of some of
our recent research on some of these effects, on chemical equilibrium, kinetic rates and reaction mechanisms. We also discuss

our current and future directions for research in this area.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Many chemical reactions are carried out in micro-
and nanoporous materials. These materials can modify
both the reaction rates and equilibrium yields in
various ways. A beneficial effect of using materials

* Corresponding author. Tel.: +1 919 513 2262;
fax: +1 919 513 2470.
E-mail address: keg@ncsu.edu (K.E. Gubbins).

with small pore sizes is an increase in the area per unit
weight, which increases the contact between the
catalytic surface and the reactive mixture. There are,
however, other effects that can influence chemical
reactions in these materials, such as changes in the
thermodynamic properties of the reacting mixture due
to adsorption, geometrical constraints in pores
comparable to the molecular sizes, selective adsorp-
tion of reacting molecules, and changes to the
potential energy surface that can change the reaction
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mechanism. In most cases, it is difficult to assess the
relative importance of each one of these effects.
Experimental measurements usually reflect a combi-
nation of all of them, and it is usually impractical to
perform experiments to study each effect separately.
Furthermore, the relative importance of each factor
will likely be very different for different kinds of
chemical reactions, and the experiments would have to
be repeated many times. These difficulties make the
problem attractive for molecular simulation studies. A
clear understanding of the influence of each factor on a
particular chemical reaction can provide useful
information for the design of better catalytic materials,
which can not only enhance the reaction yields but
also provide a partial separation of the reaction
products.

During the past few years, we have carried out
several studies on the effect of confinement on both
equilibrium yields and reaction mechanisms for
various chemical reactions in nanoporous materials,
and have gained insight into the influence of the effects
mentioned above on these reactions. In this work, we
present an overview of the results we have obtained,
and discuss some possible new directions for research.

The rest of this work is structured as follows: in
Section 2, we discuss results on the effect of
confinement on equilibrium yields for various
chemical reactions; in Section 3, we discuss results
on the influence of confinement in nanoporous carbons
on both rate constants and reaction mechanisms;
finally, in Section 4, we discuss some current research
directions and give some suggestions for future
research in the area.

2. Effect of confinement on chemical equilibrium

One of the most evident ways in which confinement
can affect a reactive system is by altering the
thermodynamic properties of the reacting mixture.
Interactions between the porous substrate and the
components of the mixture can modify the density of
the adsorbed phase, and this would have a direct effect
on systems where the number of molecules changes
upon reaction. For mixtures in which the interactions
with the adsorbent are different for each component,
selective adsorption can also drive the equilibrium
towards the reactants or the products. These effects

can occur regardless of the strength of the catalytic
effect of the porous material, as they are dictated not
by the kinetics but by the thermodynamics. Therefore,
a study of the interplay between adsorption and
chemical equilibrium is crucial for the design of a
good catalytic material—an enhancement of the
reaction rate is not useful if the equilibrium yield is
small.

In this section, we discuss some of our results on
the effect of confinement on the equilibrium yield of
three different chemical reactions: the dimerization of
nitric oxide, the synthesis of ammonia from nitrogen
and hydrogen, and the esterification reaction between
ethanol and acetic acid. The first two reactions provide
good examples of the effect that a change in the
density of the reactive mixture can have on the
equilibrium yield, and the latter shows more speci-
fically the effect of selective adsorption.

2.1. Methods

All the results shown in this section were obtained
by using the reactive Monte Carlo (RxMC) method
[1,2]. RxMC is a method specifically tailored to obtain
equilibrium properties of reactive systems. In a RxMC
simulation, a set of “forward” and ‘“backward”
reaction moves are added to the ‘“‘standard” Monte
Carlo moves in order to get the system to chemical
equilibrium. In these reactive moves, reactant mole-
cules are randomly chosen and replaced with product
molecules (or vice versa). The acceptance probability
for a reactive move can be derived from statistical
mechanics, and is given by the expression:

. T o N

Pyec = min l,exp(—,BAu)l];[qi m 2.1
where Au is the change in the configurational energy
due to the reactive move, 8 = 1/kT, c is the number of
components, and N;, g; and v; are, respectively, the
number of molecules, the molecular partition function
and the stoichometric coefficient in the reaction of
component i. The RxMC method has been shown to
reproduce correctly the experimental equilibrium
yields in the bulk for all the reactions considered in
this work [3-5].

The porous carbon models that constitute the
adsorbent in the results shown in the following
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sections include a carbon slit-pore modeled using the
10-4-3 Steele potential [6], model carbon nanotubes of
the armchair type, a realistic carbon model recon-
structed from X-ray diffraction data using the reverse
Monte Carlo method [7], and an activated carbon slit-
pore including carboxyl sites modeled using the
method of Shevade et al. [8]. Further details of these
models can be found in [3-5,9].

2.2. Dimerization of nitric oxide and ammonia
synthesis

The dimerization of nitric oxide (NO) is a good
candidate for studying the effect of confinement for
several reasons. First, the reaction and the molecules
involved are quite simple to model, as long as the main
goal is the estimation of thermodynamic properties.
There are good intermolecular potentials [1] for both
NO and the dimer (NO),, and experimental data is
available for the dimerization reaction in the bulk
phase [10-12], in activated carbons [13], and in carbon
nanotubes [14]. It is particularly interesting to study
the effect of confinement on this reaction because a
quite dramatic increase of the dimer yield in the pores
has been reported in experimental measurements
[13,14].

The ammonia synthesis reaction, N, + 3H,
< 2NHjs;, is also a good model reaction for studying
the effect of confinement. Since ammonia is one of the
synthesis chemicals most commonly produced indust-
rially, there is plenty of reference data for the bulk
reaction [15]. There is, however, no information
regarding the equilibrium reaction yield in small
pores. Since this is a very commercially important
reaction, it is worthwhile to study the possible effect of
confinement on its equilibrium yield.

Fig. 1 shows the equilibrium composition of a
reacting mixture of NO and (NO), as a function of
temperature in slit pores of sizes ranging from 0.80 to
1.59 nm [3]. The bulk gas phase composition is also
shown for comparison purposes. The data in Fig. 1
correspond to a constant bulk pressure of 0.16 bar.
These results show a large effect of confinement on the
equilibrium yield of the reaction, with increases on the
dimer composition up to a factor of 40 at the lower
temperatures. The main reason for this effect is the
increased density of the pore phase, due to the attractive
interactions between the NO molecules and the carbon

1.0
2NO=(NO),

0.8
)
et 06 Pore
2 Width/nm
£ —=0.80
7] =

+-().95

g
= 0:4 =111
)
= 1.27
= —~—143

02 1.59

BULK
0.0 +—=

115125 135 145 155 165
Temperature/K

Fig. 1. Effect of confinement on the NO dimerization in carbon slit
pores of various sizes [3]. The results correspond to a bulk phase
pressure of 0.16 bar.

walls. For the smaller pores, these interactions become
more important [3] and the increase in yield of the dimer
is larger. Similar results were obtained for NO confined
within carbon nanotubes.

The effect of confinement on the equilibrium yield
of the ammonia synthesis reaction for carbon slit pores
and carbon nanotubes is shown in Fig. 2 as a function
of temperature and pore size [3,4]. The data in this
figure correspond to a bulk gas phase pressure of
100 bar, and the bulk yield is also shown for
comparison. In this case, the enhancement in yield
results largely from selective adsorption of the
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Fig. 2. Effect of confinement on the ammonia synthesis reaction in
slit pores and carbon nanotubes of various sizes [4].
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Fig. 3. Effect of active site concentration on the ammonia synthesis reaction [4].

ammonia product. There is also an enhancement of the
equilibrium yield due to the particular geometry of the
pore structure: the ammonia conversion is larger for
nanotubes than for slit pores of comparable size. The
increase in yield due to confinement in this case is
smaller than in the case of the nitric oxide
dimerization, but this is largely due to the much
higher temperatures, and to the fact that the bulk phase
pressure is much larger and hence there is significant
conversion also in the bulk.

In Fig. 3 is shown the equilibrium yield of the
ammonia synthesis reaction in activated carbon slit
pores for different activated site densities [4]. The
active sites are modeled as carboxyl groups. The
results in Fig. 3 correspond to a bulk phase pressure of
100 bar and a pore width of 1.60 nm. The figure shows
that an increase in the density of active sites further
improves the ammonia yield, due to the favorable
electrostatic interactions between ammonia and the
carboxyl groups.

We also considered the effect of pore heterogeneity
on the ammonia synthesis reaction [4], using the
realistic carbon model of Pikunic et al. [7]. The results
show a very small effect of the pore heterogeneity on
the ammonia yield, probably due to the high
temperatures considered in the simulations.

2.3. Esterification of acetic acid and ethanol
The reactions considered in the previous section,

N, + 3H, <+ 2NH; and 2NO < (NO),, have two
important common features: (1) the number of moles

decreases upon reaction; and (2) there is an attractive
interaction between the reacting molecules and the
adsorbent, causing the adsorbed phase to have a
significantly higher density than the bulk phase. The
combination of these two factors naturally causes an
enhancement of the equilibrium yield, as the increased
density of the adsorbed phase displaces the equili-
brium to the side with a lower number of moles. It
would be interesting to consider now a reaction for
which this is not the case, i.e. where there is no change
in the number of moles upon reaction. In such a case
the most important factor is likely to be the difference
between the wall-fluid interactions among different
species in the reacting mixture.

The esterification reaction of acetic acid and
ethanol to produce ethyl acetate, CH3COOH + -
C,HsOH < C,Hs00CCH; + H,O, is a common
industrial process in the synthesis of organic solvents.
There is experimental evidence [16] that when this
reaction is carried out in porous materials, the
selectivity towards ethyl acetate depends on the
adsorbent used. Therefore, it is likely that the fluid-
wall interactions play a role in determining the
equilibrium yield for this reaction in pores.

The equilibrium yield of the esterification reaction
in both smooth slit pores and activated carbon slit
pores, as obtained from RxMC simulations, is shown
in Fig. 4 [5]. The results correspond to a temperature
of 523.15 K and a bulk phase pressure of 1 bar. The
activated site density for the activated carbon results is
1.82 sites/nm”. In the figure the bulk equilibrium yield
is shown for comparison.
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Fig. 4. Effect of confinement on the esterification reaction [5]. The
results correspond to a temperature of 523.15 K and a bulk phase
pressure of 1 bar. The concentration of active sites in the activated
pore is 1.82 sites/nm”. H represents the pore width.

The results in Fig. 4 show that there is a significant
enhancement of the equilibrium yield for the confined
fluid, as the mole fraction of the ester is more than
doubled in the pore phase. This difference was shown
[5] to be due to the selective adsorption of the ester,
which has a more favorable fluid—wall interaction than
the other components in the mixture.

In Fig. 4, it can also be seen that the addition of
active sites has a relatively small impact on the
equilibrium yield, except for the smallest pore, where
it significantly inhibits the reaction. In the simulations
no correlation was found between the positions of the
active sites and the ethyl acetate molecules, suggesting
that the main reason for this result is just a geometric
effect. The presence of the —-COOH groups actually
makes the effective pore size smaller, as it reduces the
space available for the other molecules. Thus, it is
reasonable that the equilibrium yield is slightly larger
for the activated carbon in the wider pores: the yield is
equivalent to that on a smaller unactivated pore. The
decrease in equilibrium yield for the activated carbon
in the smaller pore is likely due to the fact that the
carboxyl groups do not leave enough space for the
ethyl acetate to form, thus having now the opposite
effect.

2.4. Concluding remarks

The results in the previous sections illustrate two
important effects that can influence chemical reactions

within a porous material. The first two examples
illustrate how a change in the density of the pore
phase with respect to its bulk value can have a direct
impact on the equilibrium yield for reactions where
the number of moles changes upon reaction. In the
second example we considered a system for which
this is not the case, so that density effects are
unimportant, and we show that still there can be an
important change in the equilibrium yield due to
selective adsorption of one of the components in the
reacting mixture. All these results indicate that it is
possible to enhance (or inhibit) significantly a
particular reaction just by a proper choice of the
reactive medium.

There are, however, still important questions to
address. The results shown so far correspond to
thermodynamic equilibrium situations. From a prac-
tical point of view it is also important to consider the
kinetic aspects: even if the equilibrium yield is greatly
enhanced, it may take too long to reach the
equilibrium state. Therefore, the next logical step is
to consider the effect of confinement on chemical
reaction kinetics. This is the subject of the next
sections.

3. Effect of confinement on chemical Kinetics
and mechanism

The influence of confinement on rates is a much
more complicated problem, as the equilibrium state is
only a function of the properties of reactants and
products, whereas the rate depends on how the
reactants evolve to become the products. As for
chemical equilibrium, there are different ways in
which confinement can affect the rate of a reaction.
Besides the purely thermodynamic factors, confine-
ment can also influence the reaction rate by changing
the size of the activation energy barrier for the
reaction, or even completely changing the reaction
mechanism. Since there are many possibilities
depending on the nature of the reacting mixture and
the adsorbent, we have decided to first examine simple
cases where we can isolate the influence of one
different effect at a time. This allows us to judge the
relative impact of each effect in each given type of
reaction, and to build a picture that could be useful
later for the design of catalytic supports.
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In this section, we discuss some results on the effect
of confinement on the kinetics of three different
chemical reactions: the decomposition of hydrogen
iodide, the rotational isomerization of 1,3-butadiene,
and the unimolecular decomposition of formaldehyde.
The first example shows how the RxMC methodology
can be extended to estimate reaction rates in
confinement. The second example shows the impact
that the reduced dimensionality of a small pore can
have on chemical reactions requiring a three-dimen-
sional motion of a molecule. Finally, the third example
illustrates the catalytic effect of a carbon wall on a
reaction involving charge displacement.

3.1. Methods

The decomposition of hydrogen iodide,
2HI < H, + I, was studied in carbon slit pores and
nanotubes [17] using a combination of the RxMC
method and the transition state theory (TST) of Eyring
[2,18,19]. The reaction rate was estimated by
equilibrating a mixture of hydrogen iodide and the
transition state species for the reaction, (HI)%, with the
same structure as in the bulk reaction. Then the rate
constant was calculated from the expression:

kgT ct
kobs = — —— 3.1
obs A C12{1 ( )

where kg is Boltzmann’s constant, 4 is Planck’s con-
stant, T is the temperature, and ¢t and C%_H are the
equilibrium concentrations of the transition state and
hydrogen iodide. In practice, it was necessary to
introduce a bias to increase the probability of accept-
ing the “forward” reaction steps. The rate constant
was corrected afterwards to remove the effect of this
bias. Further details of the methodology can be found
in [9].

The methodology discussed for the decomposition
of hydrogen iodide, although efficient, involves the
assumption that the transition state structure is the
same in the pores and in the bulk. This assumption will
likely break down for pores of sizes comparable to the
molecular size, or for porous materials which can
interact strongly with the reactive mixture and
therefore alter the reaction mechanism. In order to
study these effects, we carried out ab initio calcula-
tions for the rotational isomerization of 1,3-butadiene
and the unimolecular decomposition of formaldehyde

in carbon slit pores. These calculations were done
using plane-wave density functional theory (DFT)
[2,20] with the Becke-Lee—Yang—Parr (BLYP)
exchange-correlation functional [2,21,22] and ultra-
soft pseudopotentials [23]. The results for the
isomerization of 1,3-butadiene were obtained with
the CPMD code [24], and the ones for formaldehyde
were obtained with the pwscf code [25]. The carbon
pores were represented by graphene walls containing
32 carbon atoms, in a hexagonal unit cell. The
structures of transition states in the isomerization of
1,3-butadiene were optimized using the rational
function optimization (RFO) method [26,27], and
the reaction pathways in the decomposition of
formaldehyde were obtained using the nudged elastic
band method (NEB) [28-30]. Further details of the
simulation methods can be found in [31].

3.2. Decomposition of hydrogen iodide

The reaction rate for the decomposition of bulk
hydrogen iodide at 573.15 and 594.55 K, as a function
of the initial HI concentration, is shown in Fig. 5. The
results obtained using the RxMC-TST methodology
outlined in the previous section are compared with
experimental results from [32]. Considering the
scattering of the experimental data, especially in the
region of low concentrations, the agreement between
our simulations and the experimental results is quite
good, thus validating the use of the RxMC-TST
methodology for this reaction.

The effect of confinement on the reaction rate for
the dissociation of hydrogen iodide, 2HI < H, + I, is
shown in Fig. 6. The simulations were carried out in
both slit pores and cabon nanotubes, with a
temperature of 573.15K and pressures up to
200 bar. It is clear from this figure that confinement
within small pores causes a large enhancement of the
reaction rate, with increases up to a factor of 47. Part
of this effect is due to the increased density of the pore
phase, which favors the formation of the transition
state species, as this leads to a decrease in the total
number of moles. Another factor that causes an
increase in the reaction rate is a more favorable fluid—
wall interaction between the (HI); transition state
species and the pore walls. Therefore, we see here a
combination of the factors we discussed in Sections
2.2 and 2.3.
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It is clear from the results in this section that a
reasonable picture of the effect of confinement on the
rate of a chemical reaction can be obtained by
considering the interactions of the activated complex
with the porous material. This picture, of course, will
not give good results for cases where the quasi-
equilibrium approximation of TST is not valid
(reactions with small barriers, at very low temperatures,
etc.). There is, however, another issue to consider: if the
fluid—wall interactions are strong enough to have an
effect on the intramolecular degrees of freedom, it is
possible that the transition state structure is different in
the confined system. Furthermore, the reaction
mechanism can be completely different. This kind of
problem will be considered in the following sections.
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Fig. 6. Effect of confinement in slit pore carbons (dashed lines) and
carbon nanotubes (solid lines) on the rate of dissociation of hydro-
gen iodide [9]. The results correspond to a temperature of 573.15 K.

3.3. Isomerization of 1,3-butadiene

The simplest kind of chemical reaction that can be
affected by geometrical constraints is an isomeriza-
tion. Since isomerizations often involve a three-
dimensional rearrangement of the atoms in the
molecule, the reduced dimensionality of the porous
space is likely to have an effect on the reaction energy
profile and, possibly, on the structure of the stable
states. The case of 1,3-butadiene is particularly
interesting because the structure of the high-energy
conformer is determined by an interplay between the
steric hindrance between the methylene end groups
and the stabilization due to bond conjugation in the
planar structures. This makes it likely that the
structure of this conformer will be affected by the
constrained geometry of the pore. The isomerization
of 1,3-butadiene in the bulk has also been extensively
studied both experimentally [33—38] and theoretically
[39-42], which allows us to validate our results.

Fig. 7 shows the potential energy for 1,3-butadiene
as a function of the dihedral angle between the four
carbon atoms, both in the bulk and in carbon slit pores
of widths ranging from 6.9 to 9 A [31]. The barrier for
the conversion from the s-frans (torsion angle = 180°)
to the s-gauche (torsion angle = 30°) in the bulk is
predicted by DFT-BLYP to be 7.5 kcal/mol, and the
torsion angle for the transition state is 100.4°. Results
from coupled-cluster CCSD(T) calculations [42] show
the barrier to be 6.3 kcal/mol and the transition state
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Fig. 7. Potential energy of 1,3-butadiene in the bulk and in carbon slit pores with widths ranging from 6.9 to 9 A [31]. Stationary points are

marked with squares.

torsion angle to be 100.7°. The disagreement between
the transition barriers obtained by the two methods can
be explained by the poor representation of conjugate
bond breaking given by the Becke functional [42,43].
A solution to this problem would be to repeat the
calculations with a higher-level method, but this
would make the computational cost for the pore
calculations far larger. The barrier for the automer-
ization of the s-gauche conformer is predicted by
DFT-BLYP to be 0.34 kcal/mol in the bulk, in
reasonably good agreement with the CCSD(T) value
of 0.42 kcal/mol from [42].

For pore sizes greater than ~10 A(roughly three
times the size of the molecule), the energy profile is
esentially the same as that in the bulk. Nevertheless, as
soon as the pore size goes below this value, the barrier
for the conversion of s-trans-1,3-butadiene to s-
gauche-1,3-butadiene increases fast, becoming ~1.85
times the bulk value at a pore size of 6.9 A.

Fig. 8 gives a more detailed view of the region of
small torsion angles, showing a more interesting
feature of the results. For pore sizes below 7.9 ;\, DFT-
BLYP predicts that the structure of the stable s-gauche
conformer drifts toward smaller values of the torsion
angle. Even though the potential energy valley
becomes shallower and wider, thus inducing a large
error in the value of the equilibrium torsion angle, it is
clear that the structure of the high-energy conformer is
being influenced by the steric hindrance imposed by
the pore walls. The energy barrier for the automeriza-
tion of the s-gauche conformer is also reduced
compared to the bulk value, with DFT-BLYP
predicting a barrier of less than 0.1 kcal/mol at the

6.9 A pore. This is another instance of the effect
discussed in the previous section: the transition state
for the s-gauche—s-gauche automerization is the s-cis
structure (torsion angle = 0°) which, being planar, fits
better in the narrow pores. This makes the automer-
ization more likely to happen at small pore widths.

3.4. Unimolecular decomposition of formaldehyde

The results shown in the previous section show how
the geometrical constraints imposed by the porous
material can affect a chemical reaction. The effect is
believed to be entirely due to confinement, since the
perfect graphene walls are extremely stable chemi-
cally and thus, are unlikely to have a catalytic effect on
the reaction. There is, however, evidence that the
presence of a graphene wall or a carbon nanotube
nearby can have a catalyic effect on reactions
involving a displacement of charge [44]. In this
section, we consider this possibility for the unim-
olecular decomposition of formaldehyde,
HCHO < H, + CO. In this reaction, there is a
displacement of charge along the C-O bond, which
can be helped by the high polarizability of the
graphene walls. The reaction is also a good candidate
to later study the effect of selective adsorption, as the
relative affinity of the components in the reactive
mixture to the walls is significantly different.

The reaction pathway for the decomposition of
formaldehyde in the bulk, as obtained from an NEB
calculation with five images, is shown in Fig. 9. The
energy barrier for the decomposition is found to be
80.3 kcal/mol, in excellent agreement with the
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experimental value of 79.2 £ 0.8 kcal/mol [45]. This
indicates that DFT-BLYP gives a good representation
of the energy landscape for this particular reaction.

The energy profile for the dissociation of for-
maldehyde close to a graphene wall, as obtained from
an NEB calculation with 11 images, is shown in
Fig. 10. The bulk energies are also indicated in the
figure as a reference. The energy barrier is reduced by
1.5 kcal/mol with respect to the bulk value, which
indicates that there is a catalytic effect from the
graphene sheet, but this effect is very small compared
to the size of the barrier. The products are also
stabilized by 3.8 kcal/mol with respect to the bulk
value, indicating that the effect on the equilibrium
distribution of reactants and products would be more
important for this reaction.
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3.5. Concluding remarks

Our results illustrate two ways that the dynamics of
a chemical reaction can be affected by a confining
material, even when strong catalytic effects (via
bonding with the surface) are absent. The first way is
the effect of geometrical constraints, which we see
partially in the dissociation of HI, and more clearly in
the isomerization of 1,3-butadiene. In both examples
we find that geometrical constraints are capable both
of enhancing and hindering a chemical reaction. In the
case of HI, the formation of the transition state
structure is favored by the reduction of the pore size,
and in the case of 1,3-butadiene, the automerization of
the s-gauche conformer is also helped by it. The
isomerization from s-trans to s-gauche-1,3-butadiene,
however, is hindered.

A second way in which a material can affect the
reaction dynamics (in absence of bonding with the
surface) is by interacting with the reacting mixture in a
way that favors the formation of an activated complex.
This is illustrated both in the dissociation of HI, where
the fluid—wall interaction of the transition state is more
favorable than that of hydrogen iodide, and in the
decomposition of formaldehyde, where the graphene
sheet helps the transference of charge along the C-O
bond. In this case, the effect on the reaction is similar
to that of a solvent, as pointed out by Halls and
Schlegel [44].

Both of the effects discussed above can actually be
summarized into one if we invoke the ideas of TST. In

80.3 kcal/mol

0’ CO+H,

Lo )
26.0 keal/mol *

Fig. 9. Energy profile for the unimolecular decomposition of formaldehyde in the bulk. Image 3 is the transition state.
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Fig. 10. Energy profile for the unimolecular decomposition of formaldehyde close to a graphene wall. Image 3 is the transition state. The bulk

values for the transition state and the products are marked in red.

both cases, the confining environment favors or
hinders the formation of the transition state either
through steric hindrance (as in the isomerization of
1,3-butadiene), or through favorable fluid—wall inter-
actions (as in the decomposition of formaldehyde), or
both (as in the dissociation of HI). This interpretation
is, of course, incomplete as TST is not applicable to all
reactions, and we are not accounting for the possibility
of strong catalytic effects. Therefore, there are still
questions to answer, e.g. what is the relative
importance of these factors for a reaction where the
surface acts as a ‘“‘true” catalyst? Also, the calcula-
tions shown for 1,3-butadiene and formaldehyde are
done in the Henry’s law limit, and so they do not
account for the influence of the local density on the
reaction rate. These points will be considered in the
next section.

4. Current research directions

As mentioned at the end of the previous section,
there are still some questions we need to address if we
want a complete picture of the effect of confinement
on chemical reactions. Some of the problems we are
currently working on include:

(1) The effect of confinement on conformational
changes of various small molecules. Our results

2)

for 1,3-butadiene are representative of situations
where a molecule rearranges around a conjugated
bond. We are currently studying the effect of
confinement on molecular rearrangements for
different bonding situations. In particular, we are
studying the torsional potentials of n-butane, 1-
butene, and 2-butene, in carbon slit-pores. Our
preliminary results for n-butane indicate a similar
effect of confinement: the barrier for the anti-
gauche transition increases rapidly for pore sizes
below 10 A, whereas, the barrier for the gauche—
gauche automerization decreases, and the gauche
conformer shifts to lower torsion angles. The
study of this effect for different molecules will
shed light on cases where steric hindrance from
the adsorbing material is important, and how it
could be used to enhance the reactions desired, as
well as hinder undesired ones.

The effect of defects on the surface of the
adsorbing material. We are currently studying the
dissociation of formaldehyde, as well as other
small molecules, over graphene surfaces with
different kinds of defects such as vacancies and
guest atoms or side chains. This kind of problem is
both interesting and challenging because the
reaction mechanism can be completely changed
with respect to the bulk case, and it is possible for
many different reaction pathways to appear. As an
example, a dissociation pathway for formalde-
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Fig. 11. An alternative pathway for the dissociation of formaldehyde over a graphene sheet with a single vacancy.

hyde over a vacancy in a graphene sheet is shown
in Fig. 11. In this pathway, the oxygen atom goes
through the hole in the graphene sheet, and the
carbon atom ends up occupying the vacancy site,
thus mending the sheet and leaving molecular
hydrogen and atomic oxygen as products on
different sides of the sheet. In order to study all the
possible dissociation pathways for such systems,
we are currently using the Laio—Parrinello
metadynamics method [46,47] in addition to
NEB.

The influence of the thermodynamic state of the
system (temperature and density) on the reaction
energy profile and the reaction rates. Although in
the case of the dissociation of HI we account for
the state of the system in the simulations, the
model does not allow for deviations from TST, or
for the influence of the local density on the
molecular degrees of freedom. We are currently
carrying out calculations using the Blue Moon
molecular dynamics method [2,48,49] with
reactive potentials fitted using the reaction path
Hamiltonian approach [50] to obtain reaction rates
for various reactions at different thermodynamic
conditions, in order to address this problem.

3)
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