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We have developed and applied a new force field for simultaneously modeling the dynamics of
hydrofluorocarbons (HFCs) and exchangeable Na cations in faujasite-type zeolites. Our aim is to account for
(i) the zeolite’s capacity of separating HFC isomers, (ii) the experimentally observed unusual cation migration
in Na-Y from the â-cages into the supercages upon the adsorption of HFCs, and (iii) the abnormal trans/
gauche ratio in these systems. Energy minimizations and molecular dynamics simulations performed with
this force field give excellent agreement with experimental data on heats of adsorption, guest-host distances,
infrared spectra, and conformer ratios for different coverages of HFC-134 (CF2H-CF2H) and HFC-134a
(CH2F-CF3) in Na-X (Si:Al ) 1.2) and Na-Y (Si:Al ) 2.4). The force field also accounts partially for the
observed cation migration at intermediate loadings and fully at high loadings. The extent of migration is
found to be influenced by the competition among Na-O, Na-F, and Na-Na interactions. The Na-O
interaction disfavors migration because Na(I′) sites are found to be energetically more favorable than Na(III′)
sites; the Na-F attraction obviously favors migration; and surprisingly, the Na-Na repulsion also favors
migration because moving Na cations into supercages leads to better cation dispersion. This migration occurs
in a two-step mechanism that involves first a concerted two-cation jump, SI′ f SII′/S II f (SIII or S III ′),
followed by a SII′ f SII jump, leading to a net process SI′ f (SIII or SIII ′). The preferred binding site in both
Na-X and Na-Y involves HFCs anchored by both site II and site III′ cations. The loading dependence of
the heat of HFC adsorption in zeolite Na-X is predicted to be different from that in Na-Y, because of the
energetics of cation migration in Na-Y. HFC-134 is generally more strongly bound to both zeolites, because
of its ability to make close Na-F and O-H contacts with the zeolites. The binding energy for the gauche
conformer of HFC-134 is larger than that for trans at low loadings, but as loading increases, the difference
decreases. The highly correlated small-amplitude motion predicted for cations in bare faujasites is quenched
upon adsorption of HFCs. Most of the HFCs are too strongly bound to exhibit diffusive behavior during our
molecular dynamics simulations.

I. Introduction

Hydrofluorocarbons (HFCs) have been identified as suitable
substitutes for ozone depleting chlorofluorocarbons (CFCs).
Specifically HFC-134a (CH2F-CF3) can substitute CFC-12
(CF2Cl2) as a coolant for air conditioning and refrigeration
applications1 and has no negative effect on the stratospheric
ozone layer.2 Synthesis of HFCs often leads to the production
of isomers and impurities that may have to be separated in a
subsequent step.3,4 Effective separation of HFC mixtures such
as HFC-134 (CF2H-CF2H) and HFC-134a has been achieved
by use of cationic faujasites5,6 such as Na-X and Na-Y, which
are distinguished by their Si:Al ratio [Si:Al(X)< 1.5, Si:Al(Y)
> 1.5] and consequently by their Na cation content. Zeolites
have also been used to separate mixtures of HFCs and water.7,8

During the study of the separation of HFCs isomers in Na-Y
by combined NMR and X-ray techniques, Grey et al. observed
significant migration of Na cations from site I′ into the supercage

and into the hexahonal prisms after adsorption of both HFC-
1349 and HFC-134a.10 They suggested that the favorable HFC
interaction with Na cations is optimized by this migration.
Subsequent studies using23Na magic angle spinning (MAS)
NMR, two-dimensional multiple quantum MAS NMR,11 and
in-situ X-ray powder diffraction12 corroborated this interpreta-
tion. Although cation redistribution is expected in wet zeolites,
such large amplitude motions are not usually observed in dry
zeolite-guest systems. Another interesting experimental finding
for this system is the preference for the gauche conformer of
HFC-134 upon adsorption in the zeolite, in contrast to the higher
stability of the trans conformer in gas phase13-15 and the finding
that the trans/gauche ratio depends on the HFC loading. In this
paper, we apply molecular simulation techniques allowing
simultaneous motion of Na cations and HFCs to explore the
energetics and mechanisms of these surprising cation migrations
in dry zeolites.

We have previously published a force field that accounts for
the behavior of cations in dry faujasite-type zeolites.16 This force
field explicitly treats aluminum atoms as different from silicon
atoms and makes no assumptions about occupancies in cation
positions. We now extend the model to include HFC molecules

* To whom correspondence should be addressed. E-mail: auerbach@
chem.umass.edu.

† Department of Chemistry, University of Massachusetts.
‡ SUNY Stony Brook.
§ Department of Chemical Engineering, University of Massachusetts.

12319J. Phys. Chem. B2001,105,12319-12329

10.1021/jp011997a CCC: $20.00 © 2001 American Chemical Society
Published on Web 11/07/2001



adsorbed in zeolites. Several studies have been reported that
model HFCs but almost all in liquid phase with no adsorbents17-26

and only two studies in gas phase.27,28 Ab initio calculations
have also been performed for isolated HFC-134 and HFC-
134a.29-32 Relatively few computational studies have been
reported for HFCs adsorbed in zeolites.15,33-35 George et al.33

applied a combination of Monte Carlo (MC) and molecular
dynamics (MD) techniques to investigate the sorption of CFCs
and HCFCs in zeolites using the CFF91 force field.36 They kept
fixed the zeolite framework and the extraframework cations and
used an average T atom to account for Si and Al atoms. Mellot
and Cheetham34,37-39 developed a force field for small fluoro-
and chlorofluorocarbons adsorbed in siliceous Y and Na-Y
zeolites. They performed MC simulations using a Coulombic
plus Lennard-Jones (12:6) potential keeping rigid the zeolite
structure and also using the average T-site model. Recently,
Lim et al.35 performed energy minimizations and MD simula-
tions to study binding energies and binding site geometries for
HFC-134 and HFC-134a adsorbed in Na-X and Na-Y. Lim
et al. kept cations fixed and used the average T-site model,
preventing the observation of cation migration in Na-Y.
Additionally, Crawford et al.15 calculated HFC binding energies
by ab initio density functional theory. To our knowledge, no
force field is available that can accurately account for simul-
taneous large amplitude motion of cations and HFCs in zeolites.

The study of Lim et al. mentioned above involved a combined
experimental and computational study of asymmetric HFCs on
zeolites Na-X and Na-Y.35 Double resonance NMR experi-
ments indicated that HFC binding geometries are controlled by
a balance between Na-F and O-H host-guest contacts. MD
and simulated annealing calculations for HFC-134 and HFC-
134a on model Na-X and Na-Y zeolites also revealed the
importance of both H-bonding and Na-F interactions in
determining the adsorption sites.

In the present paper, we develop a force field for HFCs in
zeolites that can be used with various Si:Al ratios and different
loadings of the adsorbate. It explicitly distinguishes Si from Al
and different types of bridging oxygens while allowing cations
and HFCs to move without preconceived constraints. We show
below that our model reproduces experimentally observed heats
of adsorption, geometries of the adsorption sites, conformer mix
for HFC-134, vibrational frequencies, and interatomic distances
found in the HFC-zeolite system. Our force field also accounts
partially for the migration of cations, which has been observed
experimentally. We do not observe full migration because Na-O
cation-frame interactions compete effectively with the Na-F
interactions, which are thought to pull Na cations into Na-Y
supercages.

The remainder of this paper is organized as follows: In
section II, we discuss the methodologies for force field
development, system annealing, and dynamics. In section III,
we discuss the results from our new force field with a focus on
cation migration properties. In section IV, we give concluding
remarks.

II. Methodology

As stated in the Introduction, the goal of this study is to
develop a force field for exploring the simultaneous migration
of cations and HFCs in faujasite-type zeolites, accounting for
the binding of different HFCs in the zeolite and for the altered
cation distributions that arise upon HFC binding. The force field
has to be flexible enough to be used for zeolites with various
silicon to aluminum (Si:Al) ratios and at different guest
coverages, without the need for reparametrization each time a

different system is considered. We fit the force field to
experimentally determined heats of adsorption, dipole moments,
HFC-134 conformer ratios, interatomic distances, and vibrational
spectra, with an eye toward producing a model that allows for
some cation migration. The resulting force field will be used to
predict HFC and cation dynamics and to gain insights into the
adsorption behavior of HFCs in dry zeolites and in the
interesting phenomenon of cation migration.

There are some features in our model that make it different
from previous approaches. In our previous paper,16 we discussed
the advantages of using different charges on silicon and
aluminum, instead of an average T site when using mobile
cations. Among them were the possibility of distinguishing
different types of sites I′ and III′, the observation of site I cations
off-centered in the hexagonal prisms,40-42 and the more faithful
accounting of the IR spectra.43 The previous studies on modeling
HFCs in zeolites33-35 used the “average T-site” model and kept
fixed the zeolite framework and the extraframework cations.
In an effort to model the framework charge distribution more
faithfully, we developed a force field that contains different
partial charges on silicon and aluminum and that reproduces
experimental datawithoutconstraining cations. We expect that
this will provide a realistic model for cation and HFC dynamics
in a variety of zeolites, enabling us to model the migration of
cations that takes place upon adsorption of HFCs.

To construct a force field for HFC dynamics, we require
atomic charges, short-range potential parameters, algorithms for
calculating minimum energy configurations, ensemble averages
and dynamics, and a method for classifying cationic sites. In
what follows, we discuss each of these elements.

A. Atomic Charges. Details of the force field used for the
framework atoms and extraframework cations are given in our
previous paper.16 Our model explicitly obeys Lo¨wenstein’s rule44

forbidding two contiguous tetrahedral aluminum atoms in the
structure. To have a portable force field that can be used for
different Si:Al ratios, different charges were used for oxygen
atoms bridging two silicon atoms (labeled Os), and oxygens
bridging one silicon and one aluminum atom (labeled Oa).

Atomic charges for HFCs were fitted to the measured dipole
moments of each species of interest. As far as we know, a set
of charges for HFC-134 and HFC-134a obtained by electronic
structure calculations has not been reported. Charges obtained
by ab initio methods for fluoromethanes range between-0.200
and -0.262 for fluorine and-0.020 and+0.049 for hydro-
gen,17,26,45 whereas for fluoropropanes, Yamamoto et al.22

obtained-0.30 for fluorine and+0.21 for hydrogen. On the
basis of these results, we assignedqH ) +0.1 and fitted the
values ofqF andqC to match experimental dipoles in gas phase
for HFC-134a46,47and HFC-134 gauche.48 The calculated dipole
moments of HFC-134a, HFC-134 trans, and HFC-134 gauche
in gas phase and in the zeolite along with the experimental
dipole moments are shown in Table 1, whereas the atomic
charges used are shown in Table 2. The reason that HFC-134
trans has a calculated dipole moment different from zero is that
after it is adsorbed in the zeolite the symmetry of the molecule

TABLE 1: Calculated and Experimental Dipole Moments
for HFC-134 and HFC-134A

species
experimental in

gas phase
calculated in

gas phase
calculated in

zeolite

HFC-134a 2.06a,b 2.05 1.98
HFC-134trans 0.00c 0.00 0.12
HFC-134gauche 2.90d 2.90 2.82

a All values in Debyes.b Taken from Meyer and Morrison.46 c By
symmetry.d Taken from Mukhtarov and Kuliev.48
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is broken. This broken symmetry for HFCs has also been
observed in the gas phase47,49 and has been calculated by ab
initio methods.29

During the assignment of atomic charges, we enforced
neutrality at each-CF2H, -CF3, and-CFH2 group following
the ab initio calculations of Yamamoto et al.22 and Davis et
al.45 This assumption was also employed by Lı´sal et al.24,25

although they used a different charge set for HFC-134 and HFC-
134a. Some other charge sets that give acceptable values of
HFC dipole moments were tested, producing either unsatisfac-
tory fitting with other properties such as binding energies or
fitting for just one type of guest molecule or for only a single
Si:Al ratio. As seen in Table 2, our charge set for flouroethanes
in zeolites is comparable with the ab initio values discussed
above. In particular, the charge of+0.100 we use for hydrogen
falls in the range observed in the gas phase for fluoromethanes
and fluoropropanes and can also be justified by the enhanced
polarization due to the formation of hydrogen bonds in the
system.10,35

B. Potential. Several different force fields have been used
to treat HFC intra- and intermolecular interactions, mostly in
the gas phase; here, we briefly review some conformational
properties these force fields must reproduce. HFC-134 has two
different staggered conformers, trans (C2h symmetry) and gauche
(C2 symmetry). In the gas phase, the trans conformer of HFC-
134 is more stable by 4.9 to 10.0 kJ mol-1 than the gauche
conformer29,49-52 and there is an energy barrier for internal
rotation of about 15-17 kJ mol-1.53 Hence, trans is the
predominant conformer in the gas phase. In the liquid phase,
the trans conformer of HFC-134 is more stable by about 1.7 kJ
mol-1 than the gauche conformer.50 In the crystalline state, only
the trans configuration is present.50 The dipole moments of the
two conformers are very different48 as shown in Table 1. This
difference may also play a role during the process of HFC
separation as has been suggested.15 HFC-134a has only one
staggered conformer (Cs symmetry), a dipole moment between
the two conformers of HFC-134,46 and an energy barrier for
internal rotation of about 13.8 to 17 kJ mol-1.47,54,55 Upon
adsorption in faujasites, gauche becomes the preferred conformer
of HFC-134.13-15 It has also been observed that, with increasing
HFC-134 loading, the trans/gauche ratio increases and is
independent of temperature.15

Here, we briefly review some of the force fields applied to
model HFCs. Molecular dynamics has been performed to study
thermodynamics and static structure of liquid HFC by Bo¨hm et
al.17,18using a potential derived from ab initio calculations and
by Gough et al.19 using the AMBER potential function.56

Thermodynamic properties and diffusion were studied by Vega
et al.20 and Lı́sal et al.21 using a homonuclear two-center
Lennard-Jones potential with a dipole along the molecular axis,
by Lı́sal et al.23-25 using a Coulombic plus a Halgren’s Buf
14-7 type potential,57 and by Higashi and Takada26 using a
Coulombic plus Lennard-Jones (12:6) potential. Heublein et al.27

studied potential barriers for internal rotation in haloethanes
using Buckingham and Lennard-Jones (12:6) potentials, and
Fermeglia and Pricl28 used the COMPASS 1.0 force field to
study equations of state for HFCs. Monte Carlo simulations have
been performed by Yamamoto et al.22 using a Coulombic plus
Lennard-Jones (12:6) potential to obtain thermodynamical
properties of fluoropropanes. Mixtures of HFCs and hydrochlo-
rofluorocarbons (HCFCs) have been studied by Gao et al.58 at
vapor-liquid equilibrium using an effective Stockmayer po-
tential (Lennard-Jones 12:6 potential plus the potential between
two point dipoles). All of these studies were conducted in the
gas or liquid phase for pure HFCs. In general, these force fields
give good to excellent agreement for different dynamical and
thermodynamical properties of the systems.

As mentioned in the Introduction, there have been very few
reports of modeling fluorocarbons in zeolites. George et al.33

studied CFCs and HCFCs adsorbed in a variety of zeolites using
the CFF91 force field,36 whereas Mellot and Cheetham34,37-39

studied the energetics and structures of small fluoro- and
chlorofluoromethanes in Na-X and Na-Y using a Coulombic
plus Lennard-Jones (12:6) potential. Lim et al.35 studied
energetics and geometries of HFC binding sites keeping cations
in fixed positions. All of these studies used the average T-site
model and fixed cations, preventing the simulation of cation
migration.

Our force field includes parameters for the guest intramo-
lecular and intermolecular interactions as well as parameters
for the host-guest and host-host interactions. The guest
intramolecular potential is based on the standard CFF91
molecular mechanics force field available from MSI.36 This
force field describes bonds and bond angles with harmonic
functions and also includes a torsional potential as follows:

The values of the parameters used for the intramolecular
potential are given in Table 3 and are based on those used by
George et al.33

The guest-guest and host-guest nonbonded interactions are
represented by a Lennard-Jones (12:6) potential and a Coulomb

TABLE 2: Partial Charges for the Zeolite and HFC
Potential

species partial charges species partial charges

Si +2.050 Cc +0.250
Al +1.750 Cd +0.525
Oa

a -1.200 Ce -0.025
Os

b -1.025 H +0.100
Na +1.000 F -0.175

a Oxygen bridging an Al atom and a Si atom.b Oxygen bridging
two Si atoms.c Carbons in-CF2H group of HFC-134.d Carbon in
-CF3 group of HFC-134a.e Carbon in-CFH2 group of HFC-134a.

TABLE 3: Intramolecular Potential Parametersa

Quadratic Bond:E ) 1/2K(r - r0)2

species K (eV/Å2) r0 (Å)

C-C 27.988 1.526
C-H 29.540 1.105
C-F 43.016 1.363

Quadratic Angle:E ) 1/2K(θ - θ0)2

species K (eV/rad2) θ0 (degrees)

F-C-C 8.586 107.8
F-C-H 5.378 107.1
H-C-H 3.426 106.4
H-C-C 3.816 110.0
F-C-F 4.042 109.5

Torsion Angle: E ) K[1 + Rcosâφ]

species K (eV) R â

*-C-C-* 0.0617 1.0 3.0

a Taken from the Biosym/MSI CFF91 force field36 and George et
al.33

Vintra) ∑
bonds

1

2
Kb(r - r0)b

2 + ∑
angles

1

2
Ka(θ - θ0)a

2 +

∑
torsions

Kt[1 + R cosâφ]t (1)
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potential:

The values ofεij and σij were obtained by fixing the charges
according to section IIA and varyingεij and σij by trial and
error until calculated distances and heats of adsorption agree
semiquantitatively with experimental values. The starting values
for these iterations were the nonbonded potential parameters in
the standard CFF91 molecular mechanics force field.36 As a
further check of the potential, the Fourier transform of the dipole
moment autocorrelation function was calculated to ensure that
they agree qualitatively with experimental infrared spectra. The
values of the potential parametersεij and σij for nonbonded
interactions are summarized in Table 4.

The form of the cation-frame potential follows the one
developed for zeolites by Catlow et al.,59 involving two
contributions: a Coulombic part and a Buckingham interaction
between cations and oxygens. The Buckingham potential, which
models repulsive and dispersive Na-O interactions, is given
by

The interaction between cations and Si/Al atoms is described
with a Coulombic term only, because the Coulombic repulsion
between Na and Si/Al keeps them well separated and the
polarizabilities of Si and Al are much less than that of oxygen.
The values of the cation-frame potential parameters are sum-
marized in Table 5. They differ only slightly from our published
values for bare zeolites.16 This small change does not affect
the cation distributions obtained previously for bare Na-X and
Na-Y and only increases slightly (less than 0.1 Å) the
calculated Na-O interatomic distances. This new set of
parameters is also more compatible with modeling HFC
adsorption at high loadings, by producing a model that gives
cation migration upon HFC adsorption while keeping other
observables such as heats of adsorption, IR spectra, distances,
etc., within experimentally reasonable ranges.

C. Annealing of Guest HFC Molecules.MD-DOCKER60

is a simulated annealing procedure61 that we used to obtain

minimum energy configurations for HFCs and Na cations in
zeolites. Our modeling considered the cases of 1 HFC/unit cell
(zero loading or infinite dilution), 8 HFCs/unit cell (an average
of 1 HFC/supercage), 16 HFCs/unit cell (an average of 2 HFCs/
supercage), and 32 HFCs/unit cell (an average of 4 HFCs/
supercage). In the cases of multiple HFCs/unit cell, we modeled
in each simulation not only one conformer of HFC-134 but also
mixtures of the two conformers. Calculations were performed
with the program DIZZY62 for Si:Al ratios of 1.2 (Na-X) and
2.4 (Na-Y). The modeling was performed in a faujasite unit
cell containing in addition to the guest moleculesn Al atoms,
192 - n Si atoms, 2n Oa atoms, 384- 2n Os atoms andn Na
atoms, totalling 576+ n particles plus the guests atoms. For a
Si:Al ratio of 1.2,n ) 86, and for a Si:Al ratio of 2.4,n)56.
The unit cell is cubic with a lattice parameter of ca. 24.8 Å.63

Periodic boundary conditions are employed throughout via the
periodic image convention. Short-range forces are cut off and
shifted at 12 Å, and long-range forces are evaluated with the
Ewald summation.64

Each annealing consisted of at least 100 independent energy
minimizations. Each energy minimization was initiated by a
minimum of 1000 steps of 1 fs molecular dynamics at 1000 K,
followed by system cooling using the dynamical minimization
algorithm LFOPC developed by Snyman.65 Simulations were
performed with both flexible and rigid zeolite framework,
yielding essentially the same results. Different initial cation
distributions were used to start the annealing procedure, to
ensure proper sampling of very different cation configurations
that may be separated by relatively large free energy barriers.
For Na-Y (Si:Al ) 2.4), these initial distributions are (a) 8
cations in site I, 16 in I′, and 32 in site II as observed in bare
zeolite Na-Y by Eulemberger et al.66 using X-ray powder
diffraction and by Fitch et al.63 using powder neutron diffraction;
(b) 32 cations in site II and 24 in site III′, assuming that all
cations are in the supercage; and (c) the minimum energy
configuration found with our model for cations in bare zeolites,16

i.e., 7 cations in site I, 17 in I′, 25 in II, 5 in II′, and 2 in site
III ′. In the case of Na-X (Si:Al ) 1.2), the starting cation
distributions are (a) 32 cations in site I′, 32 in site II, and 22 in
site III′, assuming full occupancy of sites I′ and II, and placing
the remaining cations in site III′ as observed by Vitale et al.67

using neutron diffraction and used previously by Auerbach et
al.68 and by Lim et al.35 and (b) the minimum energy config-
uration obtained with our model for cations in bare zeolites,16

i.e., 1 cation in site I, 31 in I′, 32 in II, 7 in III, and 15 in III′.
In the case of 1 HFC-134/unit cell, annealing was performed
for each conformer, whereas at higher loadings, we started with
an all gauche configuration and with a trans/gauche ratio of 1
placing the individual molecules randomly in the supercage of
the zeolite.

D. Cation Classification Program. The extraframework
cations in faujasites are located in various crystallographic
positions, as shown in Figure 1. Site I cations are located in
the hexagonal prisms, which connect sodalite cages (â cages).
Site II cations are in the supercage, coordinated to three oxygens
from the 6-ring window of a sodalite cage. Site I′ and II′ cations
are inside the sodalite cage facing positions I and II, respectively.
A unit cell of faujasite contains 16 possible sites I and 32 of
each I′, II, and II′. Two additional sites have been found in the
Na-X supercage: sites III and III′. Cations in site III are located
above the 4-ring window, whereas those in site III′ are in
different, but closely related, positions at the edges of the 4-ring
window, i.e., in the 12-ring window.69,70

In an effort to compare our simulated cation locations to
experimentally determined sites and occupancies, we created a

TABLE 4: Parameters for Nonbonded Intermolecular
Interactions

species εij (meV) σij (Å) species εij (meV) σij (Å)

C-Ca 1.691 4.350 H-Si 1.691 3.537
C-H 1.669 3.458 H-Al 1.691 3.537
C-F 2.246 3.878 H-Ob 4.036 2.971
C-Si 1.713 4.448 H-Na 10.715 2.420
C-Al 1.713 4.448 F-F 2.982 3.457
C-Ob 4.089 3.737 F-Si 3.554 3.822
C-Na 10.857 3.044 F-Al 3.554 3.822
H-H 1.648 2.750 F-Ob 4.344 3.458
H-F 2.217 3.083 F-Na 30.013 2.176

a All parameters not involving F or Na were taken from the CFF91
force field.36 b Same values used for both Oa and Os.

TABLE 5: Cation-Framework Short-Range Buckingham
Parameters

species A (eV) F (Å) C (eV Å6)

Na-Oa 6230.0 0.2468 10.0

a Same values used both for Oa and Os.

Vnonbond) ∑
i,j>i

4εij[(σij

rij
)12

- (σij

rij
)6] + ∑

i,j>i

qiqj

rij

(2)

VBuck ) ∑
i>j [Aije

-rij/Fij -
Cij

rij
6] (3)
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program called CLAZYX (CLAssification for Zeolites Y and
X) that converts three-dimensional coordinates into cationic
sites. This program classifies cations based on their positions
relative to other atoms, rings, and cages in the faujasite structure.
The algorithm used in CLAZYX was given in our previous
paper.16

E. Dynamics.We performed molecular dynamics calculations
in order to study ensemble-averaged adsorption and diffusion
properties of the HFCs, as well as the phenomenon of cation
migration reported by Grey et al.9,10Dynamics were started from
the minimum energy configuration positions obtained during
the annealing procedure as well as from the initial configurations
used for the annealing as described in section IIC. As in the
case of the energy minimizations, the simulations were per-
formed using the program DIZZY.62 Molecular dynamics
calculations were carried out in the canonical ensemble (NVT)
using the Nose´-Hoover chain method of Martyna et al.71-73

following the Jang and Voth algorithm74-77 with a chain of four
thermostats. We used full periodic boundary conditions and a
simulation cell containing one unit cell of faujasite (576 atoms)
plus the extraframework cations and the guest molecules.

We performed dynamics for 1, 8, 16, and 32 HFCs/unit cell.
In the cases of multiple HFCs/unit cell, we also ran dynamics
in which all of the guest HFC-134 molecules were initially of
the same conformer in order to observe the evolution of the
conformer ratio toward the equilibrium values observed by
Crawford et al.15 Simulations were performed at a temperature
of 300 K, using a 1 fstime step and Si:Al ratios of 1.2 and 2.4.
Total simulation times were at least 500 ps. Cation and HFC
coordinates and velocities were recorded at least every 50 steps,
as well as coordinates for the center of mass of each guest
molecule. The total dipole moment of the system was calculated
at least every five steps. Cation sites and jumps were monitored
every 10 steps. Histograms showing the extent to which cation
motion is correlated were constructed from these data. Mean
square displacements were calculated for each HFC from the
displacement of their center of mass. The densities of vibrational
states were computed by Fourier transformation of velocity auto-
correlation functions. The infrared spectrum for the system was
calculated by Fourier transformation of the dipole moment
autocorrelation function using a Blackman window and scaling
factor as outlined by Berens and Wilson.78

III. Results and Discussion

The force field we have developed was used to model HFC-
134 and HFC-134a at different loadings in faujasites with Si:
Al ratios of 1.2 and 2.4. Below we compare the results of our
simulated annealing and MD against experimental data for cation
site occupancies, heats of HFC adsorption, HFC binding site

geometries, interatomic distances, and conformer ratios for HFC-
134. We also report mean square displacements of guest
molecules, vibrational spectra, and the mechanisms of cation
migration. Although ourultimategoal is to explore the cation
migration in Na-Y, we begin below by describing the cation
distributions from our calculations, for use in later discussions
of HFC binding on those cation distributions.

A. Cation Site Occupancies.Cation site occupancies were
calculated with our program CLAZYX in order to investigate
cation migration in zeolites. This phenomenon consists of the
migration of cations of Na-Y from site I′ in the â cages to
sites in the supercages (III and III′), upon the adsorption of HFC-
134 or HFC-134a. This effect has not been detected in Na-X,
probably because the supercage sites are already occupied in
the bare zeolite; the optimization of the cation-HFC interactions
thus proceeds without further rearrangment of the cation
distribution. The number of cations that migrate increases with
increasing HFC loading level. This phenomenon has been
observed by both X-ray powder diffraction9,12 and MAS NMR
spectroscopy.10,11 The migration is presumably the result of
strong attractions between guest fluorine atoms and zeolite
sodium cations. These Na-F attractions compete against strong
Na-O (â cage) attractions. Depending on the balance between
these competing interactions, one might expect partial migration.
Despite this, Grey et al. have reported observations of complete
Na(I′) migration in Na-Y upon adsorption of 16 HFCs/u.c.

In what follows, we compare our simulated cation migration
patterns with previously published NMR data11 but not with
previous X-ray data9 because of difficulties in interpreting these
data. The net number of cations that migrate to the supercage
calculated from our minimizations of HFCs in Na-Y is shown
in Table 6. The results are independent of the cation configu-
ration used to start the minimizations when at least 100
annealing cycles are performed. At low loadings, the favorable
Na-F interaction is not strong enough to pull out cations from
theâ cages, so the cation configuration is similar to the one for
the bare Na-Y as observed experimentally.12 As guest coverage
increases, these interactions become strong enough to drive
cations to migrate toward the supercage. Our model predicts
that seven cations migrate to the Na-Y supercage when 16
HFCs/u.c. adsorb, whereas NMR measurements observe 15(
3 new supercage cations. As such, we do not predict cation
migration to the extent seen experimentally at 16 HFCs/u.c.
However, at loadings of 32 HFCs/u.c., simulation and experi-
ment are in better agreement; the former predicts 11 new
supercage cations, whereas the latter observes 13( 3 new
cations. Our results also show, in qualitative agreement with
experiment,10 that, although more cations migrate when HFC-
134 is adsorbed than when HFC-134a is adsorbed, this differ-
ence is not large. Our simulations do not account, however, for
the increased population in site I observed after migration by
23Na MAS NMR.11

Generally, these results indicate that cation migration is
essentially complete at a loading of 16 HFCs/u.c. This can be
understood as follows: the maximum migration produces ca.
two new cations per supercage, enough to tether two HFCs at

Figure 1. Position of extraframework Na cations in faujasite-type
zeolites Na-X and Na-Y.

TABLE 6: Net Number of Cations that Migrate to the
Supercage upon the Adsorption of HFCs in Na-Y

simulation experimental11

HFC coverage/u.c. 1 8 16 32 16 32

HFC-134a 0 1 8 10
HFC-134 0a 2 7 11 15( 3 13( 3

a Both conformers.
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both ends. Because of steric constraints, the adsorption of new
HFCs at higher loadings cannot pull additional cations into
supercages, because there is not enough room (surface area) to
support additional sites anchored by two cations.

The mechanism of cation migration was studied with our MD
calculations. In the simulations of the HFC-zeolite system that
started with the cation configuration for bare zeolite Na-Y (8
I, 16 I′, and 32 II; or 7 I, 17 I′, 25 II, 5 II′, and 2 III′), cation
migration reached the minimal energy configuration after less
than 150 ps for high loadings of both HFC-134 and HFC-134a.
In all of the MD trajectories studied, the migration was found
to be a concerted movement of cations from different sites as
follows: initially, a cation in site I′ moves to an empty site II′
in the sameâ cage; simultaneously, the cation occupying the
site II in the supercage directly across this site II′ moves to an
adjacent site III or III′. In a later step, the cation in site II′ crosses
the six-member ring dividing theâ cage and the supercage,
becoming a site II cation. The net effect of this concerted
movement is the migration of a cation from site I′ to a site III′,
although the cation that was originally in site I′ ends up in site
II and the one in site II is finally in site III′. Evidence of site II
to site III/III ′ cage rearrangement in the Na-Y/HFC-134 system
has been observed in gas sorption experiments by X-ray
diffraction and MAS NMR.79

The cation migration mechanism is also consistent with our
previous finding of small-amplitude concerted movement of
cations in zeolites,16 although the presence of the guest HFCs
quenches most of this small-amplitude cation movement after
the initial migration is over. Figure 2 shows a comparison of
the concerted cation movement seen in bare zeolite Na-Y to
that seen in the same type of zeolite after the adsorption of HFC-
134a at different loadings. In our previous study of cation
dynamics in bare zeolites, we observed many small-amplitude
motions of several cations occurring in a highly concerted
fashion. As an example, several cations would simultaneously
vibrate from ITI′, IITII ′, and IIITIII ′ sites. These motions
appear in Figure 2 for bare zeolites with a peak at 4; that is,
many cation vibrations involve the cooperative motion of 4
cations. From Figure 2, it is clear that, after cations have
migrated from theâ cage to the supercage upon HFC adsorption,
the presence of guest molecules restricts further motion. This
can be seen from the displacement of the highest bar in the
histogram toward lower numbers with increasing loading of
HFC. A similar behavior was observed when HFC-134 was
adsorbed in Na-Y and also for Na-X with both types of HFC
guests. Evidence of this small-amplitude motion through a six-
membered ring was obtained by23Na MAS NMR in bare Na-Y

and in Na-Y/HFC-134 systems, although at a much lower
frequency of vibration than obtained in our simulations.79

B. Heats of Adsorption and Adsorption Site Geometry.
Heats of adsorption were calculated from MD averages for HFC-
134a and HFC-134 at different loadings in both Na-X and Na-
Y. Heats of adsorption are compared with experiment to help
validate the model; these heats also provide insights regarding
the loading dependence of adsorption. The heat of adsorption
in each case was calculated by subtracting from the energy of
the HFC-zeolite system the energy of the bare zeolite and
isolated HFCs:

where ∆Uads is the calculated heat of adsorption at constant
volume,〈Vz + g〉 is the average potential energy of the zeolite-
guest system,〈Vz〉 is the average potential energy of the bare
zeolite, and〈Vg〉 is the average potential energy of the guest
molecules in gas phase; all of these energies are averaged at
the same temperature.

In the case of infinite dilution (1 HFC/unit cell), we performed
calculations for individual conformers of HFC-134. The results
are shown in Table 7 for HFCs in Na-X and Table 8 for HFCs
in Na-Y. For HFC-134 and HFC-134a adsorbed in zeolite Na-
X, our results follow the experimentally observed trend of
decreasing binding energy with increasing coverage. This can
be explained on the basis of different adsorption sites available
for HFC binding, as observed by Lim et al.35 HFCs will bind
first to the adsorption sites with the highest binding energy. At
higher loadings, the preferred sites are already occupied and
lower energy sites become populated. The calculated differences
in heats of adsorption between HFC-134 and HFC-134a at
different loadings in zeolite Na-Y are in good agreement with
experiments. At high loadings, the heat of adsorption of HFC-
134 in Na-Y is measured to be about 2 kJ mol-1 higher than
for HFC-134a, whereas at loadings below 26 HFC/u.c., this
difference is measured to be between 5 kJ mol-1(medium
loading) and 12 kJ mol-1 (low loading),6,12,80which compares
well with our calculated values shown in Table 8.

Savitz et al.81 estimated the contributions to the heat of
adsorption from electrostatic and dispersive energy by compar-
ing isosteric heats of adsorption of cationic and acidic zeolites.
They found that the dispersion energy contribution to the
isosteric heat of adsorption is constant (approximately 35 kJ

Figure 2. Histogram indicating the extent of correlated cation motion,
by counting number of jumping cations in a 10 fs interval for different
loadings of HFC-134a in Na-Y (Si:Al ) 2.4) at 300 K.

TABLE 7: Experimental and Simulated Values of Heat of
Adsorption for HFCs in Na86X

simulation experimental15,81

HFC coverage/u.c. 1 8 16 32 1 16 32

HFC-134a 78.4a 70.3 68.1 65.7 65 63.5 62

84.0b

HFC-134 78.6 75.8 70.0 78 71 65
77.2c

a All values in kJ mol-1. b gauche conformer.c trans conformer.

TABLE 8: Experimental and Simulated Values of Heat of
Adsorption for HFCs in Na56Y

simulation experimental11,12,80

HFC coverage/u.c. 1 8 16 32 low high

HFC-134a 67.2a 55.4 61.4 63.8 57 57

71.8b

HFC-134 62.9 67.1 66.4 69 59
65.9c

a All values in kJ mol-1. b gauche conformer.c trans conformer.

∆Uads) 〈Vz+g〉 - (〈Vz〉 + 〈Vg〉) (4)
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mol-1) for both HFCs in Na-X and Na-Y. Our calculations
also show a constant value of around 31 kJ mol-1 for the
dispersive contribution in all of the systems. This is explained
by the similar positioning of oxygens in the frameworks of both
types of faujasites. It can also be noticed that, at low coverages,
the binding energies for HFC-134a and the two conformers of
HFC-134 follow the same trend as their dipole moments,15,81

albeit extremely weakly. As a result, the differences in heats of
adsorption come from different electrostatic contributions: to
some extent from ion-dipole host-guest interactions, but to a
large extent from other electrostatic interactions such as host-
guest hydrogen bonding, which have been observed in this and
other studies.34,35,37-39

In Table 9, we present the contributions from different
interactions to the heat of adsorption of HFC-134 in Na-Y at
high loadings. It can be seen that the predominant contribution
to the HFC heat of adsorption is the large host-guest interaction,
which has an electrostatic and a dispersive component. In HFC-
134 at loadings of 2 HFCs/unit cell or greater, the electrostatic
component is predicted to account for about 60% of the total
host-guest interaction. There are, however, other important
contributions that increase heats of adsorption, namely, (i) the
decrease in Na-Na electrostatic repulsion in the supercage
relative to theâ cage because of the increased Na-Na distances
resulting after cation migration, (ii) favorable guest-guest
interactions, and (iii) the decrease in Na-O repulsion arising
from increased Na-O distances. In the HFC-134-faujasite
systems considered here, there are two contributions that
decrease the predicted heats of adsorption, namely, (i) the trans
to gauche interconversion energy, which is larger at low loadings
because the trans/gauche ratio loading dependence and (ii) the
decrease in electrostatic Na-O attraction resulting from cation
migration. This attraction is significantly smaller in site III′ in
comparison to that in site I′, the preferred site in bare Na-Y.
In order for migration to take place, this large energetic price
has to be paid, which is achieved by the large host-guest
interaction in the supercage. As a result, the cation arrives at a
site III′ where it has less electrostatic attraction with the
coordinating oxygens. The energetic contributions to the heat
of adsorption of HFC-134a in Na-Y are very similar to those
of HFC-134 but without the trans to gauche interconversion
energy.

In Na-X, where no cation migration takes place, the
calculated heat of adsorption is due mainly to the adsorption
site binding energy with a small contribution from the guest-
guest interaction. The small changes in Na-O distances in the
existing sites contribute only marginally to the heat of adsorp-
tion. Savitz et al.81 obtained a difference of 12 kJ mol-1 between
the heats of adsorption of HFC-134 and HFC-134a at the limit
of zero coverage in Na-X at 298 K. This value compares
reasonably well with our calculated value of about 6 kJ mol-1

at 300 K.

For HFCs adsorbed in Na-Y, our simulated heats appear to
overestimate experimental values11,80,81 as shown in Table 8.
The large value of adsorption heat at low coverage is due to
the HFC adsorbed in a site which is bound at one end to a site
II cation and at the other end to a site III′ cation. Our previous
results16 predict that there is a small (but nonzero) number of
site III′ cations in bare Na-Y; at low HFC coverages and low
temperatures, HFCs are adsorbed at this preferred binding site.
At higher temperatures, the HFC frequently samples higher
energy sites, and for that reason, its heat of adsorption may be
lower at those temperatures.When HFC coVerage is increased,
cations migrate to the supercage proViding more preferred
adsorption sites, although not enough for each HFC.This
explains the predicted nonmonotonic loading dependence of
HFC adsorption heats in Na-Y shown in Table 8; that is, the
initial heat is large for the reasons stated above. The heat then
drops as preferred sites fill but then increases again as cations
migrate. Guest molecules that cannot bind to two cations will
adsorb at sites with only one cation. No matter the position and
number of achoring cations, hydrogen atoms from the HFCs
interact with the zeolite framework through hydrogen bonds,
as shown by Lim et al.35 The presence of strongly electrone-
gative F atoms in the HFC increases the acidity of the H atoms
and thereby enhances their tendency to form hydrogen bonds.

At very high HFC coverages, the migration of cations to the
supercage will make the cation environment in the supercage
of Na-Y resemble that of Na-X, with multiple site III′ cations
available as adsorption sites for HFCs. For this reason, the
simulated heats of adsorption in Na-Y at high coverages
increase and start resembling those of Na-X. The difference
in the heats of adsorption between gauche HFC-134 and HFC-
134a in both Na-X and Na-Y is noteworthy. This difference
has been proposed as that responsible for HFC separation.15 Our
calculations show that at low coverages, the gauche conformer
of HFC-134 would be more strongly bound to the zeolite than
HFC-134a (see section IIID). The competition for the scarce
strongly binding sites is won by HFC-134 gauche.

With respect to the geometry of the adsorption sites in Na-
X, our results are consistent with the findings of our recent
paper,35 in which a detailed account of the different adsorption
sites is given. In that paper, which focused on low HFC loadings,
cations were kept fixed preventing the observation of cation
migration. With our current force field, partial migration of
cations from theâ cages to the supercages has been observed
in Na-Y. The resulting distribution of cations in the supercage
of Na-Y at high HFC loadings resembles that of Na-X. For
that reason, similar binding sites are observed in both zeolites
in the present study. In the preferred sites, the HFCs are
coordinated with two cations by Na-F interactions, one in site
II an other in site III′, and by O-H interactions. This binding
site is shown in Figure 3.

When loading increases, the guest molecules are forced to
adsorb at sites that have lower binding energies involving
coordination with only one cation. Besides the sites coordinating
one zeolite cation with one fluorine from the guest molecule,
we have found sites that have fluorine atoms from different ends
of the HFC coordinating with one cation and even some sites
that have host-guest coordination through O-H bonding only.35

Thus, at high HFC loading in Na-Y the binding sites available
are similar to those in Na-X, because of the cation distributions
that arise after HFC-induced migration.

C. Interatomic Distances.Selected distances from cations
to framework oxygens and to fluorine atoms of the guest
molecules are shown in Table 10 for bare Na-Y and for Na-Y

TABLE 9: Contributions of Different Interactions to the
Heat of Adsorption of HFC-134 in Na-Y

16 HFC/u.c. 32 HFC/u.c.

∆ guest-guest total -8.31a -11.32
∆ cation-cation total -9.72 -16.87
∆ cation-oxygen dispersive -3.92 -5.60
∆ cation-oxygen electrostatic +23.49 +38.20
∆ transf gauche energy +3.43 +2.66
∆ host-guest dispersive -27.13 -26.17
∆ all other contributionsb -44.94 -47.30

Heat of Adsorptionc -67.10 -66.40

a All values in kJ mol-1. b Included here are host-guest electrostatics
and cation-Si/Al interactions.c Constant volume heat.
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with HFC-134 adsorbed at coverages of 16 and 32 guest
molecules per unit cell. Our results for interatomic distances
show a range rather than a single value because each roughly
equivalent cation is in a slightly different environment because
of the different arrangement of framework Si and Al in its
proximity. Similarly, the guest HFCs are present in diverse
binding sites. In the case of the bare zeolite Na-Y, the distances
are essentially identical (within 0.1 Å) to those found in our
previous study of cations in zeolites,16 despite the small change
in the potential parameters for the Na-O interaction. As was
pointed out in that paper, the agreement is excellent with the
exception of the Na(I)-O(3) distance. The site I is often reported
by experiments to reside in the center of the hexagonal
prism.9,63,66,82Our results suggest that Na(I) is not located at
the center of the hexagonal prism but rather is in one of two
symmetric site I displaced by about 0.6 Å along the [111]
direction. This qualitative displacement has been observed by
Engelhardt41 using DOR23Na NMR and further observed by
synchrotron X-ray powder diffraction for Zn cations in zeolite
X.42

As observed by Grey et al.9 using X-ray powder diffraction,
a significant increase of the Na(II)-O distance is calculated in
our model after adsorption of 16 or more guest molecules per
unit cell. This is due to the pulling effect exerted by the fluorine
atoms present in the HFCs. This same pulling effect can be
credited, as said before, for the cation migration observed. As
in the case of experiments, our simulations do not find a large
difference between the cation-oxygen distances at different
HFC loading levels. Although the present model gives Na-F
distances that are slightly shorter than those observed in the
experiment, the level of agreement is generally very good,
especially given the errors associated in the structural refinement
of these highly correlated systems.

D. HFC-134 Conformer Ratio. Using our force field for
HFC-134 in the gas phase, a difference of 6.1 kJ mol-1 is

calculated between the more stable trans conformer and the
gauche conformer. The calculated energy barrier for internal
rotation is 17.8 kJ mol-1. These values fall well into the
experimentally obtained ranges of 4.9-10.0 kJ mol-1 for the
difference in energy between conformers29,49-52 and the value
of 15-17 kJ mol-1 for the energy barrier for internal rotation.53

As can be seen in Tables 7 and 8, HFC-134 gauche is
energetically preferred to trans in faujasites at low coverage.
This behavior can be ascribed to a more effective configuration
that minimizes Na-F distances and facilitates O-H bond-
ing.14,15 The gauche conformer can have all of its C-H bonds
directed toward the surface of the zeolite, favoring the formation
of hydrogen bonds.14 A typical hydrogen bond has an energy
of 12-21 kJ mol-1,83 which is sufficient to overcome the energy
barrier for rotation between conformers. When minimizations
at low coverage are started with the trans conformer, we find
that it converts to the gauche configuration in fewer than 40
annealing cycles. The opposite process is not observed. When
the minimizations are performed at higher coverages, the final
trans/gauche ratio is the same despite starting from configura-
tions of different trans/gauche ratios, even starting from an all-
gauche configuration.

In the case of 8 HFC-134 per unit cell (1 per supercage),
minimizations that start with all guest molecules in either trans
or gauche conformation yield similar results with a final trans/
gauche) 0.3. At higher HFC loadings, when different initial
ratios for trans/gauche conformers are used, the minimum energy
structures found have a similar trans/gauche ratio. In the cases
of 16 and 32 HFC-134 molecules per unit cell, the minimum
energy configuration trans/gauche ratios are 0.8 and 1.3,
respectively. Crawford et al.15 observed a similar behavior using
Raman spectroscopy. In this work, we have followed the trans/
gauche ratio by simulating the loading dependence of the IR
spectra of HFC-134 at 300 K (see section IIIF). This observed
change in conformer mix can also help to explain the decrease
in binding energy with increasing guest coverage, because of
the lower binding energy associated with the trans conformer.

E. Mean Square Displacement of Cations and HFCs.Mean
square displacements (MSD) were calculated from our MD runs
for cations and for the centers of mass of individual HFCs. At
300 K, no appreciable motion is observed for cations in the
MD calculations that started from the minimal energy configu-
rations. In the case of HFCs, most of the guest molecules are
fixed at the binding sites, and only a few are able to migrate to
other sites in the same supercage or to adjacent supercages. The
MSDs observed for the same loading of HFCs adsorbed in
zeolites of different Si:Al ratios are not significantly different,
which indicates that, despite the larger number of cations in
Na-X, the sites available for HFC adsorption are similar.

At infinite dilution, MD simulations of HFCs in Na-X and
Na-Y show that the trans conformer of HFC-134 is more

TABLE 10: Selected Interatomic Distances in Bare Na-Y and in Na-Y after the Adsorption of HFC-134

bare Na-Y 16 HFC-134/u.c. 32 HFC-134/u.c.

species experiment9,a,b simulation experiment9 simulation experiment9 simulation

Na(I)-O(3)c 2.71 2.18-2.34 2.54 2.22-2.33 2.62 2.20-2.35
Na(II)-O(2) 2.33 2.21-2.42 2.48 2.32-2.50 2.51 2.31-2.50
Na(II)-O(4) 2.89 2.68-2.89 3.17 2.86-3.14 3.25 2.91-3.19
Na(III′)-O(1) 3.12 2.74-3.07 3.06 2.72-3.06
Na(III′)-O(4) 2.71 2.59-2.75 2.71 2.57-2.74
Na(II)-F(4) 2.72 2.51-2.68 2.71 2.50-2.69
Na(III′)-F(1) 2.70 2.53-2.67 2.70 2.50-2.67
Na(III′)-F(2) 3.26 3.11-3.29 3.25 3.12-3.31
Na(III′)-F(3) 3.09 2.89-3.07 3.38 2.91-3.09

a All distances in angstroms.b Experimental results taken at 100 K.c Atom labels follow Grey et al.9

Figure 3. Preferred binding site for HFC-134 gauche in Na56Y.
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mobile than either the gauche conformer or HFC-134a. HFC-
134 trans jumps from site to site, anchoring to cations in sites
II or III ′ and changing at each jump the carbon end by which
it is bound to the zeolite. These jumps are not restricted to one
supercage, as jumps toward cations in adjacent supercages were
observed. This site-to-site jump is somewhat larger in Na-X
than in Na-Y. HFC-134 gauche also exhibits the same behavior
but with a lower jump rate. HFC-134a has a jump rate
intermediate between the two conformers of HFC-134. In this
case, each jump changes the nature of the binding site, because
its two ends are asymmetric. These observations are in qualita-
tive agreement with those found by Lim et al.,35 despite the
different cation arrangement used by these authors.

F. Vibrational Spectra. IR spectra of the host-guest systems
were calculated by Fourier transform of the dipole moment
autocorrelation function using a Blackman window and a scaling
factor.78 The resulting spectra for HFCs adsorbed at infinite
dilution in Na-X in the region of 500-1500 cm-1 are shown
in Figure 4. To our knowledge, the IR spectra for these systems
have not been published, and comparisons can only be made
against spectra for bare zeolites or for gas-phase HFCs. In the
region from 100 to 500 cm-1 the spectra are very confusing
with multiple and broad bands due to zeolite absorption that
are difficult to assign individually.84-86 The assignment for HFC
absorptions is somewhat easier, because of the sharper and more
differentiated peaks. On the basis of published data,87-91 we
can assign the following peaks in the spectrum of HFC-134a
shown in Figure 4: CF3 symmetric deformation (597 cm-1),
CF3 symmetric stretch (801 cm-1), C-F stretch (1138 cm-1),
and CH2 wag (1259 cm-1). All of these values are slightly
shifted (less than 40 cm-1) toward lower wavenumbers com-
pared to those of the gas-phase spectra, which is expected as
an effect of the binding to the zeolite. Also, this binding may
restrict some modes more than others producing a change in
the relative intensities of the peaks.

On the basis of experimental data for gas-phase HFC-
134,50,52,92we can assign the peaks for its two conformers. For
HFC-134 gauche, we find CF2 wag (728 cm-1), C-C stretch
(938 cm-1), CF2 stretch (1096, 1139, and 1237 cm-1), and C-H
bend (1337 cm-1). For HFC-134 trans, we assign CF2 wag (713
cm-1), C-C stretch (951 cm-1), CF2 stretch (1103, 1143, and
1211 cm-1), and C-H bend (1306 cm-1). As in the case of
HFC-134a, the peaks are shifted toward lower wavenumbers
and with altered relative intensities compared with those of the
gas-phase spectra. For all systems studied, a double peak at

about 3050 cm-1 is observed because of the C-H stretch. This
peak is broader than the corresponding gas-phase peak; this
broadening has been attributed to the perturbation of the C-H
vibration which is due to the formation of (relatively weak)
hydrogen bonds between the C-H group and the oxygen ions
in the zeolite framework.14

The differences in the IR spectra of the two conformers of
HFC-134 and its loading dependence can be used to follow the
trans/gauche conformer ratio, as has been done by Crawford et
al.13-15 using Raman spectroscopy. In Figure 5, we show that
dependence by following the CF2 wag vibration for HFC-134
at 300 K. The IR signals for trans and gauche conformers are
clearly distinguishable, as shown in Figure 5 parts a and b. At
the low loading of 8 HFC/u.c., only the gauche signal appears,
as shown in Figure 5c. As loading increases, the relative sizes
of the trans and gauche peaks indicate a significant emergence
of the trans conformer, consistent with our previously discussed
results in section IIID. These results can be used in principle to
relate the trans/gauche IR intensity ratios with the trans/gauche
population ratios, given the oscillator strengths of the two
conformers.

IV. Conclusions

In this paper, we addressed some fundamental questions about
the energetics and dynamics in hydrofluorocarbon (HFC)
faujasite systems. Among these questions were, What is the
contribution of individual interactions to the heat of adsorption
of HFCs in zeolites? Why do heats of adsorption of HFCs in
Na-X decrease with increasing guest loading? What is the role
of the heat of adsorption in the separation of isomeric HFCs?
Why is the gauche conformer of HFC-134 preferred upon
adsorption in faujasites? What are the reasons and mechanisms
for the observed cation migration? What are the dynamics of
HFCs adsorbed in zeolites? To answer these questions, we
applied different computational techniques, such as molecular
dynamics and simulated annealing, to several zeolite-HFC
systems varying in Si:Al ratio and loading of guest molecules.

We have developed and applied a new force field for
simultaneously modeling the dynamics of HFCs and exchange-
able Na cations in faujasite-type zeolites. Energy minimizations
and molecular dynamics simulations performed with this force
field give excellent agreement with experimental data on heats
of adsorption, guest-host distances, infrared spectra, and
conformer ratios for different coverages of HFC-134 (CF2H-
CF2H) and HFC-134a (CH2F-CF3) in Na-X (Si:Al ) 1.2) and

Figure 4. Simulated infrared spectra of HFCs in Na86X at 300 K at
infinite dilution. (a) HFC-134 trans, (b) HFC-134 gauche, and (c) HFC-
134a. The peaks marked with an asterisk are used in Figure 5 to follow
the trans/gauche conformer ratio in HFC-134.

Figure 5. Simulated infrared spectra of HFC-134 in Na86X at 300 K
at different loadings. (a) trans conformer at infinite dilution (1HFC/
u.c.), (b) gauche conformer at infinite dilution (1HFC/u.c.), (c) 8 HFC/
u.c., (d) 16 HFC/u.c., and (e) 32 HFC/u.c.
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Na-Y (Si:Al ) 2.4). The force field also accounts for the
observed cation migration partially at intermediate loadings and
fully at high loadings. The extent of migration is found to be
influenced by the competition among Na-O, Na-F, and Na-
Na interactions. The Na-O interaction disfavors migration
because Na(I′) sites are found to be energetically more favorable
than Na(III′) sites; the Na-F attraction obviously favors
migration; and surprisingly, the Na-Na repulsion also favors
migration because moving Na cations into supercages leads to
better cation dispersion. This migration occurs in a two-step
mechanism that involves first a concerted two-cation jump, SI′
f SII′/S IIf(SIII or SIII ′), followed by a SII′ f SII jump, leading
to a net process SI′ f (SIII or S III ′).

The preferred binding site in both Na-X and Na-Y involves
HFCs anchored by both site II and site III′ cations. The loading
dependence of the heat of HFC adsorption in zeolite Na-X is
predicted to be different from that in Na-Y, because of the
energetics of cation migration in Na-Y. HFC-134 is generally
more strongly bound to both zeolites, because of its ability to
make close Na-F and O-H contacts with the zeolites. The
binding energy for the gauche conformer of HFC-134 is larger
than that for trans at low loadings, but as loading increases, the
difference decreases. The highly correlated small-amplitude
motion predicted for cations in bare faujasites is quenched upon
adsorption of HFCs. Most of the HFCs are too strongly bound
to exhibit diffusive behavior during our molecular dynamics
simulations.

To obtain more complete understanding for these systems in
the future, improvements in three areas have to be achieved:
energetics, dynamics, and experimental. In the energetics part,
embedding techniques mixing quantum and classical energy
calculations may be required to model the Na-O and Na-F
interactions accurately enough to determine whether partial or
full cation migration is predicted. To improve the dynamics and
to quantify statistically meaningful time scales and activation
energies of cation migration, techniques such as hyperdynam-
ics93,94 or transition path sampling95-97 will be required to
sample the many-body rare events. Single crystal diffraction
experiments of cation migration may be required to measure
more accurately partial occupancies in low symmetry cation
sites.
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