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Abstract Chemical reactions are often carried out in nano-
structured materials, which can enhance reactions due to
their large specific surface area, their interactions with the
reacting mixture and confinement effects. In this work, we
present a systematic study of the effect that the geometrical
restrictions imposed by the pore walls can have on reactions
that involve a three dimensional rearrangement of the atoms
in a molecule. In particular, we consider the isomerization of
three 4-membered hydrocarbons—n-butane, 1-butene and
1,3-butadiene confined in carbon nanopores of slit geometry.
Our results illustrate the fact that, in the molecular sieving
limit, the reaction rates change as the double exponential of
the pore size (Santiso et al., in J. Chem. Phys., 2007a, sub-
mitted), and therefore the transition rates in nanopores can
be many orders of magnitude different from the correspond-
ing bulk values. These results can be used as a guideline for
the molecular-level design of improved catalytic materials.
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Abbreviations
A Frequency factor
A′ Scaled frequency factor, A′ ≡ A exp(−�E

‡∞/kBT )

a.u. Atomic unit (for length, 1 a.u. = 1 Bohr radius =
0.5291772108 Å)

Eov Energy due to the overlap of the electron clouds
k Rate constant
k∞ Rate constant for a reaction occurring in the bulk

phase
kB Boltzmann’s constant (1.3806503 × 10−23 J/K)
P Overlap energy parameter
P ′ Scaled overlap energy parameter, P ′ ≡ P/kBT

r Pore width
R2 Pearson’s correlation coefficient squared
T Absolute temperature (K)
�E‡ Activation energy barrier
�E

‡∞ Activation energy barrier for a reaction occurring in
the bulk phase

ρ Molecular size parameter

1 Introduction

Chemical reactions are often carried out in nano-structured
materials, which can enhance reaction rates and equilibrium
yields through many different effects. Some of these effects
include an increase in the contact area between the catalyst
and the reactive mixture, additional catalytic effects due to
interactions with the support, selective adsorption of the re-
actants and/or products, and geometric constraints, among
others. An understanding of the individual role of each one
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of these effects could be used to systematically design im-
proved catalytic materials that take advantage of all of them.
Experimental measurements, however, often reflect an inte-
gration over many of these effects, which makes it challeng-
ing to interpret the results. The difficulties and costs associ-
ated with a purely experimental approach make this problem
a good candidate for simulation studies.

Despite the multitude of particular effects that can influ-
ence chemical reactions in confinement, they are ultimately
a consequence of one or more of three factors: (1) The ef-
fect of the shape of the confining material and/or the re-
duced dimensionality of the porous space, which we term
the “shape-catalytic” effect; (2) Physical interactions with
the confining material, e.g. electrostatic and dispersion in-
teractions; and (3) Chemical interactions, i.e. interactions
that involve electron rearrangement and/or the formation of
chemical bonds with the confining material. The latter ef-
fect is the one most often studied, as it has the most patent
influence on reaction rates. The other two effects, however,
can have a significant impact on the rates and equilibrium
yields of many chemical reactions, as discussed in several
recent experimental (Byl et al. 2003; Kaneko et al. 1989;
Imai et al. 1991) and theoretical (Lisal et al. 2006; Travis
and Searles 2006; Halls and Schlegel 2002; Santiso et al.
2005a, 2005b, 2006, 2007a, 2007b; Turner and Gubbins
2003; Turner et al. 2001a, 2001b, 2002) studies.

Our recent work has been focused on understanding the
relative impact of the different effects mentioned above
on reactions happening within graphitic carbon pores and
nanostructures (Santiso et al. 2005a, 2005b, 2006, 2007a,
2007b; Kostov et al. 2005). Our choice of carbon as the
confining material is due to several reasons: (1) A de-
tailed study of chemical reactions often requires the use of
ab initio methods, since reactions involve changes in the
electronic states of the atoms involved. Graphitic carbon
is a relatively simple material to model, which allows us
to explore different reactions and wider parameter spaces
without a huge computational expense; (2) Graphitic car-
bon can be shaped into many different structures (Dressel-
haus et al. 1995; Bandow et al. 2000; Berber et al. 2000;
Bandosz et al. 2003), which makes it a good candidate for
studies of the shape-catalytic effect; (3) The chemical reac-
tivity of a carbon support can be modified by the inclusion of
structural defects (Hashimoto et al. 2004; El-Barbary 2005;
Kostov et al. 2005), the addition of functional groups and/or
doping (Dresselhaus et al. 1995). This allows us to study
the influence of different types of chemical interactions in a
systematic way; and (4) Graphitic carbon has a large polar-
izability, which makes it suitable for the study of physical
interactions and their effect on chemical reactions.

In a recent paper (Santiso et al. 2007a) we considered
the effect of the shape and size of the confining material
on the potential energy barriers of three 4-membered hydro-
carbons: n-butane, 1-butene and 1,3-butadiene. We showed

that confinement within pores of sub-nanometer size has
a tremendous impact on the energy barriers for the iso-
merization reactions between the different stable molecular
conformations of these hydrocarbons. We also considered
the kinetics of the anti-gauche transition of n-butane us-
ing Transition State Theory (TST) (see, e.g. Simons 2003),
and showed that, in the molecular sieving limit, the rate of
this transition changes as the double exponential of the pore
size—with the rate changing over tens of orders of magni-
tude within a range of pore sizes of a couple of Angstroms.
If such an effect could be systematically exploited, it would
be possible to design much improved catalytic materials by
controlling the dimensions of the pores.

In this work we present a more detailed study of the iso-
merization kinetics of all three of the hydrocarbons men-
tioned above, and show that the double exponential effect
indeed appears in all the cases. We also discuss the applica-
bility of the double-exponential theory to general chemical
reactions.

2 Methods

The torsional energy profiles of n-butane, 1-butene and 1,3-
butadiene were obtained using plane-wave pseudopoten-
tial density functional theory (DFT) (Parr and Yang 1989;
Santiso and Gubbins 2004), using the Becke-Lee-Yang-
Parr (BLYP) exchange-correlation functional (Becke 1988;
Lee et al. 1988) and ultrasoft pseudopotentials (Vanderbilt
1990). The calculations were carried out using the CPMD
package (CPMD, Copyright IBM Corp 1990–2006, Copy-
right MPI für Festkörperforschung Stuttgart 1997–2001,
http://www.cpmd.org).

The torsional profiles were obtained by performing a set
of structural relaxations with the four carbon atoms con-
strained to different dihedral angles. Then we relaxed the
stable states, and optimized the transition state structures us-
ing the partitioned rational function optimization (P-RFO)
method (Banerjee et al. 1985; Billeter et al. 2003). For some
of the smaller pore sizes, we performed additional con-
strained optimizations around the transition state region in
order to obtain reliable estimates of the transition barrier.
This was necessary because, in the smaller pores, the de-
tailed structure of the carbon walls becomes important and
there are many local minima and saddle points depending on
the relative position of the molecule above the carbon lattice.
The calculations were carried out for a free molecule (to rep-
resent a bulk ideal gas), and molecules confined within pores
of decreasing physical pore widths down to 0.58 nm (our
original calculations were done in atomic units, with pore
sizes between 11 a.u. and 15 a.u. in steps of 1 a.u. Since the
atomic unit is not in widespread use in the adsorption litera-
ture, we report the pore widths in nm throughout the paper).
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The carbon walls were modeled as 32-atom graphene
sheets with the atoms constrained to their equilibrium lat-
tice positions, as found in a previous unit cell relaxation.
We examined the effect of the unit cell size and the struc-
tural constraints on the torsional potentials, and found that
the changes were negligible compared to the effect of con-
finement. We also considered the addition of an empirical
van der Waals correction to account for dispersion forces,
but did not find a significant effect—at the pore sizes con-
sidered, the steric (overlap) interaction is by far the domi-
nant effect. More details on the energetics are given in our
previous paper (Santiso et al. 2007a).

We also estimated the rate constant for the asymmet-
ric isomerization of all three hydrocarbons using Varia-
tional Transition State Theory (VTST) (see, e.g. Simons
2003). For this we ran phonon calculations at all the
different structures and calculated the molecular parti-
tion function of the free molecule (in the bulk calcula-
tions) or the confined molecule (in the pore calculations)
at the given geometry using the ParFuMS code (Partition
Functions of Molecules and Solids, E.E. Santiso, 2007,
http://gubbins.ncsu.edu/users/erik/parfums/; Reed and Gub-
bins 1973; Gray and Gubbins 1984). For the ‘activated’ (i.e.
nonequilibrium) conformations, we projected out the reac-
tive mode as obtained from the equation defining the tor-
sional constraint (Page and McIver 1988; González et al.
2004; Santiso and Gubbins, in preparation). The partition
function was then used to obtain the free energy as a func-
tion of temperature at all conformations and pore widths in
the ideal gas limit (in the bulk) or Henry’s law limit (in the
pores). We then splined the data at each temperature as a
function of the torsion angle, located the maximum of the
activation free energy barrier, and used it to calculate the
VTST rate constant.

3 Results and discussion

The full details of the energy profiles of n-butane, 1-butene,
and 1,3-butadiene have been given elsewhere (Santiso et al.
2007a, 2007b). Here we review only the results that are rel-
evant to this work. Table 1 lists the stable conformers found
in the bulk and within slit pores of widths ranging from
0.58 nm to 0.74 nm. The dihedral angle (in degrees) between
the four carbon atoms in the molecule is given in Table 1 be-
low its name. Figure 1 shows snapshots of the various mole-
cular conformations to aid in visualization.

For n-butane, the global minimum both in the bulk and
within the pores is an anti conformer, with the methyl end
groups pointing away from each other at 180◦. The geom-
etry of the high-energy conformer, however, changes with
decreasing pore width because the steric hindrance imposed
by the pore walls favors the planar conformations. Thus, the
gauche conformation at 65.0◦ is first changed to a more pla-
nar gauche conformation at 38.9◦ within the pore of width
0.74 nm, and below this pore width the syn conformer, at 0◦,
becomes stable.

For 1-butene, the global energy minimum in the bulk is a
skew conformer, with a C-C-C-C dihedral angle of 121.2◦.
As is the case with the gauche conformer of n-butane, this
non-planar conformation interacts strongly with the pore
walls and the torsion angle within the pore drifts toward
the planar anti conformation at 180◦ as pore size decreases.
The high-energy conformer in the bulk, with a syn geome-
try (0◦), actually becomes the energy minimum within the
pores, as it has a lower steric hindrance between the methyl
and methylene end groups than the distorted skew and anti
conformers.

The trends seen in 1,3-butadiene are similar to the ones
shown for n-butane: both in the bulk and within the pores

Table 1 Stable conformers of n-butane, 1-butene, and 1,3-butadiene in the bulk and within carbon slit pores. The C-C-C-C dihedral angle for each
conformer is given in parenthesis below its name

Molecule → n-Butane 1-Butene 1,3-Butadiene

Pore width ↓ Global High-energy Global High-energy Global High-energy

minimum conformer minimum conformer minimum conformer

Bulk (∞) anti gauche skew syn s-trans gauche

(180◦) (65.0◦) (121.2◦) (0◦) (180◦) (30.3◦)
0.74 nm anti gauche syn skew s-trans gauche

(180◦) (38.9◦) (0◦) (148.1◦) (180◦) (19.7◦)
0.69 nm anti syn syn skew s-trans s-cis

(180◦) (0◦) (0◦) (167.4◦) (180◦) (0◦)
0.64 nm anti syn syn anti s-trans s-cis

(180◦) (0◦) (0◦) (180◦) (180◦) (0◦)
0.58 nm anti syn syn anti s-trans s-cis

(180◦) (0◦) (0◦) (180◦) (180◦) (0◦)
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Fig. 1 Snapshots of the stable
conformers of n-butane,
1-butene, and 1,3-butadiene as
obtained from our DFT
calculations. The non-planar
conformations given correspond
to the bulk molecules

the global energy minimum corresponds to an s-trans con-
formation, with both methylene groups pointing away from
each other at 180◦. A gauche conformer, with a C-C-C-C
dihedral angle of 30.3◦, is the stable conformer in the bulk.
The lower torsion angle (as compared to n-butane) is due
to the additional energy penalty of breaking the conjugated
bond in 1,3-butadiene. As in the previous cases, the non-
planar gauche conformation interacts more strongly with the
pore walls: its torsion angle is first decreased to 19.7◦ in the
0.74 nm pore, and then the s-cis planar conformation, at 0◦,
becomes stable.

The reactions considered in this work are the asymmet-
ric conformational transitions, i.e. the transitions between
conformers of different geometries, as opposed to the au-
tomerization reactions between identical conformers (e.g.
the gauche → gauche automerization in bulk n-butane pass-
ing through a syn transition state). The latter are more suited
to direct molecular dynamics (MD) studies (Frenkel and
Smit 2002; Travis and Searles 2006; Brown and Clarke
1990a, 1990b), as their energy barriers, especially within
the pores, are low enough for reactive events to be seen
in such simulations (The asymmetric transition rates in the
bulk would be accessible to such an approach. Since the rate
constants decrease dramatically in the pore sizes considered
here we preferred, however, to be consistent and use Vari-
ational Transition State Theory also in the bulk. The error
introduced by this is certainly negligible compared to the
observed effect of confinement). In Table 2 we list the reac-
tions that we studied, and give the corresponding activation
energy barriers in the bulk and within the pores. We also
show the C-C-C-C dihedral angle (in degrees) correspond-
ing to the transition state structure in each case.

As shown in Table 2, the transition state for all the asym-
metric transitions considered is non-planar, and thus its en-
ergy is greatly increased with decreasing pore size due to the
steric hindrance imposed by the pore walls. This causes the
activation energy barriers to increase rapidly with decreas-
ing pore size, especially in the narrowest pores. As discussed
below, this has a very large impact on the kinetics of these
reactions.

Figure 2 shows three sets of Arrhenius plots for the rates
of all the isomerization reactions listed in Table 2, as ob-
tained from our VTST calculations. From these figures it is
evident that confinement has a dramatic impact on the reac-
tion rates—in all cases, the plots span more than 30 orders
of magnitude. As an example, the characteristic time (in-
verse of the rate constant) for the asymmetric isomerization
(anti → gauche/anti → syn) of n-butane at 300 K changes
from 64 ps in the bulk to 0.9 million years within the 0.58 nm
pore—a change of over 25 orders of magnitude. The depen-
dence of the rate on pore width is also quite extreme at the
smaller pore sizes—the characteristic time for the same re-
action within the 0.74 nm pore at 300 K is 8 ns, so the rate
changes by more than 23 orders of magnitude within a range
of pore sizes of only 0.16 nm.

Similar results are obtained for 1-butene, although the
more drastic changes happen at smaller pore sizes compared
to n-butane, reflecting the fact that 1-butene is a smaller
molecule. Nevertheless, the variation of the rate with pore
size is still quite extreme—for example, the characteristic
time for the asymmetric isomerization (syn → skew/syn
→ anti) changes from an estimated 2 ps in the bulk to
0.27 ns in the 0.74 nm-wide pore and to 430 years in the
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Table 2 Asymmetric reactions considered in this work and their corresponding activation barriers (�E‡ ) in the bulk and within carbon slit pores.
The C-C-C-C dihedral at the transition state conformation is given in parenthesis below the reaction

Molecule → n-Butane 1-Butene 1,3-Butadiene

Pore width ↓ Reaction �E‡ Reaction �E‡ Reaction �E‡

(TS angle) (kcal/mol) (kcal/mol) (kcal/mol)

Bulk (∞) anti→gauche 3.1 syn→skew 1.8 s-trans→gauche 7.5

(118.6◦) (54.4◦) (99.5◦)
0.74 nm anti→gauche 8.5 syn→skew 5.2 s-trans→gauche 9.5

(116.4◦) (81.8◦) (97.4◦)
0.69 nm anti→syn 14.6 syn→skew 10.0 s-trans→s-cis 13.1

(116.6◦) (85.3◦) (97.5◦)
0.64 nm anti→syn 25.1 syn→anti 17.9 s-trans→s-cis 18.7

(108.2◦) (93.6◦) (99.9◦)
0.58 nm anti→syn 38.5 syn→anti 30.5 s-trans→s-cis 29.5

(118.8◦) (102.5◦) (102.0◦)

(a) (b)

(c)

Fig. 2 Effect of confinement on the isomerization rates of n-butane (a), 1-butene (b), and 1,3-butadiene (c) as obtained from VTST calculations.
The lines labeled “Bulk” corresponds to the isolated molecule (ideal gas). The other lines correspond to isolated molecules confined in carbon slit
pores. The labels next to the lines indicate the corresponding pore widths



186 Adsorption (2008) 14: 181–188

0.58 nm-wide pore. The variation is still over more than 20
orders of magnitude.

Finally, the results for 1,3-butadiene follow the same
trends described above. Since this is the smallest molecule
considered, the larger part of the variation in the rates hap-
pens at smaller pore widths than for n-butane and 1-butene,
again reflecting that the important parameter is the molec-
ular size compared to the characteristic size of the confin-
ing material. We still see, however, extreme variations of
the rate with pore width, with the characteristic time for the
s-trans → gauche/s-trans → s-cis transition at 300 K vary-
ing from 17 ns in the bulk to over 12 years in the smallest
pore, a change of 16 orders of magnitude.

In our previous study of the asymmetric isomerization of
n-butane using TST (Santiso et al. 2007a), we offered a sim-
ple explanation for this extreme variation of the rates with
pore width, which we briefly reproduce here. The energy
Eov due to the overlap of the electron clouds of the confined
molecule and the pore walls can, as a first approximation,
be assumed to depend exponentially on the pore size r in
the molecular sieving (small r) limit (Santiso et al. 2007a;
Buckingham 1938):

Eov ≈ P exp(−r/ρ) (1)

In (1), the parameter P is a measure of the strength of the
overlap interaction, and ρ is a measure of the length scale at
which this interaction is relevant, which is directly related to
the molecular size. In all the reactions considered the start-
ing conformation is planar, whereas the transition state is
non-planar, and thus the strongest overlap interaction should
be the one with the transition state. If we neglect the overlap
energy of the reactant compared to the one of the transition
state, we obtain for the activation barriers:

�E‡ ≈ �E‡∞ + P exp(−r/ρ) (2)

In (2), �E‡ is the activation barrier within the pore, �E
‡∞

is the corresponding value in the bulk, and the parameters P

and ρ are those for the transition state species. We can now
invoke TST or assume an Arrhenius behavior for the iso-
merization kinetics—in either case the rate constant would
be predicted to depend exponentially on the activation bar-
rier, and therefore:

k = A exp

[
−�E

‡∞ + P exp(−r/ρ)

kBT

]

= A′ exp[−P ′ exp(−r/ρ)] (3)

The parameter A in (3) is a frequency factor, and we have
defined the new temperature-dependent parameters A′ ≡
A exp(−�E

‡∞/kBT ) and P ′ ≡ P/kBT . This simple the-
ory predicts that, when the overlap interaction is the most

important contribution, the transition rate changes as the ex-
ponential of the exponential (i.e. the double exponential) of
the pore size, which explains the extreme variations shown
in Fig. 2.

We can eliminate the parameter A′ by taking the bulk
system as a reference, and rewrite (3) as:

k∞
k

= exp[P ′ exp(−r/ρ)] ⇒ ln

(
ln

k∞
k

)
= lnP ′ − r

ρ
(4)

This predicts that a plot of ln[ln(k∞/k)] vs. pore size should
be approximately linear. In Fig. 3 we present such plots for
the three isomerization reactions at 300 K using the data
from Fig. 2. In all three cases the plot shows an approxi-
mately linear behavior, although the agreement is slightly
better for n-butane and 1-butene (R2 = 0.99) than it is for
1,3-butadiene (R2 = 0.97). In the latter case, the larger de-
viation from the linear behavior comes from the point at the
largest pore size (0.74 nm), where it is likely that the steric
hindrance from the pore walls is not the only important con-
tribution. Nevertheless, considering the simplicity of the the-
ory behind (4), the agreement seen in Fig. 3 is remarkably
good. We expect that such a dependence of kinetics on pore
size will be found for any system where the overlap interac-
tion dominates over other factors, and for which the Arrhe-
nius equation is an adequate representation of the variation
of the rate with the activation barrier. This includes most sys-
tems in which the characteristic dimensions of the confining
material are comparable to the molecular size.

4 Concluding remarks

The results presented in this work show that the isomeriza-
tion dynamics of n-butane, 1-butene and 1,3-butadiene are
dramatically affected by confinement in the molecular siev-
ing limit, i.e. when the pore size of the confining mater-
ial becomes comparable to the molecular size. In spite of
the differences in the bonding structure of the three mole-
cules considered, they all show the same behavior within
the smallest pores—their torsional potentials shift to an anti-
syn (or cis-trans) form, and the isomerization rates vary by
many orders of magnitude in a very narrow range of pore
sizes. Our results are consistent with a double exponential
dependence of the reaction rate with pore width, indepen-
dently of the details of the confined molecule. We expect
this type of behavior to be seen in most systems where the
overlap interaction with the pore walls is the dominant inter-
action, i.e. for sufficiently small pore sizes. If this is indeed
the case, this shape-catalytic effect could be used to design
much improved catalytic supports using flexible materials
such as graphitic carbon.
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(a) (b)

(c)

Fig. 3 The double exponential effect: plots of ln[ln(k∞/k)] vs. pore width at 300 K for n-butane (a), 1-butene (b), and 1,3-butadiene (c) using
the data from Fig. 2. The black circles correspond to our calculation results, and the lines are linear fits to the data. See discussion in the text
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