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Abstract

Zeolites are a class of crystalline nanoporous materials that are widely used as catalysts,

sorbents, and ion-exchangers. Zeolites have revolutionized the petroleum industry and

have fueled the 20th-century automobile culture, by enabling numerous highly-efficient

transformations and separations in oil refineries. They are also posed to play an impor-

tant role in many processes of biomass conversion. One of the fundamental principles in

the field of zeolites involves the understanding and tuning of the selectivity for different

guest molecules that results from the wide variety of pore architectures. The primary

goal of my dissertation research is to gain such understanding via computer simulations

and eventually to reach the level of predictive modeling.

The dissertation starts with a brief introduction of the applications of zeolites and

computer modeling techniques useful for the study of zeolitic systems. Chapter 2 then

describes an effort to improve simulation efficiency, which is essential for many challeng-

ing adsorption systems. Chapter 3 studies a model system to demonstrate the applica-

bility and capability of the method used for the majority of this work, configurational-

bias Monte Carlo simulations in the Gibbs ensemble (CBMC-GE). After these method-

ological developments, Chapter 4 and 5 report a systematic parametrization of a new

transferable force field for all-silica zeolites, TraPPE-zeo, and a subsequent, relatively

ad-hoc extension to cation-exchanged aluminosilicates. The CBMC-GE method and

the TraPPE-zeo force field are then combined to investigate some complex adsorp-

tion systems, such as linear and branched C6–C9 alkanes in a hierarchical microp-

orous/mesoporous material (Chapter 6), the multi-component adsorption of aqueous

alcohol solutions (Chapter 7) and glucose solutions (Chapter 8). Finally, Chapter 9

describes an endeavor to screen a large number of zeolites with the purpose of find-

ing better materials for two energy-related applications, ethanol/water separation and

hydrocarbon iso-dewaxing.
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Chapter 1

Introduction

1.1 Zeolites: A Brief Account of Their Applications

Zeolites are crystalline aluminosilicates, with uniformly sized internal pores of molecular

dimensions (3–20 Å) [Breck, 1984]. The term was coined by Axel Fredrik Cronstedt in

1756 from two Greek words ζεω and λιθoς, meaning “to boil” and “stone” [Flanigen,

2001]. Academic interests and research efforts began in the 1930s with the pioneering

work of Barrer [1978], and surged in the 1950s when Union Carbide first commercialized

synthetic zeolites as sorbents, the catalytic attractiveness of zeolites was revealed, and

aluminophosphates and their derivatives were discovered. The study of zeolite-related

technologies has already evolved into a new branch of science.

Zeolites have a wide spectrum of uses, ranging from laundry detergent formulations,

water purification, to nutritional supplements, agriculture, and pet care, the largest use

by weight being the detergent market [Flanigen, 2001]. Zeolites have also found impor-

tant applications in petrochemical and biochemical industries, and the largest value mar-

ket for zeolites is as catalysts (∼55% in 1998) [Flanigen, 2001; Maesen, 2007]. Because

of their unique pore structures and the abundance of possible framework morphologies

(213 known structures in 2014 [Baerlocher and McCusker, 2013]) and compositional

variations, zeolites are ideal materials both for theoretical studies of confined environ-

ment and for practical applications in which they can be fine-tailored to meet specific

requirements. Entering the new millennium, the need for renewable energy and cleaner

alternatives for fossil fuels is ever more pressing, and the idea of biomass conversions

1
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holds promises for solutions to some of these problems. However, the properties of the

oxygenated biomass feedstock and platform chemicals (e.g., nonvolatile and thermally

sensitive) call for new routes different from those in the highly matured petrochemical

processes, such as low temperature separation versus traditional distillation. The abil-

ity of zeolite membranes/catalysts to selectively permeate/catalyze the desired products

while suppressing the others, as well as their thermal stability and the usually reversible

adsorption, lend them perfectly to the above areas.

1.2 Computer Modeling of Zeolitic Systems

To understand the behavior of complex physical systems using theoretical methods, one

usually has to rely on idealized models and construct either exact or approximate so-

lutions to the problem involving these models. Computer simulation offers a numerical

approach to such problems. It can be used to test theory or to assess the validity of the

underlying models by comparing to experiments [Allen and Tildesley, 1987]. It makes

use of the theory of statistical mechanics to bridge the gap between the microscopic

details of the model and observable properties of the system. Most current computa-

tional studies on zeolitic systems use molecular simulation with classical sampling of

phase space and molecular mechanics force fields (see reviews [Auerbach, 2000; Catlow

et al., 2004; Catlow, 1992; Demontis and Suffritti, 1997; Dubbeldam and Snurr, 2007;

Fuchs and Cheetham, 2001; Keil et al., 2000; Sholl, 2006; Smit and Maesen, 2008]),

while one of the earliest work directly evaluated the configurational integral with the

help of computers [Bezus et al., 1978]. Variations on the sampling scheme and the

description of Hamiltonian exist. In the study of systems involving the dynamics of

very light particles (e.g., protons) or lattice vibrations, path-integral sampling may be

employed [Allen and Tildesley, 1987]. Furthermore, the Car-Parrinello (also referred

to as ab initio or first principles) molecular dynamics method, which dispenses with

the reliance on experimental input regarding intermolecular interactions, is becoming

more and more popular due to the increase in computational power. This method is,

however, still extremely expensive in terms of both CPU time and memory requirement.

For this reason, researchers are limited to very small system sizes and zeolites with small

unit cells [Campana et al., 1994, 1995; Filippone et al., 1995; Haase and Sauer, 2000;
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Nusterer et al., 1996a,b; Shah et al., 1996a,b; Tuma and Sauer, 2005]. The two major

schemes for the classical sampling of phase space will be described next.

Molecular Dynamics (MD)

The basic assumption of MD is that an observable Aobs is obtained as the following

time average:

Aobs = 〈A 〉time = 〈A (Γ(t))〉 = lim
τ→∞

1

τ

∫ τ

0
A (Γ(t)) dt (1.1)

where Γ(t) = Γ(p(t), q(t)), in which p and q are the momenta and coordinates of all

particles, denotes a point at some time instant in the 6N -dimensional phase space of an

N particle system.

The evolution of Γ in phase space is dictated by equations of motion, with the

familiar Newtons’ equations of motion being most commonly used. By integrating these

equations numerically, the positions and momenta of all the particles in the system are

advanced with time, and relevant properties are accumulated as their time averages.

The computed average properties can also be viewed as ensemble averages in which the

number of particles N , the volume of the system V , the total energy E, and the total

linear momentum P are fixed, an ensemble very close to the microcanonical one. MD has

the advantage that it can be used to compute both structural and dynamical properties,

and can be applied to study non-equilibrium phenomena. Early studies using the MD

method computed the diffusivities of small, rigid molecules like water and methane in

zeolites via the Einstein relation [Leherte et al., 1988a; Ouden et al., 1989], and were

later extended to sorption and diffusion of hydrocarbons by June et al. [1992]. The

continuous improvement in computer hardware has made possible the calculations for

larger molecules, but as far as polar species are concerned, one often has to turn to

transition state theory (TST) and kinetic Monte Carlo for computing the diffusivities,

because the slower diffusion of these molecules necessitate a very long simulation time

even with today’s computing power [Auerbach, 2000; Demontis and Suffritti, 1997;

Dubbeldam and Snurr, 2007; Keil et al., 2000; Sholl, 2006; Smit and Maesen, 2008].
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1.3 Monte Carlo Methods

While MD shares a conceptual similarity to our physical experience, the Monte Carlo

(MC) method is purely based on the concept of a statistical mechanical ensemble. Gibbs

postulated that the time average in Equation (1.1) can be related to an ensemble average

[McQuarrie, 2000]:

Aobs = 〈A 〉ens = 〈A (Γ)|ρens(Γ)〉 =
∑
Γ

A (Γ)ρens(Γ) (1.2)

Depending on the ensemble one wants to investigate, ρens can be related to the corre-

sponding partition function. For example, in the canonical ensemble:

ρens =
1

QNV T

e−βU(qN )

N !Λ3N
(1.3)

where N is the number of particles, β = 1/kBT is the inverse temperature, U is the

potential energy of the system, and the (semi-classical) canonical partition function is

QNV T =
1

N !h3N

∫
e−βH (pN ,qN ) dpN dqN

=
1

N !h3N

∫
exp

{
−β

[
N∑
i=1

p2
i

2mi
+ U(qN )

]}
dpN dqN =

ZN
N !Λ3N

(1.4)

where h is the Planck constant, mi is the mass of particle i, and H is the system

Hamiltonian. The de Broglie thermal wavelength Λ and the configurational integral ZN

are defined as

Λ =

(
βh2

2πm

)1/2

and ZN =

∫
e−βU(qN ) dqN (1.5)

By virtue of the law of large numbers, the expectation value in Equation (1.2) can

be replaced by a simple arithmetic average:

Aobs = 〈A 〉ens =
1

M

M∑
i=1

A (Γ(i))ρens (1.6)

where M is the number of states generated randomly.

In fact, ρens(Γ) is very small for most points in the 3N -dimensional configurational

space (i.e. the energy is very high), so if one uses random sampling, then one will

be spending most of the time on the states that contribute very little to the average.
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According to importance sampling, one should instead try to generate a succession of

states according to the probability distribution (normally, ρopt is taken to be ρens and

several properties of the system are calculated sub-optimally but in a single simulation):

ρopt =
|A (Γ)ρens(Γ)|∑
Γ |A (Γ)ρens(Γ)|

(1.7)

However, the calculation of the normalization factor in Equation (1.7) is usually

as tantamount as the problem itself. It turns out that the Markov chain Monte Carlo

method provides an approach for sampling over the desired distribution without knowing

the normalization factor. The idea is that a new state is not generated independently,

but related to the immediately previous state, therefore constructing a Markov chain

during the simulation. The transition probability from state i to state j is given by the

stochastic matrix

Π = (πij) for which
∑
j

πij = 1 (1.8)

We want the Markov chain to have a limiting distribution ρ = lim
t→∞

ρ(0)Πt = ρopt or

ρens. Then the eigenvalue equation ρoptΠ = ρopt must be satisfied. A stronger (sufficient

but not necessary [Manousiouthakis and Deem, 1999]) condition is the “microscopic

reversibility” [Allen and Tildesley, 1987; Frenkel and Smit, 2002]:

ρiπij = ρjπji (1.9)

The first scheme for constructing such a transition matrix in the canonical ensemble

was given by Metropolis et al. [1953], known as the asymmetrical solution, and was later

generalized by Hastings [1970] to become a general procedure for developing schemes

for simulations in other ensembles or new MC moves. The prescription is first picking

any suitable (ergodic) transition matrix αij and attempting a trial move, then accepting

or rejecting the move by the formula:

acc(i→ j) = min

(
1,
ρjαji
ρiαij

)
(1.10)

It is apparent from the above discussion that special MC moves can be devised to

“pick out” the more important configurations, and the biases thus introduced can be

exactly corrected to ensure proper sampling. Indeed, the earliest studies of sorption in
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Figure 1.1: Schematics of a GCMC simulation, showing particle insertion/deletion as
exchanges with a reference phase. The reference phase is usually not explicitly simu-
lated.

zeolites using MC simulation often dealt with small molecules (up to ethane) at low load-

ing or even employing the zero-filling approximation [Leherte et al., 1988b; Yashonath

et al., 1988], but after the configurational-bias Monte Carlo method (see Section 1.3.2)

was developed, simulations of much longer chain molecules and denser systems became

possible, and (with more powerful computers available today) the calculation of com-

plete adsorption isotherms frequently appears in the literature [Fuchs and Cheetham,

2001; Smit and Maesen, 2008].

1.3.1 Monte Carlo in Different Ensembles

Grand Canonical Monte Carlo (GCMC)

In order to study loading as a function of pressure and temperature in adsorption

processes, a convenient and often used ensemble is the grand canonical ensemble, as

shown schematically in Figure 1.1, in which the chemical potential µ, volume V , and

temperature T are specified. Commonly, an equation of state is used to correlate µi

to pi, the partial pressure of a sorbate in a bulk reference phase. We can deduce the

limiting distribution for the GCMC method

ρµ,V,T =
1

Ξ

V N

N !Λ3N
eβµNe−βU(sN ) dsN (1.11)
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from its partition function

Ξ =
∞∑
N=0

V NeβµN

N !Λ3N

∫
e−βU(sN ) dsN (1.12)

where the scaled coordinates, s, are used instead of q.

The chemical potentials appearing in the above equations contain both the ideal-

gas kinetic contribution and the excess part arising from potential energy (i.e., intra-

and inter-molecular interactions), and can be calculated as follows for an ideal gas of

molecules:

µ =

(
∂A

∂N

)
V,T

= − 1

β

(
∂ lnQNV T

∂N

)
V,T

(1.13)

Since

QNV T =
qN (T )V N

N !

{∫
exp

[
−βU intra(φ)

]
dφ

}N
(1.14)

we have

µ = − 1

β

(
∂
{
N ln q +N lnV −N lnN +N +N ln

∫
exp

[
−βU intra(φ)

]
dφ
}

∂N

)
V,T

= − 1

β

{
ln q + lnV − lnN + ln

∫
exp

[
−βU intra(φ)

]
dφ

}
=

1

β
ln
ρ

q
− 1

β
ln

∫
exp

[
−βU intra(φ)

]
dφ (1.15)

where A is the Helmholtz free energy, ρ = N/V is the number density, U intra(φ) is the

intramolecular energy for one molecule with its conformation characterized by internal

coordinates φ, and q(T ) =
∏
j J/Λ

3
j contains the Jacobian of the transformation from

Cartesian to internal coordinates and de Broglie thermal wavelength, with index j run-

ning over all atoms in a molecule. The contribution due to intramolecular interactions,

and in fact the entire expression, can be determined by simulating an isolated molecule

in vacuum.

A widely employed prescription for performing GCMC simulations is the one sug-

gested first by Filinov and Norman [1969], which makes use of three types of moves to

sample both the configurational part and the varying number of particles of the phase

space:
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• Particle displacement of a randomly selected particle with the normal Metropolis

acceptance rule

acc(s→ s′) = min
(
1, exp{−β[U(s′N )− U(sN )]}

)
(1.16)

• Particle creation at a random position in the simulation box with the acceptance

rule

acc(N → N+1) = min

(
1,

V

(N + 1)Λ3
exp{−β[U(s′N+1)− U(sN )− µ]}

)
(1.17)

• Deletion of a randomly selected particle with the acceptance rule

acc(N + 1→ N) = min

(
1,
NΛ3

V
exp{−β[U(s′N−1)− U(sN ) + µ]}

)
(1.18)

However, the GCMC approach cannot be conveniently applied to multi-component,

liquid phase adsorption, due to the difficulty of obtaining chemical potentials for the

molecular models being used. In such cases, the Gibbs ensemble Monte Carlo method

is often more useful.

Gibbs Ensemble Monte Carlo (GEMC)

Introduced by Panagiotopoulos [1987a], the GEMC method is an extremely valuable

technique for studying phase equilibria. As shown schematically in Figure 1.2, it uses

multiple simulation boxes that do not share explicit interfaces to represent the different

phases in equilibrium. Particles are allowed to transfer between these boxes via swap

moves that entail deleting a particle from one phase and inserting it into another. It

can be shown that the original GEMC formalism is equivalent to the canonical (NV T )

ensemble in the thermodynamic limit [Smit et al., 1989]. Compared to the canonical

ensemble, the two-phase version of NV T -Gibbs ensemble adds two additional degrees

of freedom, the distribution of particles and volumes over two sub-systems, which leads

to the following probability distribution:

ρN,V,T =
1

QG

1

Λ3N

V n1
1 (V − V1)N−n1 dV1

n1!(N − n1)!
e−β[U(s

n1
1 )+U(s

N−n1
2 )] dsn1

1 dsN−n1
2 (1.19)

=
1

QG

1

V Λ3N

V n1+1
1 (V − V1)N−n1+1 d ln

(
V1

V−V1

)
n1!(N − n1)!

e−β[U(s
n1
1 )+U(s

N−n1
2 )] dsn1

1 dsN−n1
2
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Figure 1.2: Schematics of a 3-box NV T -Gibbs simulation, showing particle translations
within sub-systems (top), volume exchange between solution and vapor phases (middle),
and particle transfers between two sub-systems.
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with the partition function

QG =

N∑
n1=0

1

Λ3Nn1!(N − n1)!

∫ V

0
dV1V

n1
1 (V − V1)N−n1

·
∫

dsn1
1 dsN−n1

2 e−β[U(s
n1
1 )+U(s

N−n1
2 )] (1.20)

where n1 and V1 are the number of particles and volume for one sub-system.

Three types of MC moves are used to sample from the above probability distribution:

• Particle displacements (translation, rotation, and conformational change) within a

sub-system, which thermalize the system to the desired T , of a randomly selected

particle with the conventional Metropolis acceptance rule (or modified appropri-

ately for biased moves)

acc(s→ s′) = min
(
1, exp{−β[U(s′N )− U(sN )]}

)
(1.21)

• Volume exchange between two sub-systems with its extent randomly selected from

ln[V1/(V −V1)], which equalizes the system mechanically so that the pressures for

the sub-volumes become equal on average, with the acceptance rule

acc(V1 → V ′1) = min

(
1,

(
V ′1
V1

)n1+1(V − V ′1
V − V1

)N−n1+1

exp{−β[U(s′N )− U(sN )]}

)
(1.22)

The choice of performing volume moves in logarithmic space has the advantage of

being less sensitive to the density [Frenkel and Smit, 2002].

• Particle transfer between two sub-systems, which leads to the equality of chemical

potentials, with the acceptance rule

acc(n1 → n1 + 1) = min

(
1,

n1(V − V1)

(N − n1 + 1)V1
exp{−β[U(s′N )− U(sN )]}

)
(1.23)

The GEMC method was later extended to also include an isobaric–isothermal (NpT )

version [Panagiotopoulos et al., 1988]. The technique is useful not only for the study

of vapor–liquid coexistence, but also for applications in liquid–liquid equilibria [Bai

and Siepmann, 2011; Brovchenko et al., 2003; Chen and Siepmann, 2006; Green et al.,

1994; Jedlovszky and Vallauri, 2005; van Leeuwen et al., 1991], vapor–liquid interfacial
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systems [Chen et al., 2002; Wick et al., 2002], solid–vapor equilibria [Chen et al., 2001b;

Zhao et al., 2005], adsorption in porous media [Bai and Siepmann, 2013; Bai et al.,

2012; McGrother and Gubbins, 1999; Muller et al., 1995; Panagiotopoulos, 1987b; Peng

et al., 2007; Zhao et al., 2009], and retention in chromatography [Rafferty et al., 2007,

2008].

1.3.2 Advanced Monte Carlo Algorithms

As explained earlier, the strengths of MC methods lie in the fact that the moves used

to sample the configurational phase space do not need to conform to physical pro-

cesses. These “alchemical” moves allow for overcoming large free energy barriers and

for bridging different time/length scales. One notable development in this regard is the

configurational-bias Monte Carlo (CBMC) technique [Siepmann, 1990; Siepmann and

Frenkel, 1992], originally developed to sample the conformational degrees of freedom for

polymers and later extended to molecules with branched [Martin and Siepmann, 1999]

or ring [Wick and Siepmann, 2000] structures and for phase equilibria [Laso et al., 1992;

Mooij et al., 1992]. In this technique, molecules are (re)grown atom by atom, based on

the scheme of Rosenbluth and Rosenbluth [1955]. When growing the i-th atom, a set

of k trial positions are generated subject to internal constraints (bond lengths, bend-

ing angles, and dihedral angles). The j-th choice, denoted by bond vector bj , is then

selected with a probability proportional to its Boltzmann weight:

pi(bj) = e−βui(bj)/w(i) where w(i) =
1

k

k∑
j=1

e−βui(bj) (1.24)

The bias introduced in this growing scheme can be removed exactly via a modified

acceptance rule:

acc(o→ n) = min (1,W (n)/W (o)) (1.25)

in which the Rosenbluth weight is defined as

W =

L∑
i=1

w(i) (1.26)

where L is the number of atoms in a molecule.

A trick to speed up the calculation of the Rosenbluth weight is to include only

interactions within a shorter cut-off distance, while the more expensive calculation of
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the full potential is done only once for the final configuration and appears as a correction

term in the acceptance rule. This so called “dual cut-off” CBMC (DC-CBMC) technique

has been shown for alkanes to be significantly faster without sacrificing acceptance rates

[Vlugt et al., 1998], because although the correction may not be small, it is similar for

most sites, and thus the short-range part is often sufficient to capture the main character

of the interactions, i.e. the repulsive wall and the potential well. A variety of factors

can affect the efficiency of CBMC simulations, which was not clearly understood. In

Chapter 2, a systematic study is presented in the context of calculating the vapor–liquid

coexistence data of water. Much higher efficiency is observed with optimized parameters

found in that study, and the general guidelines obtained has been beneficial to other

projects reported in this dissertation.

1.4 Molecular Models

1.4.1 Force Fields

Traditional molecular simulation does not involve the computation of the electronic wave

function or electron density. Instead, it uses molecular mechanics (MM) force fields that

model a molecule as connected interaction sites and provide analytical formula for the

potential energy as a function of the atomic positions. A molecule’s electronic energy is

usually decomposed into bonded and non-bonded parts. The bonded part includes bond

stretching and bond-angle bending, typically both governed by harmonic potentials, and

dihedral motions, governed by some type of cosine series. These intramolecular bonded

energy terms can be conveniently fitted to quantum mechanical (QM) calculations or

spectroscopic data, and are usually sufficiently accurate in the sense that commonly used

parametrization have little influence on the thermodynamic properties [Siepmann et al.,

1993a,b]. The non-bonded part is calculated for atoms belonging to different molecules

or in the same molecule but separated by, say, four or more bonds. It includes a repulsive

core resulting from the Pauli exclusion principle, first-order electrostatic interactions be-

tween two permanent multipoles, and an attractive tail due to Debye induction (between

permanent and induced multipoles) and London dispersion (between instantaneous and

induced multipoles). To avoid the expensive calculation of relative orientations (and

torques), most MM force fields simply treat the first-order electrostatic interactions
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using multi-site point charge model which assigns partial charges to (usually) atomic

sites. The values of partial charges can be either determined from electronic structure

calculations (ESC), fitted to reproduce the first few experimental multipole moments,

or fitted to condensed phase dielectric properties. Strictly speaking, the repulsion, in-

duction, and dispersion interactions are anisotropic and non-additive. In a multi-body

expansion

U = U1 + U2 + U3 + . . . =
∑
i

u1(ri) +
∑
i 6=j

u2(ri, rj) +
∑
i 6=j 6=k

u3(ri, rj , rk) + . . . (1.27)

the four-body term U4 and higher terms are small compared to U2 and U3. However,

the three-body term U3 is significant for condensed phases. Its leading term, triple-

dipole interactions of U3 [Axilrod and Teller, 1943], is estimated to be up to 10% of

the lattice energy of argon in its solid state [Doran and Zucker, 1971] (more for more

polarizable species), but due to the high computational cost for enumerating triplets,

U3 (and up) is rarely included in most force fields. Fortunately, the distance dependence

of the thermally averaged U3 term can be well represented by cr−6. Thus most MM

force fields use a pair-wise additive Lennard–Jones (LJ) 12-6 potentials

ULJ = 4εij

[(
σij
rij

)12

−
(
σij
rij

)6
]

(1.28)

where εij , σij , and rij denote LJ well depths, LJ size diameters, and pair separations,

respectively.

Usually, values for the ε and σ parameters are only given for the interactions between

two atoms of the same type, while the unlike interactions (cross terms) are obtained

through combining rules, such as the famous Lorentz–Berthelot (LB) rule [Berthelot,

1898; Lorentz, 1881]:

σij =
1

2
(σii + σjj) and εij =

√
εiiεjj (1.29)

In fact, the many-body contributions as well as necessary quantum corrections can

be factorized into the force field via its parametrization, resulting in an “effective”

potential [Allen and Tildesley, 1987].

Some of the common force fields [Levine, 2000] are AMBER [Cornell et al., 1995;

Weiner et al., 1984, 1986], CFF [Hwang et al., 1994; Maple et al., 1998], CHARMM
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[Brooks et al., 1983; Mackerell et al., 1995; MacKerell et al., 1998; Momany and Rone,

1992], DREIDING [Mayo et al., 1990], GROMOS [Daura et al., 1998], MM2–MM4

[Allinger, 1977; Allinger and Yan, 1993; Allinger et al., 1996; Nevins and Allinger, 1996;

Nevins et al., 1996a,b], MMFF94 [Halgren, 1996a,b,c,d; Halgren and Nachbar, 1996],

OPLS [Jorgensen and Tiradorives, 1988; Jorgensen et al., 1996; Pranata et al., 1991],

TraPPE [Tra, 2013; Bai et al., 2013b], Tripos [Clark et al., 1989], UFF [Rappe et al.,

1992]. Among them, TraPPE is a family of force fields, recently developed for accurate

calculation of fluid phase equilibria over a wide range of temperatures and pressures.

It has four versions, differing in their levels of sophistication. The first level (TraPPE-

CG, coarse grain), capable of handling very large system, represents an alkyl segment

(e.g. C3H6) as a single interaction site [Maerzke and Siepmann, 2011]. The second

level (TraPPE-UA, united atom) uses a pseudo atom to model a CHx group, resulting

in a computationally efficient yet accurate potential [Chen et al., 2001a; Cui et al.,

1998; Keasler et al., 2012; Ketko et al., 2008; Lubna et al., 2005; Maerzke et al., 2009;

Martin and Siepmann, 1998b, 1999; Stubbs et al., 2004; Wick et al., 2000, 2005; Zhang

and Siepmann, 2005, 2006; Zhao et al., 2005]. The third level (TraPPE-EH, explicit

hydrogen) treats explicitly all atoms including the hydrogen atoms in alkyl groups and

certain lone-pair electrons and bond-center sites [Chen and Siepmann, 1999; Potoff and

Siepmann, 2001; Rai and Siepmann, 2007, 2013; Rai et al., 2008; Zhang and Siepmann,

2010]. The fourth level (TraPPE-pol, polarizable) employs polarizable models that

can respond to changes in the environment, aiming at the highest transferability and

faithfully describing polar and hydrogen bonding systems [Chen et al., 2000]. The final

functional form of the force field is similar to other popular MM force fields and is the

following:

U =

charges∑
i<j

qiqj
4πε0rij

+

vdW-sites∑
i<j

4εij

[(
σij
rij

)12

−
(
σij
rij

)6
]

+
∑

molecules

[upol(qa, qb, rab) + ugpgs]

+
∑

bonds

kl
2

(l − leq)2 +
∑

angles

kθ
2

(θ − θeq)2 +
∑

torsions

utor(φ) (1.30)

where qi, l, θ, leq, θeq, and φ denote partial charges, bond lengths, bond angles and

their equilibrium values, and dihedral angles, respectively. The upol and ugpgs are the

polarization energy and the corresponding gas phase ground state energy. These two

terms are not included in the first three levels of the TraPPE force field, but rather
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Figure 1.3: Vapor-liquid coexistence
curves computed using TraPPE-UA
model. Experimental data and simulation
results are shown as lines and symbols,
respectively. Methanol (dashed lines and
squares), ethanol (solid lines and circles),
pentan-1-ol (dotted lines and diamonds),
octan-1-ol (dash-dotted lines and trian-
gles down), pentan-1,5-diol (dashed lines
and triangles up). Taken from Chen et al.
[2001a].

Figure 1.4: Adsorption isotherms for n-
heptane in MFI at T ≈ 343 K (black), car-
bon dioxide in MFI at T ≈ 305 K (cyan),
and ethanol in MFI at T ≈ 303 K (ma-
genta). Experimental data (see Chapter 4
for the full reference list) and simulation
data for the TraPPE force field are shown
as lines and symbols, respectively.

reflected there in the “effective” partial charges. Figure 1.3 illustrates the accuracy that

can be typically obtained with the TraPPE-UA model.

In the study of adsorption in zeolitic systems, apart from the sorbate-sorbate inter-

actions, one also needs a force field to describe the sorbate-sorbent interactions. There

are quite a few models reported in the literature. Most of them are based on the

assumption that, because silicon atoms have small polarizability and are shielded by

surrounding oxygen atoms, the potential they generate can be described through the

effective potential of oxygen atoms. This assumption leads to fewer parameters one

needs to fit. In addition, it turns out that even with only two parameters, a single

quantity such as the isosteric heat of adsorption, Henry’s law constant, or diffusivity, is

not sufficient to arrive at a unique set of parameters. Currently dedicated efforts aiming

at a universal force field chose to fit to the complete adsorption isotherms [Bai et al.,

2013b; Dubbeldam et al., 2004; Liu et al., 2008; Pascual et al., 2003, 2004]. Figure 1.4 is
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Figure 1.5: Radial distribution function of n-butane in silicalite at 300 K. CHx–O refers
to any atom of butane with any lattice oxygen atom. Taken from Macedonia and Maginn
[1999]

an example of the accuracy of the recently developed TraPPE-zeo force field [Bai et al.,

2013b]. Compared to the other force fields for zeolites, it has the major advantage of

using the LB combining rules and being applicable to all types of molecules (non-polar,

quadrupolar, polar and hydrogen-bonding).

1.4.2 Tail Corrections and Their Applicability in Crystalline Systems

Tail corrections are used in simulations to correct for the LJ potential of interaction

sites separated by a certain cut-off distance, rcut, used to truncate the explicit energy

and force evaluations. Standard tail corrections for the potential energy, pressure, and

chemical potential are based on the assumption that the radial distribution function

(RDF), g(r), is constant and equal to unity beyond rcut [Allen and Tildesley, 1987]. For

example, the contribution to the potential energy is evaluated as

utail =
1

2

∫ ∞
rcut

4πr2ρg(r)u(r) dr ≈ 2πρ
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4ε
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(
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)3
]

(1.31)

where ρ is the average density of the species in the simulation box.
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The use of tail corrections in crystalline microporous materials has been questioned

due to their structural periodicity and microheterogeneous nature [Macedonia and Mag-

inn, 1999; Martin et al., 2001; Wilding and Schoen, 1999] (see Figure 1.5). This argument

has important practical implications for later studies in the field. Some researchers re-

fitted existing force fields to account for not using tail corrections [Dubbeldam et al.,

2004; Martin et al., 2001]. This would be essentially duplicative work considering the

tremendous effort already spent in the original development of the force field. Others

simply chose to ignore tail corrections and to use a truncated or truncated-and-shifted

potential [Macedonia and Maginn, 1999]. However, it has been shown that neglect-

ing tail corrections decreases the critical temperature of Lennard-Jonesium by about

20% (rcut = 2.5σ) [Smit, 1992]. This will obviously also alter the thermophysical state

of the model at other temperatures, and the quality of employed force field will be

compromised.

It should be noted that the technique of tail corrections is, in most cases, an approx-

imation. Its validity should not rely on that the RDFs are exactly equal to unity beyond

rcut, which they rarely are, but should depend on whether or not the technique can offer

a good approximation to the interaction energies if they were to be explicitly evaluated.

Since at large separations the RDFs oscillate around unity even in microporous solids,

it is anticipated that tail corrections can still capture most of the feature of the full

potential. In Figure 1.6, the adsorption isotherms of n-heptane in silicalite-1 are used

to investigate the effect of four different potential truncation schemes: (i) simple trun-

cation with a very large value of rcut, which was determined through a layer-by-layer

addition of unit cells of silicalite-1 around a central one until the contribution to energy

of adding a new layer is less than 0.01 K; (ii) truncated potential with tail corrections

and a regular choice of cut-off distance (rcut = 10 – 15 Å); (iii) simple truncation using

the same value for rcut; (iv) truncated and shifted potential with the same value of rcut.

Shifted or shifted-force potentials are used in most MD simulations to remove the dis-

continuities at rcut [Allen and Tildesley, 1987], but they deviate most from the original

force field that was developed with tail corrections. These four schemes are applied ei-

ther to both host–guest and guest–guest interactions, or to the guest–guest interactions

alone. Indeed, when it is applied to both interactions, adsorption isotherms computed

using scheme (ii) are statistically indistinguishable to those using scheme (i), which is
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Figure 1.6: Comparison of different potential truncation schemes on the adsorption
isotherms of n-heptane in silicalite-1. For the first four symbols, the denoted truncation
scheme is applied to both host–guest (described using the force field of Dubbeldam
et al. [2004]) and guest–guest (described using the TraPPE-UA force field [Martin and
Siepmann, 1998b]) interactions, and for the remaining four symbols, it is applied to
only the guest–guest interactions while the host–guest interactions are treated using
truncated-and-shifted potential with rcut = 12.0 Å.

considered the “correct” isotherm here. In contrast, the results using schemes (iii) or

(iv) are both shifted to higher pressures. The shifts are mostly due to the host–guest

interactions, as can be seen by comparing to the data obtained with either a large rcut

or tail corrections for only the guest–guest interactions. The four different schemes have

a much smaller influence on the computed isotherms when they are applied to only the

guest–guest interactions than when they are applied to both. Figure 1.7 provides an il-

lustration of the reasons behind the above observations. From scheme (i), the “correct”

host–guest RDF can be calculated. Evaluation of the first equality in Equation (1.31)

using this RDF or assuming g(r) = 1 give essentially identical interaction energies, while

assuming g(r) = 0 (i.e., simple truncation) represents a significant offset. In conclusion,
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Figure 1.7: Radial distribution function (g(r), black) and interaction energies evaluated
using the “correct” g(r) (red) and assuming it is either unity (magenta) or zero (blue).

it is not necessary to refit existing force fields, and using tail corrections for molecules

adsorbed in microporous solids works just fine as it does for isotropic fluids, which is

most certainly better than ignoring them.

1.4.3 Rigid Framework Assumption and Pre-Tabulation of Host-Guest

Interactions

A few very useful, simplifying assumptions have been adopted since the very early

work of Bezus et al. [1978], known as the Kiselev model. In this model, the host-guest

interactions are approximated as sum of pair interactions. Furthermore, since zeolites

are crystalline solids, it is assumed that the positions of framework atoms (O, Si, Al, and

in some cases, P and other elements) are fixed at their crystallographically determined

positions and remain unchanged upon adsorption or diffusion of guest molecules. It is

argued that the framework flexibility plays a somewhat more important role in diffusion

than in adsorption [Vlugt and Schenk, 2002], and for tight-fitting molecules than for

other ones [Clark and Snurr, 1999; Snurr et al., 1993], since the high (free) energy barrier

may be altered when the lattice is allowed to relax.
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For many adsorption systems, the rigid-framework assumption turns out to be quite

reasonable and rather useful, since one can then pre-tabulate the interaction potential

felt by an interaction site of a molecule on a grid, and use interpolation to obtain the val-

ues for the intermediate points during simulation. This speeds up the energy calculation

by a large factor (because the costly summation with all framework atoms is replaced

with a simple interpolation) that depends on system size and loading (the guest-guest in-

teractions cannot be tabulated). The tabulation of the LJ energy is straight forward, and

one can choose whatever truncation scheme is consistent with the treatment of guest-

guest interactions. However, relatively few researchers have studied systems involving

polar molecules, for which Coulomb interactions have to be tabulated. Coulomb inter-

actions are much longer ranged than LJ interactions, and cannot be simply truncated in

the condensed phase. There are multiple ways to handle the long-range Coulomb inter-

actions, including fast multipole methods [Greengard and Rokhlin, 1987; Schmidt and

Lee, 1991], particle mesh methods [Eastwood and Hockney, 1974; Hockney and East-

wood, 1988], Ewald summations [Ewald, 1921; Madelung, 1918] and related (smooth)

particle mesh Ewald methods [Darden et al., 1993; Essmann et al., 1995]. Among them,

the Ewald sum is particularly suitable for this task, since it is a lattice sum exactly com-

patible with the periodicity of the crystal structure of zeolites and the periodic boundary

condition (PBC) that is often employed. However, the original prescription of Ewald

sum cannot be applied directly to the host-guest energies for multi-site molecules with

partial charges, since the individual sites are not neutral. Although the algorithm may

seem to work, the underlying summation is no longer convergent, and the potential

would actually be augmented by the presence of net image charges. This question is

not clearly addressed in the literature up to date. Some researchers avoided it by using

a layer-by-layer addition procedure [Makrodimitris et al., 2001]. However, this resulted

in about 104 unit cells for each grid point (the total number of grid points is at least

in the order of (2rcut/dgrid)3 = (2 × 10/0.02)3 = 109). The application of the Ewald

sum approach actually needs only a little care not to replicate the test particle and

not to include self-correction terms. The Coulomb interactions felt by a test particle of
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positive unit charge is then given by

U =
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where ri0 is the vector from the test charge to the framework atom i. κ is usually

chosen to be large enough so the first summation in the second line can be restricted to

atoms within the real space cut-off. The second summation is handled in the reciprocal

space using Fourier transformation, but the k = 0 term is singular and simply omitted;

a physical interpretation that corresponds to using a tin-foil boundary condition. The

technique of Ewald summation enforces the conditionally convergent lattice sum to be

performed in a radially increasing sequence of spherical shells [Allen and Tildesley, 1987;

de Leeuw et al., 1980].



Chapter 2

Improving CBMC Efficiency for

Simulations in Open Ensembles

2.1 Particle Transfer Moves: Difficulties and Solutions

Open ensembles refer to ensembles where the number of particles can fluctuate, such

as the grand canonical and Gibbs ensembles. From the point of view of molecular

simulations, the feature that particle numbers can vary in response to other specified

thermodynamic variables is the essential ingredient for establishing chemical equilib-

ria. This can be achieved by coupling the primary system of interest with a reservoir

of particles, between which particles can transfer. In the so-called “grand canonical”

molecular dynamics method, the reservoir is simply a large bath of molecules surround-

ing the primary system, and particle transfers are realized via the natural evolution of

the combined system [Wang et al., 1993]. In the grand canonical ensemble Monte Carlo

method the reservoir is an ideal-gas phase that does not need to be simulated explic-

itly during the simulation, and in the Gibbs ensemble Monte Carlo (GEMC) method

separate phases exist that serve as each other’s reservoir. Particle transfers in Monte

Carlo (MC) methods are effected through special moves, often called swap moves, that

attempt to insert or delete molecules from the system. The reliance on particle swap

moves can become problematic at low reduced temperatures and for molecules with

[∗] A report on this research project has been submitted for publication [Bai and Siepmann, 2014].
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articulated architecture and/or highly directional interactions. In these cases, the ener-

getic penalty, due to the creation of a cavity during the deletion and the less favorable

interactions with surrounding molecules during the insertion, is sufficiently high to lead

to the rejection of most of the attempted swap moves, and the simulation can become

computationally prohibitive.

Many techniques have been proposed to alleviate the problem of swapping com-

plex molecules in GEMC simulations. One commonly used approach relies on identity

switch moves [de Pablo et al., 1992; Martin and Siepmann, 1997]. In this technique, swap

moves are performed only for the species with the smallest molecular volume or simplest

interactions, whereas identity switch moves are used to exchange molecules of two dif-

ferent types between two phases, thereby allowing for a multi-step transfer of the largest

molecules. That is, the swap and identity moves equilibrate the chemical potential of

a given compound and the chemical potential difference between two molecules types,

respectively. The identity switch approach is straightforward for mixtures [de Pablo

et al., 1992; Martin and Siepmann, 1997], but may require the introduction of a few

impurities of intermediate sizes in other cases [Bai and Siepmann, 2011; Chen et al.,

2002]. In extreme cases, where even the smallest molecules cannot be swapped eas-

ily, fictitious particles with only a (fixed) fraction of the full interactions are created

to further promote the swap/switch process [Rafferty et al., 2011]. Since the impurity

molecules are few in quantity, their presence is expected to have negligible influence on

the ensemble averages involving the remainder of the system.

Recently, Shi and Maginn [2008] developed a new type of MC moves, called continu-

ous fractional component Monte Carlo (CFC-MC), which shares some similarity to the

above identity switch moves. In the CFC-MC approach, a single fractional molecule (im-

purity) is always present, with a coupling parameter λ determining the strength of the

intermolecular interactions while always retaining the full intramolecular interactions.

λ is then varied to allow for molecule insertion (λ > 1) and deletion (λ < 0). When

a change in λ results in an insertion/deletion event, then a new fractional molecule is

selected at random.

Another possibly very useful technique to aid the swap acceptance probabilities,

Pacc, is by employing configurational-bias Monte Carlo (CBMC) strategies during the

swap moves [Laso et al., 1992; Mooij et al., 1992]. As described in Section 1.3.2, CBMC
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was originally designed to efficiently sample the conformational space of a chain molecule

[Depablo et al., 1993; Frenkel et al., 1992; Siepmann and Frenkel, 1992], and has been

extended to molecules with branched [Martin and Siepmann, 1999] and ring [Wick and

Siepmann, 2000] structures. CBMC uses a stepwise growth process that explores multi-

ple trial locations and a biased selection among these trial locations at every step. Thus,

CBMC is able to find with higher probability an energetically favorable configuration

during the insertion part of the swap move and also include additional contributions

arising from the regrowth of the deleted molecule. This biased growth procedure can

increase Pacc of swap moves for long, articulated chain molecules by many orders of

magnitude [Laso et al., 1992; Mooij et al., 1992; Siepmann et al., 1993b]. However,

CBMC increases complexity for the user because its efficiency depends on user-specified

input parameters: the numbering of the interaction sites (because it influences the order

in which these sites are grown) and the number of trial locations to be explored at each

step. For the case of alkanes, Martin and Siepmann [1999] have provided guidelines for

efficient growth procedures using coupled-decoupled CBMC.

To improve the efficiency of CBMC, Vlugt et al. [1998] proposed a dual-cutoff CBMC

(DC-CBMC) strategy. The idea of this is to divide the intermolecular potential into

two parts: a short-range part (including site–site interaction energies only for beads

separated by less than an inner cut-off, rcut-in) and a long-range part (the remainder of

the intermolecular potential). Only the short-range part is used for the biased selection

during the growth procedure, and hence the calculation of the biasing (or Rosenbluth)

weights requires less computational effort. The calculation of the full potential is then

needed only for the fully grown configuration and is used as a correction term in the

acceptance rule. For nonpolar molecules where the intermolecular interactions are solely

described by Lennard–Jones (LJ) potentials, Vlugt et al. [1998] showed that Pacc does

not decrease significantly as long as rcut-in is larger than the LJ diameter, σ. They also

observed that the optimal choice of rcut-in ≈ 1.3σ is almost constant over a wide range

of temperatures in GEMC simulations.

The situation is more complex for polar molecules where some of the sites interact

only via LJ potentials, others via Coulomb interactions of partial charges, and others

via both types of these interactions. For such molecules, the CBMC growth sequence

(controlled by the numbering of the interaction sites) plays a pivotal role for the CBMC
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acceptance rate and efficiency. In addition, the user can specify whether all types of

nonbonded interactions are included in the Rosenbluth weight or whether only LJ or

Coulomb interactions are considered.

2.1.1 Benchmark System: Vapor–Liquid Equilibria of Water

Water is ubiquitous in natural systems and utilized as solvent and reaction medium in

many engineering processes. The network of hydrogen bonds (H-bonds) in liquid water

also leads to unique challenges for molecular simulations because the H-bonds cause

a significant interpenetration of the electron clouds of separate molecules, i.e., for the

common water models [Berendsen et al., 1987; Jorgensen et al., 1983; Mahoney and

Jorgensen, 2000] using a single LJ site and multiple partial charges, the oxygen–oxygen

distances typical for a H-bond is about 10% shorter than the LJ diameter and the free

volume for the condensed phases is negligible.

In 1995, Shelley and Patey [1995] explored the use of CBMC for insertions/deletions

of water molecules in the grand canonical ensemble at near-ambient conditions, but the

focus was mostly on optimizing the ratio of insertion versus deletion moves and the

ratio of these moves relative to conventional translational and rotational moves. Very

low Pacc for CBMC particle transfers of water in GEMC simulations at temperatures

below 350 K were part of the motivation for Shi and Maginn [2008] to develop the

CFC-MC approach. However, the values of Pacc reported by Shi and Maginn [2008] are

about one order of magnitude smaller than those reported by Shelley and Patey [1995]

and usually observed in this group. Thus, this chapter presents a detailed investigation

of different CBMC protocols for particle transfers of water (numbering of sites, type of

interactions used for Rosenbluth weight, dual cut-off, number of trial sites, and use of

identity switch moves) while keeping the fraction of CBMC moves constant.

2.2 Simulation Details

Two of the most popular non-polarizable water models, namely the three-site SPC/E

model [Berendsen et al., 1987] and the four-site TIP4P model [Jorgensen et al., 1983],

were used for the assessment of CBMC protocols because the most efficient approach

may be different for models that either place both a charge and a LJ site at the oxygen
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position or use different locations for the charge site and the LJ site. For both models,

the internal structure is rigid. For simulations in open ensembles (or using special MC

moves) it is also important to specify a minimum site–site distance (rmin = 1.0 Å is used

here) to prevent the acceptance of moves yielding nonphysical configurations where a

hydrogen atom of one molecule approaches an oxygen atom of another molecule very

closely (the Coulombic interaction of the oppositely charged sites can approach infinity

whereas the LJ sites on the oxygen atoms are still separated by the O–H bond length).

The value for racc should be set small enough to have no impact on physical hydrogen

bonds but large enough to safely prevent any fusion of molecules.

The GEMC simulations [Panagiotopoulos, 1987a] were performed at three tempera-

tures, 283, 343 and 473 K, using 512 water molecules. The total simulation volume was

adjusted to ensure that the vapor phase had on average at least 20 molecules. Spherical

potential truncations, rcut = 10 Å and ≈ 40% of the box length, were used for the

liquid and vapor boxes, respectively. The Ewald summation technique with conver-

gence parameter κ = 3.2/rcut was used to treat the long-range Coulomb interactions,

and analytical tail corrections were added for the LJ interactions [Allen and Tildesley,

1987].

For each protocol, four independent runs were carried out and for each run the

equilibration period consisted of 40000 to 60000 MC cycles and the production period

of 50000 MC cycles (where each cycle consisted of N = 512 randomly selected MC

moves). Four types of MC moves were employed to sample the configurational part

of phase space: center-of-mass translations, rigid-body rotations, volume exchanges

between the two simulation boxes, and CBMC particle swap moves. The probabilities

for performing each type of moves were set to 40%, 40%, 0.04% and 19.96%, respectively.

The maximum displacements for translation, rotation, and volume moves were adjusted

throughout the equilibration period to yield acceptance rates near 50%. The simulations

were performed with the MCCCS-MN software [MCC, 2011] using Intel Xeon E5410

(2.33GHz) CPUs. To estimate the computer time used solely for CBMC particle swaps,

we used the average run time from the four independent simulations and subtracted the

average time for an equivalent run without CBMC particle swap moves (i.e., where the

number of trial sites to be explored is set to zero resulting in immediate rejection of the

move).
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To denote the various CBMC protocols explored here, we use the following notation

with the format “XYZn1st.nsub”:

• The first letter is the symbol for the atom to be inserted first during the CBMC

growth (“O” for oxygen, “H” for hydrogen).

• The second letter denotes the types of interactions included in the Rosenbluth

weight with “A” indicating that both LJ and Coulomb interactions are included

at each step, “L” indicating that Coulomb interactions are omitted for the first

bead (the oxygen site), and “N” indicating that Coulomb interactions were not

considered throughout the growth of all beads; relevant corrections for any ne-

glected interactions are included in the acceptance rule.

• The third letter indicates whether or not the dual-cutoff strategy was employed

(“T” for yes, “F” for no).

• The first number, n1st, is the number of trial sites for the first bead.

• The second number, nsub, is the number of trial sites (orientations) for subsequent

beads.

2.3 Results and Discussion

2.3.1 Validation of CBMC Protocols

In order to test that all the different protocols yield converged results and the correct

ensemble averages, we checked for spread and consistency of the ensemble averages

among the independent runs and simulation protocols and compared to literature data.

As an example of the former test, the saturated liquid densities from each protocol are

shown in Figure 2.1 and it is evident that the average liquid densities obtained using

the different protocols for a given model are in close agreement at any temperature.

Furthermore, the spread of the data from independent runs are quite small but differ

substantially between protocols (i.e., an indication of different sampling efficiencies).

Data for the vapor density, vapor pressure, and heat of vaporization were also checked

for spread and consistency.
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Figure 2.1: Comparison of the saturated liquid densities calculated using different
CBMC protocols numbered arbitrarily on the horizontal axis. The spread (largest and
smallest average values) obtained from four independent simulations for each CBMC
protocol is represented by the vertical bar. The red, magenta, and orange bars show
the data for the SPC/E model at T = 283, 343, and 473 K, respectively. The blue,
cyan, and purple bars shows the data for the TIP4P model at T = 283, 343, and 473
K, respectively.

A comparison of the average liquid and vapor densities and of the vapor pressures to

literature data [Boulougouris et al., 1998; Lisal et al., 2001] (using similar treatment of

the long-range interactions as in this work) is shown in Figure 2.2. The close agreement

with these literature data further validates that the CBMC protocols explored here yield

accurate coexistence data.

2.3.2 Effect of Insertion Sequence

Since CBMC involves a step-by-step growth of molecules a very important but often

overlooked user-specified control parameter is the numbering of the atoms (or interaction

sites) in a given molecule. As will be seen below, this is a pivotal control parameter

for many common water models and other molecules with polar hydrogen atoms that
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Figure 2.2: Comparison to literature data for the vapor–liquid coexistence properties of
water: (Top) Saturated liquid density as function of temperature, (middle) saturated
vapor density as function of temperature, (bottom) saturated vapor pressure as function
of inverse temperature. Simulation data for the SPC/E model obtained by Boulougouris
et al. [1998] and in this work are denoted by cyan squares and blue circles, respectively,
and for the TIP4P model obtained by Lisal et al. [2001] and in this work by magenta
diamonds and red triangles, respectively. Filled circles and triangles denote the average
values computed over all protocols, but the difference between the maximum and the
minimum values obtained for the different protocols is smaller than the symbol size.
The solid lines denote the experimental data [Lemmon et al.].

carry a partial charge but do not include a LJ term. For water, there are apparently

two distinctively different ways to number the interaction sites: the oxygen atom as the

first bead or one of the hydrogen atoms as the first bead. (For the TIP4P model, one

could also number the M-site as the first bead, but this would lead to similar behavior

as numbering a hydrogen atom first.)

In our coupled-decoupled CBMC implementation, numbering the oxygen atom as the

first bead results in a growth sequence where all other sites will be grown concomitantly

in the second step. In contrast, when a hydrogen atom is grown first, another control
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parameter can be used to decide whether to grow the remaining beads of this rigid

molecule together or in two steps (oxygen atom followed by the second hydrogen atom).

Here, the former was used.

In Table 2.1, the performance of these two insertion schemes for the SPC/E and

TIP4P models is compared using two indicators: the CBMC acceptance probability,

Pacc, and the CPU time per accepted CBMC move, tacc. It is clear from these data

that inserting a hydrogen atom first causes Pacc to decrease dramatically. When a large

number of trial sites is explored for the first CBMC step (n1st = 32), inserting the

oxygen atom first results in acceptance rates and efficiencies ((tacc)
−1) that are about

two orders of magnitude higher than does inserting the hydrogen atom first. A peculiar

trend for CBMC growth starting with the hydrogen atom is that decreasing n1st from

32 to 8 actually increases Pacc by about a factor of 10, which is at variance with regular

CBMC behavior where an increase in the number of trial sites results in an increase

of Pacc as observed here for oxygen-first schemes. This behavior can be understood

easily: the hydrogen sites in both water models are unprotected ions carrying a partial

charge but not a LJ site. In this case, the most favorable location will be one where the

hydrogen atom is placed very close to an oxygen atom (as much as allowed by the rmin

parameter), but this will result in an extremely unfavorable energy due to the LJ term

in the subsequent growth step and Pacc is very low. Using a larger value of n1st for the

hydrogen-first protocols increases the likelihood that the first bead finds a location that

is unacceptable for subsequent steps. Thus, it is clear that the oxygen-first protocols

need to be explored in the remainder of this work.

There are two other features worth noting about the data listed in Table 2.1. As

expected Pacc increases and tacc decreases with increasing temperature, i.e., the increased

structural disorder and smaller heat of vaporization at higher temperature reduce the

difficulties for particle swaps. The second feature is somewhat surprising, namely at

the same temperature and for the same n1st and nsub values, Pacc for the TIP4P model

is about a factor of two larger than for the SPC/E model (the effect in tacc is less

obvious because the 4-site TIP4P model requires more distance calculations than the

3-site SPC/E model). A reason for the difference in Pacc will be explored next.
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Table 2.1: Effect of insertion sequence on acceptance rate and efficiency

Model T [K] Protocol Pacc [%] tacc [sec]

SPC/E

283

HAF8.16 0.014 15
OAF8.16 0.058 4.0
HAF32.16 0.0025 180
OAF32.16 0.12 3.5

343

HAF8.16 0.084 2.7
OAF8.16 0.34 0.70
HAF32.16 0.010 35
OAF32.16 0.60 0.65

473

HAF8.16 0.78 0.36
OAF8.16 3.0 0.076
HAF32.16 0.095 4.5
OAF32.16 3.6 0.10

TIP4P

283

HAF8.16 0.028 12
OLF8.16 0.12 2.1

HAF32.16 0.0020 210
OLF32.16 0.23 1.7

343

HAF8.16 0.12 2.7
OLF8.16 0.66 0.42

HAF32.16 0.0095 36
OLF32.16 1.2 0.33

473

HAF8.16 0.95 0.22
OLF8.16 5.7 0.047

HAF32.16 0.056 5.8
OLF32.16 7.5 0.046

2.3.3 Effect of Interactions Included in Rosenbluth Weight

Following the same argument that it is better to avoid charged species when regrowing

molecules, one may suspect that Pacc can be improved when the Coulomb part of the

interactions of the first bead with the remainder of the system is not considered in the

selection of the trial site, but added as a correction term in the acceptance rule [Smit

et al., 1995]. This hypothesis is tested here only for the SPC/E water model (because

the oxygen atom of the TIP4P model does not carry a partial charge), using the three

options (“A”, “L”, and “N”) described in Section 2.2.
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Table 2.2: Effect of interaction type on acceptance rate and efficiency

T [K] Protocol Pacc [%] tacc [sec]

283
OAF16.4 0.048 3.9
OLF16.4 0.051 3.3
ONF16.4 0.027 5.5

343
OAF16.4 0.29 0.65
OLF16.4 0.29 0.55
ONF16.4 0.16 0.89

473
OAF16.4 2.4 0.073
OLF16.4 3.1 0.053
ONF16.4 1.8 0.073

Data for one specific combination for the number of trial sites are provided in Ta-

ble 2.2 (because results for other n1st.nsub combinations show similar trends). As can

be seen, the ONF protocol yields the lowest acceptance rates of the three; obviously,

completely ignoring the polar nature of water fails to guide CBMC towards more favor-

able conformations. However, for this specific n1st.nsub combination, Pacc for the ONF

protocol is only about a factor of 2 lower than for the best performing OLF protocol.

For the OLF and OAF protocols, the degree to which considering only the LJ contribu-

tion during the insertion of the first bead increases Pacc and decreases tacc depends on

temperature: at the two lower temperatures (T = 283 and 343 K), these two protocols

yield similar Pacc, while at T = 473 K, the OLF protocol yields a significantly higher

Pacc. The magnitude of the differences in Pacc are quite sensitive to the n1st parameter,

while being insensitive to different nsub values.

When considering the efficiency, however, the OLF protocol clearly performs better

at all three temperatures than the other two protocols. The differences in efficiency

increase with increasing n1st and decrease with increasing nsub. In contrast, the differ-

ences between the OAF and ONF protocols are reduced with increasing n1st; in fact,

the ONF protocol becomes more efficient for n1st = 128.

Even for the OLF protocol, a comparison between the data in Tables 2.1 and 2.2

shows that the TIP4P model allows for both higher acceptance rates and better effi-

ciency. In initial tests, the difference between TIP4P and SPC/E models was found to

be much more pronounced. The reason is that all three charged sites are grown together
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in the second growth step for the TIP4P model, i.e., the orientation is selected based on

the full charge distribution and none of the Coulomb interactions are excluded from the

Rosenbluth weights. In contrast, the second step for the SPC/E model involves only the

two positively charged hydrogen atoms. Thus, the data reported for the SPC/E model

in Table 2.2 and the remainder of this chapter reflect simulations for a “four-site” ver-

sion of the SPC/E model (the negatively charged M site is placed at the same position

as the oxygen site) because this variant yields significantly higher Pacc and lower tacc for

particle transfers than the regular three-site SPC/E model. The lower acceptance rates

observed for the four-site SPC/E model compared to the four-site TIP4P model are

likely due to differences in the vapor–liquid coexistence curves for these models (e.g.,

see Figure 2.2), where the same absolute temperature corresponds to an about 10%

lower reduced temperature for the SPC/E model.

2.3.4 Effect of Dual-Cutoff Strategy

The DC-CBMC technique was introduced to reduce the cost of calculating the Rosen-

bluth weight by considering only the short-range part of the nonbonded interactions

(within a smaller inner cut-off, rcut-in) [Vlugt et al., 1998]. DC-CBMC works well for

alkanes because the part of the interactions not included in the Rosenbluth weight is

similar for most trial sites and always favorable (negative interaction energy), albeit

not small in magnitude. Thus, DC-CBMC does not have a large detrimental effect on

the selection of trial sites during the growth. The situation is more complex for polar

molecules with Coulomb interactions of partial charges because these interactions are

of much longer range than the dispersive part of the LJ interactions and the Coulomb

interactions can be attractive or repulsive. On the other hand, use of DC-CBMC allows

one to move the expensive calculation of the reciprocal space contribution of the Ewald

summation to the correction term in the acceptance rule, i.e., this part of the computa-

tion has to be performed only once for the selected trial configuration and not multiple

times for all the trial sites considered in the CBMC growth.

In Figure 2.3, the performance of DC-CBMC is assessed for both water models using

OLT protocols with four combinations of n1st.nsub. At the two lower temperatures

(T = 283 and 343 K), values of Pacc show a small increase when rcut−in is increased

from 5 to 7 Å, but level off upon further increase of rcut−in. In contrast, at = 473
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Figure 2.3: Acceptance probabilities (left) and time per accepted move (right) for the
SPC/E and TIP4P models at T = 283 K (top), 343 K (middle), and 473 K (bottom)
as a function of rcut-in in DC-CBMC. The red circles, blue squares, magenta diamonds,
and cyan triangles denote OLT protocols with n1st.nsub combinations of 8.8, 8.32, 32.8,
and 32.32, respectively.

K, Pacc values continue to climb from rcut−in = 5 to 10 Å. The TIP4P model exhibits

more sensitivity to changes in rcut−in than the SPC/E model. More importantly, due

to the increase in the computational cost of using a larger value of rcut−in, the tacc

values are smallest for rcut−in = 5 Å for the SPC/E model and for rcut−in = 6 Å for the

TIP4P model at all three temperatures. These trends hold irrespective of the specific

combination of n1st.nsub. Compared to protocols without DC-CBMC (e.g., data in

Tables 2.1 and 2.2), the use of DC-CBMC strategies appears to yield rather substantial

gains in efficiency. As an aside, it is possible that use of Wolf’s method [Wolf et al.,

1999] to make Coulomb interactions “short-ranged” may be advantageous compared

to the straight truncation explored here for DC-CBMC. For the subsequent analysis

of the effect of the number of trial sites, the optimal value of rcut−in is used for each
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model/temperature combination.

2.3.5 Effect of Number of CBMC Trial Sites

As is evident from the data presented so far, the choice of an n1st.nsub combination (the

number of trial sites for the insertion of the first bead and the number of trial sites

(orientations) for subsequent beads) plays a large role on Pacc and tacc. Combinations

of seven values for n1st (4, 8, 16, 32, 64, 128, and 256) and four values for nsub (4, 8,

16, and 32) were tested using the OLT protocol for the two water models at all three

temperatures.

As one should expect, the values of Pacc depicted in Figure 2.4 generally increase

with increasing n1st and nsub because exploring more regions for the insertion of the

first bead and more orientations allows CBMC to find a favorable location/orientation

during the particle transfer. An exception to this general behavior occurs at the highest

temperature (T = 473 K) where n1st = 64 yields the highest value for Pacc for the

SPC/E and TIP4P models, and a slight decrease in Pacc is observed when n1st is further

increased. An explanation of this anomaly is not straightforward, but it may be caused

by a too large value of n1st being more detrimental during the transfer from liquid to

vapor phase than being beneficial for the transfer from the vapor to the liquid phase. As

can be seen from Figure 2.4, the spacing between the curves of different color remains

relatively constant, i.e., the relative increase in Pacc obtained when increasing nsub

appears to be insensitive to the value of n1st.

The values of tacc exhibit similar behavior for both water models and yield a pro-

nounced minimum at intermediate values of n1st. Concurrently, the tacc values for

nsub = 8 and 16 are mostly lower than those for nsub = 4 and 32. There is some cooper-

ativity between the n1st and nsub parameters and the optimum n1st.nsub combinations

at the two lower temperatures (T = 283 and 343 K) are 32.16 followed closely by 16.8,

whereas the 16.8 combination is slightly more efficient at T = 473 K. The cooperative

effect between n1st and nsub can be attributed to the rule that when additional effort

is spent to find a favorable location for the insertion of the first bead, then it pays to

also spent some extra effort in the search for favorable locations of subsequent beads.

The observation that the optimal combinations have a larger n1st value than nsub value,

implies that it is more challenging to find a location with sufficient free volume than to
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Figure 2.4: Acceptance probabilities (left) and time per accepted move (right) for the
SPC/E and TIP4P models at T = 283 K (top), 343 K (middle), and 473 K (bottom) as
a function of n1st. The red circles, blue squares, magenta diamonds, and cyan triangles
denote OLT protocols with nsub = 4, 8, 16, and 32, respectively.

find a suitable orientation for the water molecule.

2.3.6 Combining Swap and Identity Switch Moves

In this section, identity switch moves [de Pablo et al., 1992; Martin and Siepmann,

1997; Siepmann and Mcdonald, 1992] are explored in conjunction with swap moves, to

investigate whether and to what extent the introduction of smaller and more weakly

interacting species can aid in the acceptance probabilities of particle transfer events.

For this purpose, an impurity type is constructed to have the same intramolecular

part as regular molecules (i.e., here the same rigid water structure is kept), while the

intermolecular interactions are reduced to half their normal value (i.e., the LJ well

depth and partial charges of the impurity are set to 0.25 and 0.5 times their original
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values, respectively). Swap moves are performed only for impurities, while identity

switch moves transfer a regular molecule by converting it with an impurity. Since the

weakly interacting impurities strongly prefer the vapor phase, a biasing potential is

used to ensure its equal partition in the liquid phase [Chen et al., 2002]. The ratio of

the probabilities for performing identity switch and swap moves was adjusted during

equilibration to yield about an equal number of accepted moves for each type (while

keeping the sum of both probabilities still equal to 19.96%), resulting in a ratio of about

3/1. A somewhat equivalent approach would be to adjust the interaction strength for

the impurity molecules so that an equal number of swap and identity switch moves

can be used. To characterize the performance of this combined scheme, in addition to

the statistics recorded for the two move types, another counter, the number of effective

particle exchanges, is also kept track of, and its value is incremented only when the

number of regular water molecules changes by ±1.

Comparison of CBMC swap + identity switch scheme with swap-only scheme, both

using a n1st.nsub combination of 16.8, is shown in Table 2.3. The effect of reducing by half

the intermolecular interactions for the impurities is apparent: increases in acceptance

rates for swap moves are observed, ranging from a factor of about 5–6 for the highest

temperature to about 40–70 for the lowest temperature. Compared to the swapping of

the impurity molecules, the identity switch between impurity and regular molecules is

significantly more difficult, with its acceptance rates only about a third of the values

for swapping, although still much higher than the direct swapping of regular molecules.

Consequently, the number of effective particle transfer events is increased except at

473 K. The acceptance rate for the combined scheme, Peff , can then be defined as this

number divided by the sum of the numbers of all attempted swap moves and identity

switch moves, which is 1.3–6 times the values for swap-only scheme at the two lower

temperatures. In addition, not only does the use of identity switch moves enhances

the particle exchange probabilities, but it also reduces the computational cost, since

the identity switch moves do not consider multiple insertion sites and shared degrees of

freedom. This point is reflected in the time per effective transfer of regular molecules

(tacc) being reduced by more than the factor for the increase in the number of effective

transfers. The swap + switch scheme results in a time reduction of a factor of about

5 and 2 at 283 and 343 K, respectively, for the TIP4P model, and larger gains for the
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Table 2.3: Comparison of CBMC swap + identity switch scheme with swap-only scheme.
Columns 3 to 8 show results for the former scheme (where Nswitch ≈ Nswap is denoted
as Neither), and the last three columns for the latter scheme. See text for the definitions
of Peff and tacc for the combined scheme. The length of these simulations is 50,000 MC
cycles.

T Model Pswitch Pswap Neither Peff Neff tacc Pswap Nswap tacc

[K] [%] [%] [%] [s] [%] [s]

283
SPC/E 1.4 4.3 49000 0.36 18000 0.18 0.061 3100 1.8
TIP4P 1.8 5.4 62000 0.41 21000 0.18 0.14 6900 0.94

343
SPC/E 3.1 7.8 100000 0.73 37000 0.087 0.37 19000 0.30
TIP4P 3.9 9.4 130000 0.94 48000 0.080 0.72 37000 0.18

473
SPC/E 7.3 22 260000 2.2 110000 0.026 3.5 180000 0.032
TIP4P 6.8 24 250000 2.1 110000 0.029 4.6 240000 0.024

SPC/E model.

2.4 Conclusions

Based on the data discussed in the previous sections, it is clear that selection of suitable

CBMC parameters plays a pivotal role in controlling the efficiency of CBMC particle

transfers for Gibbs ensemble simulations. In Figure 2.5, the performance data obtained

in this work are summarized and compared to literature data. First of all, one must make

a clear distinction between the protocol that yields the highest Pacc for a given model

and temperature and the protocol that yields the optimal efficiency. This distinction

is often overlooked. The values of Pacc for the protocol yielding the highest Pacc show

a nearly exponential increase with increasing temperature. In contrast, the rate of the

increase in Pacc for the most efficient protocol decreases with increasing temperature.

At T = 283 K, the most efficient CBMC protocol gives Pacc for the SPC/E model

that is a factor of 4 smaller than that for the protocol with the highest Pacc; this ratio

decrease to about 2 at 473 K (the corresponding ratios for the TIP4P model are 3 and

2, respectively).

The recommendations from this work are to employ the following CBMC control

parameters for simulations of common non-polarizable water models: (i) the oxygen site

with its LJ interactions should be inserted in the first step of the CBMC growth; (ii)

the selection of the location of the first bead (and the corresponding Rosenbluth weight)
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Figure 2.5: Comparison of acceptance rates for different CBMC protocols and the CFC-
MC method as function of temperature. The blue circles and red triangles denote Pacc

values obtained in this work for the SPC/E and TIP4P models, respectively, using
different protocols where open and filled symbols represent the protocol with the highest
Pacc and the most efficient protocol (i.e., with the smallest tacc), respectively. The
cyan circles and magenta triangles denote Peff for the swap + identity switch scheme
for SPC/E and TIP4P models, respectively, where open and filled symbols represent
Pswitch and Peff , respectively. The black squares and the brown diamond denote Pacc

values obtained by Shi and Maginn [2008] for the SPC/Fc model with their CBMC
parameters and by Shelley and Patey [1995] for the SPC/E model using CBMC in the
grand canonical ensemble. The black stars denote Pλ values obtained by Shi and Maginn
[2008] for the CFC-MC method.

should not include the Coulomb interaction for models where the oxygen atom carries

both a LJ site and partial charge; (iii) dual-cutoff strategies with a rcut−in value of 5 or

6 Å should be used; (iv) the number of trial sites for the first bead should be somewhat

larger than that for subsequent beads, and (v) a n1st.nsub combination of 16.8 performs

very well for the temperature range investigated here.

In comparison to literature data using CBMC approaches for water, the data pre-

sented in Figure 2.5 indicate that much higher CBMC acceptance rates can be achieved

than previously reported. Compared to the findings of Shi and Maginn [2008], the

protocols described here yield values of Pacc that are higher by factors of about 3 and

10 for the protocol with optimized efficiency or with the highest Pacc, respectively. An
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advantage of the CFC-MC method by Shi and Maginn [2008] is the relative insensitivity

of the acceptance rate, Pλ, to changes in temperature. At temperatures below 400 K,

Pλ is larger than Pacc for the most efficient CBMC protocol. As determined by Shi and

Maginn [2008], however, Pλ may be inflated by repeated “barrier” crossings because if

the number of regular and fractional particles in phase A fluctuates around NA with

small oscillations (less than 1), then every crossing of the integer value NA is counted

as an accepted insertion/deletion, whereas a comparable measure to the CBMC Pacc

would only count a successful insertion/deletion when one of the neighboring integer

values would be reached. (Due to the flat histograms in the CFC-MC method, there

is essentially no barrier and changing the transition state to a fractional value of 0.5

would not remove the problem.) Another disadvantage of the CFC-MC method is that

the fractional particle is indeed an impurity introduced into the system, albeit it is not

likely to have any significant effect on the system properties when the total number

of molecules is large (i.e., the impurity concentration is small). In the CBMC swap +

identity switch scheme, the impurities can be introduced as smaller members of a ho-

mologous series and a single simulation can provide information on multiple species with

no additional effort [Bai and Siepmann, 2011; Chen et al., 2002; Rafferty et al., 2011].

At low reduced temperatures, the combined scheme results in a significant decrease of

the computational effort as measured by tacc. With a single impurity stage, Peff is sim-

ilar to Pacc for the more efficient swap-only protocols. However, Pswitch, which can be

viewed as an equivalent measure to Pλ, is much higher. Thus, in our opinion, CBMC

with optimized parameters remains a viable alternative for Gibbs ensemble simulations

of water and other polar species.

The conclusions reached here with regards to optimal CBMC parameters for the

SPC/E and TIP4P water models should also be applicable to other non-polarizable

water models and to other hydrogen-bond-donor molecules (e.g., alcohols) that are de-

scribed by a force field with a polar hydrogen atom that does not carry a LJ site (or other

potential with a repulsive part). For simulations of water or other hydrogen-bonding

species where the interactions are described by polarizable force fields or electronic

structure methods, the significant expense required for the optimization of the charge

distribution [Chen et al., 2000] or the very small cost for the CBMC pre-biasing before

the electronic structure optimization [McGrath et al., 2006] implies that larger values
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of n1st and nsub are needed to optimize overall efficiency of the particle transfer step.

Furthermore, the sensitivity of the CBMC performance to the insertion sequence and

to the insertion of partially charged beads leads one to envision a CBMC procedure for

molecules with multiple polar functionalities where neutral or near neutral groups of

atoms are added in a multi-bead growth step.



Chapter 3

Selective Adsorption from Dilute

Solutions to a Carbon Slit-Pore

3.1 Introduction

It is well known that molecules adsorbed in confined environment exhibit distinctive

thermodynamic properties compared to their bulk counterparts [Gelb et al., 1999]. In

theoretical studies of various phenomena involving molecules in contact with solid sur-

faces, such as adsorption, fluid structure under confinement, and boundary lubrication,

the planar slit pore is a commonly used geometry. It is constructed by placing two

planar solid surfaces parallel to each other but separated at a certain distance along

the surface normal that is usually taken as the z axis in a Cartesian coordinate system.

The substrates can either be perfectly smooth (i.e., the interaction energy with the

substrate does not depend on x and y coordinates) or include structural details. This

simplified pore morphology is very useful for the development of theoretical models, to

study general trends, or even to model certain real-world systems, such as the adsorp-

tion in activated carbons. The planar slit pore geometry has also been employed in a

large number of particle-based simulations.

Some of the earliest simulation studies of adsorption in a planar slit pore were re-

ported by Rowley et al. [1976a,b], who applied the grand canonical ensemble Monte

[∗] A report on this research project has been published [Bai and Siepmann, 2013].

42
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Carlo (GCMC) method to the adsorption of argon on graphite, and by Lane and Spurl-

ing [1976, 1979], who adopted the same methodology and calculated the adsorption

isotherm, surface pressure, and isosteric heat of adsorption of krypton on graphite,

and confirmed the oscillatory nature of the solvation forces with respect to the surface

separations. In these earlier studies, the interaction energy with the substrate was as-

sumed to depend only on the normal distance to the wall [Abraham, 1978; Steele, 1973].

Cushman and collaborators investigated the thermodynamic, structural, and dynami-

cal properties of liquids confined between atomistically rough surfaces [Diestler et al.,

1993; Rhykerd et al., 1987; Schoen et al., 1989]. Thompson and Robbins [1990] ap-

plied non-equilibrium molecular dynamics (MD) to probe stick-slip motion in boundary

lubrication.

In some of these earlier studies, the density of the confined fluid was fixed at a certain

value and the thermodynamic state (density or pressure) of the bulk reservoir outside

of the planar slit pore is not known. Similarly, an equation of state is used in many

GCMC simulations to relate the reservoir pressure and/or composition to the chemical

potentials of the constituents. This approach can result in inconsistencies because the

molecular models used in the simulations may not necessarily reproduce exactly the

properties of real materials and, hence, the GCMC simulation would not be at the

assumed state point. To overcome this limitation, one would have to conduct additional

simulations to compute the chemical potential for the given molecular model [Desbiens

et al., 2005a; Kristof et al., 2006; Xiong et al., 2011]. Since the use of fluctuating particle

numbers is problematic in molecular dynamics simulations, Wang et al. [1993] suggested

an approach where the slit pore is open to the sides and a (liquid) reservoir protrudes

from the pore. A related approach was later used by Gao et al. [1997], but it should

be noted that these reservoir approaches do not allow for direct control of the pressure,

i.e., it is usually equal to the saturation pressure.

A more general approach is the Gibbs ensemble Monte Carlo (GEMC) method

[Panagiotopoulos, 1987a; Panagiotopoulos et al., 1988], introduced in Section 1.3.1,

where a separate simulation box is used to explicitly sample the phase space trajectory of

the bulk reservoir and the reservoir pressure can be specified (and controlled via volume

moves on the bulk reservoir). Molecules are allowed to swap between the reservoir

and the slit pore, therefore ensuring phase equilibrium. Examples of the application of
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GEMC simulations for adsorption studies in slit pores can be found in References [Jiang

and Sandler, 2005; Okayama et al., 1995; Vega et al., 1996]. However, it should be noted

that for multi-component adsorption, only the overall composition can be specified a

priori in GEMC simulations and preferential adsorption results in (partial) depletion of

this component in the bulk reservoir [Rafferty et al., 2007; Zhang et al., 2006].

Monte Carlo simulations in open ensembles (GCMC or GEMC) can become compu-

tationally challenging when dealing with dense reservoir and adsorbed phases, such as in

studies of adsorption from a solution phase, because particle creation/annihilation moves

or particle transfer moves become exceedingly difficult for dense systems, especially true

at low reduced temperatures and/or when involving polar species (see Chapter 2). Sim-

ilarly, the time scale required in MD calculations to achieve sorption equilibrium from

dense solution phases is often prohibitively long [Melnikov et al., 2011]. The sampling

problems are compounded for dilute solutions where only a few solute molecules may

be found in the pore at equilibrium. To overcome the problem of inadequate sampling

for solute molecules at low concentrations, Billes et al. [2007] proposed the mean-force

MD method where a probe solute molecule is fixed at different positions in the slit pore,

equally spaced along the z direction, and the potential of mean-force is calculated and

related back to the number density of the solute molecule as function of z coordinate.

However, it is not clear how to apply this formalism to more complicated sorbent ma-

terials, such as micro- and meso-porous zeolites or metal organic frameworks where the

internal structures is not well described by a single coordinate. Furthermore, since only

a single molecule is tagged, the sampling of the composition distribution outside the

Henry’s law regime is not enhanced.

In this chapter, it is shown that configurational-bias Monte Carlo simulations in the

Gibbs ensemble (CBMC-GE) provide a more elegant and universal way to study the

adsorption from a solution phase because 1) this approach eliminates the need for an

equation of state and treats the adsorbed and solution phases in a consistent manner,

2) it can be applied to mixtures without assuming ideal solution behavior, and 3) the

adsorption properties of several solute molecules at infinite dilution can be obtained

from a single simulation. In the following sections, an investigation of the selective

adsorption of higher alkanes from methane using CBMC-GE and two different force

fields is described.
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3.2 Methodology

3.2.1 Molecular Models

For the majority of the work in this chapter, the alkane molecules are described by the

TraPPE–UA force field [Martin and Siepmann, 1998b, 1999]. This force field utilizes

pseudo atoms located at the carbon centers to model the methane molecule and the

methyl, methylene, and methine groups, and reduces the computational demands sig-

nificantly compared to all-atom models (see Section 1.4.1). To validate the CBMC-GE

approach against data obtained with the mean-force MD method [Billes et al., 2007],

a few test simulations used the CHARMM21 force field [199, 1990] with methane and

ethane represented by rigid five-site (all atom) and two-site (united atom) models, re-

spectively, where the parameters for the unlike interactions between the hydrogen and

carbon atoms of methane and the pseudo atoms of ethane were calculated using the

Slater-Kirkwood combining rules [Slater and Kirkwood, 1931].

The wall of the carbon slit pore was modeled by a Steele 9–3 potential [Steele,

1973] that is based on a substrate of infinite depth consisting of uniformly distributed

Lennard–Jones particles, for which the z dependent interaction energy is given by

Vsubstrate(zi) =
2

3
π ρC εCi σCi

3

[
2

15

(
σCi

zi

)9

−
(
σCi

zi

)3
]

(3.1)

where ρC, εCi, and σCi are the uniform number density of the substrate atoms (taken

to be 0.1103 Å3 for the carbon slit pore), the Lennard–Jones well depth and diameter,

respectively, for the interaction between substrate carbon atom and sorbate (pseudo)

atom i. Lorentz–Berthelot combining rules [Rigby et al., 1986] are used to determine

the parameters for alkane-wall interactions (and also for the other unlike interactions in

the TraPPE–UA force field). A spherical potential cutoff (without any potential shift)

at 14 Å was used for the Lennard–Jones interactions. Due to the non-periodic nature

of the slit pore, standard tail corrections were not applied in the present simulations.

3.2.2 Simulation Details

All CBMC-GE simulations used a three-box setup [Lopes and Tildesley, 1997; Rafferty

et al., 2007] representing the slit pore, the solution-phase reservoir, and a gas-phase
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transfer medium. The slit pore box is rectangular with a slit spacing (parallel to the z

axis) of 32 Å and a lateral dimension of 30 Å along both the x and y axes, and neither

volume nor shape fluctuations are allowed for this box. In contrast, both the solution-

and gas-phase boxes are cubic, and volume fluctuations are allowed. The CBMC-GE

simulations were carried out using a total of 1000 solvent and solute molecules. In all

cases, the solvent was methane and the temperature was set to 160 K.

Simulations were performed employing the NV T version of the Gibbs ensemble

[Panagiotopoulos, 1987a] for binary systems containing either ethane, propane, n-butane,

or 2-methylpropane as the solute species; and the resulting saturated vapor pressure,

psat, was close to 18 atm for all compositions. For the methane/ethane mixture, 8 over-

all concentrations were investigated with the number of ethane molecules set to 2, 4, 8,

12, 20, 28, 40, and 60. For the binary mixtures with the other compounds, only three

concentrations were considered with the number of solute molecules set to 2, 4, and 8.

In addition, dilute solutions containing all four solute types were studied for which the

numbers of solute molecules of each type were set to 1, 2, or 4 (i.e., the total number

of solute molecules being 4, 8, and 16). In addition, the NpT version of the Gibbs

ensemble [Panagiotopoulos et al., 1988] was employed to explore pressure effects for the

methane/ethane mixture with two ethane molecules and additional helium atoms to

maintain the gas-phase transfer box.

In order to ensure good sampling in open ensembles, a large number of successful

particle swap (transfer between phases) moves is required. Direct transfers of large

species between dense phases are plagued by very low acceptance rates. To overcome

this sampling bottleneck, three approaches are combined in this study. First, instead of

direct transfers between the solution-phase reservoir and the slit pore, the simulations

relied mostly on indirect particle transfers via the gas-phase box [Lopes and Tildesley,

1997]. Second, the acceptance rates for particle swap moves were greatly improved

through the use of CBMC strategies that insert a molecule in a stepwise manner and

explores multiple trial positions for each step [Laso et al., 1992; Martin and Siepmann,

1999; Mooij et al., 1992; Siepmann and Frenkel, 1992; Vlugt et al., 1998]. Third, In

addition to CBMC particle swap moves, CBMC particle identity switch moves between

two different molecules located either in the same or different phases [Martin and Siep-

mann, 1997] were also used. With this move type, methane molecules can be converted
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to ethane, ethane to propane, and so on using CBMC regrowth procedures. Thus, the

more difficult direct swap of more complex molecules is supplemented by a series of

gradual identity changes starting from methane. In this chapter, the numbers of trial

locations probed for the insertion/deletion of the first and of any subsequent sites were

set to 16 and 8, respectively, with the standard choices for bonded bending and dihedral

angle selections [Martin and Siepmann, 1999]. With these three approaches, the overall

sampling efficiencies were greatly improved. Using the vapor phase as a transfer medium

boosted the efficiency by factors of 2 – 4 over direct swap moves between liquid phases,

resulting in acceptance rates from 12% – 15% for ethane (including the simulations at

100 atm), to 3% – 4% for n-butane. The CBMC particle identity switch moves had

acceptance rates above 40% for the methane-to-ethane conversion to about 10% for the

propane to 2-methylpropane conversion.

For each composition, eight independent simulations were carried out from which

the statistical uncertainties were estimated. Each simulation consisted of about 80,000

and 150,000 Monte Carlo cycles for equilibration and production, respectively, where a

cycle consists of N = 1000 trial moves. The frequency of the different move types was

adjusted to yield about one accepted particle swap, identity switch, and volume moves

per cycle with the remainder distributed over rigid-body translations and rotations and

CBMC conformational changes.

3.2.3 Analysis Details

In the case of surface adsorption, the adsorption isotherm is usually expressed as the

relationship of the surface excess with the solute concentration in the bulk reservoir

phase. The surface excess of solute type i is defined as

Γi(n
∗
i ) =

1

2A

∫
V

[ni(r)− n∗i ] dr (3.2)

where A is the surface area and the factor 1/2 accounts for the two substrates present

in the slit pore. The integration is performed over the volume of the slit pore; ni(r)

and n∗i denote the local number density inside the slit pore at position r and the bulk

reservoir number density of solute i, respectively.

The Henry’s law constant, kH,i, is then simply the slope of the linear fit of Γi versus

n∗i over the low-concentration regime. In order to determine the upper bound of the
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linear regime, an analysis of the residuals was performed and all data points for propane,

n-butane, and 2-methylpropane and the first 6 data points for ethane were found to lie

within the Henry’s law regime; these were the data used in calculating kH,i. Since

the bulk solute densities and the surface excesses were both determined from ensemble

averages (i.e., contain statistical uncertainties), the method of York et al. [2004] was

used for the weighted linear fit and statistical uncertainties in both axes were included.

In order to quantify the selectivity of the carbon slit pore for the adsorption of

different alkanes, another useful parameter is the so called separation factor, between

solute i and methane defined as

αi =
xi/xmethane

yi/ymethane
(3.3)

where xi and yi are the mole fractions of component i in the slit pore and the bulk

reservoir phase, respectively.

Structural information for systems with planar interfaces can be obtained from den-

sity profiles and orientational order parameters profiles along the substrate normal. For

this analysis, the data from all eight independent runs and both substrate of the slit

pore were averaged (because the profiles were found to be symmetric about the central

plane at z = 16 Å). Deviations from uniform random orientations are often measured

by the orientational (bond) order parameter defined as [Hansen and McDonald, 2006]:

S =
3〈cos2 θ〉 − 1

2
(3.4)

where θ is the angle between the alkane’s head-to-tail vector (the C–C bond vector for

ethane) and the surface normal. Such a definition for parameter S takes on a value

of 1 if all the molecules are adsorbed perpendicular to the substrate, and a value of

−1/2 if all the molecules are aligned parallel to the substrate. A uniform orientational

distribution (or alignment with the magic angle) leads to S ≈ 0.

3.3 Results and Discussion

3.3.1 Comparison to Mean-Force Molecular Dynamics Data

For the purpose of validating the 3-box CBMC-GE set-up by comparison to the data ob-

tained using the mean-force MD method [Billes et al., 2007], simulations were performed
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Table 3.1: Henry’s law constants calculated from binary and multi-component mixtures

Solute kbinary
H [Å] kmulti

H [Å]

ethane 5.39± 0.08 5.44± 0.12
propane 11.7± 0.4 11.5± 0.4
n-butane 20.7± 1.9 21.0± 2.7

2-methylpropane 18.9± 2.5 18.8± 2.0

using the CHARMM21 force field (see Section 3.2.1). However, these simulations re-

sulted in very large density fluctuations in all three simulation boxes. Prompted by this,

conventional 2-box Gibbs ensemble simulations were carried out to obtain the vapor–

liquid coexistence curve for CHARMM21 methane. These simulations yielded estimates

for the critical temperature of 158± 2 K (without tail corrections) and 164± 2 K (with

tail corrections) compared to the experimental value of 190.6 K [Lemmon et al.] and

saturated liquid densities that are overestimated by about 15% and 8% at 120 and

140 K, respectively. Thus, the CHARMM21 force field is not suitable for accurate

predictions of the selective adsorption behavior with methane as the solvent and par-

ticularly troublesome at T = 160 K because of the proximity to the critical point. It

should be emphasized that although such inaccuracies of a force field are readily appar-

ent in CBMC-GE simulations, they would be somewhat masked in a GCMC simulation

using an empirical equation of state and hidden in a closed ensemble such as used for

the mean-force MD calculations.

To mimic the mean-force MD setup (i.e., constraining the concentration in the slit

pore box to 1 ethane and 399 methane molecules), we performed CBMC simulations

in the canonical ensemble where the sampling of the spatial distribution was enhanced

by methane/ethane intrabox identity switches [Siepmann and Mcdonald, 1992]. These

CBMC simulations yield an estimate for the Henry’s law adsorption constant of 17.2±
0.5 Å (based on four independent simulations) that agrees with the results from the

mean-force MD approach of 19.5 Å for the same concentration and of 17±4 Å averaged

over multiple concentrations [Billes et al., 2007].
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Figure 3.1: Adsorption isotherms represented by the surface excess as a function of the
solute number density in the bulk reservoir. Data for ethane, propane, butane, and
2-methylpropane are shown as red circles, blue squares, cyan diamonds, and magenta
up triangles, respectively. Results calculated from single-solute and mixed-solutes sim-
ulations are denoted by filled and open symbols. The datum for the ethane/methane
system at pext = 100 atm is shown as red down triangles. The inset shows the complete
range of ethane concentration studied in this work.

3.3.2 Adsorption Isotherms and Selectivities

The computed adsorption isotherms are illustrated in Figure 3.1 and the corresponding

Henry’s law constants are provided in Table 3.3.1. First, we note that kH approximately

doubles as the carbon number of the linear alkanes is increased, i.e., the incremental

free energy for a methylene segment (obtained from the chain-length dependence of the

Gibbs free energies of transfer) is nearly constant. Second, branching results in a lower

affinity (≈ 10% decrease in kH) towards the slit pore compared to the linear alkane with

the same number of carbon atoms. Third, an increase in the external pressure lowers

kH for ethane.

The excellent agreement (to within better than 2% for all solutes) between kH

obtained from single-solute simulations and from multiple-solute simulations clearly

demonstrates that it is possible to extract accurate information for multiple solutes
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Figure 3.2: Separation factors as a function of reservoir mole fraction. The symbols and
colors are the same as in Figure 3.1. The error bars show the standard errors of the
mean.

from a single set of GEMC simulations provided the systems are in the Henry’s law

regime. In addition, the relative standard errors of the mean for the Henry’s law con-

stants computed from the present GEMC simulations range from ≈ 2% for ethane to

≈ 12% for 2-methylpropane, i.e., much smaller than the uncertainty of ≈ 24% for ethane

achieved with the mean force MD method [Billes et al., 2007]. The relative uncertainties

increase with the complexity of the solute molecules because additional degrees of free-

dom have to be sampled and because the acceptance rates for direct particle transfers

and for identity switches decrease for the more complex molecules.

The values of αi are presented as function of yi in Figure 3.2. Within the composition

ranges considered here, the separation factors remain nearly constant with respect to the

reservoir concentrations for all alkanes, both in the Henry’s law region and also beyond

for ethane. This observation is not a surprise for the Henry’s law region, as adsorbed

molecules behave ideally and do not interact with each other. Beyond the Henry’s law

region, the extremely weak concentration dependence of αethane selectivity arises from a

delicate balance in the changes of the transfer free energies for the solute and solvent. As
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Figure 3.3: Separation factors as a function of carbon number. Data for the linear
alkanes and 2-methylpropane at psat, and ethane at 100 atm are shown as filled circles,
up triangles, and down triangles, respectively.

can be seen in Figure 3.3, the logarithm of the separation factor (averaged over the entire

concentration range for each solute) increases with linearly with the carbon number for

the n-alkanes, whereas chain branching and elevated pressure lead to a decrease of α.

3.3.3 Density and Orientational Profiles

The density profiles from the ethane/methane systems with 4 and 40 ethane molecules at

p = psat are presented in Figure 3.4. As was found in previous studies [Billes et al., 2007;

Gao et al., 1997; Wang et al., 1993], adsorbed alkane films form distinct layers inside

the slit pore with the layer spacing close to the minimum energy separation for these

molecules. The position of these layers match very closely for both concentrations. The

first peak exhibits a shoulder that arises from ethane molecules with somewhat tilted

orientations, whereas the main feature is due to molecules oriented nearly parallel to

the substrate (see below). The peak heights decay exponentially and the peaks become

broader, but it should be noted that the solute layering persists even in the center of

the slit pore. For both concentrations, the solute number density in the central region
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Figure 3.4: Solute density profiles as a function of substrate normal. Data for the
ethane/methane systems with 4 ethane molecules (densities are multiplied with a factor
of 10) and 40 ethane molecules are shown as solid and dashed lines, respectively. The
corresponding reservoir densities are denoted by dotted and dash-dotted lines, respec-
tively.

of the pore (12 Å< z < 20 Å) are significantly higher than the corresponding reservoir

concentrations for both compositions. This indicates that simulation approaches (e.g.,

the mean-force MD method) based on the assumption that the central region shows bulk-

like behavior may lead to erroneous estimates of sorption properties for relatively narrow

pores. It is also important to note that both the density profiles and the reservoir density

differ for the two compositions even after accounting for the ratio of ethane molecules.

That is, the high solute density for the system containing 40 ethane molecules leads

to an overall increase of the density for both the sorbed and reservoir phases. The

relative increase in the reservoir is slightly larger and this explain the departure from

the Henry’s law region (see Figure 3.1).

The solute density profiles for the low-concentration systems at p = psat and 100 atm

are compared in Figure 3.5. Neither the peak positions, relative peak heights, nor peak

width appear to be sensitive to the pressure change. However, the increase in the
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Figure 3.5: Solute density profiles (top) and orientational order parameter profiles (bot-
tom) as a functional of substrate normal. Data for the ethane/methane systems with
2 ethane molecules at p = psat and 100 atm are shown as cyan solid lines and magenta
circles, respectively. The corresponding reservoir densities are denoted by dotted cyan
and magenta lines, respectively.

reservoir density with increasing pressure is much larger than observed for the density

profile in the slit pore. This explain the decrease in Henry’s law constant and selectivity

with increasing pressure. As a minor point it should be noted that the solute density

in the central part of the slit pore is lower than the corresponding reservoir density at

the higher pressure.

The orientational order profiles for the low-concentration systems at p = psat and

100 atm are compared in Figure 3.5. In contrast to the density profiles, the S profiles

appear to be independent of pressure. The S profile starts with values close to −0.5

because the ethane molecules with the bond centers very near to the wall must be parallel

to the substrate, and the S value remains negative (preference for parallel alignment)

at the z value corresponding to the first peak in the density profile. However, the

shoulder in the density profiles coincides with positive S values, i.e., a preference for
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perpendicular alignment. The anti-phase behavior continues throughout the remainder

of the slit pore; that is, a peak in the density profile coincides with a preference for

parallel orientations (solute layering), whereas a valley in the density profile coincides

with a preference for perpendicular orientations (solutes trying to straddle two layers).

3.4 Conclusion

In this chapter, simulations in the Gibbs ensemble are used to investigate sorption equi-

libria involving a solution phase. Since the solution phase is explicitly treated in these

simulations, the requirement for an empirical equation of state or activity model for the

estimation of the chemical potential as needed for simulations in the grand canonical

ensemble is avoided. Compared to methods involving integration along a specific coordi-

nate (e.g., the mean-force MD approach), the Gibbs ensemble simulations can be readily

extended to more complex sorbent systems with arbitrary internal geometries and to

solution phases containing multiple solute species. The sampling efficiency of the Gibbs

ensemble simulations can be greatly improved through the use of configurational-bias

Monte Carlo approaches for the transfer of molecules and for identity exchanges.

Application of the CBMC-GE approach to sorption of alkanes into a carbon slit

pore from a methane solution indicates exponential increases of the Henry’s law con-

stant and sorption selectivity with the number of carbon atoms. For this adsorption

system, the Henry’s law regime covers a wide concentration regime and the separation

factors remain nearly constant even outside this regime. The features of the solute

density and orientational order profiles (i.e., pronounced layering with a preference for

parallel orientations in these layers) are not significantly affected by changes in solute

concentration and external pressure.



Chapter 4

Development of the TraPPE-zeo

Force Field for All-Silica Zeolites

4.1 Introduction

The principle advantage of zeolites as molecular-sieve catalysts and adsorbents lies in the

ability to fine tune their framework structures, chemical compositions, and exchanged

metal cations to meet specific catalysis or separation tasks [Breck, 1984; Flanigen, 2001].

The rational design and optimization of zeolite-based adsorptive separation processes

requires the ability to predict and understand the sorption characteristics of a given

sorbate-sorbent system, but the rich structural and chemical diversity of zeolites and

sorbate molecules makes this a challenging task for predictive modeling.

Molecular simulation offers a unique tool to probe sorption equilibria, in that it can

provide not only thermodynamic properties, but also information on the microscopic ori-

gins that give rise to these properties [Auerbach, 2000; Bezus et al., 1978; Catlow et al.,

2007; Demontis and Suffritti, 1997; Dubbeldam and Snurr, 2007; Fuchs and Cheetham,

2001; June et al., 1990; Keil et al., 2000; Sholl, 2006; Smit and Maesen, 2008; Smit and

Siepmann, 1994a]. A pivotal question for molecular simulation studies of specific chem-

ical systems concerns the accuracy of the predictions as compared to physical reality. In

this sense, the accuracy depends on the model set-up and the interaction potentials (viz.

[∗] A report on this research project has been published [Bai et al., 2013b].

56
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force field). A majority of the molecular simulation studies for adsorption in zeolites

published up to date has used the so-called Kiselev model [Bezus et al., 1978]: (i) atoms

in the host framework are fixed at their crystallographically determined positions; (ii)

the host-guest interactions can be approximated as sum of pair interactions between all

atoms; and (iii) since silicon atoms have small polarizability and are shielded by the

surrounding oxygen atoms, their effects can therefore be taken into account effectively

by considering only interactions with the oxygen atoms. The last assumption leads to

a greatly reduced parameter space for a force field describing guest-host interactions.

The Kiselev model has enjoyed a considerable degree of success. Early studies in-

clude those using the molecular dynamics method to compute the diffusivities of small,

rigid molecules like water and methane in zeolites via the Einstein relation [Leherte

et al., 1988a; Ouden et al., 1989], and those using the Monte Carlo method to calculate

the sorption of hydrocarbons [June et al., 1990; Smit and Siepmann, 1994a]. These and

later simulations employed mostly force fields that were developed to match one or a

few simple physical quantities such as Henry’s constants, isosteric heats of adsorption,

or diffusion coefficients. It is now clear that any one of these properties alone is not

sufficient to arrive at a unique set of parameters [Smit and Maesen, 2008]. Currently,

efforts aimed at a more transferable force field have chosen to fit to the complete ad-

sorption isotherms. Two popular force fields in this category for hydrocarbons include

the one by Pascual et al. [2003, 2004], and the one developed by Smit and coworkers

[Dubbeldam et al., 2004; Liu et al., 2008]. However, there is at present no transferable

and accurate force field for polar molecules in terms of Lennard–Jones (LJ) parameters

as well as partial charges.

In the force field of Pascual et al. [2003, 2004], the LJ parameters for the framework

oxygen atoms (σO and εO) were fitted to the adsorption isotherms of n-butane, where

the LJ parameters for the unlike sorbate-framework interactions are determined using

the Lorentz–Berthelot combining rules [Maitland et al., 1981]. Initially developed for

hydrocarbon adsorption, this force field has been extended to treat the water/silicalite-1

system with several different choices of partial charges (qO) being considered [Desbiens

et al., 2005a,b; Trzpit et al., 2007]. This force field predicts the diffusion of linear

alkanes in satisfactory agreement with experiments up to n-hexane [Leroy et al., 2004],
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but does not yield the step-shape isotherms of certain branched alkanes such as 2-

methylpropane [Pascual et al., 2003]. The LJ parameters for the sorbates are taken from

the anisotropic united atom model [Ungerer et al., 2000], but implementation of this

model with its off-atom interaction sites leads to some loss of computational efficiency

in Monte Carlo and molecular dynamics algorithms. The approach taken by Smit and

co-workers [Dubbeldam et al., 2004; Liu et al., 2008] is quite different. They fitted the

force fields with a focus on the steps and kinks in the adsorption isotherms of certain

alkanes because these were found to be very sensitive to the interaction parameters. In

their force field, however, the LJ parameters for any type of guest-host interaction are

individually determined and no combining rule is used. As a consequence, additional

parametrization is needed whenever a sorbate with a new atom type is encountered.

More importantly, a problem encountered for both of these force fields is that they

are not transferable to different types of polar and/or hydrogen-bonding molecules.

The first-order electrostatic interactions are usually described by partial charges acting

through Coulomb potentials. The value of the partial charge for the framework oxygen

atoms found in the literature vary from −0.6 to −1.025|e| [Desbiens et al., 2005a].

Castillo et al. [2009] reported very large sensitivity of computed adsorption isotherms

for water onto silicalite-1 on the value of the partial charges and the details of the

framework structure.

The development of a transferable force field for all-silica zeolites that can overcome

these issues is the focus of this chapter. A continuing effort of our research group

has been the development of the TraPPE force field, which now covers hydrocarbons,

alcohols, ethers, glycols, ketones, aldehydes, aromatics, and small molecules, such as

carbon dioxide [Tra, 2013; Bai et al., 2013b; Chen et al., 2001a; Martin and Siepmann,

1998b; Potoff and Siepmann, 2001; Rai and Siepmann, 2007, 2013; Stubbs et al., 2004].

The TraPPE family of force fields are parametrized against experimental vapor–liquid

coexistence data mostly for unary systems. Following the same philosophy, the strategy

for the development of the TraPPE force field for all-silica zeolites (TraPPE–zeo) is to

parametrize using experimental adsorption isotherms of a few carefully-selected systems.

The quality and transferability is then verified for these and other systems and for

different properties.
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4.2 Force Field Development

4.2.1 Selection of Experimental Data

What ultimately determines the quality of a force field is the representativeness and

uniqueness of the target data it is set out to match. Adsorption isotherms, chosen as

the target data for the TraPPE–zeo force field development, contain more information

than the Henry’s law constants, that are just the slopes of the low-pressure end of the

isotherms, or the isosteric heats of adsorption, (approximately) given by the temperature

dependence of Henry’s law constants [Ruthven, 1984]. The plateau value at the high-

pressure end of the isotherm corresponds to the saturation loading, and data in the

medium pressure range reflect a delicate interplay between enthalpic and entropic factors

on the adsorption. Unfortunately, adsorption isotherms measured by different groups

sometimes show significantly more scatter than the vapor–liquid coexistence data used

for the development of the TraPPE force field for organic compounds. The larger degree

of scatter is due to a combination of different synthesis methods and different pre-

treatment conditions resulting in zeolite frameworks of varying properties (e.g., fraction

of silanol defects and size of crystalline regions) and of different measurement techniques.

Therefore, a judicious selection of the experimental data is imperative for any meaningful

force field development.

The following points were pivotal in determining the training set for the TraPPE–

zeo force field. First, guest-host systems in which the zeolite matrix exhibits large

structural changes upon adsorption were avoided, such as the adsorption of xylenes onto

MFI-type (a three-letter code given by the International Zeolite Association to denote

a zeolite framework [Baerlocher and McCusker, 2013]) zeolites [van Koningsveld et al.,

1989], because the current stage in the development of the TraPPE–zeo force field is to

obtain an accurate description of the guest-host interactions. The inclusion of systems

where adsorbed molecules require a rearrangement of the channel/cage structure of

the framework would require a force field that can describe the host-host interactions

equally well; in particular, it should at least, in the case of the xylenes/MFI system,

reproduce both the orthorhombic and the monoclinic forms of MFI, as well as the

correct transition temperature between the two forms. To our knowledge, force fields

of such quality do not yet exist. Second, also to be avoided are guest-host systems for
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which there is a large variation between measurements from different sources, a typical

example being water adsorption in silicalite-1. The main difficulty for measuring water

adsorption onto hydrophobic zeolites is with the samples: it is very hard to synthesize

all-silica materials with a minimal number of defects, such as silanol groups, that can

act as strong adsorption sites. A priori it is impractical for us to pick out of the many

experimental isotherms the “correct” one. Third, it is preferable for the same guest-

host system to have experimental results from more than one research group that are

in reasonably good agreement because the average of these measurements can then be

taken as the target isotherm for the force field development.

Considering the available experimental isotherm data and the goal of the TraPPE–

zeo force field to work for a wide variety (with respect to size and polarity) of molecules,

our training set consisted of n-heptane [Eder, 1996; Sun et al., 1996], carbon dioxide

[Choudhary and Mayadevi, 1996; Dunne et al., 1996; Golden and Sircar, 1994; Sun

et al., 1998; Yamazaki et al., 1993], and ethanol [Dubinin et al., 1989; Oumi et al., 2002;

Sano et al., 1994] in silicalite-1, and propane in theta-1 [Hampson and Rees, 1994; Song

et al., 2007]. Silicalite-1 and theta-1 are the all-silica forms of framework types MFI and

TON, with the former possessing intersecting straight and zig-zag channels to form a 3-

dimensional structure and the latter exhibiting a 1-dimensional channel structure. The

experimental adsorption isotherms were not converted to absolute values [Myers and

Monson, 2002; Talu and Myers, 2001], due to the fact that all details concerning the

measurement technique, sample forms, and data processing are not always available.

However, for the computed adsorption isotherms, the largest difference (occurring at

the highest pressure/lowest temperature) between the absolute loading and the excess

loading would be less than 0.8 molecules per unit cell.

4.2.2 Molecular Models

A force field for simulating adsorption in nanoporous materials includes three parts:

host-host, guest-guest, and guest-host interactions. For the host-host part, a rigid

framework is assumed. As mentioned in the previous section, host materials that exhibit

large structural changes upon guest adsorption were not included in the force field

development. For the remaining systems, it is known that neglecting vibrational degrees
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Table 4.1: Zeolite structures used in the simulation

Unit Cell Length Unit Cell Angle
Framework x [Å] y [Å] z [Å] α [deg] β [deg] γ [deg] Simulation Box

MFI 20.022 19.899 13.383 90 90 90 2× 2× 3
TON 13.859 17.420 5.038 90 90 90 3× 2× 6
FAU 24.188 24.188 24.188 90 90 90 2× 2× 2

of freedom of the sorbent structure has relatively little effect on loosely-fitting guest-

host systems [Demontis et al., 1992; Smit and Maesen, 2008]. Therefore, the zeolite

structures were taken to be those determined experimentally through crystallographical

means. The relevant unit cell parameters and the number of unit cells in the simulation

(to yield linear dimensions of at least 30 Å) are listed in Table 4.1. For the guest-guest

interactions, the TraPPE force field is used for alkanes [Martin and Siepmann, 1998b],

alcohols [Chen et al., 2001a], and carbon dioxide [Potoff and Siepmann, 2001], and the

TIP4P model [Jorgensen et al., 1983] is used for water because this model has been found

to work very well in conjunction with the TraPPE force field for organic compounds

for the prediction of liquid–liquid equilibria and solubilities [Chen and Siepmann, 2006;

Rafferty et al., 2008, 2010].

For consistency with the potential functions used in the description of the sorbate

molecules, the guest-host interactions are described by pairwise-additive LJ 12-6 and

Coulomb terms:

U(rij) = 4εij

[(
σij
rij

)12

−
(
σij
rij

)6
]

+
qiqj

4πεrij
(4.1)

where rij , εij , σij , qi and qj are the separation, LJ well depth, LJ diameter, and the

partial charges for atoms i and j, respectively. For the purpose of transferability to

a large number of sorbate molecules (without the need to fit parameters for specific

guest-host interactions) and also for the sake of consistency, standard Lorentz–Berthelot

combining rules [Maitland et al., 1981] are used for all unlike interactions, including

those between host zeolite atoms and guest molecules:

σij = (σii + σjj)/2 (4.2)

εij =
√
εiiεjj (4.3)

For hydrogen-bonding systems, such as liquid water, the LJ interactions are already
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Figure 4.1: The TraPPE-zeo force field possesses interaction sites on both the framework
oxygen and silicon atoms.

repulsive in nature for two molecules at their potential energy minimum, and it is mainly

the electrostatic force that provides the binding. Inspired by this knowledge, a choice

was made for the TraPPE–zeo force field that both the oxygen and silicon atoms in the

host framework need to possess a LJ component in order to allow for a better balance

between dispersive and hydrogen-bonding interactions, i.e., forgoing the third assump-

tion of the Kiselev model. The additional benefit of this choice is that the dispersive

interactions can protect the otherwise-bare silicon atoms from being approached too

closely by an atom with a negative partial charge. This framework description results

in an all-silica model with five parameters (εOZ, σOZ, εSi, σSi, and qSi = −2qOZ, see

Figure 4.1). Clearly, this offers more flexibility in the parametrization than neglecting

LJ interactions for the silicon atoms, but the downside is also a vastly expanded param-

eter space that makes optimization more challenging. In principle, electronic structure

methods can be used to determine partial charges for the framework (for example, see

Fang et al. [2013]). However, such as procedure is problematic when non-polarizable

“effective” force fields are used for the guest–guest and guest–host interactions. For

polar molecules, the partial charges are usually enhanced to account in an “effective”

manner for induced polarization in condensed phases and, in a similar way, the combi-

nation of partial charges and LJ sites on the framework needs to “effectively” describe

the interactions in the adsorption systems. Given the somewhat arbitrary division of the

interaction into LJ and Coulomb terms, it is our experience that it is best to determine
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all interaction parameters by fitting to a suitable set of experimental data.

4.2.3 Simulation Methods

Adsorption isotherms were computed using coupled-decoupled configurational-bias Monte

Carlo simulations [Martin and Siepmann, 1999; Siepmann and Frenkel, 1992] in the

NpT -Gibbs ensemble [Panagiotopoulos, 1987a; Panagiotopoulos et al., 1988]. Most

simulation runs consisted of 40,000 to 80,000 Monte Carlo cycles for equilibration and

50,000 to 100,000 Monte Carlo cycles for the production period, except for the (liquid-

phase) adsorption of water onto silicalite-1, where 400,000 Monte Carlo cycles were

needed to equilibrate the system at the steepest part of the adsorption isotherm. One

Monte Carlo cycle consists of N randomly selected moves (see below) where N is the

number of molecules in the system. The number of sorbate molecules ranged from 200

for propane/theta-1 to 1500 for water/silicalite-1 (adsorption from a compressed liquid

phase). The fraction of volume moves applied only to the fluid box was set to 2/N

(i.e., yielding one accepted move per cycle with a maximum displacement adjusted for

a 50% acceptance rate). The fraction of configurational-bias particle transfer moves

was adjusted to yield one accepted move per cycle. The remainder of the moves was

equally divided among translations, rotations, and conformational changes of the sor-

bate molecules.

As is standard for the united-atom version of the TraPPE force field, all guest–

guest and guest-host interactions were truncated at rcut = 14 Å and analytical tail

corrections were used to estimate the LJ interactions beyond this cut-off distance. Since

the zeolite frameworks were treated as rigid, the guest-host interactions depend only

on the location of sorbate atoms, and are therefore pre-tabulated [June et al., 1990].

Electrostatics during pre-tabulation and simulation are both handled using the Ewald

summation method [Allen and Tildesley, 1987].

Diffusion coefficients were calculated using molecular dynamics simulations in the

canonical ensemble with the GROMACS package, version 4.5.5 [Hess et al., 2008]. The

calculations were started from equilibrium configurations obtained from the Monte Carlo

simulations with initial velocities drawn randomly from the Maxwell distribution, and

were further equilibrated for 20 ns before another 20 ns of production period. The

velocity Verlet algorithm [Swope et al., 1982] was used for integrating the equations of
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motion. For production runs, a time step of 0.5 fs was used, and the temperature was

controlled using a Nose-Hoover thermostat [Hoover, 1985; Nose, 1984] with τt = 100 fs.

Constraints on intramolecular degrees of freedom are imposed via the LINCS algorithm

[Hess et al., 1997]. Pair energies and forces were switched to zero over the range from 13

to 14 Å, and electrostatic interactions were calculated using particle mesh Ewald sum

[Darden et al., 1993].

4.2.4 Parameter Optimization

For the optimization of the TraPPE–zeo force field, we started with initial guesses

for the ranges of the five parameters that were deduced from other zeolite force fields

[Dubbeldam et al., 2004; June et al., 1990; Liu et al., 2008; Pascual et al., 2003, 2004].

The initial ranges were divided each into three equal intervals (i.e., four points), which

yields 45 = 1024 combinations of parameters. The adsorption isotherms for the four

guest-host systems in the training set (n-heptane/silicalite-1 at T = 345 K, carbon

dioxide/silicalite-1 at T = 308 K, ethanol/silicalite-1 at T = 303 K, and propane/theta-

1 at T = 298 K) were computed at four representative state points (covering from low to

high loading) for all parameter combinations, i.e., 47 = 16384 independent simulations

were run using scripts employing massive parallelism.

Each parameter quintuplet was scored according to the following equation:

∑
α,i

∣∣nαsim(pi)− nαexp(pi)
∣∣

nαmax − nαmin

+

∣∣∣ln [pαsim(ni)/p
α
sat, TraPPE

]
− ln

[
pαexp(ni)/p

α
sat, exp

]∣∣∣
ln(pαmax/p

α
min)

(4.4)

where α and i denote a particular guest-host system and a given state point, respec-

tively. The variables nsim and nexp denote the simulated and the experimental loadings

at a specific pressure, while nmax and nmin are the highest (only including pressures

lower than the saturated vapor pressure) and lowest loadings from the experimental

measurements. The variables psim, pexp, pmax, and pmin give the corresponding values

of the pressure (with the first two for a specific loading). The experimentally measured

and the model-predicted values of the saturated vapor pressure of the sorbates at the

temperature of the adsorption isotherm are denoted as psat, exp and psat, TraPPE, respec-

tively. The hypercube having the highest score (sum of the scores for its 32 vertices)

was then further divided and the same procedure was repeated on this smaller space.
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However, when this hypercube was found to be at the edge of the range for one or more

of the parameters, then the new hypercube was shifted. This process was continued

for two iterations until we achieved a fitting precision warranted by the experimental

data. At this point, we constructed another iteration using rounded values for the grid

spacings (but not reducing the spacing by a factor of three) and longer simulations to

determine the vertex yielding the optimized parameters. The parameter range covered

in the search and the resulting TraPPE–zeo parameters are listed in Table 4.2. The

precision given for the TraPPE–zeo parameters corresponds to the final grid spacing

used in the search. Although the search procedure employed here is able to locate

the optimal parameter set for a given training set, we would like to note that there

is some sensitivity to the training set. For example, during the parameter exploration

another set was found that excelled for CO2/DDR, ethane/DDR, n-hexane/MWW, and

methanol/MFI, but did not perform as well as the selected TraPPE–zeo parameters for

the training set used here. The parameters for the other set are also listed in Table 4.2.

Finding slightly different parameter sets for different training sets may indicate limi-

tations of a relatively simple non-polarizable force field or illuminate uncertainties in

the crystallographically determined framework structures and the larger scatter in the

experimental adsorption data (compared to the vapor–liquid coexistence data used for

other parts of the TraPPE force field). The values for the zeolite force field of Watanabe

et al. [1995] that also uses five parameters for the host-guest interactions are provided

for comparison.

Note that although the parametrization used relative pressures (with respect to the

saturated vapor pressures or critical pressures), all results presented in the next section

used absolute pressures for the Gibbs ensemble simulations.

4.3 Results and Discussion

4.3.1 Adsorption of Linear and Branched Alkanes

The adsorption of alkanes in zeolites has significant technological importance for the

petrochemical industry. For these guest-host systems, dispersive interactions play the

dominant role for the enthalpy of adsorption, and first-order electrostatic interactions
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Table 4.2: Interaction parameter space and optimized parameter values for the TraPPE–
zeo force field. The subscripts denote the precision of the final optimized values.

Atom Type ε/kB [K] σ [Å] q [|e|]

Covered Range
OZ 36 to 100 2.70 to 3.54 −0.5 to −1.1
Si 0 to 80 0 to 4.0 −2qOZ

TraPPE–zeo
OZ 532 3.304 −0.752

Si 222 2.31 −2qOZ

Other Set
OZ 47.22 3.26 −0.80
Si 32.78 2.25 −2qOZ

Watanabe et al.
OZ 202 cal/mol 2.708 −1.00
Si 37 cal/mol 0.677 −2qOZ

play no significant role. When there is a favorable match between the pore geome-

try and the size/shape of a sorbate molecule, then these dispersive interactions are

strongest. This ability to match with specific sorbate molecules gives rise to the pro-

nounced size/shape selectivity of these nanoporous materials. The combinations n-

heptane/silicalite-1 and propane/theta-1 are the two systems in this category included

in the parametrization set.

Despite their simplistic appearance, some alkane/zeolite systems exhibit rather dis-

tinct adsorption features. The n-heptane/silicalite-1 system is such an example (see

Figure 4.2). The adsorption isotherms at all temperatures from 303 to 373 K show a

plateau at about four molecules per unit cell. It is now well established that this value

corresponds to the four zig-zag channels in each unit cell [Smit and Maesen, 1995]. At

low pressures, n-heptane molecules prefer to have their center-of-mass within or close

to the intersections and there is no strong preference for the remainder of the molecule

to point into either the zig-zag or the straight channels. As the pressure increases, n-

heptane molecules need to localize in the zig-zag channels to clear out the intersections

so that the straight channels can be more densely populated. At this point, there is

a reduction in entropy (hence termed “commensurate freezing” by Smit and Maesen

[1995]) and also the interaction energies of additional adsorbed molecules are less fa-

vorable, both contributing to the plateau and a much higher pressure required for the

second-stage in the uptake of sorbate molecules. As a result, reproducing this inflection

point in the isotherms of n-heptane is seen as one powerful indicator of a force field’s
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Figure 4.2: Adsorption isotherms for n-heptane in silicalite-1. The black, red, blue, and
magenta filled diamonds show the simulation data at T = 303, 323, 343, and 373 K,
respectively. The open circles and open squares denote the experimental data measured
by Sun et al. [1996] and Eder [1996], respectively, at the temperatures indicated.

accuracy [Dubbeldam et al., 2004]. The new TraPPE–zeo force field clearly reproduces

this inflection point at the right loading, and it agrees well with the data of Sun et al.

[1996] and Eder [1996] In the high pressure region above the inflection point, the load-

ings reported by Sun et al. [1996] are slightly larger than our calculations at 303, 323,

and 343 K, but the inflection points of their isotherms exhibit loadings slightly above

four molecules per unit cell, and their 373 K isotherm is shifted to much higher pres-

sures. With the exception of the small region at p < 0.4 Pa at T ≈ 343 K, where the

experimental isotherm exhibits a minor break in the slope, the agreement with the data

by Eder [1996] is excellent, including the isotherm at T = 373 K.

The propane/theta-1 system is included in the parametrization set to encompass the

effect of different framework structures, though zeolite MFI is undoubtedly the structure

with the most experimental data available. Because of the small size of propane com-

pared to the diameter of the channels in zeolite TON, the adsorption energy landscape

is more homogeneous, and the isotherms conform to the Langmuir type. The agreement
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Figure 4.3: Adsorption isotherms for propane in theta-1. The black, red, blue, magenta,
and cyan filled diamonds show the simulation data at T = 273, 298, 323, 348, and 373 K,
respectively. The open circles and open squares denote the experimental data measured
by Hampson and Rees [1994] and Song et al. [2007], respectively, at the temperatures
indicated.

between the results predicted using the TraPPE–zeo force field and the experimental

data of Hampson and Rees [1994] is very good at all three temperatures (see Figure 4.3).

However, comparison with the higher-temperature data of Song et al. [2007] is less sat-

isfactory. The differences in pressure of the adsorption onset and the saturation loading

between the two experimental data set could be explained by either sample variations

or a structural transition that leads to a sample with slightly smaller channel diameter

at the higher temperatures because such a change would increase the adsorption loading

at low and intermediate pressures but decreases the saturation loading.

To validate the transferability of the TraPPE–zeo force field utilizing the LB combin-

ing rules to other alkanes, adsorption isotherms were computed for a diverse set of com-

pounds: methane (not containing any methyl and methylene groups), ethane (not con-

taining any methylene segments), methylpropane, 2-methylpentane, 3-methylpentane
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Figure 4.4: Adsorption isotherms for methane (top) and ethane (bottom) in silicalite-1.
The black, red, blue, magenta, and cyan filled diamonds show the simulation data at
T = 277, 308, 338, 353, and 373 K, respectively. The open circles, squares, diamonds,
up triangles, right triangles, left triangles, down triangles, crosses, and plus signs denote
the experimental data measured by Sun et al. [1998], Zhu et al. [2000], Choudhary and
Mayadevi [1996], Golden and Sircar [1994], Dunne et al. [1996], Song et al. [2007], and
Richards and Rees [1987], respectively, at the temperatures indicated.
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(all containing a ternary CH group), and 2,2-dimethylbutane (containing a quater-

nary carbon atom). A large number of independent measurements are available for

methane/silicalite-1 and ethane/silicalite-1 and, hence, these systems provide a relative

unambiguous test. As shown in Figure 4.4, the isotherms are also of the Langmuir

type over the entire range of temperatures. When the x-axis is plotted in logarithmic

scale, one can also easily see from the convex shape of the isotherms that, for both

sorbates, the guest-guest interactions contribute significantly to the stabilization of the

adsorbed molecules. The experimental measurements for methane [Dunne et al., 1996;

Golden and Sircar, 1994; Sun et al., 1998; Zhu et al., 2000] are consistent over the entire

temperature range from 277 to 373 K, and the TraPPE–zeo force field yields excellent

predictions of the adsorption isotherms for methane. There is somewhat larger scatter

in the experimental data for ethane [Choudhary and Mayadevi, 1996; Dunne et al.,

1996; Richards and Rees, 1987; Song et al., 2007; Sun et al., 1998; Zhu et al., 2000].

The predicted saturation loading at T ≈ 308 K falls somewhat below the measurements

by Zhu et al. [2000] and Choudhary and Mayadevi [1996] but agrees better with those

by Sun et al. [1998]. Overall, the agreement with the experimental data for ethane is

also very satisfactory over the entire temperature range from 277 to 373 K.

For 2-methylpropane (see Figure 4.5), the simulations with the TraPPE–zeo force

field predict a saturation capacity of slightly less than ten molecules per unit cell and,

similar to the data for n-heptane, an inflection point at four molecules per unit cell, both

in accord with most of the experimental data [Sun et al., 1998; Zhu et al., 2000]. The

mechanism leading to the inflection point for 2-methylpropane is, however, different from

that for n-heptane; 2-methylpropane preferentially adsorbs in the channel intersections

rather than in the zig-zag channels. Compared to the experimental measurements by

Zhu et al. [2000], the simulation data are shifted somewhat to higher pressures. In

contrast, the temperature dependence observed by Sun et al. [1998] is larger and their

data are shifted to lower pressures at T ≤ 353 K and to higher pressures at T ≥ 390 K.

Considering the two hexane isomers containing a single CH group, i.e., 2- and 3-

methylpentane, the adsorption isotherms showing in Figure 4.6 exhibit a more pro-

nounced inflection point at a loading of four molecules per unit cell than found for

2-methylpropane, and the second plateau would require adsorption from the liquid
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Figure 4.5: Adsorption isotherms for 2-methylpropane in silicalite-1. The black, red,
blue, magenta, cyan, and purple filled diamonds show the simulation data at T = 277,
308, 338, 353, 373, and 408 K, respectively. The open circles and open squares denote
the experimental data measured by Sun et al. [1998] and Zhu et al. [2000] respectively,
at the temperatures indicated.

phase. The first plateau is found to be somewhat more horizontal and extended for 2-

methylpentane than for 3-methylpentane in agreement with the simulations by Dubbel-

dam et al. [2004]. The agreement of the TraPPE–zeo predictions with the experimental

data by Zhu et al. [2000] and Jolimaitre et al. [2001, 2002] is very satisfactory over a

rather wide temperature range, whereas the data by Cavalcante and Ruthven [1995] are

shifted to lower pressures.

The adsorption isotherms for the bulkier 2,2-dimethylbutane isomer show a sim-

ple Langmuir-type behavior with a saturation loading of four molecules per unit cell,

as the only available adsorption sites are the channel intersections. As also found for

2-methylpropane, the isotherms obtained with the TraPPE–UA/zeo force field combi-

nation are shifted somewhat to higher pressures compared to the experimental data

[Cavalcante and Ruthven, 1995; Jolimaitre et al., 2001, 2002]. The bulkiness of 2,2-

dimethylbutane leads to very slow diffusion and different measurement techniques were
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Figure 4.6: Adsorption isotherms for 2-methylpentane (top) and 3-methylpentane (bot-
tom) in silicalite-1. The black, red, blue, magenta, cyan, orange, green, and purple
filled diamonds show the simulation data at T = 303, 338, 373, 408, 423, 473, 523, and
573 K, respectively. The open circles, squares, and triangles denote the experimental
data measured by Zhu et al. [2000], Cavalcante and Ruthven [1995], and Jolimaitre et al.
[2001, 2002], respectively, at the temperatures indicated.
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Figure 4.7: Adsorption isotherms for 2,2-dimethylbutane in silicalite-1. The black, red,
blue, magenta, and cyan filled diamonds show the simulation data at T = 423, 448,
473, 523, and 573 K, respectively. The open circles, squares, and diamonds denote the
experimental data measured by Cavalcante and Ruthven [1995] and Jolimaitre et al.
[2001, 2002], respectively, at the temperatures indicated.

found to yield significantly different answers [Jolimaitre et al., 2001, 2002]. The larger

deviation found for the TraPPE–UA/zeo predictions (compared to the linear alkanes)

may be attributed to two possible causes. On one hand, the branched alkanes possess

a larger cross section than the linear alkanes, and their adsorption may potentially in-

duce a more significant framework expansion which would require either a model using

a flexible framework [Vlugt and Schenk, 2002] or an “effective” cross interactions with

smaller σ and larger ε parameters (as suggested by Dubbeldam et al. [2004]). On the

other hand, it has been noted that the TraPPE–UA σ parameters for branched alka-

nes are a little too large and need to be decreased when applied to branched alcohols

so as not to impact their ability to form hydrogen bonds [Chen et al., 2001a]. These

large diameters for the CH group and the quaternary carbon are a result of enforcing

that CH3 and CH2 groups have the same parameters irrespective of whether they are

part of a linear chain or connected to a branch point [Martin and Siepmann, 1999],

whereas an earlier version of the force field used different parameters for groups next
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Figure 4.8: Adsorption isotherms for carbon dioxide in silicalite-1. The black, red, blue,
and magenta filled diamonds show the simulation data at T = 277, 305, 330, and 353 K,
respectively. The open circles, squares, up triangles, down triangle, and crosses denote
the experimental data measured by Sun et al. [1998], Choudhary and Mayadevi [1996],
Dunne et al. [1996], Golden and Sircar [1994], and Yamazaki et al. [1993], respectively,
at the temperatures indicated.

to branch points to account for the decrease in polarizability due to the more crowded

environment [Siepmann et al., 1997]. It should be noted that although the parameters

of the force field by Dubbeldam et al. [2004] were calibrated using 2-methylpropane

and 2,2-dimethylbutane, its performance deteriorates somewhat for 2-methylbutane,

2-methylpentane, and 3-methylpentane.

4.3.2 Adsorption of Carbon Dioxide

Carbon dioxide is a quadrupolar molecule and its adsorption in silicalite-1 is one of

the compounds in the TraPPE–zeo training set where the framework charges come

into play. Experimental isotherms are most abundant at temperatures near the critical

temperature of CO2 (and the isotherm at T = 308 K was used for the parametrization).

The isotherm at 305 K is shown in Figure 4.8, and it can be observed that the TraPPE–

zeo prediction agrees very well with the data reported by Choudhary and Mayadevi
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[1996] and Yamazaki et al. [1993], but is shifted to slightly higher pressures than the data

measured by Sun et al. [1998], Dunne et al. [1996], and Golden and Sircar [1994]. Similar

behavior is also observed at the other temperatures where multiple experimental data are

available. It is clear, however, that the TraPPE–zeo force field slightly underestimates

the loading at higher pressures. Increasing the carbon dioxide saturation loading and

shifting the isotherm to lower pressures would require smaller σ parameters and larger

ε or qOZ values, but such changes would unfavorably affect the adsorption of alkanes

and alcohols, especially the saturation loading of ethanol in silicalite-1 (see below). The

optimized TraPPE–zeo parameters are obviously a compromise of needing to fit equally

well to the isotherms of all systems in the parametrization set. Due to its quadrupolar

character, the adsorption of carbon dioxide also depends more strongly on framework

imperfections (e.g., silanol defects). In our opinion, the scatter of the experimental data

does not warrant seeking an even closer match through a much more complicated force

field (e.g., accounting explicitly for polarization effects).

4.3.3 Adsorption of Alcohols

Accurate measurements of adsorption isotherms for dipolar and/or hydrogen-bonding

compounds are scarce because these have very low vapor pressures and the determi-

nation of isotherms at very low pressures is much more challenging than at higher

pressures. In addition, the quality of the zeolite samples (e.g., the presence of silanol

defects) and of any filler materials (e.g., the presence of polar impurities) affects the

adsorption measurements for dipolar and/or hydrogen-bonding compounds to a much

larger degree than those for non-polar or weakly polar compounds. These experimental

difficulties are reflected in the significant scatter of the data for alcohols and water (see

below).

Since dispersive interactions with the framework play a larger role for ethanol than

for methanol (or water) and, hence, the data are slightly less sensitive to the quality of

the sample, ethanol was selected for the parametrization. As is evident from Figure 4.9,

the scatter in the three experimental data sets [Dubinin et al., 1989; Oumi et al., 2002;

Sano et al., 1994] is significant. In order to include all available experimental data, the

average loading at a given pressure and the average pressure at a given loading were

calculated (where the pressures were first converted to relative units in terms of the



76

Figure 4.9: Adsorption isotherms for ethanol in silicalite-1. The open red circles, blue
squares, and green triangles denote the experimental measurements of Oumi et al. [2002],
Dubinin et al. [1989], and Sano et al. [1994], respectively, at the temperature indicated.
The solid and dashed lines represent the average loading at a given pressure and the
average pressure at a given loading, respectively, determined from the three experimental
measurements. The filled diamonds show the simulation data at T = 303 K, respectively.

saturated vapor pressures to account for the slightly different temperatures). Since the

average loading curve is somewhat smoother and extends to higher pressures, these data

were used as the target isotherm. The TraPPE–UA/zeo combination captures the initial

uptake and the steep increase in the middle range of the isotherm extremely well, but

slightly overpredicts the saturation loading compared to the target (averaged) isotherm.

Nevertheless, the predictions for this quantity agree extremely well with the data by

Dubinin et al. [1989] and Sano et al. [1994]. The steep increase at intermediate pressures

reflects the strong guest-guest interactions of ethanol in the hydrophobic zeolite.

Validation of the TraPPE–zeo force field for the methanol adsorption isotherms in

zeolites MFI and FAU are shown in Figure 4.10. The saturation loadings and the sharp

increase at medium pressures are again well predicted by the force field, while in both

cases the experimental loadings [Dubinin et al., 1989; Halasz et al., 2001] at lower pres-

sures are above the corresponding simulation values. It is also interesting to note that
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Figure 4.10: Adsorption isotherms for methanol in MFI and FAU. The open black
circles, blue down triangles, cyan up triangles, and red squares denote the experimental
measurements for silicalite-1 by Dubinin et al. [1989], for NaZSM-5 and HZSM-5 by
Hunger et al. [1997], and for de-aluminated Y-type faujasite by Halasz et al. [2001],
respectively, at the temperatures indicated. The black and red filled diamonds show
the simulation data for silicalite-1 at T = 303 K and for all-silica faujasite at 293 K,
respectively.

the step in the isotherm is much steeper for the more open FAU-type zeolite. In the

limit of adsorption onto mesopores, molecular clustering evolves into capillary conden-

sation. A likely explanation for the differences observed at low pressures is that the

simulated systems correspond to infinite defect-free crystalline host materials, whereas

the real zeolite samples used in both experiments contained some fraction of silanol moi-

eties. These can interact through hydrogen-bonding with the alcohol hydroxyl groups,

thereby increasing the amount of adsorption at low pressures. The effect of a small

number of defects is less significant at higher alcohol coverage. The impact of stronger

acidic “defects” is illustrated through the experimental data [Hunger et al., 1997] for

ZSM-5 materials that are also of the MFI framework type (see Figure 4.10). Sor-

bate loadings for methanol in MFI materials at any given pressure follow the sequence:

H+ > Na+ > silanol. A more extreme example of the large effects of various defects

on the adsorption of hydrogen-bonding compounds is discussed next for the water/MFI
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system.

4.3.4 Adsorption of Water

Water is perhaps the most encountered species in any adsorption process, either by

design or by accident, and hence understanding its adsorption in zeolitic materials is of

paramount importance. The adsorption of water in siliceous zeolites has also spurred

research interest as a surrogate for studying the behavior of water under hydrophobic

confinement of nano-meter scale and for the design of molecular springs and bumpers

[Soulard et al., 2004]. Despite the great amount of work done in this area, analysis of

experimental isotherms reported in the literature reveals a picture far from consensus

with the pressures for the onset of loading (the steep part of the isotherm) being spread

over five orders of magnitude. Although a preponderance of measurements [Giaya and

Thompson, 2002; Kuznetsov and Rakhmanova, 2001; Oumi et al., 2002; Sano et al., 1994;

Zhao et al., 1998] detect water adsorption at pressures below its saturated vapor pressure

(see inset of Figure 4.11), more recent experiments [Desbiens et al., 2005b; Soulard

et al., 2004; Trzpit et al., 2007] using silicalite-1 samples synthesized in fluoride medium

demonstrate that in fact water adsorbs only at very high pressures (p ≈ 108 Pa, see

main part of Figure 4.11). These latter samples were also analyzed in detail and contain

defects at concentrations below the current detection limits, and the measurements are

corrected for the volume change upon compression. However, even some zeolites samples

made in fluoride medium can show an adsorption onset in the low-pressure regime

[Oumi et al., 2002]. For water with its greater affinity for hydrogen-bond formation

and smaller magnitude of dispersive interactions (compared to alcohols), the existence

of even a small number of defects can dramatically alter the supposedly hydrophobic

nature of the all-silica sorbent materials. The low-pressure onset found for some of the

“defect-containing” all-silica MFI sorbents is also consistent with measurements [Olson

et al., 2000; Sano et al., 1996] on aluminosilicates with Si/Al ratios near 3000 (see inset

of Figure 4.11).

Previous simulation studies have also indicated high sensitivity of water adsorption

to the water model, to the framework atom positions, and to the partial charges on

the framework [Castillo et al., 2009; Desbiens et al., 2005b]. Thus, the computation of

the water adsorption isotherm is an extremely stringent test of the transferability of
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Figure 4.11: Adsorption isotherms for water in MFI. The black, red, and blue lines
in the main plot denote the experimental measurements of Desbiens et al. [2005b],
Trzpit et al. [2007], and Soulard et al. [2004], respectively, at the temperature indicated.
The magenta up, cyan down, green left, orange right triangles, and purple diamonds
show the simulation data at T = 300 K using the TIP4P water model in the van
Koningsveld structure for adsorption and desorption modes, the TIP4P model in the
Olson structure, the SPC/E model in the van Koningsveld structure, and the pressure
averages for the TIP4P model in the two structures, respectively. The inset shows
experimental measurements near 300 K in samples containing a significant number of
strong adsorption sites: Oumi et al. [2002] (black), Sano et al. [1994] (red), Giaya and
Thompson [2002] (blue), Zhao et al. [1998], Olson et al. [2000] in HZSM-5 with Si/Al =
4330 (cyan), Sano et al. [1996] in HZSM-5 with Si/Al = 1650 (green), and Kuznetsov
and Rakhmanova [2001] (orange).
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the TraPPE–zeo force field. As mentioned above, the TIP4P water model [Jorgensen

et al., 1983] is the preferred non-polarizable water model for the TraPPE force field.

Computation of the adsorption isotherm for water is also challenging because of the

very steep rise of the isotherm (close to a case of capillary condensation [Desbiens

et al., 2005b]). As can be seen from the simulation data in Figure 4.11, the simulations

presented here are of sufficient length that the difference between the adsorption and

desorption data is negligible. For the TIP4P/TraPPE–zeo combination, an intermediate

loading of 20 molecules per unit cell is reached at p = 1.4×108 Pa for the MFI structure

determined by van Koningsveld et al. [1987] and at p = 6.8 × 107 Pa for the structure

reported by Olson et al. [1981]. Averaging the simulation data for the two structures

yields a value of p = 1.0×108 Pa for the intermediate loading in quantitative agreement

with the best experimental values [Desbiens et al., 2005b; Soulard et al., 2004; Trzpit

et al., 2007]. Similarly, the shape of the high-pressure part of the isotherm and the

saturation loading agree very well with the most recent data by Trzpit et al. [2007].

Considering that the TraPPE–zeo force field was not parametrized for water adsorption,

the level of agreement is outstanding and further supports the notion that the samples

used by Soulard et al. [2004], Desbiens et al. [2005b], and Trzpit et al. [2007] do indeed

contain virtually no defects. When the popular SPC/E water model [Berendsen et al.,

1987] is used in conjunction with the TraPPE–zeo force field, then the pressure of

intermediate loading is shifted up by about 50%; an observation that is consistent with

the lower saturated vapor pressure and lower solubility in alkanes found for this model

[Vega and Abascal, 2011]. Nevertheless, there appears to be less sensitivity to the water

model than to the silicalite-1 structure.

The very high pressure of the loading onset found for water in silicalite-1 poses the

question whether the water molecules form weak hydrogen bonds with the framework

oxygen atoms. The water hydrogen–zeolite oxygen radial distribution function (see

Figure 4.12) at low pressure (where the average loading is 0.17 molecules per unit cell)

clearly does not show a strong peak at rH−O ≈ 1.8 Å that is typical for hydrogen-

bonded systems, but there is a fairly weak shoulder that ends at rH−O ≈ 2.8 Å. Often

an rH−O value of 2.6 Å is taken as the upper bound for a strong hydrogen bond [Stubbs

and Siepmann, 2005; Wernet et al., 2004], and the number integral out to this distance
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Figure 4.12: Water hydrogen–zeolite oxygen radial distribution function and correspond-
ing number integral (inset) obtained from simulations for the TIP4P model in silicalite-1
with the structure determined by van Koningsveld et al. [1987] at p = 7 × 106 Pa and
T = 300 K.

yields a value slightly above 0.3 consistent with a more detailed analysis of hydrogen-

bonding with the framework for adsorption of aqueous mixtures of alcohols [Bai et al.,

2012].

To provide information on the weak hydrogen bonds that water can form with the

silicalite-1 framework, geometry optimizations using simulated annealing for a single

water molecules were started from positions in the straight and zig-zag channels and

their intersection (using the TIP4P model and the structure determined by van Kon-

ingsveld et al. [1987]). The latter two starting positions yielded the global minimum

structure in the zig-zag channel shown in Figure 4.13. The energy of this structure is

−26.8 kJ/mol and the four shortest water hydrogen–zeolite oxygen distances are 2.56,

2.85, 3.27, and 3.44 Å. The structure found in the straight channel yields only a slightly

less favorable energy of −26.7 kJ/mol and distances of 2.58, 2.76, 4.01, and 4.04 Å, i.e.,

it is the latter two distances that make the main difference to the structure found in

the zig-zag channel. The magnitude of these binding energies is about a factor of 1.5
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Figure 4.13: Minimum energy structures for TIP4P water found in (a) the zig-zag
channel and (b) the straight channel of silicalite-1 with the structure determined by van
Koningsveld et al. [1987]. The dashed lines and corresponding numbers indicate the
four shortest water hydrogen–zeolite oxygen distances.

smaller than the heat of vaporization for water at this temperature. Labat et al. [2010]

recently used various electronic structure methods to perform potential scans for the

interaction of water with silica clusters extracted from the silicalite-1 framework and

reported interaction energies of −26.8, −26.0, and −27.4 kJ/mol for their MP2 refer-

ence calculations (but these values are susceptible to basis set superposition error and

neglect of favorable dispersive interactions with more distant framework atoms).

4.3.5 Diffusion of Methane and Water

While the adsorption isotherms (particularly at low loadings) are mainly determined

by the low-energy regions of the guest-host potential energy surface, other properties

involving activated processes are also influenced by the higher energy regions of the

potential energy surface. Diffusion coefficients, therefore, provide an indicator that can

probe a very different aspect of the quality of a force field. Diffusion coefficients were

computed here using the molecular dynamics method via the Einstein relation [Allen

and Tildesley, 1987]:

6tD = 〈|ri(t)− ri(0)|2〉 (4.5)

A comparison of the diffusion constants for methane and water in silicalite-1 com-

puted using the TraPPE–zeo force field and measured experimentally [Caro et al., 1986,
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Table 4.3: Diffusion of methane and water in silicalite-1. Uncertainties were estimated
by dividing the production periods into 4 blocks.

Compound Method T Loading Dself

[K] [molec/uc] [10−9 m2/s]

Methane Exp. 286.4 12 5.8
Exp. 300 3 10
Exp. 300 12 5
Sim. 298 4 10.52

Sim. 298 8 6.11

Sim. 298 15 2.852

Water Exp. 299.4 11–13 0.7
Sim. 298 8 0.732

Sim. 298 16 0.512

1985] is provided in Figure 4.3. The simulations used the silicalite-1 structure deter-

mined by van Koningsveld et al. [1987] and the TraPPE–UA and TIP4P models for

methane and water, respectively. The agreement is rather satisfactory. Both the exper-

imental data measured by Caro et al. [1986, 1985] and the simulations show diffusivities

(i) that are about a factor of 8 lower for water than for methane at similar loadings (12

and 8 for experiment and simulation, respectively) and (ii) that decrease significantly

for methane as the loading is increased. These findings are also consistent with other

computational studies [Dubbeldam and Snurr, 2007; Keil et al., 2000; Sholl, 2006; Smit

and Maesen, 2008]. As an aside, we also notice that we find anisotropic diffusion for

methane in agreement with a previous simulation study [Leroy et al., 2004].

There are two issues, however, worth commenting about our simulations. First,

transport properties are most accurately determined in the micro-canonical ensemble.

However, it is impossible to achieve stable trajectories without thermostatting for load-

ings as low as a few sorbate molecules per unit cell when the zeolite lattice is kept rigid.

The present molecular dynamics simulations were carried out in the canonical ensemble

with reasonably large thermostat time constants in order to minimize the disruption to

the dynamics. Second, it is usually believed that framework flexibility may have a larger

influence on diffusion properties than on adsorption properties. Framework flexibility

can lower the diffusion barriers leading to an increase of the diffusivities, but it can

also act as a frictional bath (when the potential surface is relatively smooth) leading
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to a decrease of the diffusivities. Nevertheless, the current work focuses on obtaining a

transferable description of the guest-host interactions and experimental measurements

of transport properties often exhibit even larger scatter than adsorption isotherms. So

as a first approximation, using the TraPPE–zeo force field with a rigid framework to

investigate the magnitudes and relative rankings of diffusion coefficients for different

molecules or at different conditions seems justified.

4.4 Conclusions

The TraPPE force field is extended to provide a description of the guest-host interactions

in all-silica zeolites. The TraPPE–zeo force field uses the Lorentz–Berthelot combining

rules and the same treatment of long-range interactions as the TraPPE force field for

organic compounds and, hence, it can be applied directly to a wide range of sorbate

molecules. In contrast, other force fields require additional parametrization for each

cross interaction parameters and for different treatment of long-range interactions. To

achieve a better description of the interactions with polar and/or hydrogen-bonding

molecules, the TraPPE–zeo force field places LJ sites also on framework silicon atoms

in addition to oxygen atoms. The model is optimized in the five-parameter space, with

the assumption of a rigid zeolite lattice, to reproduce experimental adsorption isotherms.

Use of configurational-bias Monte Carlo simulations in the Gibbs ensemble enables

the computation of adsorption isotherms from gas or liquid phases without prior knowl-

edge of the equation of state. The TraPPE-zeo force field is shown to yield accurate

predictions of the adsorption isotherms for linear and branched alkanes, alcohols, car-

bon dioxide, and water. In addition, diffusion coefficients for methane and water in

silicalite-1 are also found to be in very satisfactory agreement with experimental values.

The development of the TraPPE–zeo force field for all-silica zeolites allows for the

use of a consistent guest-host potential to study the adsorption and diffusion of polar

compounds that have received less attention in the past. Recently, the TraPPE-zeo

force field was applied to investigations of the adsorption of alcohols and glucose from

aqueous solution [Bai et al., 2012, 2013a]. To further broaden the applicability of the

TraPPE–zeo force field, an extension to cation-exchanged aluminosilicates is in progress.

Recently, the TraPPE–zeo force field also formed the basis for a force field for calcium
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exchanged faujasite used to successfully predict the adsorption of n-perfluorohexane in

zeolite BCR-704 [Bai et al., 2014a].



Chapter 5

Adsorption of Perfluorohexane

onto an Aluminosilicate

5.1 Synopsis of the Problem: Curse of Dimensionality

The TraPPE-zeo force field for all-silica zeolites, presented in Chapter 4, has five param-

eters: two Lennard–Jones (LJ) parameters per atom type (Si and O) and a single partial

charge. At least three sets of adsorption isotherms are required to uniquely parametrize

the force field. Cation exchanges will introduce a plurality of additional atom types;

if one considers only Al-substitution of framework Si atoms and invokes Lowenstein’s

rule, at least three more atom types are still necessary: Al, OAlSi connected to one

Si and one Al atoms, and the cation M. Correspondingly, at least six LJ parameters

and two independent partial charges need to be introduced and, hence, at least four

uncorrelated sets of adsorption isotherms are required for parametrization. Even more

difficult is the task to exhaust the much expanded parameter space – now 8-dimensional

– using, say, four points for each dimension, which would result in 65,536 combinations

of parameters and 262,144 adsorption isotherms to compute during each iteration. The

number of parameters would grow by two for each additional cation (e.g., Li+, Na+,

K+, Mg2+, Ca2+).

[∗] This chapter describes the outcome of a collaborative research project carried out by P. Bai, P.
Ghosh, and J. C. Sung under the supervision of D. Kohen, J. I. Siepmann, and R. Q. Snurr. A
report on this research project has been published [Bai et al., 2014a].

86
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An alternative route to extend the TraPPE-zeo force field to aluminosilicates sepa-

rates the parameters for metal cations from those for framework Al and OAlSi atoms.

Parametrization for the cation part can be carried out independently using other target

properties, such as properties of their aqueous salt solutions, which would effectively

make a stand-alone ion force field (also requiring anion potentials). The remaining task

would then reduce to a 5-dimensional parameter search, as in the case of Chapter 4.

One advantage of the force field so obtained is the potential to use it for studying ion

exchange processes.

Yet another approach is to be described in this chapter. The work here was carried

out to address the 7th Industrial Fluid Properties Simulation Challenge [IFP, 2012; Ross

et al., 2014], which involved predicting the adsorption of n-perfluorohexane in a calcium

aluminosilicate, BCR-704. This is a difficult simulation problem that has not previously

been tackled in the literature. While there have been some studies of the adsorption of

halocarbons in zeolites [Jaramillo et al., 2001; Kawai and Tsutsumi, 2009; Mellot et al.,

1998], these mostly deal with short chain haloalkanes or haloalkenes, such as chloroform

or trichloroethylene. Although there have been many studies on the behavior of alkanes

in zeolites [Catlow et al., 2007; Fuchs and Cheetham, 2001; Smit and Maesen, 2008], most

are concerned with all-silica zeolites, and of the handful that do consider aluminosilicates

with cations [Garcia-Perez et al., 2006; Watanabe et al., 1995], calcium cations are rarely

considered. Therefore, in tackling this challenge, the host-guest interactions between

nitrogen, water, or n-perfluorohexane and the calcium cations are of particular interest,

as is discussed in more depth below. First, a force field for BCR-704 was developed and

validated against the argon and nitrogen isotherms provided in the challenge statement.

Then this force field was used to predict the adsorption of n-perfluorohexane.

5.2 Methodology

5.2.1 Simulation Details

Adsorption isotherms are calculated using Gibbs ensemble Monte Carlo (GEMC) sim-

ulations [Panagiotopoulos, 1987a; Panagiotopoulos et al., 1988]. A separate simulation

box is used to explicitly sample the phase space trajectory of the bulk reservoir. The

pressure of the reservoir is specified as a thermodynamic constraint and mechanical
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equilibrium is achieved through volume moves. If the assumption is made that the

sorbent is incompressible (as done for BCR-704 here), then volume moves are applied

only to control the pressure of the bulk reservoir. The advantages of such GEMC sim-

ulations for adsorption isotherms are that this approach can readily be extended to

situations where the sorbent phase can deform upon changes in loading [Zhao et al.,

2009] and to situations where an equation of state relating pressure to chemical po-

tential is not available. The disadvantages are the additional computational expense

for explicit treatment of the reservoir phase and, for mixtures, the problem that only

the overall composition of reservoir and sorbent phases can be specified and that large

relative concentration differences are difficult to handle. Configurational-bias Monte

Carlo (CBMC) strategies [Martin and Siepmann, 1999; Smit and Siepmann, 1994b] are

used to aid molecule transfers between the phases and to sample the conformational

phase space for n-perfluorohexane. The GEMC simulations for the calculations of the

adsorption isotherms of argon, nitrogen, water, and n-perfluorohexane were performed

for systems each consisting of a total of 300 molecules. For some of these simulations,

the sorbent phase also contained a certain number of water molecules for each calcium

cation (Nwater/NCa = 1, 2, or 3). These water molecules were free to move within the

sorbent phase but were not allowed to transfer between the phases. CBMC simulations

in the Gibbs ensemble were also carried out to determine the saturated vapor pressures

for argon, nitrogen, water, and n-perfluorohexane. All GEMC simulations were carried

out with the MCCCS-MN program [MCC, 2011].

5.2.2 Molecular Models

BCR-704 is a zeolite of the FAU framework type with a Si/Al ratio of 1.6 [Rohl-Kuhn

et al., 2004]. The exact distribution of the Al atoms is unknown and, since the Si/Al ratio

is close to the boundary between FAU-X [Olson, 1995] and FAU-Y [Parise et al., 1984],

there is also uncertainty about the exact locations of framework atoms for BCR-704.

Hence, simulations were performed for both the FAU-X and FAU-Y crystallographic

structures. Our calculated skeletal density for the FAU-Y crystal structure of 2.39 g/cm3

shows good agreement with the experimental BCR-704 density as determined by helium

pycnometry, 2.34 g/cm3 [Rohl-Kuhn et al., 2004]. The skeletal density was calculated by

dividing the geometric density (which is just the weight of a unit cell over the volume
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of a unit cell) by 1 − VHe, the helium void fraction [Myers and Monson, 2002]; this

calculation subtracts the pore volume from the unit cell volume, thereby leaving only

the skeletal density.

Simulations were carried out for one unit cell of BCR-704 (chemical formula

Ca37Al74Si118O384), with eight different configurations of Al substitution, randomly

generated by either replacing Al atoms with Si atoms starting from a structure with

Si/Al of 1 (FAU-X) or by replacing Si atoms with Al atoms (obeying Lowensteins rule)

starting from an all-silica zeolite (FAU-Y). We adopt the assumption that the zeolite

structure is rigid, i.e., the Si, Al, and O framework atoms remain frozen at their crystal-

lographic positions. However, the calcium cations and, if included, also the co-adsorbed

water molecules are allowed to move around via translations and/or rotations in the

sorbent phases. Pores that are known to be inaccessible to adsorbates were blocked.

The sorbent–sorbate and sorbate–sorbate interactions were described using LJ 12–6 and

Coulomb potentials. Lorentz–Berthelot combining rules [Rigby et al., 1986] were used

to determine the LJ diameters and well depths for all unlike interactions. A spherical

potential truncation at rcut = 12 Å was used for sorbate–sorbate and calcium–sorbate

interactions within the zeolite phase (see below for sorbate-framework interactions) and

a truncation at rcut = 40% of the average box lengths for all interactions in the reservoir

phase. Analytical tail corrections [Allen and Tildesley, 1987] were used to estimate LJ

interactions beyond these distances in the zeolite and reservoir phases. Coulomb inter-

actions were treated using the Ewald summation method [Allen and Tildesley, 1987].

All host-guest interactions (where the mobile calcium cations are included among the

guests) were pre-tabulated and interpolated during simulation [June et al., 1990].

5.3 Force Field Development

The force fields for all sorbate interactions were taken from the literature: argon [Potoff

and Panagiotopoulos, 1998], nitrogen [Potoff and Siepmann, 2001], water [Abascal et al.,

2005], and n-perfluorohexane [Zhang and Siepmann, 2005]. A value of 69.7 ± 1.4 kPa

was computed for the saturated vapor pressure of n-perfluorohexane at T = 293 K.

Although this value falls significantly above the experimental value, it is in line with

those predicted for other perfluoroalkanes by this united-atom force field.
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Figure 5.1: Adsorption isotherms for argon (cyan) and nitrogen (magenta) in BCR-704
FAU-X using force field parameters deduced from the force field developed by Garcia-
Perez et al. [2006]. The experimental data [Ross et al., 2014] and the simulation data
are shown as solid lines and circles, respectively.

An initial round of test simulations using parameters deduced from a force field

developed by Garcia-Perez et al. [2006] yielded rather unsatisfactory results for the

adsorption isotherms of argon and nitrogen in BCR-704 (see Figure 5.1). This result

is not unexpected because the LJ parameters for the calcium cation (σ ≈ 1.5 Å and

ε/kB ≈ 2600 K) deduced using Lorentz–Berthelot combining rules fall rather far outside

of the physically reasonable range expected from the isoelectronic nature of Ca2+ and

argon.

Thus, a force field for BCR-704 was constructed as follows. The starting point was

the TraPPE-zeo parameters developed recently for all-silica zeolites [Bai et al., 2013b].

The adsorption isotherms for n-heptane, carbon dioxide, and ethanol were used for the

parameterization of the LJ parameters (for both Si and O atoms) and partial charges

(see Chapter 4 for details). These LJ parameters for Si and OSiSi atoms bonded to two

Si atoms were initially transferred to the Al and OAlSi atoms bonded to one Al atom and

one Si atom in BCR-704. The charges for these atoms were estimated by reducing qSi
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Figure 5.2: Adsorption isotherms for argon (cyan) and nitrogen (magenta) in BCR-
704 FAU-X (left) and FAU-Y (right) using different force field parameters assessed in
this work. The experimental data [Ross et al., 2014] are shown by solid lines. The
simulation data obtained for force fields FF-1, FF-2, FF-3, FF-4, FF-5, and FF-6 are
shown as circles, squares, diamonds, up triangles, left triangles, and crosses, respectively.

by 0.3|e| to yield qAl, and by reducing qO(SiSi) by 0.175|e| to yield qO(AlSi). The calcium

cation was initially assigned its formal charge and the LJ parameters of σ = 3.1 Å and

ε/kB = 70 K were obtained by averaging and rounding the LJ parameters of the calcium

cation models of Straatsma and Berendsen [1988] and Koneshan et al. [1998]. This BCR-

704 force field called FF-1 yielded somewhat improved adsorption isotherms for argon

and nitrogen (see Figure 5.2). Since the sorption onset for argon obtained for FF-1 in

FAU-X is shifted to higher pressures compared to the experimental data [Ross et al.,

2014] and since the OAlSi atoms carry a slightly larger negative charge, its LJ diameter

and well depth were increased by about 10% to yield FF-3. Simultaneously, FF-2 and

FF-4 were set up with the charge on the calcium cation reduced to half its formal charge

(with corresponding adjustments to qAl and qO(AlSi)) and the LJ parameters of FF-1

and FF-3, respectively, were used. At the same time, it was also assessed whether a

FAU-Y structure would lead to lower plateau loadings. The adsorption isotherms for

models FF-1 to FF-4 are shown in Figure 5.2. From the data, we can deduce that (i)
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Table 5.1: Lennard–Jones parameters and partial charges for BCR-704 used in this
work. σ in Å, ε/kB in K, and q in |e|.

FF-# Al O(AlSi) Ca

FF-1
σ = 2.3 σ = 3.3 σ = 3.1
ε = 22 ε = 53 ε = 70

q = +1.200 q = −0.925 q = +2.000

FF-2
σ = 2.3 σ = 3.3 σ = 3.1
ε = 22 ε = 53 ε = 70

q = +1.360 q = −0.840 q = +1.000

FF-3
σ = 2.3 σ = 3.6 σ = 3.1
ε = 22 ε = 58 ε = 70

q = +1.200 q = −0.925 q = +2.000

FF-4
σ = 2.3 σ = 3.6 σ = 3.1
ε = 22 ε = 58 ε = 70

q = +1.360 q = −0.840 q = +1.000

FF-5
σ = 2.3 σ = 3.6 σ = 3.1
ε = 22 ε = 58 ε = 70

q = +1.260 q = −0.890 q = +1.600

FF-6
σ = 2.5 σ = 3.6 σ = 3.1
ε = 24 ε = 58 ε = 70

q = +1.360 q = −0.790 q = +0.600

the FAU-Y structure yields predictions closer to the experimental data, (ii) the 10%

increase in the LJ parameters for the OAlSi atom (FF-3) yields predictions closer to

the experimental data, (iii) the reduction in the charge of the calcium cation (FF-2 and

FF-4) yields predictions that are closer to the experimental data, and (iv) all force fields

strongly overestimate the loading for nitrogen and the difference between nitrogen and

argon in the onset pressure of the first plateau.

At this point, a large number of electronic structure calculations were carried out

for clusters to assess whether further reduction of the partial charge on the calcium

cation could be justified. Those results point to a partial charge in the range from

+1.2 to +2.0|e| depending on the cluster configuration and the electronic structure

method. Thus, parameters for FF-5 were set up using values of the LJ parameters for

OAlSi (increased by 10% compared to OSiSi in TraPPE-zeo) and partial charge of the

calcium cation (q = 1.6|e|, i.e., falling midway in the range of charge values found in the
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electronic structure calculations) that we deem most reasonable. The qAl and qO(AlSi)

partial charges were adjusted by the same amount (i.e., 0.16|e|) compared to the all-

silica force field for lack of better information. The force field parameters for FF-1 to

FF-5 are listed in Table 5.1. The predicted adsorption isotherms in FAU-Y for FF-5

are also shown in Figure 5.2. Again, the loading for nitrogen was much too high and

stayed high even at very low pressures.

Following from these observations, a series of force fields was generated from FF-

4 where the partial charge of the calcium cation was further decreased and the LJ

parameters of the Al atom were also increased by 10%. One of these force fields, called

FF-6 here, yields satisfactory adsorption isotherms for nitrogen and argon in FAU-Y

(see Figure 5.2), but the partial charge for the calcium cation of only +0.6|e| falls outside

of the plausible range of values deduced from the electronic structure calculations.

At this point, it was concluded that the deviations between the FF-5 predictions and

the experimental data are likely not caused solely by deficiencies of the force field and

another potential reason for the discrepancies was assessed. Using a Clausius–Clapeyron

fit to available experimental data [Wagner et al., 1994], the sublimation pressure of ice

at 77 K was estimated to be about 10−22 Pa, i.e., about 27 orders of magnitude lower

than the saturated vapor pressure of nitrogen. Based on the ionic nature of BCR-704

and the very large difference in the saturation pressures, it was hypothesized that co-

adsorption of water cannot be prevented in experimental measurements. To assess this,

the adsorption isotherm of water was computed at T = 77 K and it was found that

water adsorbs rather strongly even at impurity concentrations as small as 10−15 in ni-

trogen. To assess the effect of water co-adsorption on the argon and nitrogen adsorption

isotherms, simulations were carried out using a fixed water/calcium ratio. It was found

that co-adsorption of two or more water molecules per cation shifts the nitrogen load-

ing to smaller values compared to the experimental data over the entire pressure range

investigated here. At medium to high reduced pressures, the argon isotherms are also

shifted downward with coadsorption of water, but at reduced pressures less than 3×104

the argon loading is actually larger when a few water molecules are co-adsorbed.

At this point, we re-visited the FAU-X structure and computed the adsorption

isotherm for FF-5 with the co-adsorption of one water molecule per calcium cation.

The resulting adsorption isotherms are in reasonable agreement with the experimental
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Figure 5.3: Adsorption isotherms for argon (cyan) and nitrogen (magenta) in BCR-
704 FAU-X and FAU-Y using force field parameter set FF-4 (filled symbols) and FF-5
(open symbols). The experimental data [Ross et al., 2014] are shown by solid lines.
The simulation data obtained for water/calcium ratio of 1 in FAU-X and in FAU-Y are
shown as squares and circles, respectively.

data (see Figure 5.3).

The water adsorption isotherm was also computed at T = 293 K to check whether

water co-adsorption needs to be considered at this elevated temperature. As can be

seen from the data presented in Figure 5.4, the water/calcium ratios range from 3 to

1 for FF-5 (and 0.5 to 0.1 for FF-4) for pressures that would correspond to impurity

concentrations of 10−4 and 10−8. Since the impurity concentration in the experimen-

tal measurements for n-perfluorohexane is unknown, our calculations of the adsorption

isotherms used a water/calcium ratio of 1 that falls inside of what we believe are rea-

sonable impurity concentrations. It should be noted that coadsorbed water molecules

might also be viewed as a mimic for the (partial) shielding of calcium ions by silanol

nests and other defects that may also exist in the real materials.
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Figure 5.4: Adsorption isotherms predicted for water in BCR-704 at 77 K (magenta
symbols) and 293 K (cyan symbols) using FF-4 (circles) and FF-5 (squares). Please
note that there are 37 calcium cations per unit cell.

5.4 Application to n-Perfluorohexane Adsorption onto BCR-

704

The predictions for the n-perfluorohexane adsorption isotherm using force field param-

eter set FF-4 for FAU-X with water/calcium ratio of 1 are summarized in Table 5.2 and

presented in Figure 5.5. Simulation data using parameter set FF-6 for FAU-Y without

water inside the framework, as well as data extended to pressures below the minimum

Table 5.2: Predicted loadings (in units of molecules per unit cell) for n-perfluorohexane
in BCR-704 at T = 293 K with FAU-X and a water/calcium ratio of 1 computed using
shorter and longer production periods. The statistical uncertainties reflect the standard
deviations from simulations using 8 randomly generated structures.

p/p0 0.01 0.05 0.1 0.2 0.4 0.6 0.8

Nshort 12.45 13.53 13.54 13.94 14.15 13.94 14.54

Nlong 12.54 13.73 13.73 14.03 14.13 14.24 14.64
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Figure 5.5: Adsorption isotherms predicted for n-perfluorohexane in BCR-704 at 293 K.
Simulation data obtained using force field parameter set FF-4 for the FAU-X structure
with water/calcium ratio of 1 and those obtained using parameter set FF-6 for the
FAU-Y structure without pre-adsorbed water are shown as cyan circles and magenta
squares, respectively, with open and filled symbols indicating the data from shorter and
longer simulations, respectively.

requested pressure for the challenge are also included in Figure 5.5. Data are shown for

two sets of simulations of different lengths in Table 5.2 and Figure 5.5 (shorter simula-

tions consisting of 35,000 Monte Carlo cycles for the production period were used for

the challenge submission, while longer simulations consisting of 105,000 Monte Carlo

cycles were subsequently completed). As expected, the longer simulations yield some-

what smoother adsorption isotherms, but the small change in the standard deviations

obtained from the 8 randomly generated structures (differing in the placement of the

aluminum sites and the cation location) indicates that the uncertainty introduced by

these structural variations is larger than the statistical uncertainty attributable to the

finite length of the simulations. Although some sensitivity of the computed adsorption

isotherms to placement of aluminum sites and cation location is evident, its effect on

the n-perfluorohexane loading at p/p0 > 0.01 leads to deviations of only about 3%.
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Figure 5.6: Comparison of the adsorption isotherms predicted for n-perfluorohexane in
BCR-704 at 293 K with the challenge data in units of mol/kg. Simulation data obtained
using the shorter simulation length and force field parameter set FF-4 for the FAU-X
structure with water/calcium ratio of 1 and those obtained using parameter set FF-6 for
the FAU-Y structure without pre-adsorbed water are shown as cyan circles and magenta
squares, respectively. The experimental benchmark data [Ross et al., 2014] are shown
as black, red, and blue triangles.

The two combinations of force field parameters/zeolite structure/ water loading yield

similar isotherms. Given the differences in the molecular volumes of argon, nitrogen,

and n-perfluorohexane, the saturation loading for n-perfluorohexane of ≈ 15 (i.e., about

six times smaller than for argon and nitrogen) appears reasonable. For comparison to

the experimental benchmark data, the sorption isotherm data in units of molecules per

unit cell were converted to units of mol/kg. It should be noted that the elemental com-

position of the simulation box (including the co-adsorbed water molecules, if present)

was used for this conversion, i.e., the relative loadings for the FF-4 and FF-6 simulation

change slightly because the framework mass for the FF-4 simulation also includes 37

water molecules. As can be seen from Figure 5.6, the predicted adsorption isotherm

using force field parameter set FF-4 for FAU-X with water/calcium ratio of 1 is in good

agreement with the benchmark data with a mean unsigned error of less than 0.1 mol/kg.



98

5.5 Discussions and Outlook

This chapter illustrates that although efficient simulation algorithms and accurate force

fields are available for all-silica zeolites and a variety of sorbate molecules, quantita-

tive predictions by molecular simulation of adsorption isotherms are still a challenge

for cation-exchanged zeolites in general, and calcium faujasites, such as BCR-704, in

particular. The effects of water co-adsorption may need to be considered. As is also

the case for simulations of liquids containing highly polar and/or ionic compounds, the

use of polarizable force fields for cation-containing zeolites may increase the accuracy

but poses additional challenges for the force field development. Framework flexibility

around the Al sites and the location of these substitutions are other issues that add

complexity. The method development approach followed in this work reflects the con-

strained time period of the Industrial Fluid Properties Simulation Challenge and differs

from a more exhaustive approach that would be taken without any time constraints.



Chapter 6

Understanding Hydrocarbon

Adsorption in Hierarchical

Zeolites

6.1 Hierarchical Zeolites and Their Adsorption Behavior

As the most prominent catalysts in today’s petrochemical and refining industries, con-

ventional zeolites (pore size smaller than 2 nm) have enabled a wide range of chemical

conversions. However, the well-defined micropores with nano-structured active sites –

the very property that makes these materials so unique – can sometimes impose severe

constraints on mass transfer or present negative adsorption effects. A proposed solu-

tion, that may preserve the catalytic activity and hydrothermal stability of microporous

zeolites, is the introduction of a secondary mesopore network with pore sizes between

2 and 50 nm [Chal et al., 2011; Lopez-Orozco et al., 2011; Perez-Ramirez et al., 2008].

These so-called “hierarchical catalysts” can achieve faster reaction rates and higher con-

version rates. Recently, Zhang et al. [2012b] demonstrated the possibility of a simple

one-step preparation (without the use of expensive structure-directing agents or com-

plicated post-processing steps) for self-pillared pentasils (SPP), a mesopore-containing

zeolite with MFI/MEL-type nanosheet pillars that can be as thin as a single MFI/MEL

[∗] A report on this research project has been published [Bai et al., 2014c].
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Table 6.1: Framework characteristics.

Material Super Cell x y z Sheet Mesopore Mesopore
Width Dimension Volume

[Å] [Å] [Å] [Å] [Å] Fraction

MFI 2× 2× 3 40.044 39.798 40.149 – – 0.00
SPP-A 4× 4× 3 80.088 79.596 40.149 30 50 0.38
SPP-B 3× 3× 3 60.066 59.697 40.149 20 40 0.44
SPP-C 4× 4× 3 80.088 79.596 40.149 20 60 0.55

unit cell.

An important aspect contributing to the reactivity and selectivity of microporous /

mesoporous zeolites is the adsorption behavior of reactants and products. Hierarchical

materials allow for the adsorption of bulkier molecules at the mesopore surfaces with the

potential for part of the molecule protruding into micropore openings. It is then of both

practical and theoretical interests to understand how the existence of multiple sites with

distinct degrees of confinement can affect the adsorption of molecules of varying sizes

and different architectures. Such studies, either experimental or computational, have

been scarce [Tzoulaki et al., 2012; Verboekend et al., 2011; Xu et al., 2014]. In recent

experiments [Xu et al., 2014] lower loadings at low-to-intermediate pressures were ob-

served in SPP materials than in MFI, but for long-chain or branched alkanes a cross-over

occurred at higher pressures. Xu et al. [2014] postulated lower crystallinity and “edge

effects”, where only part of the molecule is confined in micropore openings, to explain

this unusual adsorption behavior. However, the experiments could not explain why

similar behavior was not observed for shorter linear alkanes. Furthermore, adsorption

at the mesopore surfaces can have implications as to the effect of surface active sites on

zeolite-catalyzed reactions such as hydrocarbon cracking or isomerization and whether

different methods of introducing mesoporosity may result in different adsorption and

reaction properties [Tzoulaki et al., 2012].

6.2 Simulation Details

To provide a molecular-level explanations for the adsorption phenomena, configurational-

bias Monte Carlo simulations [Martin and Siepmann, 1999; Smit and Siepmann, 1994b]
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Figure 6.1: The xy-projection of the SPP-A structure (left) and pore definitions for one
MFI unit cell (right). Silicon, oxygen, and hydrogen atoms are shown in yellow, red,
and white, respectively. Straight channels (ST), sinusoidal channels (ZZ), intersections
(IN), surface regions (SU), and corner regions (CO) are indicated.

in the Gibbs ensemble [Panagiotopoulos et al., 1988] were used to probe the adsorp-

tion isotherms, energetics, and siting of linear alkanes from n-hexane to n-nonane,

2-methylpentane (2MP), 3-methylpentane (3MP), 2,2-dimethylbutane (22DMB), 2,2-

and 3,3-dimethylheptane (22DMH and 33DMH) in silicalite-1 (MFI) and SPP materi-

als. Interactions for the framework and the sorbate molecules were modeled using the

TraPPE force field [Bai et al., 2013b; Martin and Siepmann, 1999].

The MFI structure was taken from the work of van Koningsveld et al. [1987], while

the hierarchical zeolites used in the simulations were constructed by first cutting be-

tween the polar chains (perpendicular to b-direction) or between the pentasil layers

(perpendicular to a-direction) from supercells of MFI and then saturating terminal oxy-

gen atoms with hydrogen to form surface silanol groups. The characteristics of the

framework materials are described in Table 6.1 and a snapshot is shown for SPP-A

(Figure 6.1), one of the three constructed SPP materials. The hydrogen atoms were

allowed to move while all the other framework atoms were assumed to remain at their

original locations.
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6.3 Adsorption Isotherms, Henry’s constants, Free Ener-

gies and Entropies of Adsorption

Adsorption isotherms in MFI and SPP are compared in Figure 6.2. Multiple experimen-

tal data sets [Song et al., 2007; Xu et al., 2014] are shown for the adsorption of n-hexane

in MFI, the spread of these data reflects the challenges associated with adsorption mea-

surements for larger molecules (requiring long equilibration times) and the preparation

of zeolite samples. The predicted isotherms for n-hexane, n-nonane, 2MP, and 3MP in

MFI agree very well with the available experimental data [Song et al., 2007; Xu et al.,

2014; Zhu et al., 2000] indicating the accuracy of the TraPPE-zeo force field developed

recently for both non-polar and polar compounds in all-silica zeolites [Bai et al., 2013b].

Xu et al. [2014] noted the following interesting phenomena in their work: For 2,2-

dimethylbutane at p = 1.5 × 104 Pa, the adsorbed amounts in SPP are slightly lower

than in MFI at T = 363 K, but are much higher at T = 303 K, which was attributed to

lower crystallinity and filling of the mesopores of the hierarchical material. However, at

relatively low pressures and high temperatures (p ≈ 102 Pa, T = 363 K), the adsorption

of n-nonane in SPP already begins to exceed that in MFI, but n-hexane adsorption

remains higher in MFI over the entire temperature and pressure ranges investigated.

Xu et al. [2014] tentatively explained the observed difference between these two linear

alkanes by surface adsorption with partial confinement in micropores for the longer

alkane.

To probe the complex adsorption behavior in SPP materials, the simulated isotherms

were extended to pressures below and above the ranges covered in the experimental mea-

surements by Xu et al. [2014] From the extensive simulation data the following picture

emerges: (i) At low reduced pressures, the loading in the SPP materials falls well below

that in MFI; (ii) at somewhat higher reduced pressures, the loading in MFI reaches

a plateau and the steepness of the isotherms for SPP decreases; (iii) at p/p0 ≈ 10−1,

the steepness of the isotherms for SPP increases again and these isotherms cross those

for MFI; (iv) the p/p0 value of the crossover increases with increasing temperature and

with decreasing molecular weight (note that T/Tcrit ≈ 0.71 for n-hexane at 363 K and

n-nonane at 423 K); and (v) at pressures approaching the bulk vapor pressure, the
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Figure 6.2: Adsorption isotherms: (top left) n-hexane, (top right) n-nonane, (bottom
left) hexane isomers, and (bottom right) nonane isomers. Solid, dash-dotted, and dashed
lines depict simulation data for MFI, SPP-A, and SPP-C (those for SPP-B are shown
in the Supporting Material), respectively. The experimental data by Song et al. [2007],
Xu et al. [2014], and Zhu et al. [2000] are shown by the open symbols. The different
colors indicate different temperatures (top) and isomers (bottom).
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Figure 6.3: Comparison of predicted and experimental adsorption isotherms for n-
hexane at T = 303 K. Squares and circles depict the validation data for MFI and SPP,
respectively. For comparison, the triangles show the experimental data for adsorption
in MFI by Sun et al. [1996].

isotherms raise very steeply, the characteristic of condensation in mesoporous materi-

als. In modeling adsorption in SPP materials, an additional complication is that the

mesopore dimensions exhibit a relatively broad distribution with “diameters” ranging

from 2–7 nm (see Figure 3 of Xu et al. [2014]) By necessity, the model systems used

in our simulations are more “ideal”, with perfect crystallinity and both well-defined

micropores and mesopores. With increasing mesopore volume fraction, the calculated

loadings decrease (only up to the pressures where the isotherms cross those for MFI)

and those for SPP-C are in very good agreement with the experimental data. The simu-

lation results also demonstrate that the higher loadings in SPP than in MFI materials at

certain temperatures and pressures are not limited to only the bulkier branched alkane

or long-chain linear alkane, but are in fact a more general phenomenon, the conditions

for which are related to p/p0 and T/Tcrit. To validate this prediction, additional exper-

iments were carried out by Dr. David Olson for n-hexane at T = 303 K (see Figure 6.3)
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Figure 6.4: Adsorption thermodynamics at zero coverage versus carbon number. kH

at T = 363 and 423 K and ∆Hads at T = 363 K are shown in cyan, magenta, and
orange, respectively. For linear alkanes, the filled squares denote experimental data for
MFI [Arik et al., 2003], and the solid, dash-dotted, and dashed lines show simulation
data for MFI, SPP-A (with error bars for ∆Hads), and SPP-C, respectively. The open
symbols denote simulation data for 2,2-dibranched alkanes (circles), 2MP and 3MP (left
and right triangles), and 33DMH (diamonds) in only SPP-A.

and indeed a cross-over is found at p/p0 = 0.08 and a loading of 1.34 mol kg−1 for

this lower T/Tcrit in very good agreement with the simulation data (p/p0 = 0.17 and

1.38 mol kg−1).

Figure 6.4 summarizes Henry’s law constants (kH) and adsorption enthalpy (∆Hads)

at zero coverage for all sorbate molecules. kH for linear alkanes increases with chain

length, and is higher than that for branched alkanes of the same molecular weight.

Among branched alkanes, the adsorption follow the sequences: 2MP > 3MP > 22DMB

and 22DMH > 33DMH. These trends reflect that a higher degree of branching and

branching at sites closer to the chain center increase the effective size of a sorbate

molecule and reduce its flexibility, both contributing to less favorable adsorption. The

linear relation of log kH with carbon number indicates a constant incremental adsorption

free energy for a methylene group (∆GCH2 = −6.0 and −5.2 kJ mol−1 at 363 and 423 K,

respectively) for linear alkanes adsorbing onto SPP-A. The temperature dependence of
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∆GCH2 points to a negative ∆SCH2 . The enthalpy of adsorption, on the other hand, is

similar for all SPP structures and conventional MFI, and this shows that the existence

of mesopore regions does not significantly modify the interaction energy of adsorbed

molecules with the strongest adsorption sites in the low-pressure regime. (The large

statistical errors in ∆Hads for SPPs are due to energy fluctuations of the terminating

silanols at the mesopore surfaces.) For linear alkanes, ∆HCH2 = −11.5 kJ mol−1. Com-

bining the observations for ∆GCH2 and ∆HCH2 , it can be deduced that the difference in

adsorption capability of conventional MFI zeolites and different SPP materials is mainly

due to entropic reasons at low loadings.

Considering the similar zero-coverage enthalpy of adsorption, the smaller initial ad-

sorption affinity for SPP materials compared to MFI is due to a larger entropic penalty

because SPPs possess fewer strong adsorption sites per unit volume. However, much

higher uptake near the bulk saturation pressure is observed in the SPP structures due

to the condensation in the mesopores. The cross-over occurs at pressures in the regime

where the MFI materials are fully loaded or have reached the first plateau, and the

cross-over pressures are rather similar for all three SPP structures, regardless of their

mesopore volume fraction. The dependence of the cross-over pressure on temperature

and number of carbon atoms of the sorbate molecules reflects the conditions where full

loading or the first plateau is achieved in MFI materials. These observations indicate

that the most favorable adsorption sites are located in the microporous region of the

SPP structures, also consistent with the similar zero-coverage adsorption enthalpy, and

only after these sites are saturated do the sorbate molecules begin to populate the meso-

pore region. The fact that condensation occurs for p/p0 < 1 indicates that liquid alkanes

wet hydroxyl-grafted silicalite-1 surfaces.

6.4 Local Free Energy of Adsorption and Sitings

Analysis of the simulation trajectories allows to provide information on the siting of

the adsorbed molecules. MFI (MEL) has two channel systems: sinusoidal (straight)

channels along the crystallographic a-direction and the straight channels along the b-

direction. The two channels cross to form a somewhat larger intersection. Figure 6.5 il-

lustrates the preferential siting in form of the localized free energy of adsorption, ∆GCHx ,
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Figure 6.5: The xy-projection of the local free energies of adsorption for carbon segments
(∆GCHx = −RT ln[ρSPP/ρgas] in kJ mol−1, where ρSPP and ρgas are the number densities
in regions of the sorbent and in the reference gas phase) into the SPP-A structure for
2,2-dimethylheptane at T = 363 K and p/p0 = 2 × 10−5 (left) and 0.2 (right). The
free energy values are indicated by the colormap to the right of each panel, with white
representing zero molecules found in this region of space throughout the simulation
trajectory. Snapshots of representative system configurations are overlaid, with silicon,
oxygen, hydrogen, and carbon atoms shown in yellow, red, white, and gray, respectively.

for 22DMH at two state points corresponding to low and high loading. 22DMH prefers

to localize in the microporous region, or more specifically and similar to the adsorption

onto conventional MFI zeolites, have its bulkier part localized in the intersections (most

favorable by about −5 kJ mol−1) and its tail pointing into the channels, with a modest

preference for the sinusoidal over the straight channels. At higher loading (when the

micropores are filled), the ∆GCHx in the micropores decreases (by ≈ 28 kJ mol−1 for

the example shown) because the reference gas density is much higher whereas the lo-

cal density in the micropores cannot exceed the plateau value. At this point, ∆GCHx

values for the corners between nanosheets and micropore openings become similar to

those for the micropore region. The adsorbed 22DMH molecules at the corners and

micropore openings can function as seeds for the nucleation of liquid films that form at

even higher pressures. Examining similar plots for other alkanes, the major difference

is that compounds with lower degree of branching exhibit smaller preferences for the

micropore intersections and micropore openings.

Based on the free energy map, we can partition the pore space in SPP materials
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Figure 6.6: Siting of CHx segments in different regions of the SPP-A material: inter-
sections (IN), straight channels (ST), sinusoidal channels (ZZ), corners (CO), surfaces
(SU), and mesopore interiors (ME). Data obtained at T = 363 K are shown for n-hexane
(cyan), n-nonane (magenta), and 2,2-dimethylbutane (blue).

into six distinct regions: intersections, straight channels, sinusoidal channels, nanosheet

corners and surfaces, and mesopore interiors (as illustrated in Figure 6.1). Using this

partition of space, the siting can be computed (but one should note that differences in the

volume assigned to these regions play an explicit role). As illustrated in Figure 6.6, the

preferential siting for n-hexane and n-nonane are very similar at low loading, whereas

the bulkier 22DMB exhibits much more differentiation between the different micropore

regions. Loading in the mesopore regions starts to have an impact at much lower

loadings for compounds with increased branching and higher molecular weight (the

crossover occurs at QCHx ≈ 8.2, 6.3, and 4.2 mol CHx kg−1 for n-hexane, n-nonane,

and 22DMB, respectively).

The loadings at which adsorption in SPP surpasses that in MFI are all close to

0.7 mol kg−1 (except for n-hexane; see Figure 6.2), which for conventional MFI materials

corresponds to four molecules per unit cell. It would be tempting to suggest that these

sorbate molecules adsorb selectively in either the intersections or the sinusoidal channels,

while Figure 6.6 shows that in fact the three sites in the microporous region are all

populated albeit to different degrees. Based on the low fraction of molecules adsorbed
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at the internal mesopore surfaces for most loadings, we suggest that one needs to be

very careful about the experimental conditions when using adsorption measurements to

probe properties of different regions of a hierarchical material [Tzoulaki et al., 2012].

6.5 Conclusions

This work shows a multi-step adsorption in hierarchical zeolite nanosheets, where ad-

sorption occurs first in the micropore region, followed by adsorption at the nanosheet

corners and micropore openings, and thereafter by capillary condensation in the meso-

pores. At relatively low coverage, the overall picture of adsorption in the micropore

regions is not modified much by the existence of mesopore regions, which might prove

very beneficial for selective catalysis.



Chapter 7

Adsorption of Water, Methanol,

Ethanol, and Their Liquid

Mixtures

7.1 Introduction

Recently, new applications for zeolites are emerging where they are utilized for the sep-

aration of organic molecules containing oxygen or halogen atoms from aqueous solution.

Ranjan et al. [2009] reported on the highly selective adsorption of inhibitory species

(e.g., 5-hydroxymethylfurfural) that are limiting the process of enzymatic fermentation

of lignocellulosic biomass. Other examples include the reduction of hazardous chemicals

in waste water treatment [Bowman, 2003; Wang et al., 2006] and the removal of volatile

organic compounds in air purification [Bowen et al., 2004; Khan and Ghoshal, 2000].

The use of zeolitic sorbents in these applications is a promising alternative to other

traditional separation processes (e.g., distillation) because it is less energy intensive and

can be applied to heat-labile bio-molecules.

The development of zeolitic materials for separation and purification is aided by

knowledge of the sorption thermodynamics and kinetics of sorbates in these porous ma-

terials that govern these processes. Many thermodynamic models have been developed

[∗] A report on this research project has been published [Bai et al., 2012].
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for correlating adsorption data, such as the extended Langmuir model [Markham and

Benton, 1931], the ideal adsorbed solution theory (IAST) [Myers and Prausnitz, 1965],

vacancy solution theory [Suwanayuen and Danner, 1980], and the simplified statistical

thermodynamic model of Ruthven [Ruthven, 1971]. Among these methods, the IAST

introduced by Myers and Prausnitz [1965] is often adopted due to its relative simplicity

and sound thermodynamic basis. IAST is mainly used to predict mixture adsorption

based on single component adsorption isotherms. In this approach, the adsorbed phase

is treated with solution thermodynamics, and in order to make predictions, this “spe-

cial” solution phase is assumed to be ideal. To what extent a certain system of mixtures

can be considered ideal is not known a priori ; usually species with similar saturation

loading that do not interact strongly with each other, are expected to follow the IAST

behavior. For adsorption from aqueous solutions, the strong nonideality of the bulk

liquid phase and the relative hydrophobicity of some zeolites pose doubts on the appli-

cability of IAST for the adsorbed phase. However, an experimental assessment of the

validity of IAST applied to these systems is challenging due to the difficulty of measur-

ing the composition inside the sorbent. In fact, the data analysis of many experimental

studies relies on the assumption that the adsorption of solvent water is negligible [Krohn

and Tsapatsis, 2005, 2006; Lin and Ma, 1988; Mallon et al., 2010, 2011; Milestone and

Bibby, 1981, 1984].

In the past two decades, molecular simulation has been successfully applied to the

study of adsorption onto porous materials [Duren et al., 2009; Smit and Maesen, 2008].

However, the sorbate molecules chosen as subjects of these studies are usually limited

to hydrocarbons or simple gases (e.g., CO2 and N2). The adsorption of molecules with

polar functional groups from solution phases is considerably more complex in at least

two aspects: (i) first-order electrostatic interactions (e.g., dipole of sorbates with electric

field originating from the porous sorbents) and formation of hydrogen bonds contribute

significantly to the sorption energetics, whereas these types of interactions can be ne-

glected for the adsorption for non-polar molecules; (ii) the grand canonical Monte Carlo

(GCMC) method that is almost universally adopted for the simulation of adsorption

isotherms, is not particularly suitable for treating adsorption from solution phases be-

cause it requires the specification of chemical potentials for sorbates. Although this

requirement can be easily satisfied for gas mixtures by assuming the ideal gas law or
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by employing an empirical equation of state (EOS), the same treatment is not readily

generalizable to liquid mixtures because of the lack of accurate activity models. Further-

more, even in the cases in which such empirical relationships are available [Chempath

et al., 2004], they are usually fitted to experimental data rather than to the molecular

models described by the force field.

In order to overcome the inconsistency between force fields and activity models,

Wang et al. [1993] used a pseudo grand canonical molecular dynamics approach where

a sufficient amount of bulk solution is placed directly in contact with the sorbent and

sorbate molecules can move in and out to establish chemical equilibrium between the

adsorbed phase and the surrounding bulk phase. However, it usually takes a very long

time for molecular dynamics simulations to establish sorption equilibrium due to the

slow diffusion even of moderately complex molecules [Melnikov et al., 2012]. One of the

options in GCMC simulations that can remove the need for a fugacity/activity model

is to conduct additional simulations to obtain the chemical potential as a function

of pressure/concentration in the solution phase [Desbiens et al., 2005a; Kristof et al.,

2006; Xiong et al., 2011, 2012]. Kristof et al. [2006] used a combination of GCMC and

semigrand canonical simulations to compute the chemical potentials in the liquid phase.

Recently, Xiong et al. [2011] proposed the use of expanded ensemble simulations (EE)

to calculate the excess chemical potential for a solute molecule in a dilute liquid solution

prior to performing GCMC simulations. However, this GCMC-EE method is limited to

sufficiently dilute solution where the activity coefficient for the solute molecules can be

assumed to be unity.

In this work, we present the calculations of adsorption equilibria from solution phases

based on the Gibbs ensemble Monte Carlo (GEMC) approach [Panagiotopoulos, 1987a;

Panagiotopoulos et al., 1988]. This GEMC approach can be applied to the complete

composition range of multi-component mixtures with strong non-idealities in the so-

lution phase. As an illustration of the methodology, a study of the sorption of binary

water/(methanol or ethanol) mixtures and of ternary water/methanol/ethanol mixtures

in silicalite-1 is presented. To our knowledge, this is the first report of liquid phase ad-

sorption isotherms in zeolites covering the entire range of solution composition (by either

experiment or simulation). Utilizing these simulation data, we are also able to assess

IAST as applied to these aqueous solutions.
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7.2 Methodology

7.2.1 Molecular Models

Silicalite-1 is an all-silica zeolite of the MFI framework type. It possesses a 3-dimensional

channel structure, with sinusoidal channels in the crystallographic a-direction and straight

channels in the b-direction and pore diameters of about 5–6 Å. The two channel types

intersect to form a 3-dimensional porous network. Silicalite-1 has been found in three

different crystalline forms, the as-synthesized ORTHO form with Pnma symmetry, the

PARA form with P212121 symmetry, and the monoclinic MONO form [van Koningsveld,

1990]. In our simulations, we used the ORTHO form and the structure determined by

van Koningsveld et al. [1987] that is periodically replicated in all three directions to

form an infinite sorbent structure without open surfaces. We adopt the assumption

that the zeolite structure is rigid, i.e., the framework atoms remain at their crystallo-

graphically determined positions. The rigidity assumption forms the first part of the

so called Kiselev model [Bezus et al., 1978]; however, we relax its second assumption

about the dispersive interactions on the framework atoms. We explicitly distinguish be-

tween silicon and oxygen atoms and place Lennard–Jones sites on both of them, rather

than assuming that the interactions due to silicon atoms can be incorporated into the

“effective” oxygen sites.

The sorbent-sorbate and sorbate-sorbate intermolecular interactions are described

using LJ 12–6 and Coulomb potentials, with parameters taken from the TIP4P model

[Jorgensen et al., 1983] for water and the transferable potentials for phase equilibria

(TraPPE) force field [Tra, 2013; Bai et al., 2013b; Chen et al., 2001a; Martin and

Siepmann, 1998b] for alcohols and silicalite-1. The alcohol models are semi-flexible

with harmonic angle bending and cosine series torsional potentials, whereas the water

model is rigid. The parameterization of the TraPPE united-atom force field for the

alcohols involved fitting to vapor–liquid coexistence curves, whereas fitting to a training

set of sorption isotherms for alkanes, carbon dioxide, and ethanol was used for the

parameterization of the interaction sites in the zeolite matrix. The LJ parameters

for all unlike interactions, including those with zeolite framework atoms, are obtained

using Lorentz–Berthelot combining rules. A spherical potential truncation at a distance

of 14 Å is used for sorbate-sorbate interactions and for those in the solution phase
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with analytical tail corrections to estimate LJ interactions beyond this distance [Allen

and Tildesley, 1987]. Coulomb interactions are treated using the Ewald summation

method [Allen and Tildesley, 1987]. All host-guest interactions are pre-tabulated and

interpolated during simulation [June et al., 1990].

7.2.2 Simulation Details

Invented by Panagiotopoulos [1987a], GEMC has been widely used to study fluid phase

equilibria. In this work, the isobaric-isothermal version of GEMC [Panagiotopoulos

et al., 1988] was chosen and three simulation boxes were used to represent the zeolite

phase, the solution phase, and a vapor-phase transfer medium. This setup is very similar

to those previously used by us to study liquid–liquid equilibria [Chen and Siepmann,

2006; Chen et al., 2002] and retention in reversed-phase liquid chromatography [Rafferty

et al., 2007, 2008].

The simulations were performed using a system size consisting of a total of 1100

molecules at two temperatures (298 and 323 K) and an external pressure of 1 atm.

A range of compositions was considered: for the binary systems (water/methanol or

water/ethanol), the water/alcohol ratios were 2i/2j (i, j = 0, 1, · · · , 6); for the ternary

systems, the water/methanol/ethanol ratios were 16/2i/2j (i, j = 0, 1, or 2). The

equilibration and production periods consisted of 100,000 – 160,000 and 100,000 Monte

Carlo cycles (with the exception of dilute water/ethanol systems where 300,000 Monte

Carlo cycles were used to improve the statistics), respectively (each cycle consists of

N = 1100 Monte Carlo trial moves).

Xiong et al. [2011] argued that the GCMC-EE approach would be advantageous be-

cause it would be too difficult to transfer molecules between different simulation boxes

in GEMC. However, our experience for other systems indicates that configurational-bias

Monte Carlo (CBMC) strategies make GEMC simulations feasible even for very complex

molecules, such as dipropylene glycol dimethyl ether or four-ring aromatic hydrocarbons

[Bai and Siepmann, 2011; Rafferty et al., 2011]. Indeed, using the MCCCS-MN software

[MCC, 2011] and optimized CBMC insertion/deletion strategies (see Chapter 2), the

simulations for this study turn out to be reasonably fast with the production periods

taking about 60 – 70 hours on a single Intel Xeon CPU E5410 processor (2.33 GHz).

We employed two types of CBMC moves: coupled-decoupled CBMC swap moves that
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transfer particles between different simulation boxes [Laso et al., 1992; Martin and Siep-

mann, 1999; Mooij et al., 1992; Siepmann and Frenkel, 1992]. and CBMC identity switch

moves that convert a methanol molecule to ethanol [Martin and Siepmann, 1997]. In the

latter move type, a methanol molecule in one box is converted to an ethanol molecule by

replacing the methyl group with an ethyl group grown using the CBMC algorithm and,

concomitantly, an ethanol molecule in another box is converted to a methanol molecule

by replacing the ethyl group with a methyl group. During this identity switch move, the

location of the α-CHx group remains unchanged but its Lennard–Jones parameters are

changed. For ternary mixtures, we did not perform direct swap moves for ethanol and

relied on the identity switch moves to exchange ethanol molecules indirectly. We also

did not swap molecules directly between the adsorbed phase and the liquid phase, but

instead relied on the vapor phase as an intermediate transfer medium. The probabilities

for performing both types of the CBMC transfer moves were adjusted so that about one

move of each type was accepted per Monte Carlo cycle.

7.2.3 Ideal Adsorbed Solution Theory

Myers and Prausnitz [1965] developed IAST to predict a multi-component adsorption

isotherm from the knowledge of the underlying unary adsorption isotherms. Integration

of the latter yields the spreading pressure, π0
i , as function of the reservoir pressure, p0

i :

π0
i (p

0
i ) =

RT

A

∫ ln p0i

−∞
n0
i (ln pi) d ln pi i = 1, 2, . . . ,m (7.1)

where n0
i (ln pi) is the number of molecules adsorbed per unit cell at logarithmic pressure

ln pi for pure component i; R, T , A, and m are the molar gas constant, the absolute

temperature, the surface area per unit cell, and the number of components. Using

the logarithmic form of Eq. 7.1 is advantageous in IAST modeling because it avoids

numerical problems in extrapolations to very low loadings. The spreading pressure (or

grand potential) must be equal for each component at equilibrium and assuming that

the activity coefficient is unity for each adsorbed species (i.e., ideal behavior) and that
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Figure 7.1: Unary adsorption isotherm for water. The black, green, magenta, and cyan
lines denote the experimental data of Desbiens et al. [2005a], Trzpit et al. [2007], and
Oumi et al. [2002] all measured at 300 K, and of Sano et al. [1994] at 303 K. The red
squares show the simulation data at 298 K.

the vapor phase is ideal, allows one to obtain the total loading

1

nt
=

m∑
i=1

xi
n0
i (ln p

0
i )

(7.2)

ni = nt · xi (7.3)

where xi is the adsorbed-phase mole fraction. Application of IAST requires knowledge

of partial pressures, and these are estimated for the current CBMC-GE simulations

from the average number densities of the molecules in the vapor-phase transfer medium

(using the ideal gas law to convert number density to pressure).
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7.3 Results and Discussion

7.3.1 Unary Adsorption

The unary adsorption isotherms for water, methanol, and ethanol near room tempera-

ture are shown in Figures 7.1 and 7.2. Although water was not included in the param-

eterization of TraPPE-zeo, the simulation data agree very well (as judged by inflection

pressure, capacity, and isotherm shape) with the experiments of Desbiens et al. [2005a]

and Trzpit et al. [2007], where “defect-free” silicalite samples synthesized via the flu-

oride route were used for the measurements. The very high pressure of the inflection

point supports the notion that defect-free silicalite-1 is very hydrophobic and adsorption

occurs only when the reservoir is a liquid under high external pressure (i.e., a regime

where explicit simulation of the reservoir is important). The accuracy of the predictions

for water also compares favorably to previous simulation studies [Castillo et al., 2009;

Desbiens et al., 2005a]. It should be noted that adsorption in our simulations and in the

experiments of Desbiens et al. [2005a] and Trzpit et al. [2007] occurs at pressures that

are about five orders of magnitude higher than found in the experimental measurements

reported by Sano et al. [1994] and Oumi et al. [2002] (and additional measurements [Fu-

bini et al., 1989; Giaya and Thompson, 2002; Kuznetsov and Rakhmanova, 2001; Zhao

et al., 1998] not shown in Figure 7.1); adsorption at lower pressures is likely induced by

a variety of defects, such as silanol nests (vacant T site) that allow for the formation

of multiple hydrogen bonds with a water sorbate and, hence, are energetically favored

adsorption sites.

The adsorption isotherms for methanol and ethanol are shifted to much lower pres-

sures than those for water (compare Figures 7.1 and 7.2), i.e., the additional dispersive

interactions of the alcohols make silicalite-1 a much more favorable sorbent. Due to

the larger molecular size of the alcohols, the capacity is reduced by about a factor of

two compared to water. Experimental adsorption isotherms for methanol and ethanol

are relatively sparse compared to water. The only measurements using silicalite-I made

through the fluoride method were reported by Oumi et al. [2002], but their adsorption

isotherm for water appears to be more in line with those of defect containing samples

(see Figure 7.1). The predicted inflection pressures and loading capacities for methanol

and ethanol agree very well with the experimental adsorption isotherms, but the initial
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Figure 7.2: Unary adsorption isotherms for methanol (top) and ethanol (bottom). The
black, cyan, and magenta lines denote the experimental data of Dubinin et al. [1989]
and Sano et al. [1994] at 303 K, and of Oumi et al. [2002] at 300 K. The red squares
show the simulation data at 298 K.

onset of adsorption occurs only at higher pressures in the truly defect-free host materials

used for the simulations. The accuracy of the unary adsorption isotherms for water,

methanol, and ethanol obtained using the TIP4P/TraPPE-UA/TraPPE-zeo force fields

provides confidence for the predictive ability of multi-component adsorption isotherms

involving these three compounds.

7.3.2 Binary Adsorption

The adsorption isotherm of the binary water/methanol and water/ethanol mixtures are

presented in Figure 7.3. At lower alcohol concentrations in the liquid phase, ethanol
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Figure 7.3: Binary adsorption isotherms for water/methanol (top) and water/ethanol
(bottom) as a function of alcohol concentration in the liquid phase. For the CBMC-GE
simulations, the adsorbed amounts of alcohol and water are denoted by red squares and
magenta diamonds (298 K), or blue circles and cyan up triangles (323 K), respectively;
orange down triangles are used for the GCMC-EE simulations at 298 K by Xiong et al.
[2011].
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adsorbs more strongly than methanol because of its stronger dispersive interactions

with the zeolite framework atoms. The initial uptake concentrations for these two

alcohols differ by about a factor of 10. In contrast, the saturation loading of methanol

is higher than that of ethanol due to the former’s smaller excluded volume (as also

found for the unary adsorption isotherms). The crossover from higher ethanol loading

to higher methanol loading in the binary adsorption isotherms takes place at about

5 mol/L (298 K). Most importantly, a significant amount of water is found in the zeolite

phase for both binary mixtures; about two water molecules per unit cell are present

near the inflection point for the alcohol loading. For the lowest methanol concentration

(≈ 0.3 mol/L), the amount of adsorbed methanol and water are nearly equal. Increasing

the temperature by 25 K results in only relatively small shifts in the binary adsorption

isotherm: at the higher temperature, the loading of the alcohols is slightly reduced,

whereas the water loading is slightly enhanced.

Both the GCMC-EE [Xiong et al., 2011] and the CBMC-GE simulations indicate

that the alcohol loading increases only slightly in presence of sorbed water. However,

the methanol adsorption isotherm (and the low-concentration regime of the ethanol

adsorption isotherm) from our CBMC-GE simulations are shifted to slightly higher

concentrations. There are two potential causes for the differences: (i) different force

fields were used and (ii) the concentrations may be sufficiently high to cause deviations

of the activity coefficient. In order to further investigate this discrepancy, we computed

the Gibbs free energies of transfer as function of solution-phase composition. From the

data presented in Figure 7.4, the variation of solvation free energies, ∆Gsol, with con-

centration is relatively small, and significant deviations from the Henry’s law behavior

occur only above 3 mol/L (i.e., much higher than the concentrations explored by Xiong

et al. [2011]). Thus, the difference between GCMC-EE and CBMC-GE results must be

caused by the different force fields being used. Careful inspection of Figure 1 in Xiong

et al. [2011] indicates that their force field over predicts the loading for the vapor-phase

adsorption isotherm by about 40% even in the low fugacity regime, which is somewhat

unexpected for a simulation using a defect-free zeolite structure.

In contrast to the behavior of ∆Gsol at low solution-phase alcohol concentration,

the adsorption free energies, ∆Gads, exhibit significant variations (see Figure 7.4). At

the lowest concentrations (less than 1 mol/L for methanol and less than 0.1 mol/L
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Figure 7.4: Gibbs free energies of transfer for adsorption (solution to zeolite, top) and
for solvation (gas phase to solution, bottom) at T = 298 K. The red squares, magenta
circles, blue diamonds, and cyan triangles show data for methanol and water and for
ethanol and water in their respective binary mixtures. For reference, the corresponding
values for water from its unary system at p = 7 × 106 Pa are shown as black dashed
lines.
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for ethanol) where on average five or fewer alcohol molecules and less than one water

molecule are found per unit cell, ∆Gads for water and alcohols are found to decrease

(i.e., becomes more favorable), presumably because the enthalpic gain from formation

of sorbate–sorbate interactions outweighs the entropic loss due to less free volume in

the partially filled sorbent. For concentrations above these concentration thresholds,

∆Gads for the alcohols is found to increase steadily, whereas ∆Gads for water exhibits

a plateau at intermediate concentrations followed by a further decrease at the highest

alcohol concentrations. The latter decrease is associated with the large increase in ∆Gsol

when the alcohol concentration exceeds 10 mol/L. Due to the opposite trends between

alcohols and water, the gap in ∆Gads narrows at higher concentrations, foreboding a

decrease in selectivity in this composition range.

One of the main motivations for this work is the assessment of IAST for the multi-

component adsorption isotherms from aqueous solution. A comparison of the adsorption

isotherms determined directly from the CBMC-GE simulations and predicted from IAST

using the simulated unary isotherms is shown in Figure 7.5. Since alcohol and water

molecules can interact strongly with each other through the formation of hydrogen

bonds, one would expect that the IAST assumption of adsorbed-phase ideality may not

hold. However, the data in Figure 7.5 indicate that the amounts of adsorbed alcohol,

when compared at the same (partial) pressure, are rather similar for the unary and

solution-phase adsorption isotherms, i.e., the co-adsorption of water has only a small

effect on the alcohol adsorption. As a consequence, the alcohol loading predicted by

IAST is quite accurate. In contrast, due to the very high onset pressure observed for neat

water adsorption in defect-free silicalite, IAST yields a rather severe underestimation of

the water loading over the entire range of pressures (solution compositions).

Since IAST under predicts the water loading, it over predicts the sorption selec-

tivities for these solutions. As illustrated in Figure 7.6, silicalite is indeed a highly

selective medium for methanol or ethanol over water, but IAST overestimates the selec-

tivities for methanol and ethanol by a factor of about 5000 over the entire composition

regime. However, even a small amount of adsorbed alcohol molecules profoundly alters

the sorption environment for water molecules by acting as polar “defects” to which wa-

ter molecules can bind strongly. The selectivities for ethanol range from ≈ 7000 for the
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Figure 7.5: Comparison of binary adsorption isotherms from CBMC-GE simulations and
IAST predictions for water/methanol (top) and water/ethanol (bottom) at T = 298 K.
The loadings of alcohols and water are denoted by red squares and blue diamonds for
CBMC-GE simulations, and magenta circles and cyan up triangles for IAST predictions,
respectively. The adsorbed amounts of the alcohols from unary CBMC-GE simulations
are shown as orange down triangles.
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Figure 7.6: Comparison of sorption selectivities from CBMC-GE simulations and IAST
predictions. The top part shows mole fraction of alcohol in silicalite-1 as function of
solution concentration at T = 298 K as red squares, blue diamonds, magenta circles, and
cyan triangles for CBMC-GE data of methanol and ethanol and for IAST predictions
of methanol and ethanol, respectively. The inset shows a close-up of mole fraction of
adsorbed alcohol and the bottom part shows the selectivities for methanol (red squares)
and ethanol (blue diamonds) obtained from CBMC-GE simulations at T = 298 K (filled
symbols) and 323 K (open symbols).
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64/1 water/ethanol system to ≈ 10 for the 1/64 water/ethanol system (and the corre-

sponding selectivities for methanol are ≈ 400 and ≈ 18, respectively). The CBMC-GE

simulations also demonstrate that the sorption selectivity is temperature dependent,

with a significant decrease in selectivity as the temperature is increased from 298 to

323 K. Mutual enhancement effects for the sorption of water and alcohols were also

found in the GCMC-EE simulations [Xiong et al., 2011] and in a joint experimental

and computational study on the adsorption of methanol and ethanol on the all-silica

decadodecasil 3R zeolite [Kuhn et al., 2009], where the fugacity for the alcohols was kept

constant while the fugacity of water was increased (whereas changes in solution-phase

concentration lead to changes in the chemical potential of both species).

7.3.3 Ternary Adsorption

In Figure 7.7, the adsorption isotherms for the ternary water/methanol/ethanol mix-

tures are presented as equilateral triangular plots using barycentric coordinates as is

common for ternary phase diagrams. A stark difference in the loading of the two alco-

hols is immediately apparent with the ethanol loading exceeding the methanol loading

for all but a small region of the ternary diagram. Ethanol loading saturates at relatively

low mole fractions in the solution phase (xEtOH ≈ 0.03 for low xMeOH), whereas methanol

reaches high loading only at relatively high excess of methanol over ethanol in the solu-

tion phase. For solution phases with equal mole fractions of methanol and ethanol, the

adsorbed phase contains approximately four times more ethanol than methanol.

The selectivity of silicalite for alcohol adsorption in the ternary mixture is illustrated

in Figure 7.8. The ternary phase diagram yields coexistence for a water-rich solution

phase (xsolution
water > 0.8) and a water-poor adsorbed phase (xzeolite

water < 0.15). Please note

that the sum of the partial pressures of water, methanol, and ethanol is not constrained

in these CBMC-GE simulations, i.e., the ternary diagram in Figure 7.8 is a projection

showing data for a range of ptotal. Again, it is obvious that the adsorbed alcohols must

act as favorable sorption sites for water molecules and there is appreciable co-adsorption

of water in the ternary systems, whereas IAST yields xzeolite
water < 10−4 for all solution phase

compositions investigated here.



126

Figure 7.7: Adsorption isotherms from CBMC-GE simulations showing the loading of
methanol (top) and ethanol (bottom) in molecules per unit cell as a function of the
liquid-phase mole fractions for ternary water/ methanol/ethanol mixtures at 298 K.
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Figure 7.8: Ternary phase diagram showing the solution-phase (blue circles) and
adsorbed-phase (cyan circles) compositions obtained from CBMC-GE simulations at
298 K.

7.3.4 Structural Properties

Beyond the ability to predict thermodynamic properties for multi-component adsorption

processes, the CBMC-GE simulations can also provide a wealth of structural information

that can be used to understand these processes on the molecular (microscopic) level.

Three-dimensional probability distributions of sorbate center-of-mass positions taken

from the CBMC-GE simulations for the binary water/methanol mixtures at 298 K

are shown in Figure 7.9. Starting with the sorbate siting for unary systems (outside

columns), one observes that both molecules prefer to adsorb in certain locations, namely

the sinusoidal channels. These are the regions allowing for more favorable interactions

with the silicalite framework and with other sorbate molecules (the molecular origin

is likely a better match of the sorbate and pore sizes). This is consistent with the

observation of Kuhn et al. [2009] for the same framework structure but using a different

force field. With increasing loading (left to right for water, right to left for methanol),

the distributions broaden considerably. For the binary mixtures, the distributions of

methanol exhibit very little change from those for the unary system with similar loading.

In contrast, the density distribution for water is greatly affected by the presence of

methanol. For the water-rich system (64 water/1 methanol), the water distributions
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Figure 7.9: Probability density distributions of water (top) and methanol (bottom)
center-of-mass positions for binary water/methanol mixtures at 298 K. The second
and the third columns are taken from CBMC-GE simulations for the binary system,
with water/methanol composition ratios of 1/8 and 64/1, respectively. The first and
the fourth columns are taken from CBMC-GE simulations for the pure components
at pressures which give a similar loading (0.16 and 0.4 molec/uc for water at 1/8 and
64/1 ratio, respectively; 18 and 0.72 molec/uc for methanol at 1/8 and 64/1 ratio,
respectively).
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Table 7.1: Sorbate loading and distribution over zig-zag and straight channels, and
intersections.

sorbate condition loading zig-zag straight intersection

water

7.000× 106 Pa 0.16 0.55 0.34 0.10
1/8 ratio 0.16 0.39 0.35 0.26

7.937× 107 Pa 0.4 0.38 0.43 0.19
64/1 ratio 0.4 0.48 0.37 0.15

methanol

1.291× 104 Pa 18 0.48 0.33 0.19
1/8 ratio 18 0.48 0.32 0.20

1.602× 102 Pa 0.72 0.51 0.40 0.09
64/1 ratio 0.72 0.52 0.35 0.14

resembles that of methanol, i.e., the water molecules move to the regions favored by

methanol molecules. For the methanol-rich system (1 water/8 methanol), however,

the water molecules are displaced to other parts of the sinusoidal channel. In order

to quantify the affinity of sorbate molecules for different regions of the framework, the

intersection is defined to be enclosed by a sphere of diameter 5.6 Å that also separates the

zig-zag channels from the straight channels. The spatial distributions are summarized

in Table 7.1. For the unary system, about 55% and 10% of the water molecules populate

the zig-zag channels and intersections, respectively, at low loading, whereas the presence

of methanol molecules (for the methanol-rich solution phase) pushes some of the water

molecules (a 16% shift in the population) from the zig-zag channels to the intersections.

At the opposite end of the mixture compositions (64 water/1 methanol), where the

methanol loading is low, the presence of the methanol molecules pulls water from the

intersections and the straight channels into the zig-zag channels. In contrast, the co-

adsorption of water has only a relatively small effect on the spatial distribution of the

methanol molecules that prefer the zig-zag channels.

Spatial information on the local selectivity for alcohol versus water sorption is shown

in Figure 7.10. Center-of-mass densities for the different species are used to compute a

local mole fraction that is then compared to the solution-phase composition. For these

mixtures, the solution-phase alcohol concentration is near xalcohol ≈ 0.06. The average

water and alcohol loadings are 1.6 and 13.4 molec/uc for the binary water/methanol

system and 0.75 and 12.9 molec/uc, respectively, for the water/ethanol system. For
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Figure 7.10: Three-dimensional distribution of local selectivities (alcohol versus water)
obtained from CBMC-GE simulations at 298 K for the 4 water/1 methanol system (top
left), the 4 water/1 ethanol system (top right), and the 16 water/4 methanol/1 ethanol
system (bottom row).
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the ternary system, the water, methanol, and ethanol loadings are 0.81, 2.0, and 11.4

molec/uc, respectively. As expected from the higher average selectivity for ethanol

compared to methanol in the binary mixtures (see Figure 7.6), the local selectivity

is also more pronounced for ethanol, but the regions of highest selectivity are quite

similar for both alcohols. The local methanol selectivity is significantly enhanced by co-

adsorption in the ternary mixture, whereas the corresponding selectivity enhancement

for ethanol is relatively small.

The strong co-adsorption effects can be explained by the hydrogen bonds that can

form between the two types of sorbates. In a recent study on the adsorption and

diffusion of water-alcohol mixtures in zeolites, more extensive hydrogen bonding was

observed for sorbate mixtures [Krishna and van Baten, 2010]. In the present work, a

hydrogen bond was defined by a distance criteria (rOH < 2.5 Å and rOO < 3.3 Å),

where the donor oxygen can be either from another sorbate molecule or from the zeolite

framework. Quantitative data on the number and type of hydrogen bonds is provided in

Figure 7.11 and Table 7.2. Up to c ≈ 3 mol/L in the reservoir, the numbers of hydrogen

bonds per molecule, NH-bond, remain nearly constant in the solution phase for the binary

systems with values of 3.9, 2.6, and 2.5 for water, methanol, and ethanol, respectively.

Beyond this threshold (also found for ∆Gsol, i.e., the Henry’s law region), NH-bond in the

solution phase decreases monotonically with increasing alcohol concentration for both

compounds and limiting values of 3.1 for water and 1.9 for both alcohols are reached for

the 1/64 water/alcohol systems. In contrast, NH-bond in the zeolite phase increases with

c in the low-concentration region and plateaus for c ≥ 3 mol/L. That is, during the initial

uptake NH-bond increases but starts to level beyond the inflection point in the adsorption

isotherms. For the 64/1 water/alcohol systems, NH-bond for water and alcohol are 1.3

and 0.9, respectively, and the corresponding values for the 1/1 water/alcohol systems are

2.4 and 1.3, respectively. Clearly, NH-bond is limited by confinement effects in silicalite-I

and the values at intermediate c are about 40% smaller than in the solution phase. This

reduction in NH-bond plays a role in the unfavorable ∆Gads for water over the entire

composition regime. The observation that NH-bond in both phases is quite similar for

methanol and ethanol agrees with the experimental observation of a linear dependence

for the logarithm of the adsorption constant for primary alcohols with the length of the

alkyl group [Mallon et al., 2011]. Decomposing the total number of hydrogen bonds
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Table 7.2: Hydrogen bonds with same sorbate, other sorbate, and with zeolite per
molecule for water/methanol and water/ethanol binary mixtures of composition ratio
32/1, 8/1, and 1/32

System calc Sorbate N Hsame Hother Hzeo

[mol/L] [molec/uc]

Water/Methanol

0.505
Water 0.52 0.42 0.798 0.343

Methanol 1.908 0.515 0.214 0.2866

1.31
Water 1.42 0.456 1.192 0.432

Methanol 8.12 0.751 0.202 0.2734

24.112
Water 0.0385 0.0023 1.883 0.493

Methanol 17.953 1.1072 0.00415 0.2441

Water/Ethanol

0.0383
Water 0.588 0.438 0.836 0.362

Ethanol 2.6835 0.503 0.173 0.3075

0.212
Water 1.215 0.454 1.424 0.4585

Ethanol 9.823 0.6776 0.1728 0.2702

16.831
Water 0.051 0.0056 1.926 0.467

Ethanol 14.12 0.9579 0.0072 0.3407

in the zeolite phase into those formed with the same type of sorbate, with the other

type of sorbate, and with the zeolite framework (see Table 7.2) indicates that even

for the 32/1 water/alcohol systems, the water molecules form about twice as many

hydrogen bonds to alcohol molecules than to other water molecules, but this is mostly

caused by the four times larger number of alcohol molecules (i.e., in relative terms, there

is actually a preference for water–water hydrogen bonds). For the 8/1 water/alcohol

systems that yield the peak in the water loading, the water molecules form about three

times as many hydrogen bonds with alcohols than with other water molecules. When the

alcohol concentration is further increased to the 1/32 water/alcohol systems, then the

total number of hydrogen bonds for water remains at the same level, but water–water

hydrogen bonds are replace by water-alcohol hydrogen bonds. At these concentrations,

adsorbed water molecules are “sandwiched” between two alcohol molecules. In contrast

to the large changes in the sorbate–sorbate hydrogen bonding, the values for hydrogen

bonds with the zeolite framework remain relatively constant.
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Figure 7.11: Average number of hydrogen bonds per molecule in the zeolite (left)
and in the solution (right) phase as a function of solution-phase composition for wa-
ter/methanol (top) and water/ethanol (bottom). The data for alcohol and water are
denoted by red squares and magenta diamonds (298 K), or blue circles and cyan up
triangles (323 K).
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7.4 Conclusions

The use of CBMC-GE approach enables affordable simulations to determine multi-

component adsorption isotherms from solution phases. The CBMC-GE simulations can

be applied without limitations to solutions with multiple solutes present over the entire

composition range, i.e., eliminating the need for empirical activity models. Using a

3-box GEMC set-up also allows for the direct computation of the partial pressures for

all components that can be used as input parameters for application of IAST.

CBMC-GE simulations for binary water/(methanol or ethanol) and ternary wa-

ter/methanol/ ethanol mixtures demonstrate that silicalite-1, a pure siliceous MFI zeo-

lite, exhibits a very high selectivity for the alcohols over water. The selectivity is higher

for ethanol than for methanol and decreases with increasing alcohol concentration and

increasing temperature.

The presence of adsorbed alcohols promotes the adsorption of water through hydrogen-

bonding interactions, and a non-negligible amount of water is adsorbed over a wide

range of solution-phase compositions at ambient conditions. As a consequence of the

water-alcohol interactions in the zeolite-phase, these binary and ternary alcohol-water

mixtures do not satisfy the assumptions of IAST and show non-ideal behavior. For these

systems, IAST greatly under predicts the amount of adsorbed water and over predicts

the selectivity.

At low alcohol loadings, the spatial distribution of water molecules changes from that

found for pure water to allow more interactions with the alcohol molecules. At high

concentrations, however, water and alcohols compete for similar preferential adsorption

sites and water is displaced from its preferred regions in the sinusoidal channels.



Chapter 8

Aqueous-Phase Adsorption of

Glucose: A Case for Entropic

Driving Forces

8.1 Introduction

An interesting subset of zeolites are the hydrophobic zeolites, first prepared in 1978

[Flanigen et al., 1978]. These materials can adsorb and react upon hydrophobic com-

pounds in aqueous phase (e.g., Chapter 7). The nearly water-free environment provided

by hydrophobic zeolite frameworks allows catalysis of different reactions than does aque-

ous media or the environment of hydrophilic zeolites [da Silva et al., 2009; Moliner et al.,

2010]. That is, these defect-free hydrophobic zeolites allow catalysis that would oth-

erwise be poisoned in the presence of water in the zeolite host. Hydrophobic zeolites

similarly provide unique catalytic pathways to reactions upon compounds in two-phase

water-organic mixtures, as might occur during conversion of biomass feed stocks [Cam-

blor et al., 1997; Choudhary et al., 2011; Nikolla et al., 2011; Zapata et al., 2012].

A particularly interesting transformation that illustrates the properties of hydropho-

bic zeolites is the isomerization of glucose into fructose in these materials [Bermejo-Deval

[∗] This chapter describes the outcome of a collaborative research project carried out by P. Bai under
the supervision of J. I. Siepmann and M. W. Deem. A report on this research project has been
published [Bai et al., 2013a].
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et al., 2012b; Lew et al., 2012; Moliner et al., 2010; Roman-Leshkov et al., 2010]. By con-

trast, in zeolites with defects and which are not hydrophobic, adsorbed water molecules

inhibit the Lewis-acid-catalyzed isomerization. Interestingly, the mechanism of isomer-

ization in hydrophobic zeolites follows a pathway quite similar to that of metalloenzyme-

catalyzed isomerization [Bermejo-Deval et al., 2012a]. It appears that the hydrophobic

zeolite provides a water-excluded region for the catalysis to occur, just as the hydropho-

bic groups in the metalloenzyme do. In addition to hydrophobicity of the zeolite, a

good match between pore size and substrate size is also important for catalytic yield

and conversion [Lew et al., 2012].

The first step of zeolite-catalyzed isomerization of glucose is the transfer of glucose

from the aqueous phase to the zeolite phase. A natural question, not yet answered

experimentally, is to what extent there is an entropic driving force for this partitioning.

We wonder, in particular, whether there is a restructuring of the water as the glucose

leaves the aqueous phase. The effect of this restructuring would be primarily entropic in

nature. We here quantify the contribution of this water restructuring to the free energy

of transfer for glucose from the aqueous phase to zeolite beta (BEA). These calculations

complement recent experimental studies of this transformation in zeolite beta [Gounder

and Davis, 2013].

The remainder of this chapter is organized as follows. In the Methods section, we

discuss the molecular models and Monte Carlo algorithms used to calculate thermody-

namic and structural properties. In the Results and Discussion section, we give results

for the enthalpy, entropy, and free energy of transfer of glucose to zeolite beta and

discuss structural properties. We discuss the importance of water restructuring on the

driving force for adsorption of glucose within zeolite beta from aqueous solution. We

conclude in the final section.

8.2 Simulation Details

Zeolite beta is an intergrown hybrid of two closely related polymorphs that both pos-

sess a fully 3-dimensional pore structure with 12-ring as the windows between cages.

Polymorph A forms an enantiomorphic pair with space group symmetries P4122 and

P4322, with a = 1.266 nm and c = 2.641 nm. In this simulation study, we used 3×3×2
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unit cells of the all-silica polymorph A with the structure determined by Newsam et al.

[1988], i.e., the simulation box lengths are 3.798 and 5.282 nm, respectively, and it con-

tains 3456 framework atoms with interaction sites placed at both O and Si locations.

The all-silica zeolite beta structure is treated as rigid, and the simulation box is peri-

odically replicated in all three directions to form an infinite sorbent structure without

open surfaces.

The sorbent-sorbate and sorbate-sorbate intermolecular interactions are described

using Lennard–Jones 12–6 (LJ) and Coulomb potentials, with parameters taken from

the TIP4P model [Jorgensen et al., 1983] for water, the OPLS-AA force field for glucose

[Damm et al., 1997], and the TraPPE-zeo force field [Bai et al., 2013b] for the framework

atoms. For the TraPPE-zeo force field, a training set of sorption isotherms for alkanes,

carbon dioxide, and ethanol was used for the parameterization of the interaction sites

in the zeolite matrix. The glucose molecule is modeled as semi-flexible with a rigid ring

structure and flexible hydroxyl groups and side chain. The LJ parameters for all unlike

interactions, including those with zeolite framework atoms, are obtained using Lorentz–

Berthelot combining rules. A spherical potential truncation at a distance of 1.4 nm is

used for sorbate-sorbate interactions and for those in the solution phase with analytical

tail corrections to estimate LJ interactions beyond this distance [Allen and Tildesley,

1987]. Coulomb interactions are treated using the Ewald summation method [Allen and

Tildesley, 1987]. All host-guest interactions are pre-tabulated and interpolated during

simulation [June et al., 1990].

The MCCCS-MN software [MCC, 2011] was used for all Monte Carlo simulations.

The adsorption equilibria were determined using the isobaric-isothermal version of the

Gibbs ensemble [Panagiotopoulos et al., 1988] with three simulation boxes used to rep-

resent the zeolite phase, the solution phase, and a vapor-phase transfer medium. This

setup is very similar to those previously used by us to study liquid–liquid equilibria [Chen

and Siepmann, 2006], retention in reversed-phase liquid chromatography [Rafferty et al.,

2007], and adsorption of methanol and ethanol onto silicalite-1 from aqueous solution

[Bai et al., 2012]. The Gibbs ensemble simulations were performed using a system size

consisting of 1000 water molecules at the three different compositions of 9, 18, and 36

glucose molecules per 1000 water molecules; the three temperatures of 348, 353, and
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Table 8.1: Energy of D-glucose conformers in kJ/mol relative to conformer a.
a b c d e

0 0.06 8.12 15.62 43.58

f g h i j

5.09 4.70 19.78 22.55 46.17

358 K; and an external pressure of 1 atm. In addition to conventional translational, ro-

tational, and volume moves, we employed two types of configurational-bias Monte Carlo

(CBMC) moves: coupled-decoupled CBMC swap moves that transfer particles between

different simulation boxes [Laso et al., 1992; Martin and Siepmann, 1999; Mooij et al.,

1992; Siepmann and Frenkel, 1992] and CBMC identity switch moves that convert be-

tween two related molecules [Martin and Siepmann, 1997]. Since cavities of the size

needed to accommodate a glucose molecule do not appear with sufficient frequency in

liquid water, the transfer of glucose molecules is enhanced through multiple intermedi-

ate glucose variants that have scaled interactions and an external biasing potential is

used to help with the transfer of glucose variants to the vapor phase (and corrected for

in the calculation of the transfer free energies) [Rafferty et al., 2011]. The probabilities

for performing both types of the CBMC transfer moves were adjusted so that about one

move of each type was accepted per 10 MC cycles. 16 independent simulations were

carried out at each state point. The equilibration and production periods consisted of

100,000–250,000 and 100,000 MC cycles, respectively, where each cycle consists of N

MC trial moves.

In addition to the Gibbs ensemble Monte Carlo (GEMC) simulations for the ad-

sorption equilibria, additional simulations were carried out in the isobaric-isothermal

ensemble [McDonald, 1972] to quantify the enthalpy of solvation for glucose in water.

To this extent, an isolated glucose molecule in the gas phase and liquid phases consisting

of either 1000 water molecules or of one glucose and 1000 water molecules were studied.
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Figure 8.1: Locally optimized conformations of glucose: a and b, two forms of the
α-chair with counter clockwise hydrogen bonding pattern; c and d, two forms of the
α-chair with clockwise hydrogen bonding pattern; e, α-boat; f and g, two forms of the
β-chair with counter clockwise hydrogen bonding pattern; h and i, two forms of the
β-chair with clockwise hydrogen bonding pattern; j, β-boat.

8.3 Results and Discussion

As mentioned above, for computational efficiency a semi-rigid glucose model was used

for this work. Thus, the first task was to identify the ring structure that is energeti-

cally most favorable. To this extent, electronic structure calculations using Kohn-Sham

density functional theory with the M06-2X/6-311+g(3df,3pd) combination of functional

[Zhao and Truhlar, 2008] and basis set were used. Figure 8.1 illustrates the gas-phase

optimized structures and Table 8.1 summarizes the corresponding energies. Conformers

a and b are significantly lower in energy than the other conformers and their geometries

for the 6 ring atoms and for those 6 atoms directly bonded to the ring are very similar.

Thus, the 12-atom core from the a conformer is used to initialize the simulations. Since

the hydroxyl groups and the side chain can freely rotate, conformers a – d, i.e., the alpha

chair structures, are allowed in the simulation. It should be noted that conformers f

and g are also within the thermally accessible energy range, but are inaccessible in the

simulations. Given the similarity of the overall shapes, it is likely that the adsorption

and solvation behavior for conformers a and f (and conformers b and g) would be quite

similar. A question that cannot be answered with the current simulation protocol is
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Table 8.2: Potential energies and enthalpies of solvation in kJ/(mol of system) at three
temperatures.

system property temperature
348 K 353 K 358 K

isolated glucose molecule U −295.34 −295.02 −294.83

1000 water molecules U −383947 −380967 −377949

1 glucose + 1000 water molecules U −388215 −3853211 −382308

solvation ∆Hsol −1359 −1449 −14412

whether the population of the open-chain form would be significant in zeolite beta. The

lengths of the intramolecular hydrogen bonds are also indicated in Figure 8.1, and with

the exception of the one hydrogen bond of conformer a involving the hydroxyl group

of the the CH2OH group as donor, all other intramolecular hydrogen bonds are longer

than 0.22 nm, i.e., fairly strained.

In GEMC simulations of multi-component adsorption systems, only the overall com-

position is specified, and molecules distribute between the different phases through parti-

cle transfer moves [Bai and Siepmann, 2013]. Within the statistical errors, the partition

coefficients are found to agree for all three temperatures. The simulations containing a

total of 9, 18, and 36 glucose molecules yield weight fractions of 0.05, 0.09, and 0.17,

respectively, in the aqueous phase. The corresponding loadings for glucose in the zeolite

are 0.17 ± 0.03, 0.32 ± 0.05, and 0.46 ± 0.04 molecules per crystallographic unit cell,

respectively, i.e., they exhibit a linear correlation with the solution phase concentra-

tions. In contrast, the corresponding loadings for water in the zeolite are 0.49 ± 0.08,

0.68 ± 0.12, and 0.83 ± 0.15 molecules per crystallographic unit cell, respectively. As

was also found for mixtures of primary alcohols and water [Bai et al., 2012], the adsorp-

tion of glucose induces co-adsorption of water. A nearly linear relation exists between

adsorbed water and adsorbed glucose, nads
water ≈ 0.30 + 1.2× nads

glucose.

The Gibbs free energy of transfer from phase A to phase B can be evaluated directly

from the ratio of number densities as follows [Martin and Siepmann, 1998a]:

∆Gtrans = −RT ln
ρB

ρA

where ρA and ρB are the number densities of the solute in the two phases. Due to

the relatively small number of successful particle transfer moves, we used data from all

nine state points to estimate ∆Gtrans and found values of +42 and +2.2 kJ/mol for
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Table 8.3: Potential energies and heats of adsorption in kJ/mol at three overall compo-
sitions.

system property composition
1000 : 9 1000 : 18 1000 : 36

glucose in zeolite U −400 −409 −416
water in zeolite U −29 −33 −35

glucose adsorption ∆Hads −108 −117 −124

the transfer from the aqueous phase to the vapor and to the zeolite phase, respectively.

As can be seen, the transfer into the zeolite phase is significantly more favorable than

the transfer to the vapor phase. In our GEMC simulations, both the glucose and

the water molecules are allowed to transfer between all three phases. The fluctuating

particle numbers resulting from the phase transfers make a direct estimation of the

enthalpy of transfer a statistically very challenging problem [Wick et al., 2003]; hence,

separate simulations with fixed numbers of particles in the isobaric-isothermal ensemble

were used to compute the enthalpy of transfer at infinite dilution. The numerical data

are summarized in Table 8.2. The potential energies for all three systems increase

monotonically with temperature, but since the enthalpy of solvation for transfer from

vapor phase to solution phase involves computing a small number from the difference

of two larger numbers, larger by about two orders of magnitude, the uncertainty in

∆Hsol is larger than the temperature effect. Averaging over all three temperatures, we

estimate ∆Htrans = −∆Hsol = 141 ± 6 kJ/mol. As will be seen from the structural

analysis provided below, the solvation structure around the glucose molecules and the

number of hydrogen bonds formed to the solvent do not show a significant concentration

dependence over the range of state points investigated here.

Once the Gibbs free energy and the enthalpy of transfer are known, the entropy of

transfer can be estimated from the usual thermodynamic definition

∆Gtrans = ∆Htrans − T∆Strans

As is already clear from the different magnitudes of ∆Gtrans and ∆Htrans for the transfer

of glucose from the aqueous phase to the vapor phase, the entropy of transfer must be

large and positive, and a value of +280± 20 J/(mol K) is estimated here.

The numerical data for the energetics of the adsorption process are summarized in
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Table 8.4: Transfer entropies for glucose in J/(mol K).
process ∆Strans

solution to vapor +280± 20
vapor to zeolite −190± 20

solution to zeolite +90± 30

Table 8.3. Since the temperature effects are minor (see below) and statistically signifi-

cant differences were not observed, the data are averaged over the three temperatures.

The potential energies of glucose and of water in the zeolite increase slightly in mag-

nitude with increasing glucose concentration, i.e., sorbate–sorbate interactions play a

minor role at the compositions investigated here. The magnitude of the potential energy

for glucose in the zeolite appears quite large at first glance, but it should be noted that

the intramolecular energy for glucose in the vapor phase is also large and negative (see

Table 8.2). The values of the potential energy of glucose in the zeolite and in the gas

phase and the p∆V ≈ RT contribution can be used to estimate the enthalpy of adsorp-

tion. Here, we find values ranging from −108 to −124 kJ/mol from the lowest to the

highest glucose concentration. A simple molecular dynamics calculation on fully flexible

D-glucose and fully flexible all-silica zeolite beta at T = 343 K with the DREIDING

interatomic potential [Mayo et al., 1990] gives a ∆Uads = −130 kJ/mol at a loading of 4

glucose per crystallographic unit cell. The ∆Hads values found here are also comparable

to the binding energy of −127 kJ/mol for unprotonated fructose in HZSM-5 estimated

from periodic electronic structure calculations with dispersion correction [Cheng et al.,

2011].

Using the values for the lowest concentration, because the infinite dilution case was

used for ∆Hsol, these data can be applied to estimate the entropies of transfer of glucose,

and we find −270 J/(mol K) for the transfer from the vapor phase to the zeolite and

+90 J/(mol K) for the transfer from the aqueous phase to the zeolite, i.e., the entropy

plays a significant role in aiding glucose to adsorb in the zeolite, but the Gibbs free

energy is still unfavorable (see above). The ∆Strans values are summarized in Table 8.4.

To provide further insight into the large and positive value of ∆Strans for water

from the aqueous solution to the vapor phase, the structure of the aqueous solution was

analyzed. The oxygen(glucose)–oxygen(water) radial distribution functions (RDFs) for
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Figure 8.2: Oxygen(glucose)–oxygen(water) radial distribution functions for selected
systems.

four representative systems are illustrated in Figure 8.2. The characteristically sharp

peak centered at 0.28 nm is a good indication for the formation of strong hydrogen bonds,

but the heights of the first peak are much lower than those found for oxygen(water)–

oxygen(water) RDFs (not shown). Furthermore, the latter RDFs show a weak second

peak at 0.44 nm for the second solvent shell of tetrahedrally coordinated water, but

only a shoulder is found in this region for the oxygen(glucose)–oxygen(water) RDFs.

Thus, the presence of the glucose solute leads to a significant disturbance of the local

solvent structure. The fact that the oxygen(glucose)–oxygen(water) RDFs remain below

unity up to 0.7 nm is likely due to the excluded volume of glucose. The oxygen(glucose)–

oxygen(water) RDFs do not exhibit significant changes as temperature and composition

are varied over the range of conditions studied here.

Additional insight about the solvation structure can be gleaned from a hydrogen

bond analysis. In the present work, a hydrogen bond was defined by either (loose)

solely distance criteria of rOH < 0.25 nm and rOO < 0.33 nm, or (strict) a combination

of the same distance criteria and an angular bound of cosφO-H···O < −0.4, where the

acceptor oxygen can be either from a water or glucose molecule or from the zeolite

framework. Quantitative data on the number and type of hydrogen bonds are provided
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Figure 8.3: Number of hydrogen bonds for glucose (top) and water (bottom) molecules in
the aqueous phase at T = 353 K. The open and filled symbols show data computed with
the loose and strict hydrogen bond criteria, respectively. (Top) The black circles, red
squares, blue diamonds, and orange triangles show the number of hydrogen bonds of any
type, with glucose as the donor and water as the acceptor, with glucose as the acceptor
and water as the donor, and of intramolecular hydrogen bonds, respectively. (Bottom)
The black circles, red squares, and blue diamonds show the number of hydrogen bonds of
any type averaged over all water molecules, and with water as a donor and as acceptor for
water molecules outside of the solvation shell of a glucose molecule. The red diamonds,
blue diamonds, red triangles, and blue triangles show the number of hydrogen bonds for
water molecules inside the solvation shell of a glucose molecule with water as the donor
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water as the donor and acceptor to/from another water molecule, respectively.
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in Figure 8.3. For the conditions investigated here, there is not any significant con-

centration dependence for the number of hydrogen bonds being formed in the solution

phase. Using the loose criteria, the glucose molecule in aqueous solution is involved

in the formation of about 11 (inter- and intra-molecular) hydrogen bonds. About six

of these involve glucose as the acceptor and water as the donor, while about four of

these involve glucose as the donor and water as the acceptor, i.e., the hydroxyl groups

of glucose are better hydrogen bond acceptors than donors. In solution the number

of intramolecular glucose–glucose hydrogen bonds is about one. In contrast, a glucose

molecule in the gas phase forms about two hydrogen bonds at T = 353 K; that is, the

conformational distribution of glucose changes upon solvation. Using the strict criteria,

the total number of hydrogen bonds is reduced to 10, with the largest decrease found for

the intramolecular hydrogen bond. The observation that a glucose molecule is involved

in about 10 hydrogen bonds (using either the loose or strict criteria) with solvation

water at T = 353 K) agrees well with the results obtained from nuclear magnetic reso-

nance spectra that each glucose hydroxyl group forms two hydrogen bonds to water (at

T = 273 K) [Harvey et al., 1976].

For the hydrogen bond analysis of water, the solvent molecules were grouped into

those inside the first solvation shell of glucose, as defined by forming at least one hydro-

gen bond to a glucose molecule, and those outside the first solvation shell. Applying the

present geometric criteria for hydrogen bond formation, water molecules are involved in

about 3.7 hydrogen bonds that are equally divided between donor and acceptor inter-

actions. Water molecules inside glucose’s first solvation shell are found to act as donor

and acceptor for about 0.7 and 0.5, respectively, hydrogen bonds with glucose. These

values agree with the observation that glucose is the acceptor for more hydrogen bonds

than it is the donor. Since glucose forms about 10 hydrogen bonds to hydration and

the number of hydrogen bonds to glucose per water molecule is about 1.2, the number

of hydrogen-bonded water molecules is 8–9. This value is somewhat higher than the

the number of 6 solvation water molecules deduced from dielectric relaxation studies

[Franks et al., 1973]. The water molecules inside the first solvation shell are also found

to act as donor and as acceptor for about 1.3 and 1.5 hydrogen bond from other water

molecules. The total number of hydrogen bonds per water molecule is slightly higher for

molecules in the first solvation shell than outside of it. As also observed for the RDFs,
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Figure 8.4: Adsorption energy distributions for glucose in all-silica zeolite beta for four
selected systems. For the 18-glucose molecule system, the loadings were 0.29 and 0.37
per unit cell at T = 348 and 358 K, respectively.

the formation of hydrogen bonds in the aqueous solution does not depend significantly

on the state point.

To provide further insight into the concentration dependence of the enthalpy of

adsorption, the distribution of the potential energies for glucose and water in the zeolite

were analyzed. Figure 8.4 shows the distributions for glucose for four representative

systems. The temperature dependence is very small, but increasing the overall number

of glucose molecules and correspondingly the loading of glucose shifts the distribution

to lower energies. It should be noted here that the potential energy of a vapor-phase

glucose molecule is about −295 kJ/mol and that this value needs to be subtracted from

the potential energies of adsorbed glucose molecules to obtain ∆Hads. Since the zeolite

is treated in this work as rigid, there is no contribution from changes in the zeolite

configuration. The number of hydrogen bonds per glucose molecule with other sorbate

molecules is found to increase from about 0.5 for the lowest concentration to about 1

for the highest concentration, whereas the number of intramolecular hydrogen bonds

remains close to 1.2 for all three compositions. To illustrate the packing of glucose in

zeolite beta, a snapshot is shown in Figure 8.5. As can be seen, the fit of the glucose

molecule is relatively tight and the molecular long-axis is aligned with the channel
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Figure 8.5: Snapshot of glucose molecule in all-silica zeolite beta.

direction.

The distributions of the potential energies for adsorbed water molecules are illus-

trated in Figure 8.6. In this case, the composition dependence is more significant. The

energy distribution for water is bimodal with the sharper peak at −10 kJ/mol reflect-

ing water molecules that interact only with the zeolite framework, and the broader

peak at more favorable energies is caused by water molecules forming at least one hy-

drogen bond with other sorbate molecules. At the lower glucose concentration, the

non-hydrogen-bonding peak is higher, but its integral smaller than for the hydrogen-

bonding peak. At the highest glucose concentration, the non-hydrogen-bonding peak

is greatly diminished, whereas the hydrogen-bonding peak increases and shifts to more

favorable energies. The somewhat larger number of glucose molecules adsorbed in the

zeolite found for the 18-molecule system at 358 K is likely responsible for the larger

fraction of water molecules with more favorable interaction energies compared to the

18-molecule system at 348 K. The number of hydrogen bonds per water molecule with

other sorbate molecules is found to increase from about 0.7 for the lowest concentration

to about 1 for the highest concentration.

The oxygen(glucose)–oxygen(zeolite) RDFs for selected systems are shown in Fig-

ure 8.7. As expected for a hydrophobic all-silica framework and from the relatively

small magnitude of the adsorption energy for water molecule interacting only with the

zeolite framework, see Figure 8.6, the RDFs show only a weak shoulder in the typical
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Figure 8.6: Adsorption energy distributions for water in all-silica zeolite beta for four
selected systems.

hydrogen bond region. Neither concentration, i.e. glucose loading, nor temperature has

a significant effect on these RDFs.

8.4 Conclusion

As shown in Table 8.4, the solvation entropy of glucose is negative. Both reconfigura-

tion of the water molecules around the glucose and change in the glucose conformational

distribution function contribute to this solvation entropy. Since the average number of

hydrogen bonds per water molecules in the first coordination shell of glucose is 4.3,

greater than the 3.7 per bulk water molecule, it would appear that water is more con-

strained around glucose relative to bulk water. These results are consistent with previous

observations of increased water densities around glucose [Gallina et al., 2006; Lee et al.,

2005; Paolantoni et al., 2007]. Removing the glucose reduces this constrained structure,

and so it would appear that there is an entropic force to drive glucose out of solution.

Glucose may be more conformationally restricted in the gas phase, as measured by the

two intramolecular hydrogen bonds formed, than in the liquid phase, as measured by

the one intramolecular hydrogen bond formed. If so, this result along with the negative
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Figure 8.7: Oxygen(glucose)–oxygen(zeolite) radial distribution functions.

entropy of solvation also indicates an entropic water unstructuring force to drive glu-

cose out of solution. Finally, and alternatively, we may argue that since there are few

degrees of freedom in glucose, the majority of the +280 J/(mol K) entropy of transfer

from solution to vapor must be due to water unstructuring.

The free energy of transfer for glucose from solution to zeolite beta is the sum

of the entropic, water-restructuring contribution and the enthalpy of transfer, since

∆Gtrans = ∆Htrans − T∆Strans. For all-silica zeolite beta, the enthalpy of transfer is

rather unfavorable. Nonetheless, there is a measurable loading of glucose in the zeo-

lite, due to the compensating entropy of transfer. Significantly, the transfer of glucose

from aqueous solution to the zeolite reduces the extensive hydration of aqueous glu-

cose to a single water molecule coadsorbed per glucose molecule in the zeolite. The

exclusion of bulk water is a key feature in the mechanism of glucose isomerization in

hydrophobic zeolites [Bermejo-Deval et al., 2012a]. The metal binding sites in Ti- or

Sn-beta may favorably enhance the enthalpy of transfer for glucose and may increase the

substrate loading of glucose for isomerization in these Lewis acid zeolites. Temperature-

programmed desorption experiments on Sn or Ti beta [Gounder and Davis, 2013] in 1

wt% glucose solution suggest the glucose loading in these materials is 5 to 10 times

larger than that extrapolated from the present calculations for all silica beta.



Chapter 9

Materials Discovery via

High-Throughput, Predictive

Modeling

9.1 Introduction

Zeolites play numerous important roles in modern petroleum refineries [Meyers, 2003]

and have the potential to advance the production of fuels and chemical feedstocks from

renewable resources. The performance of a zeolite as separation medium and cata-

lyst depends on its framework structure and the type or location of active sites. To

date, 213 framework types have been synthesized [Baerlocher and McCusker, 2013] and

>300,000 thermodynamically accessible zeolite structures have been predicted [Pophale

et al., 2011]. Hence, identification of optimal zeolites for a given application from the

large number of candidate structures is attractive for accelerating the pace of materials

discovery. Here we identify, through a large-scale, multi-step computational screening

process, promising zeolites for two energy-related applications. We identify structures

with the ability to exceed the ethanol/water azeotropic concentration in a single sepa-

ration step from fermentation broths and separately with up to 3 orders of magnitude

[∗] This chapter describes the outcome of a collaborative research project carried out by P. Bai, C.
Knight, M. W. Deem, M. Tsapatsis, and J. I. Siepmann. A report on this research project will be
submitted for publication [Bai et al., 2014b].
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better adsorption capability than current technology for linear and slightly branched

alkanes with 18-30 carbon atoms. These results demonstrates that predictive modeling

and data-driven science can now be applied to solve some of the most challenging sepa-

ration problems involving highly non-ideal mixtures and highly articulated compounds.

Crude oil remains the dominant source for transportation fuels and chemical feed-

stocks. Improving the efficiency of oil refining will help to extend the supply and reduce

the cost of current petroleum products. In the 1950s, crystalline zeolites containing

sub-2nm internal pores emerged as shape/size selective sorbents and catalysts, leading

to dramatic improvements in numerous processes utilized by the petrochemical industry

[Meyers, 2003]. For example, zeolites are used to catalyze the conversion of linear long-

chain alkanes to slightly branched alkanes of similar molecular weight, with the goal

of reducing the pour point and increasing the viscosity index of lubricant oils [Bouchy

et al., 2009; Miller, 1987; Miller and Rosenbaum, 2005; Taylor and Petty, 1994]. Similar

transformations are also desirable for diesel and other fuel oils, in which shorter alkanes

are involved. These hydroisomerization reactions depend on a delicate balance between

the degree of framework confinement and the size of alkane molecules. A suitable zeolite

possesses a high affinity for linear alkanes but low affinity for branched isomers, so that

the desired mono-branched products are not being cracked into smaller species [Taylor

and Petty, 1994].

Separating ethanol from its aqueous solution, a process essential for biofuel pro-

duction, currently relies on energy-intensive distillation [Kumar et al., 2010]. Nearly

defect-free silicalite-1, an all-silica zeolite with the framework type MFI, has been pro-

posed as an effective sorbent and membrane for this separation [Oumi et al., 2002; Zhang

et al., 2012a]. All-silica zeolites by themselves are very hydrophobic, but the adsorp-

tion of ethanol can promote water co-adsorption through hydrogen-bond formation and

lower the selectivity [Bai et al., 2012; Zhang et al., 2012a]. For this application, the

desired zeolite possesses a pore/channel system that accommodates ethanol molecules

but disfavors hydrogen bonding with water molecules.

Experimental testing of all existing zeolites for a given application would be very

time and labor intensive, sometimes even infeasible when a synthesis protocol for the

material with the desired composition is not yet developed. In addition, the possible

number of synthesizable zeolites is enormously large [Pophale et al., 2011], with some of
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the structures from the predicted crystallography open database (PCOD) possessing po-

tentially much better characteristics. Selecting optimal candidate materials through pre-

dictive modeling is hence a very attractive proposition. Such screening studies have so

far focused mostly on single-component systems of small, rigid, non-hydrogen-bonding

molecules, such as short hydrocarbons [First et al., 2013; Gomez-Gualdron et al., 2014;

Kim et al., 2012; Martin et al., 2014; Wilmer et al., 2012], CO2 [First et al., 2013; Kim

et al., 2013; Lin et al., 2012; Simon et al., 2014; Watanabe and Sholl, 2012], and H2

[Colon et al., 2014; First et al., 2013]. Many of them rely on extrapolation of single-

component data [Kim et al., 2012, 2013; Lin et al., 2012; Watanabe and Sholl, 2012] to

obtain mixture properties, and others rely predominantly on geometric analysis [First

et al., 2013] that ignores the specific framework compositions.

Screening sorbents and catalysts for complex mixtures composed of large, articu-

lated molecules, where advanced algorithms are required for sampling the distribution

of thousands of conformers, or polar, hydrogen-bonding molecules, where an accurate

description of electrostatics and the resulting mixture non-idealities are of paramount

importance, has so far been an intractable problem. Previously, we have developed

TraPPE-zeo [Bai et al., 2013b], a host-guest force field that treats dispersive and first-

order electrostatic interactions in a balanced manner and hence allows one to study a

wide range of molecules using a consistent model. TraPPE-zeo has been extensively

validated in systems closely related to the two applications reported in this work, in-

cluding the adsorption and diffusion of alkanes, CO2, alcohols, and H2O in different

zeolite structures, across a wide range of temperatures and pressures [Bai et al., 2013b,

2014a,c]. Coupled with efficient sampling algorithms, a multistep screening workflow,

and a two-level parallel execution hierarchy utilizing up to 131,072 compute cores on

Mira, a leadership-class supercomputer at Argonne National Laboratory, we have tack-

led high-throughput-screening for two energy-related separation challenges.

9.2 Methodology

9.2.1 Framework Structures

The IZA-SC database [Baerlocher and McCusker, 2013] used in our screening consists of

a set of idealized framework structures and other experimentally determined structures.
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The idealized structure for each framework type is obtained by geometric refinement

with prescribed interatomic distances, assuming a (hypothetical) SiO2 composition, and

in the highest possible symmetry space group of the framework type. The experimental

structures are included if they contain only O, Si, Al, P, or H atoms. Solvent molecules

and ions were removed, and partial occupation were randomly assigned at the unit cell

level. The larger PCOD database [Pophale et al., 2011] was constructed by enumerating

space groups, unit cells, density and sampling coordinates of Si atoms in the irreducible

unit. The resulting 2.6 million candidate structures were geometry optimized and,

based on an energetic criterion, 331,172 structures are considered as thermodynamically

accessible [Pophale et al., 2011]. A performance rank is only given to structures that

have accessible pores/channels [Willems et al., 2012].

9.2.2 Force Fields

The transferable potentials for phase equilibria (TraPPE) and TIP4P force fields are

used to model zeolites [Bai et al., 2013b], hydrocarbons [Martin and Siepmann, 1998b,

1999], ethanol [Chen et al., 2001a], and water [Jorgensen et al., 1983]. All sorbate–

sorbate and sorbate–zeolite interactions are evaluated explicitly to a cut-off distance

of 14 Å, while the long-range Lennard-Jones (LJ) contributions are estimated via tail

corrections and the first-order electrostatics are treated with the Ewald summation

technique [Allen and Tildesley, 1987]. In our simulations, the zeolite frameworks are

assumed to be rigid, while sorbate molecules sample angle bending and dihedral mo-

tions. To improve computational efficiency, grid files for the interaction energy of a test

particle with the zeolite [June et al., 1990] are generated in a manner that contains the

repulsive LJ, attractive LJ, and the short- and long-range Coulomb components, but

is independent of the specific force field parameters for the sorbate molecule; therefore

the same grid files can facilitate screening calculations for other applications.

9.2.3 Simulation Methods

Grand-canonical Monte Carlo simulations (GCMC) [Allen and Tildesley, 1987; Smit

and Siepmann, 1994b] are used to compute sorbate loadings as a function of either
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concentrations of the ethanol/water bulk solutions or partial pressures for the hydro-

carbon mixtures. The chemical potentials required for these simulations are obtained

from previous Gibbs ensemble simulations with explicit solution phases [Bai et al.,

2012] (hence the specific choices of concentrations reported above) or determined from

liquid-phase simulations in the isobaric-isothermal ensemble. The coupled-decoupled

configurational-bias Monte Carlo (CD-CBMC) algorithm [Martin and Siepmann, 1999]

is used to enhance the sampling of intramolecular degrees of freedom or to improve the

acceptance rates of GCMC insertion/deletion moves. In addition, CD-CBMC identity

switch moves [Martin and Siepmann, 1997], which convert between different hydrocar-

bon molecules, are used to further assist the insertion or deletion of these molecules. In

the infinite-dilution limit (realized by setting chemical potential to very negative values

so that no insertion moves are ever accepted), these CB-GCMC simulations also yield

directly kH and ∆Hads [Smit and Siepmann, 1994b]. To carry out the energy grid tab-

ulation and GCMC simulations in a high-throughput fashion, we implement a two-level

parallel execution hierarchy exploring simultaneously 102 to 103 zeolite structures and

accelerating the simulations for each structure by spreading the computational load over

16 to 162 compute cores. For ethanol/water separation, 106 MC steps were performed

at each concentration. For hydrocarbon dewaxing, 9× 104 MC steps were used for the

initial screening, and a total of 9×105 and 1.6×106 MC steps were performed for the top

structures to obtain better statistics for kH and to compute liquid-mixture properties,

respectively. These massively-parallel screening calculations were performed on Mira, a

leadership-class supercomputer at Argonne National Laboratory.

9.3 Ethanol/Water Separation

Sugar fermentation produces ethanol with solution-phase concentrations from w = 5 to

15 wt% at temperatures between 298 and 323 K depending on the yeast/sugar combi-

nation [Lin and Tanaka, 2006; Sanchez and Cardona, 2008]. Adsorption selectivity of

ethanol over water generally decreases with solution-phase ethanol concentration and

temperature, with the dependence on the latter relatively small over the above temper-

ature range [Bai et al., 2012]. In addition, for separation processes based on equilibrium
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Figure 9.1: Ethanol selectivity (SEtOH) versus loading (QEtOH) at different solution
concentrations (w). (a) Scatter plot of SEtOH versus QEtOH. Filled symbols highlight
the 10 highest ranked structures at w = 0.43 and 15% and dashed lines connect those
structures found among the top-10 for both w. (b) Adsorption characteristics (PEtOH,
bars) for the top-5 zeolites (at w = 0.43%): FER (green), OWE* (blue), ESV* (cyan),
UFI* (magenta), and MRE (yellow), with data for MFI (green) shown for comparison.
The horizontal red lines indicate Starget = 0.956(1− w)/0.044w.
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adsorption, it is the final concentration of the raffinate that determines the composi-

tion of the adsorbed phase (retentate). We thus carry out Monte Carlo simulations

at w = 0.12 wt% and T = 323 K (the selection of state points here are based on the

data reported in Ref. [Bai et al., 2012].) to screen all of the framework structures avail-

able from the Structure Commission of the International Zeolite Association, IZA-SC

[Baerlocher and McCusker, 2013]. We use the product of ethanol selectivity, SEtOH

(= r(1 − w)/(1 − r)w, where r is the concentration of the retentate), and loading,

QEtOH, to rank the zeolite structures. This performance metric, PEtOH, is rather robust

and effective in identifying the top structures at a given target w, in the sense that its

distribution has a nearly vertical tail of highly ranked structures and as a result the top

structures are less likely to be affected by simulation uncertainties. It should be noted

that this performance metric is not tied to a particular separation process (e.g., liq-

uid or vapor phase adsorption, pressure or temperature swing, membrane permeation,

batch or continuous operation), but instead tries to identify zeolites that are potentially

good targets for many different processes by focusing on the two quantities that are

likely key factors in any separation process. Operating to such a low w, none of the

candidate structures can achieve the selectivity target, Starget ≥ 18000, that would be

required for the retained phase to exceed the ethanol/water azeotropic point (i.e., by

taking r ≥ 95.6 wt% for w = 0.12 wt%) in a single extraction step, but some come

close. Hence, we investigate the adsorption at five higher w values for the 64 structures

with the highest PEtOH values and satisfying the additional constraint QEtOH > Qwater

emerging from this initial screening step. Fortunately, as illustrated in Figure 9.1, SEtOH

decreases at a slower rate than w increases for many zeolite structures. Thus, by raising

w to 0.43 wt%, we find 18 structures capable of reaching a sufficiently high SEtOH to

exceed the azeotropic point (Starget ≥ 5100).

The adsorption characteristics of the top-5 framework types at this w value are

compared to MFI in Figure 9.1b. FER is the top-ranked structure at w = 0.12 and

0.43% due to its exceptionally high SEtOH, and remains among the top-10 structures

at w = 1.4–15%. Its retentate exceeds the azeotropic composition for w ≥ 0.43%. In

contrast, MFI only exceeds Starget for the three higher w, and is not among the top-10

structures at any w. Three of the other top-5 structures (OWE*, ESV*, UFI*) currently

exist only as aluminosilicates or aluminophosphates, whose adsorption properties may
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Figure 9.2: Scatter plots for ethanol-water adsorption. Ethanol selectivity (SEtOH, top)
and loading (QEtOH, bottom) as a function of the diameter of the largest free-roaming
sphere (dfree, left), the diameter of the largest included sphere along the free sphere path
(dincl, middle), and the density of framework T atoms (ρT, right).



158

be different from the idealized siliceous structures (indicated by * added to the three-

letter code) used for the screening. Nonetheless, the siliceous forms of these framework

types will be attractive synthesis targets.

As indicated in Figure 9.1, one sees the typical compromise between selectivity

and capacity: increasing w leads to increasing QEtOH and decreasing SEtOH due to

enhanced water co-adsorption. Selectivities at w = 0.43% are a poor indicator of those

at w = 15% (with a correlation coefficient of R2 = 0.31), whereas SEtOH values at

the two lower and the two higher concentrations are reasonably well correlated. This

behavior can be attributed to the fact that, for most frameworks, QEtOH at w = 0.43%

is less than 1/3 of the value at w = 15% which in turn falls within 10% of QEtOH at

w = 41%; i.e., near saturation loading is achieved at w = 15%, the typical upper bound

for fermentation broths. For these highly non-ideal mixtures, the screening process

must consider multiple feed concentrations and cannot simply rely on data at one w.

Due to the differences in their adsorption characteristics, each material may have a

different set of optimal operation conditions for a given process set-up. For example, in

an equilibrium-based adsorptive separation, FER may work best at low w, while ATN*

continues to possess high selectivity at much higher w. Therefore, processes using

ATN* may choose to exploit the higher ethanol loadings at higher w, and reduce the

feed mixture from an initial w of, say, 15 to 12 wt% and recycle the raffinate back to the

fermentation broth. Data at multiple w also allows us to find suitable combinations for a

two-step separation utilizing two different zeolites. For example, structure VFI* reaches

QEtOH > 2.0 mol/kg already at w = 0.12%, but with a relatively modest SEtOH = 620.

The retentate of this adsorption yields r = 43% and can be used as feed for another

adsorption with ATN* that offers the highest SEtOH at w ≥ 15%. To optimize the

operating conditions for each material or combination, the full adsorption isotherms

and diffusivities will need to be computed [Bai et al., 2012].

Previous screening studies for simpler sorbates [Wilmer et al., 2012] have focused on

finding structure–property relationships with the goal of identifying the geometric motifs

responsible for the high performance of certain materials. However, the ethanol/water

mixture exhibits significant non-idealities in both the solution and adsorbed phases due

to strong intermolecular interactions [Bai et al., 2012], and the common geometry–

performance correlations do not appear to hold well (see Figure 9.2). In Figure 9.3,
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Figure 9.3: Snapshots of representative sorbate configurations inside zeolite frameworks
at low (top row) and high w = 15% (bottom row): (a) FER at 0.43%, (b) MFI at
0.43%, (c) VFI* at 0.12%, (d) FER, (e) MFI, and (f) ATN*. Silicon, oxygen, carbon,
and hydrogen atoms are shown as yellow, red, and cyan, respectively. Isosurfaces equi-
distant to framework atoms are shown in gray.
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we contrast the siting of the adsorbed molecules at w = 0.43% in FER with that in

MFI, a zeolite heavily explored in the literature for its potential to separate ethanol

from its aqueous solution [Oumi et al., 2002; Zhang et al., 2013]. In MFI, the enlarged

intersection regions of the two channel systems facilitate water molecules with multiple

hydrogen bonds, which reduces the energetic penalty for transferring water from its bulk

environment and lowers the selectivity for ethanol. On the other hand, the distribution

of adsorption sites in FER is such that two adjacent favorable sites for ethanol are

spaced far enough apart that an extended hydrogen-bonding network involving water is

not formed. At w = 15%, ethanol populates the other FER channels that permit some

hydrogen bonding and SEtOH decreases 2-fold. As seen in Figure 9.3, the high QEtOH

and modest SEtOH in VFI* are due to 1.2-nm channels that are less hydrophobic than

smaller channels and allow for significant loading (Qwater > QEtOH) even at w = 0.12%,

whereas the high SEtOH in ATN* at high w = 15% is caused by well-spaced ethanol

adsorption sites separated by narrow windows.

9.4 Separation of Long-Chain Hydrocarbons

Hydroisomerization reactions are a type of modern dewaxing techniques, which use

certain zeolites (as bifunctional catalysts with incorporated group VIII metals) to selec-

tively convert linear long-chain alkanes (waxy components) to their slightly-branched

isomers (less waxy yet possessing high viscosity index), without much cracking that

yields the less valuable low-molecular-weight alkanes. The framework structures of

high-performing zeolites can promote the adsorption of linear alkanes and have high

separation factors over branched alkanes. Adsorption using the siliceous forms of the

same zeolite framework types are also desired in, for example, the UOP Molex process

[Meyers, 2003] for separating branched alkanes used in transportation fuels from lin-

ear ones used to produce plasticizers and synthetic detergents. Previously, Dubbeldam

et al. [2012] screened about 100 nanoporous materials for the adsorption of hexane and

heptane isomers. We here screen >330,000 zeolite structures in the IZA-SC and PCOD

databases [Baerlocher and McCusker, 2013; Pophale et al., 2011]. To represent the

complex hydrocarbon feed, we employ an equimolar mixture of n-octadecane (C18), n-

tetracosane (C24), n-triacontane (C30), 2-methyl and 4-methylheptadecane (2C17 and
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4C17), and 2,2-dimethylhexadecane (22C16). Three indicators are constructed to char-

acterize performance: (i) high affinity towards linear alkanes so that they are present at

high concentrations near the active sites within the framework, as indicated by Henry’s

constant, kH,C18, at the infinite dilution limit or loading, QC18, at p = 3 MPa for

C18; (ii) high selectivity for linear versus branched alkanes so that the branched prod-

ucts, once formed, are quickly desorbed to prevent further cracking, as indicated by

SBp = 3yC18/(y2C17 +y4C17 +y22C16) where p = 0 or 3 MPa and y = kH or Q depending

on state point; and (iii) low selectivity between linear alkanes of different lengths as

indicated by SLp = (yC24yC30)1/2/yC18 so that a broad range of linear alkanes may be

converted; the resulting performance metric is PHCp = yC18SBp/SLp.

The first screening step aims to reduce the number of candidate materials using

relatively short simulations performed at T = 573 K and the infinite dilution limit.

Screening the IZA-SC database [Baerlocher and McCusker, 2013] reveals that six of

the top-7 structures (ATO, MRE, MTT, AFO, MTW, and FER) are already described

in patents for isodewaxing [Miller, 1987; Miller and Rosenbaum, 2005] and the primary

literature [Bouchy et al., 2009; Taylor and Petty, 1994]. This strongly indicates that our

screening procedure, although based solely on adsorption properties, is able to capture

the essential characteristics responsible for high-performing hydroisomerization catalysts

and can thus provide useful guidance for experimental synthesis of novel zeolite catalysts.

Thus, we expand the pool of candidate materials to include zeolite-like structures in the

PCOD database [Pophale et al., 2011]. Due to the weak correlation between data at the

infinite dilution limit and at finite pressure for some of the performance indicators (see

below), materials that are among the top-64 in the IZA-SC database or top-1024 in the

PCOD database in any of the three performance indicators (for a total of 103 and 2835

structures, respectively) are retained for longer simulations in the infinite dilution limit

and for the same equimolar mixture at T = 573 K and p = 3 MPa, a typical operation

condition for the hydroisomerization conversion [Meyers, 2003].

Figure 9.4a illustrates the relationships between kH and the adsorption enthalpy,

∆Hads, for C18 adsorption in the infinite dilution limit. A more favorable ∆Hads gener-

ally leads to a larger kH, but the correlation is fairly weak. This reflects enthalpy–entropy

compensation where a smaller entropic loss in a wider channel can compensate for a

smaller enthalpic gain, as seen by data points for frameworks with larger free channel
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Figure 9.4: Hydrocarbon adsorption: (a) Scatter plot of Henry’s constant (kH,C18) ver-
sus adsorption enthalpy (∆Hads,C18) and (b) of liner-versus-branched selectivity (SB0)
versus pore bumpiness (∆d) at infinite dilution for all structures with the color scale
indicating the free pore diameter (dfree); (c) scatter plot of loading (QC18) at p = 3 MPa
versus kH,C18 and (d) selectivities at p = 3 MPa versus those in the infinite dilution
limit for all structures retained after the first screening step; (e) adsorption characteris-
tics (PHC3 = QC18SB3/SL3, bars) for the top-10 IZA-SC and PCOD structures and for
PCOD-S structures with similar selectivities and the IZA-SC structures.
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diameters being more frequently located toward the upper right corner in Figure 9.4a.

A strong affinity for C18, as indicated by large kH,C18, is well correlated with an even

stronger affinity for C24 and C30, i.e., large SL0, but not correlated with a preference

for linear versus branched alkanes, i.e., large SB0. We find that SB0 is best correlated

with the pore bumpiness, ∆d = dincl − dfree where the first and second term are the

diameter of the largest sphere that can be placed anywhere along a given channel, and

the diameter of the largest sphere that can roam freely through the channel [Willems

et al., 2012]. As shown in Figure 9.4b, high selectivity for linear alkanes is usually asso-

ciated with a narrow and smooth channel, whereas inverse selectivity where adsorption

of the branched alkanes is preferred tends to occur for a narrow but bumpy channel with

∆d ≈ 0.3 nm. It is noteworthy that the spread of these geometry–property correlations

is again fairly large, limiting the utility of using simple geometric descriptors to predict

properties of moderately complicated processes. These relationships are intrinsically

predicting complex properties with simple structure features that contain less informa-

tion. The geometrics are agnostic to the specific chemistry and the arrangement of

framework atoms away from pore surface. Furthermore, in graphs such as Figure 9.4b,

variables other than the one on the x-axis can also contribute to the spread. For ex-

ample, if dfree is large, then inverse selectivity will not be observed regardless of the ∆d

value.

Figures 9.4c and 9.4d compares adsorption characteristics calculated in the infinite

dilution limit and at hydroisomerization conditions. For both IZA-SC and PCOD struc-

tures, there is only a weak correlation between the low-pressure affinity and the high-

pressure loading because larger pores allow for high loading but are not most favorable

for individual sorbates (see Figure 9.4a). The two selectivities exhibit markedly differ-

ent trends as pressure is increased: SB remains nearly constant, whereas SL decreases

significantly for the majority of zeolites. Longer alkanes have much smaller vapor pres-

sures and, correspondingly, the free energy penalty for them to leave the liquid phase

is larger than for shorter alkanes and compensates for the more favorable free energy

of adsorption. As a result, SL reduces to around 1–10 at p = 3 MPa. The complex

pressure dependency of SL illustrates the shortcomings of using infinite-dilution data to

extrapolate material performance at other conditions.

Figure 9.4e compares the top-10 structures (as ranked by PHC3) from each database.
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Figure 9.5: Scatter plots for hydrocarbon adsorption. Henry’s constant (kH,C18 in
mol/kg Pa, row 1) and linear-versus-branched selectivity in the infinite dilution limit
(SB0, row 2), loading (QC18 in mmol/kg, row 3), linear-versus-branched selectivity (SB3,
row 4), long-over-short selectivity (SL3, row 5), and performance score at p = 3 MPa
(PHC3, row 6) as a function of the diameter of the largest free-roaming sphere (dfree, left),
the diameter of the largest included sphere along the free sphere path (dincl, middle),
and the density of framework T atoms (ρT, right).
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The top-3 (and 7 out of the top-9) IZA-SC structures are known to excel for this petro-

chemical application [Bouchy et al., 2009; Miller, 1987; Miller and Rosenbaum, 2005;

Taylor and Petty, 1994]; fourth and seventh ranked CAN and WEN∗ have performance

indicators resembling the other structures, whereas EUO yields a lower SB3 that is

compensated by a more favorable SL3. Top-ranked ATO features the highest QC18, the

second lowest (favorable) SL3, and the fourth highest SB3. The largest variation among

the top-10 IZA-SC structures is found for SB3 that range from 2–50, whereas QC18 and

SL3 vary only be factors of 3 and 5. The top-10 PCOD structures exhibit PHC3 val-

ues that are about two orders of magnitude higher than those for the high-performing

IZA-SC structures. This dramatically improved performance arises mainly from their

exceptionally high SB3 values, whereas their QC18 and SL3 values tend to be slightly

less favorable than for the IZA-SC structures (as indicated by the five structures labeled

PCOD-S, there are also structures that match the QC18 and SL3 values of the top IZA-

SC performers and still outperform them). The performance differences are much larger

in the infinite dilution limit where some PCOD structures yield kH,C18 and SB0 values

that exceed those of the IZA-SC structures by 3 and 7 orders of magnitude, respectively

(see Figure 9.5).

In Figure 9.6, we compare the arrangement of the adsorbed hydrocarbons in ATO,

MTW, and PCOD-83113534. As can be seen, the top-performing structures all possess

one-dimensional 12-ring channel architectures and these systems are near saturation

loading at p = 3 MPa. ATO and PCOD-83113534 are the top-ranked IZA-SC and

PCOD structure and also perform exceptionally well in the infinite dilution limit. MTW

is a patented framework type and is the sixth-ranked structure at low pressure, but only

ranks 28th at p = 3 MPa because of a large decrease in SB. The SB3 values for these

three structures are 21, 2.8, and 16000, respectively. As expected from the large SB3,

in PCOD-83113534’s elliptic channels with a semiminor axis length of only 0.47 nm

the linear alkanes are highly confined with a preference to have their zig-zag plane

aligned along the semimajor elliptic axis and exhibit very few gauche defects at the

chain termini. ATO’s channels possess a cross section resembling a regular hexagon

with dfree = 0.57 nm, and the zig-zag plane of the alkanes is free to rotate; in addition

to end-gauche defects, kink defects (gtg′) are also observed. The even larger elliptic

channels in MTW afford sufficient room for few 22C16 molecules and gttg′ kinks in
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Figure 9.6: Snapshots of representative sorbate configurations viewed facing (top row)
and along (bottom row) the main channel axis taken from simulations with a liquid
phase containing an equimolar hydrocarbon mixture at T = 573 K and p = 3 MPa: (a)
ATO, (b) MTW, and (c) PCOD 8113534. Zeolite frameworks are shown as gray lines,
and C18, C24, C30, (2C17 and 4C17), and 22C16 molecules as cyan, purple, blue, red,
and green spheres, respectively.

linear chains.

9.5 Conclusions

The type of materials screening reported in this work focuses on core characteristics of

a technology, such as ethanol selectivity and capacity for ethanol/water separation, and

adsorption affinity for linear alkanes and two different selectivities concerning carbon

chain-lengths and the degree of branching for the hydroisomerization of long-chain hy-

drocarbons. The performance metrics chosen in this work are not tied to any specific

process, but aim to identify optimal materials that will likely perform well in a range of

processes. The best operation modes and process conditions may be different for each

material and the ranking may vary once a particular process is selected [First et al.,

2014; Hasan et al., 2013]. In addition, practical considerations will sometimes dictate

the suitability of a process. For example, solids contained in the fermentation broths
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can plug the porous sorbent and prevent the use of liquid-phase adsorption. Other

factors related to, say, economics and logistics, will also impact the attractiveness or

even feasibility of using a particular material in an actual plant. Some of these factors

can be plant-specific or even protected as trade secrets. Others may change over time;

for example, the cost of producing a specific material will generally decrease with more

research efforts directed towards its synthesis. The materials performance data obtained

here are hence best viewed as a starting point, to be augmented with hierarchies of addi-

tional screening steps incorporating process and cost optimizations, in order to provide

tailor-made lists of highest-performing materials.

Like any other computer-aided engineering, other challenges exist between design

and application. On one hand, experimental discovery of new zeolites usually takes a

long time and happens mostly by luck. It is even more challenging to synthesize all-silica

and defect-free materials that are necessary for ethanol/water separation. More work

needs to be done in this area before it becomes feasible to systematically synthesize

and test predicted zeolites (or even known zeolites if they do not yet exist in all-silica,

defect-free form). Schmidt et al. [Schmidt et al., 2014] have recently succeeded in using

computationally predicted organic structure directing agents to synthesize a particular,

specified zeolite, which might be an important step towards that goal. On the other

hand, it should be acknowledged that many predicted zeolites may indeed turn out to

be difficult to realize experimentally due to factors not considered for their construction

[Sartbaeva et al., 2006]. In light of these obstacles, being able to narrow down the list

of potentially attractive targets becomes even more crucial.

This work displays the benefits provided by computational screening for increas-

ing the speed of materials discovery. Enabled by advanced algorithms, accurate inter-

molecular potentials, and massively parallel computer architectures, we are now able

to expedite hundreds of thousands of virtual experiments for complicated systems of

industrial relevance. Data mining using differently tuned objective functions affords the

opportunity to adapt to process conditions or desired products.
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ladungen. Phys. Zs., XIX:524–533, 1918.

K. A. Maerzke and J. I. Siepmann. Transferable potentials for phase equilibria - coarse-

grain description for linear alkanes. J. Phys. Chem. B, 115:3452–3465, 2011.

K. A. Maerzke, N. E. Schultz, R. B. Ross, and J. I. Siepmann. TraPPE-UA force field for

acrylates and Monte Carlo simulations for their mixtures with alkanes and alcohols.

J. Phys. Chem. B, 113:6415–6425, 2009.

T. Maesen. Chapter 1 The zeolite scene – An overview. In J. Cejka, H. van Bekkum,

A. Corma, and F. Schueth, editors, Stud. Surf. Sci. Catal., volume 168, pages 1–12.

Elsevier, 2007.

M. W. Mahoney and W. L. Jorgensen. A five-site model for liquid water and the

reproduction of the density anomaly by rigid, nonpolarizable potential functions. J.

Chem. Phys., 112:8910–8922, 2000.

G. C. Maitland, M. Rigby, E. B. Smith, and W. A. Wakeham. Intermolecular Forces:

Their Origin and Determination. International Series of Monographs on Chemistry.

Clarendon Press ; Oxford University Press, Oxford New York, 1981.

K. Makrodimitris, G. K. Papadopoulos, and D. N. Theodorou. Prediction of permeation

properties of CO2 and N2 through silicalite via molecular simulations. J. Phys. Chem.

B, 105:777–788, 2001.



185

E. E. Mallon, A. Bhan, and M. Tsapatsis. Driving forces for adsorption of polyols onto

zeolites from aqueous solutions. J. Phys. Chem. B, 114:1939–1945, 2010.

E. E. Mallon, I. J. Babineau, J. I. Kranz, Y. Guefrachi, J. I. Siepmann, A. Bhan, and

M. Tsapatsis. Correlations for adsorption of oxygenates onto zeolites from aqueous

solutions. J. Phys. Chem. B, 115:11431–11438, 2011.

V. I. Manousiouthakis and M. W. Deem. Strict detailed balance is unnecessary in Monte

Carlo simulation. J. Chem. Phys., 110:2753–2756, 1999.

J. R. Maple, M. J. Hwang, K. J. Jalkanen, T. P. Stockfisch, and A. T. Hagler. Derivation

of class II force fields: V. Quantum force field for amides, peptides, and related

compounds. J. Comput. Chem., 19:430–458, 1998.

E. C. Markham and A. F. Benton. The adsorption of gas mixtures by silica. J. Am.

Chem. Soc., 53:497–507, 1931.

M. G. Martin and J. I. Siepmann. Predicting multicomponent phase equilibria and free

energies of transfer for alkanes by molecular simulation. J. Am. Chem. Soc., 119:

8921–8924, 1997.

M. G. Martin and J. I. Siepmann. Calculating Gibbs free energies of transfer from Gibbs

ensemble Monte Carlo simulations. Theor. Chem. Acc., 99:347–350, 1998a.

M. G. Martin and J. I. Siepmann. Transferable potentials for phase equilibria. 1. United-

atom description of n-alkanes. J. Phys. Chem. B, 102:2569–2577, 1998b.

M. G. Martin and J. I. Siepmann. Novel configurational-bias Monte Carlo method

for branched molecules. Transferable potentials for phase equilibria. 2. United-atom

description of branched alkanes. J. Phys. Chem. B, 103:4508–4517, 1999.

M. G. Martin, A. P. Thompson, and T. M. Nenoff. Effect of pressure, membrane

thickness, and placement of control volumes on the flux of methane through thin

silicalite membranes: A dual control volume grand canonical molecular dynamics

study. J. Chem. Phys., 114:7174–7181, 2001.



186

R. L. Martin, C. M. Simon, B. Smit, and M. Haranczyk. In silico design of porous

polymer networks: High-throughput screening for methane storage materials. J. Am.

Chem. Soc., 136:5006–5022, 2014.

S. L. Mayo, B. D. Olafson, and W. A. Goddard. DREIDING - A generic force field for

molecular simulations. J. Phys. Chem., 94:8897–8909, 1990.

I. R. McDonald. NpT-ensemble Monte Carlo calculations for binary liquid mixtures.

Mol. Phys., 23:41–58, 1972.

M. J. McGrath, J. I. Siepmann, I. F. W. Kuo, C. J. Mundy, J. VandeVondele, J. Hutter,

F. Mohamed, and M. Krack. Simulating fluid-phase equilibria of water from first

principles. J. Phys. Chem. A, 110:640–646, 2006.

S. C. McGrother and K. E. Gubbins. Constant pressure Gibbs ensemble Monte Carlo

simulations of adsorption into narrow pores. Mol. Phys., 97:955–965, 1999.

D. A. McQuarrie. Statistical Mechanics. University Science Books, Sausalito, Calif.,

2000.

C. F. Mellot, A. K. Cheetham, S. Harms, S. Savitz, R. J. Gorte, and A. L. Myers.

Halocarbon adsorption in nanoporous materials: A combined calorimetric and Monte

Carlo study of trichloroethylene (TCE) in faujasite-type zeolites. Langmuir, 14:6728–

6733, 1998.

S. M. Melnikov, A. Holtzel, A. Seidel-Morgenstern, and U. Tallarek. Composition,

structure, and mobility of water-acetonitrile mixtures in a silica nanopore studied by

molecular dynamics simulations. Anal. Chem., 83:2569–2575, 2011.

S. M. Melnikov, A. Holtzel, A. Seidel-Morgenstern, and U. Tallarek. A molecular dynam-

ics study on the partitioning mechanism in hydrophilic interaction chromatography.

Angew. Chem. Int. Ed., 51:6251–6254, 2012.

N. Metropolis, A. W. Rosenbluth, M. N. Rosenbluth, A. H. Teller, and E. Teller. Equa-

tion of state calculations by fast computing machines. J. Chem. Phys., 21:1087–1092,

1953.



187

R. Meyers. Handbook of Petroleum Refining Processes. McGraw-Hill, 2003.

N. B. Milestone and D. M. Bibby. Concentration of alcohols by adsorption on silicalite.

J. Chem. Technol. Biotechnol., 31:732–736, 1981.

N. B. Milestone and D. M. Bibby. Adsorption of alcohols from aqueous solution by

ZSM-5. J. Chem. Technol. Biotechnol., 34:73–79, 1984.

S. Miller. Catalytic isomerization process using a silicoaluminophosphate molecular

sieve containing an occluded group VIII metal therein, 1987.

S. Miller and J. Rosenbaum. Method for producing a plurality of lubricant base oils

from paraffinic feedstock, 2005.

M. Moliner, Y. Roman-Leshkov, and M. E. Davis. Tin-containing zeolites are highly

active catalysts for the isomerization of glucose in water. Proc. Natl. Acad. Sci. USA,

107:6164–6168, 2010.

F. A. Momany and R. Rone. Validation of the general purpose

QUANTA(R)3.2/CHARMm(R) force field. J. Comput. Chem., 13:888–900,

1992.

G. C. A. M. Mooij, D. Frenkel, and B. Smit. Direct simulation of phase equilibria of

chain molecules. J. Phys.: Condens. Matter, 4:L255–L259, 1992.

E. A. Muller, L. F. Vega, K. E. Gubbins, and L. F. Rull. Adsorption isotherms of

associating chain molecules from Monte Carlo simulations. Mol. Phys., 85:9–21, 1995.

A. L. Myers and P. A. Monson. Adsorption in porous materials at high pressure: Theory

and experiment. Langmuir, 18:10261–10273, 2002.

A. L. Myers and J. M. Prausnitz. Thermodynamics of mixed-gas adsorption. AlChE

J., 11:121 – 127, 1965.

N. Nevins and N. L. Allinger. Molecular mechanics (MM4). Vibrational frequency

calculations for alkenes and conjugated hydrocarbons. J. Comput. Chem., 17:730–

746, 1996.



188

N. Nevins, K. S. Chen, and N. L. Allinger. Molecular mechanics (MM4). Calculations

on alkenes. J. Comput. Chem., 17:669–694, 1996a.

N. Nevins, J. H. Lii, and N. L. Allinger. Molecular mechanics (MM4). Calculations on

conjugated hydrocarbons. J. Comput. Chem., 17:695–729, 1996b.

J. M. Newsam, M. M. J. Treacy, W. T. Koetsier, and C. B. Degruyter. Structural

characterization of zeolite beta. Proc. R. Soc. London, Ser. A, 420:375–405, 1988.

E. Nikolla, Y. Roman-Leshkov, M. Moliner, and M. E. Davis. ”one-pot” synthesis of

5-(hydroxymethyl)furfural from carbohydrates using tin-beta zeolite. ACS Catal., 1:

408–410, 2011.

S. Nose. A molecular dynamics method for simulations in the canonical ensemble. Mol.

Phys., 52:255–268, 1984.

E. Nusterer, P. E. Blochl, and K. Schwarz. Structure and dynamics of methanol in a

zeolite. Angew. Chem. Int. Ed., 35:175–177, 1996a.

E. Nusterer, P. E. Blochl, and K. Schwarz. Interaction of water and methanol with a

zeolite at high coverages. Chem. Phys. Lett., 253:448–455, 1996b.

T. Okayama, J. Yoneya, and T. Nitta. Monte Carlo simulations of adsorption in a slitlike

pore for binary mixtures of butane and carbon dioxide at supercritical conditions.

Fluid Phase Equilib., 104:305–316, 1995.

D. H. Olson. The crystal structure of dehydrated NaX. Zeolites, 15:439–443, 1995.

D. H. Olson, G. T. Kokotailo, S. L. Lawton, and W. M. Meier. Crystal structure and

structure-related properties of ZSM-5. J. Phys. Chem., 85:2238–2243, 1981.

D. H. Olson, W. O. Haag, and W. S. Borghard. Use of water as a probe of zeolitic

properties: Interaction of water with HZSM-5. Microporous Mesoporous Mater., 35-

6:435–446, 2000.

C. J. J. D. Ouden, B. Smit, A. F. H. Wielers, R. A. Jackson, and A. K. Nowak. Computer

simulations in zeolite catalysis research. Mol. Simul., 4:121 – 136, 1989.



189

Y. Oumi, A. Miyajima, J. Miyamoto, and T. Sano. Binary mixture adsorption of water

and ethanol on silicalite. In R. Aiello, G. Giordano, and F. Testa, editors, Stud. Surf.

Sci. Catal., volume 142, pages 1595–1602. Elsevier, 2002.

A. Z. Panagiotopoulos. Direct determination of phase coexistence properties of fluids

by Monte Carlo simulation in a new ensemble. Mol. Phys., 61:813–826, 1987a.

A. Z. Panagiotopoulos. Adsorption and capillary condensation of fluids in cylindrical

pores by Monte Carlo simulation in the Gibbs ensemble. Mol. Phys., 62:701–719,

1987b.

A. Z. Panagiotopoulos, N. Quirke, M. Stapleton, and D. J. Tildesley. Phase equilib-

ria by simulation in the Gibbs ensemble: Alternative derivation, generalization and

application to mixture and membrane equilibria. Mol. Phys., 63:527–545, 1988.

M. Paolantoni, P. Sassi, A. Morresi, and S. Santini. Hydrogen bond dynamics and

water structure in glucose-water solutions by depolarized Rayleigh scattering and

low-frequency Raman spectroscopy. J. Chem. Phys., 127, 2007.

J. B. Parise, D. R. Corbin, L. Abrams, and D. E. Cox. Structure of dealuminated Linde

Y-zeolite; Si139.7Al52.3O384 and Si173.1Al18.9O384: Presence of non-framework al

species. Acta Crystallogr. Sect. C: Cryst. Struct. Commun., 40:1493–1497, 1984.

P. Pascual, P. Ungerer, B. Tavitian, P. Pernot, and A. Boutin. Development of a trans-

ferable guest-host force field for adsorption of hydrocarbons in zeolites. I. Reinvesti-

gation of alkane adsorption in silicalite by grand canonical Monte Carlo simulation.

Phys. Chem. Chem. Phys., 5:3684–3693, 2003.

P. Pascual, P. Ungerer, B. Tavitian, and A. Boutin. Development of a transferable guest-

host force field for adsorption of hydrocarbons in zeolites. II. Prediction of alkenes

adsorption and alkane/alkene selectivity in silicalite. J. Phys. Chem. B, 108:393–398,

2004.

X. Peng, J. S. Zhao, and D. P. Cao. Adsorption of carbon dioxide of 1-site and 3-

site models in pillared clays: A Gibbs ensemble Monte Carlo simulation. J. Colloid

Interface Sci., 310:391–401, 2007.



190

J. Perez-Ramirez, C. H. Christensen, K. Egeblad, C. H. Christensen, and J. C. Groen.

Hierarchical zeolites: Enhanced utilisation of microporous crystals in catalysis by

advances in materials design. Chem. Soc. Rev., 37:2530–2542, 2008.

R. Pophale, P. A. Cheeseman, and M. W. Deem. A database of new zeolite-like materials.

Phys. Chem. Chem. Phys., 13:12407–12412, 2011.

J. J. Potoff and A. Z. Panagiotopoulos. Critical point and phase behavior of the pure

fluid and a Lennard-Jones mixture. J. Chem. Phys., 109:10914–10920, 1998.

J. J. Potoff and J. I. Siepmann. Vapor-liquid equilibria of mixtures containing alkanes,

carbon dioxide, and nitrogen. AlChE J., 47:1676–1682, 2001.

J. Pranata, S. G. Wierschke, and W. L. Jorgensen. OPLS potential functions for nu-

cleotide bases. Relative association constants of hydrogen-bonded base pairs in chlo-

roform. J. Am. Chem. Soc., 113:2810–2819, 1991.

J. L. Rafferty, L. Zhang, J. I. Siepmann, and M. R. Schure. Retention mechanism in

reversed-phase liquid chromatography: A molecular perspective. Anal. Chem., 79:

6551–6558, 2007.

J. L. Rafferty, J. I. Siepmann, and M. R. Schure. Molecular-level comparison of alkyl-

silane and polar-embedded reversed-phase liquid chromatography systems. Anal.

Chem., 80:6214–6221, 2008.

J. L. Rafferty, L. Sun, J. I. Siepmann, and M. R. Schure. Investigation of the driving

forces for retention in reversed-phase liquid chromatography: Monte Carlo simulations

of solute partitioning between n-hexadecane and various aqueous-organic mixtures.

Fluid Phase Equilib., 290:25–35, 2010.

J. L. Rafferty, J. I. Siepmann, and M. R. Schure. Retention mechanism for polycyclic

aromatic hydrocarbons in reversed-phase liquid chromatography with monomeric sta-

tionary phases. J. Chromatogr. A, 1218:9183–9193, 2011.

N. Rai and J. I. Siepmann. Transferable potentials for phase equilibria. 9. Explicit

hydrogen description of benzene and five-membered and six-membered heterocyclic

aromatic compounds. J. Phys. Chem. B, 111:10790–10799, 2007.



191

N. Rai and J. I. Siepmann. Transferable potentials for phase equilibria. 10. Explicit-

hydrogen description of substituted benzenes and polycyclic aromatic compounds. J.

Phys. Chem. B, 117:273–288, 2013.

N. Rai, D. Bhatt, J. I. Siepmann, and L. E. Fried. Monte Carlo simulations of 1,3,5-

triamino-2,4,6-trinitrobenzene (TATB): Pressure and temperature effects for the solid

phase and vapor-liquid phase equilibria. J. Chem. Phys., 129:–, 2008.

R. Ranjan, S. Thust, C. E. Gounaris, M. Woo, C. A. Floudas, M. von Keitz, K. J.

Valentas, J. Wei, and M. Tsapatsis. Adsorption of fermentation inhibitors from lig-

nocellulosic biomass hydrolyzates for improved ethanol yield and value-added product

recovery. Microporous Mesoporous Mater., 122:143–148, 2009.

A. K. Rappe, C. J. Casewit, K. S. Colwell, W. A. Goddard, and W. M. Skiff. UFF, a full

periodic table force field for molecular mechanics and molecular dynamics simulations.

J. Am. Chem. Soc., 114:10024–10035, 1992.

C. L. Rhykerd, M. Schoen, D. J. Diestler, and J. H. Cushman. Epitaxy in simple

classical fluids in micropores and near-solid surfaces. Nature, 330:461–463, 1987.

R. E. Richards and L. V. C. Rees. Sorption and packing of n-alkane molecules in ZSM-5.

Langmuir, 3:335–340, 1987.

M. Rigby, E. B. Smith, W. A. Wakeham, and G. C. Maitland. The Forces between

Molecules. Oxford Science Publications. Oxford University Press, Newyork, NY, 1986.

B. Rohl-Kuhn, P. Klobes, K. Meyer, P. Lorenz, B. M. Gawlik, A. Lamberty, and

H. Muntau. Certification of the specific micropore volume and the median micro-

pore width of two microporous reference materials according to draft-DIN 66135-4:

BCR-704 and BCR-705. Technical report, 2004.

Y. Roman-Leshkov, M. Moliner, J. A. Labinger, and M. E. Davis. Mechanism of glucose

isomerization using a solid lewis acid catalyst in water. Angew. Chem. Int. Ed., 49:

8954–8957, 2010.

M. N. Rosenbluth and A. W. Rosenbluth. Monte Carlo calculation of the average

extension of molecular chains. J. Chem. Phys., 23:356–359, 1955.



192

R. B. Ross, R. Ahmad, J. K. Brennan, K. A. Frankel, J. D. Moore, J. D. Moore, R. D.

Mountain, V. K. Shen, N. E. Schultz, D. W. Siderius, K. D. Smith, and M. Thommes.

The seventh industrial fluid properties simulation challenge. Fluid Phase Equilib., 366:

136–140, 2014.

L. A. Rowley, D. Nicholson, and N. G. Parsonage. Grand ensemble Monte Carlo studies

of physical adsorption. I. Results for multilayer adsorption of 12-6 argon in field of a

plane homogeneous solid. Mol. Phys., 31:365–387, 1976a.

L. A. Rowley, D. Nicholson, and N. G. Parsonage. Grand ensemble Monte Carlo studies

of physical adsorption. II. Structure of adsorbate: Critique of theories of multilayer

adsorption for 12-6 argon on a plane homogeneous solid. Mol. Phys., 31:389–407,

1976b.

D. M. Ruthven. Simple theoretical adsorption isotherm for zeolites. Nature Physical

Science, 232:70 – 71, 1971.

D. Ruthven. Principles of Adsorption and Adsorption Processes. John Wiley & Sons,

New York, 1984.

O. J. Sanchez and C. A. Cardona. Trends in biotechnological production of fuel ethanol

from different feedstocks. Bioresour. Technol., 99:5270–5295, 2008.

T. Sano, H. Yanagishita, Y. Kiyozumi, F. Mizukami, and K. Haraya. Separation of

ethanol/water mixture by silicalite membrane on pervaporation. J. Membr. Sci., 95:

221–228, 1994.

T. Sano, N. Yamashita, Y. Iwami, K. Takeda, and Y. Kawakami. Estimation of dea-

lumination rate of ZSM-5 zeolite by adsorption of water vapor. Zeolites, 16:258–264,

1996.

A. Sartbaeva, S. A. Wells, M. M. J. Treacy, and M. F. Thorpe. The flexibility window

in zeolites. Nat. Mater., 5:962–965, 2006.

J. E. Schmidt, M. W. Deem, and M. E. Davis. Synthesis of a specified, silica molecular

sieve by using computationally predicted organic structure-directing agents. Angew.

Chem. Int. Ed., 53:8372–8374, 2014.



193

K. E. Schmidt and M. A. Lee. Implementing the fast multipole method in three dimen-

sions. J. Stat. Phys., 63:1223–1235, 1991.

M. Schoen, C. L. Rhykerd, D. J. Diestler, and J. H. Cushman. Shear forces in molecularly

thin films. Science, 245:1223–1225, 1989.

R. Shah, J. D. Gale, and M. C. Payne. Methanol adsorption in zeolites - A first-principles

study. J. Phys. Chem., 100:11688–11697, 1996a.

R. Shah, M. C. Payne, M. H. Lee, and J. D. Gale. Understanding the catalytic behavior

of zeolites: A first-principles study of the adsorption of methanol. Science, 271:

1395–1397, 1996b.

J. C. Shelley and G. N. Patey. A configuration bias Monte Carlo method for water. J.

Chem. Phys., 102:7656–7663, 1995.

W. Shi and E. J. Maginn. Improvement in molecule exchange efficiency in Gibbs en-

semble Monte Carlo: Development and implementation of the continuous fractional

component move. J. Comput. Chem., 29:2520–2530, 2008.

D. S. Sholl. Understanding macroscopic diffusion of adsorbed molecules in crystalline

nanoporous materials via atomistic simulations. Acc. Chem. Res., 39:403–411, 2006.

J. I. Siepmann. A method for the direct calculation of chemical potentials for dense

chain systems. Mol. Phys., 70:1145–1158, 1990.

J. I. Siepmann and D. Frenkel. Configurational bias Monte Carlo: A new sampling

scheme for flexible chains. Mol. Phys., 75:59–70, 1992.

J. I. Siepmann and I. R. Mcdonald. Monte Carlo simulations of mixed monolayers. Mol.

Phys., 75:255–259, 1992.

J. I. Siepmann, S. Karaborni, and B. Smit. Vapor-liquid equilibria of model alkanes. J.

Am. Chem. Soc., 115:6454–6455, 1993a.

J. I. Siepmann, S. Karaborni, and B. Smit. Simulating the critical behavior of complex

fluids. Nature, 365:330–332, 1993b.



194

J. I. Siepmann, M. G. Martin, C. J. Mundy, and M. L. Klein. Intermolecular po-

tentials for branched alkanes and the vapour-liquid phase equilibria of n-heptane,

2-methylhexane, and 3-ethylpentane. Mol. Phys., 90:687–693, 1997.

C. M. Simon, J. Kim, L. C. Lin, R. L. Martin, M. Haranczyk, and B. Smit. Optimizing

nanoporous materials for gas storage. Phys. Chem. Chem. Phys., 16:5499–5513, 2014.

J. C. Slater and J. G. Kirkwood. The van der Waals forces in gases. Physical Review,

37:682, 1931.

B. Smit. Phase diagrams of Lennard-Jones fluids. J. Chem. Phys., 96:8639–8640, 1992.

B. Smit and T. L. M. Maesen. Commensurate freezing of alkanes in the channels of a

zeolite. Nature, 374:42–44, 1995.

B. Smit and T. L. M. Maesen. Molecular simulations of zeolites: Adsorption, diffusion,

and shape selectivity. Chem. Rev., 108:4125–4184, 2008.

B. Smit and J. I. Siepmann. Simulating the adsorption of alkanes in zeolites. Science,

264:1118–1120, 1994a.

B. Smit and J. I. Siepmann. Computer simulations of the energetics and siting of

n-alkanes in zeolites. J. Phys. Chem., 98:8442–8452, 1994b.

B. Smit, P. de Smedt, and D. Frenkel. Computer simulations in the Gibbs ensemble.

Mol. Phys., 68:931–950, 1989.

B. Smit, S. Karaborni, and J. I. Siepmann. Computer simulations of vapor-liquid phase

equilibria of n-alkanes. J. Chem. Phys., 102:2126–2140, 1995.

R. Q. Snurr, A. T. Bell, and D. N. Theodorou. Prediction of adsorption of aromatic

hydrocarbons in silicalite from grand canonical Monte Carlo simulations with biased

insertions. J. Phys. Chem., 97:13742–13752, 1993.

L. Song, Z. Sun, L. Duan, H. Gui, and G. S. McDougall. Adsorption and diffusion

properties of hydrocarbons. Microporous Mesoporous Mater., 104:115–128, 2007.



195

M. Soulard, J. Patarin, V. Eroshenko, and R. Regis. Molecular spring or bumper:

A new application for hydrophobic zeolitic materials. In E. van Steen, M. Claeys,

and L. H. Callanan, editors, Stud. Surf. Sci. Catal., volume 154, pages 1830–1837.

Elsevier, Amsterdam, 2004.

W. A. Steele. The physical interaction of gases with crystalline solids: I. Gas-solid

energies and properties of isolated adsorbed atoms. Surf. Sci., 36:317–352, 1973.

T. P. Straatsma and H. J. C. Berendsen. Free energy of ionic hydration: Analysis of a

thermodynamic integration technique to evaluate free energy differences by molecular

dynamics simulations. J. Chem. Phys., 89:5876–5886, 1988.

J. M. Stubbs and J. I. Siepmann. Elucidating the vibrational spectra of hydrogen-

bonded aggregates in solution: Electronic structure calculations with implicit solvent

and first-principles molecular dynamics simulations with explicit solvent for 1-hexanol

in n-hexane. J. Am. Chem. Soc., 127:4722–4729, 2005.

J. M. Stubbs, J. J. Potoff, and J. I. Siepmann. Transferable potentials for phase equilib-

ria. 6. United-atom description for ethers, glycols, ketones, and aldehydes. J. Phys.

Chem. B, 108:17596–17605, 2004.

M. S. Sun, O. Talu, and D. B. Shah. Adsorption equilibria of C5–C10 normal alkanes

in silicalite crystals. J. Phys. Chem., 100:17276–17280, 1996.

M. S. Sun, D. B. Shah, H. H. Xu, and O. Talu. Adsorption equilibria of C1 to C4

alkanes, CO2, and SF6 on silicalite. J. Phys. Chem. B, 102:1466–1473, 1998.

S. Suwanayuen and R. P. Danner. A gas adsorption isotherm equation based on vacancy

solution theory. AlChE J., 26:68–76, 1980.

W. C. Swope, H. C. Andersen, P. H. Berens, and K. R. Wilson. A computer simulation

method for the calculation of equilibrium constants for the formation of physical

clusters of molecules: Application to small water clusters. J. Chem. Phys., 76:637–

649, 1982.

O. Talu and A. L. Myers. Molecular simulation of adsorption: Gibbs dividing surface

and comparison with experiment. AlChE J., 47:1160–1168, 2001.



196

R. J. Taylor and R. H. Petty. Selective hydroisomerization of long chain normal paraffins.

Appl. Catal., A, 119:121–138, 1994.

P. A. Thompson and M. O. Robbins. Origin of stick-slip motion in boundary lubrication.

Science, 250:792–794, 1990.

M. Trzpit, M. Soulard, J. Patarin, N. Desbiens, F. Cailliez, A. Boutin, I. Demachy, and

A. H. Fuchs. The effect of local defects on water adsorption in silicalite-1 zeolite: A

joint experimental and molecular simulation study. Langmuir, 23:10131–10139, 2007.

C. Tuma and J. Sauer. Protonated isobutene in zeolites: Tert-butyl cation or alkoxide?

Angew. Chem. Int. Ed., 44:4769–4771, 2005.

D. Tzoulaki, A. Jentys, J. Perez-Ramirez, K. Egeblad, and J. A. Lercher. On the loca-

tion, strength and accessibility of Bronsted acid sites in hierarchical ZSM-5 particles.

Catal. Today, 198:3–11, 2012.

P. Ungerer, C. Beauvais, J. Delhommelle, A. Boutin, B. Rousseau, and A. H. Fuchs.

Optimization of the anisotropic united atoms intermolecular potential for n-alkanes.

J. Chem. Phys., 112:5499–5510, 2000.

H. van Koningsveld. High-temperature (350 k) orthorhombic framework structure of

zeolite H-ZSM-5. Acta Crystallogr. Sect. B: Struct. Sci., 46:731–735, 1990.

H. van Koningsveld, H. van Bekkum, and J. C. Jansen. On the location and disorder

of the tetrapropylammonium (TPA) ion in zeolite ZSM-5 with improved framework

accuracy. Acta Crystallogr. Sect. B: Struct. Sci., 43:127–132, 1987.

H. van Koningsveld, F. Tuinstra, H. Vanbekkum, and J. C. Jansen. The location

of p-xylene in a single-crystal of zeolite H-ZSM-5 with a new, sorbate-induced, or-

thorhombic framework symmetry. Acta Crystallogr. Sect. B: Struct. Sci., 45:423–431,

1989.

M. E. van Leeuwen, C. J. Peters, J. D. Arons, and A. Z. Panagiotopoulos. Investigation

of the transition to liquid-liquid immiscibility for Lennard-Jones (12,6) systems, using

Gibbs-ensemble molecular simulations. Fluid Phase Equilib., 66:57–75, 1991.



197

C. Vega and J. L. F. Abascal. Simulating water with rigid non-polarizable models: A

general perspective. Phys. Chem. Chem. Phys., 13:19663–19688, 2011.

L. F. Vega, E. A. Muller, L. F. Rull, and K. E. Gubbins. Effect of surface active sites on

adsorption of associating chain molecules in pores: A Monte Carlo study. Adsorption,

2:59–68, 1996.

D. Verboekend, K. Thomas, M. Milina, S. Mitchell, J. Perez-Ramirez, and J. P.

Gilson. Towards more efficient monodimensional zeolite catalysts: N-alkane hydro-

isomerisation on hierarchical ZSM-22. Catal. Sci. Technol., 1:1331–1335, 2011.

T. J. H. Vlugt and M. Schenk. Influence of framework flexibility on the adsorption

properties of hydrocarbons in the zeolite silicalite. J. Phys. Chem. B, 106:12757–

12763, 2002.

T. J. H. Vlugt, M. G. Martin, B. Smit, J. I. Siepmann, and R. Krishna. Improving the

efficiency of the configurational-bias Monte Carlo algorithm. Mol. Phys., 94:727–733,

1998.

W. Wagner, A. Saul, and A. Prub. International equations for the pressure along the

melting and along the sublimation curve of ordinary water substance. J. Phys. Chem.

Ref. Data, 23:515–525, 1994.

S. B. Wang, H. Li, and L. Y. Xu. Application of zeolite MCM-22 for basic dye removal

from wastewater. J. Colloid Interface Sci., 295:71–78, 2006.

Y. Wang, K. Hill, and J. G. Harris. Comparison of branched and linear octanes in the

surface force apparatus. A molecular dynamics study. Langmuir, 9:1983–1985, 1993.

K. Watanabe, N. Austin, and M. R. Stapleton. Investigation of the air separation

properties of zeolites types A, X and Y by Monte Carlo simulations. Mol. Simul., 15:

197–221, 1995.

T. Watanabe and D. S. Sholl. Accelerating applications of metal-organic frameworks for

gas adsorption and separation by computational screening of materials. Langmuir,

28:14114–14128, 2012.



198

S. J. Weiner, P. A. Kollman, D. A. Case, U. C. Singh, C. Ghio, G. Alagona, S. Profeta,

and P. Weiner. A new force field for molecular mechanical simulation of nucleic acids

and proteins. J. Am. Chem. Soc., 106:765–784, 1984.

S. J. Weiner, P. A. Kollman, D. T. Nguyen, and D. A. Case. An all atom force field for

simulations of proteins and nucleic acids. J. Comput. Chem., 7:230–252, 1986.

P. Wernet, D. Nordlund, U. Bergmann, M. Cavalleri, M. Odelius, H. Ogasawara, L. A.

Naslund, T. K. Hirsch, L. Ojamae, P. Glatzel, L. G. M. Pettersson, and A. Nilsson.

The structure of the first coordination shell in liquid water. Science, 304:995–999,

2004.

C. A. Wick, J. I. Siepmann, and M. R. Schure. Temperature dependence of transfer

properties: Importance of heat capacity effects. J. Phys. Chem. B, 107:10623–10627,

2003.

C. D. Wick and J. I. Siepmann. Self-adapting fixed-end-point configurational-bias Monte

Carlo method for the regrowth of interior segments of chain molecules with strong

intramolecular interactions. Macromolecules, 33:7207–7218, 2000.

C. D. Wick, M. G. Martin, and J. I. Siepmann. Transferable potentials for phase equi-

libria. 4. United-atom description of linear and branched alkenes and alkylbenzenes.

J. Phys. Chem. B, 104:8008–8016, 2000.

C. D. Wick, J. I. Siepmann, and M. R. Schure. Molecular simulation of concurrent

gas-liquid interfacial adsorption and partitioning in gas-liquid chromatography. Anal.

Chem., 74:3518–3524, 2002.

C. D. Wick, J. M. Stubbs, N. Rai, and J. I. Siepmann. Transferable potentials for phase

equilibria. 7. Primary, secondary, and tertiary amines, nitroalkanes and nitrobenzene,

nitriles, amides, pyridine, and pyrimidine. J. Phys. Chem. B, 109:18974–18982, 2005.

N. B. Wilding and M. Schoen. Absence of simulation evidence for critical depletion in

slit pores. Phys. Rev. E, 60:1081–1083, 1999.

T. F. Willems, C. Rycroft, M. Kazi, J. C. Meza, and M. Haranczyk. Algorithms and



199

tools for high-throughput geometry-based analysis of crystalline porous materials.

Microporous Mesoporous Mater., 149:134–141, 2012.

C. E. Wilmer, M. Leaf, C. Y. Lee, O. K. Farha, B. G. Hauser, J. T. Hupp, and R. Q.

Snurr. Large-scale screening of hypothetical metal-organic frameworks. Nat. Chem.,

4:83–89, 2012.

D. Wolf, P. Keblinski, S. R. Phillpot, and J. Eggebrecht. Exact method for the simu-

lation of Coulombic systems by spherically truncated, pairwise r(-1) summation. J.

Chem. Phys., 110:8254–8282, 1999.

R. C. Xiong, S. I. Sandler, and D. G. Vlachos. Alcohol adsorption onto silicalite from

aqueous solution. J. Phys. Chem. C, 115:18659–18669, 2011.

R. C. Xiong, S. I. Sandler, and D. G. Vlachos. Molecular screening of alcohol and polyol

adsorption onto MFI-type zeolites. Langmuir, 28:4491–4499, 2012.

D. D. Xu, G. R. Swindlehurst, H. H. Wu, D. H. Olson, X. Y. Zhang, and M. Tsapatsis.

On the synthesis and adsorption properties of single-unit-cell hierarchical zeolites

made by rotational intergrowths. Adv. Funct. Mater., 24:201–208, 2014.

T. Yamazaki, M. Katoh, S. Ozawa, and Y. Ogino. Adsorption of CO2 over univalent

cation-exchanged ZSM-5 zeolites. Mol. Phys., 80:313–324, 1993.

S. Yashonath, J. M. Thomas, A. K. Nowak, and A. K. Cheetham. The siting, energetics

and mobility of saturated-hydrocarbons inside zeolitic cages: Methane in zeolite Y.

Nature, 331:601–604, 1988.

D. York, N. M. Evensen, M. L. Martinez, and J. D. Delgado. Unified equations for

the slope, intercept, and standard errors of the best straight line. Am. J. Phys, 72:

367–375, 2004.

P. A. Zapata, J. Faria, M. P. Ruiz, R. E. Jentoft, and D. E. Resasco. Hydropho-

bic zeolites for biofuel upgrading reactions at the liquid-liquid interface in water/oil

emulsions. J. Am. Chem. Soc., 134:8570–8578, 2012.



200

K. Zhang, R. P. Lively, J. D. Noel, M. E. Dose, B. A. McCool, R. R. Chance, and

W. J. Koros. Adsorption of water and ethanol in MFI-type zeolites. Langmuir, 28:

8664–8673, 2012a.

K. Zhang, R. P. Lively, M. E. Dose, L. W. Li, W. J. Koros, D. M. Ruthven, B. A. McCool,

and R. R. Chance. Diffusion of water and ethanol in silicalite crystals synthesized in

fluoride media. Microporous Mesoporous Mater., 170:259–265, 2013.

L. Zhang and J. I. Siepmann. Pressure dependence of the vapor-liquid-liquid phase

behavior in ternary mixtures consisting of n-alkanes, n-perfluoroalkanes, and carbon

dioxide. J. Phys. Chem. B, 109:2911–2919, 2005.

L. Zhang and J. I. Siepmann. Direct calculation of Henry’s law constants from Gibbs

ensemble Monte Carlo simulations: Nitrogen, oxygen, carbon dioxide and methane

in ethanol. Theor. Chem. Acc., 115:391–397, 2006.

L. Zhang and J. I. Siepmann. Development of the TraPPE force field for ammonia.

Collect. Czech. Chem. Commun., 75:577–591, 2010.

L. Zhang, J. L. Rafferty, J. I. Siepmann, B. Chen, and M. R. Schure. Chain conformation

and solvent partitioning in reversed-phase liquid chromatography: Monte Carlo sim-

ulations for various water/methanol concentrations. J. Chromatogr. A, 1126:219–231,

2006.

X. Y. Zhang, D. X. Liu, D. D. Xu, S. Asahina, K. A. Cychosz, K. V. Agrawal, Y. Al Wa-

hedi, A. Bhan, S. Al Hashimi, O. Terasaki, M. Thommes, and M. Tsapatsis. Synthe-

sis of self-pillared zeolite nanosheets by repetitive branching. Science, 336:1684–1687,

2012b.

X. S. Zhao, Q. Ma, and G. Q. M. Lu. VOC removal: Comparison of MCM-41 with

hydrophobic zeolites and activated carbon. Energ. Fuel., 12:1051–1054, 1998.

X. S. Zhao, B. Chen, S. Karaborni, and J. I. Siepmann. Vapor-liquid and vapor-solid

phase equilibria for united-atom benzene models near their triple points: The impor-

tance of quadrupolar interactions. J. Phys. Chem. B, 109:5368–5374, 2005.



201

X. S. Zhao, J. I. Siepmann, W. Xu, Y. H. Kiang, A. R. Sheth, and S. Karaborni.

Exploring the formation of multiple layer hydrates for a complex pharmaceutical

compound. J. Phys. Chem. B, 113:5929–5937, 2009.

Y. Zhao and D. G. Truhlar. The M06 suite of density functionals for main group

thermochemistry, thermochemical kinetics, noncovalent interactions, excited states,

and transition elements: Two new functionals and systematic testing of four M06-class

functionals and 12 other functionals. Theor. Chem. Acc., 120:215–241, 2008.

W. Zhu, F. Kapteijn, and J. A. Moulijn. Equilibrium adsorption of light alkanes in

silicalite-1 by the inertial microbalance technique. Adsorption, 6:159–167, 2000.


