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The effects of a dynamic lattice on methane self-diffusivity calculations
in AIPO 4-5
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Canonical ensemble molecular dynamics simulations were conducted for methane diffusion in
AIPO,-5 in order to assess the role of the lattice motion on adsorbate diffusivity in straight pore
zeolites. Both a static lattice model and a full dynamic lattice model were used at a loading of 1.5
methane/unit cell at 295 K. Although recent simulation work has asserted that there should be a
difference, we show that there is little difference in the observed methane diffusivity (1.26
X 10" m?/s) and passing frequend®.309 when a static lattice approximation is used over a full
dynamic lattice (1.3810 'm?/s and 0.328 Furthermore, we introduce a methodology for
handling lattice motion in molecular simulations by utilizing the normal vibrational modes in a
harmonic crystal approximation. @000 American Institute of Physi¢&0021-960600)70406-3

I. INTRODUCTION nance(NMR) experiments by Gupta and Nivartfias well
e i . as quasielastic neutron scattering experiments by Jobic and
The study of diffusion in confined geometries has seen %thers? show that methane does exhibit unidirectional dif-

considerable effort lately.*® A common objective is to bet- . ) . . ) e
o . . fusion (defined as unconstrained, one-dimensional diffusion
ter understand catalysis in commercial zeolite systems. For

: : e where passing is allowedSimilarly, Keffer'® has offered
example, if the time scale for diffusion is remarkably slower " . . ) .
than the specific reaction rate of a given catalyst, the overa wdent_:e_ from Ca”?”'cf"" molecular dynam|cs_ simulations
conversion is poor. Likewise, adverse reactions or accelell— at unidirectional diffusion of methane oceurs in A!PS.
ated conversion rates can dominate, causing unwanted selec- On the Z%ther hand, PFG-NMR experlmgpts byrge
tivities or excess coking in cracking catalytighere is con-  and other§***show unexpectedly low diffusivities for meth-

sequently a strong motivation for predicting diffusivities in 21 and single-file diffusion was observed for ,Ci
such systems. AIPO,-5. These contradictory findings are as yet unex-

Zeolites are the materials one usually has in mind wherplained, and it seems reasonable that molecular dynamics

considering confined geometries. Besides their commercigimulations could prove beneficial is resolving the issue.
relevance as catalysts, adsorbents, and molecular sieves, fowever, it is important to be sure that a given simulation
verse zeolite structures offer a large spectrum of environModel is accurate enough to draw proper conclusions. For
ments for studies of diffusion. The rich selection of pore andexample, the molecular dynamics simulation of Keffer incor-
cavity topologies offered by zeolites—including diffusion Porated a spherical Lennard-Jones interaction model for
pathways of different dimensionality—has produced diffu-methane. As a result, the structural detail of the methane
sion phenomena that is lacking in the conventional, unconmolecule was neglected. Furthermore static lattice ap-
strained geometries. Consequently, zeolites offer an experproximationwas made whereby the lattice atoms were held
mental test of theoretical models that explore the particular§xed in their crystallographical positions throughout the
of molecular confinement. simulation.

A classic example of such phenomena is the problem of  There is conflicting evidence in the literature as to the
single-file versus unidirectional diffusion in one-dimensionalvalidity of static lattice model. Keffét showed that the
pores. The zeolite AIPE5 can be structurally characterized static lattice approximation produced diffusivities nearly
as a one-dimensional pore systdffig. 1). Pores are ar- identical to that obtained from a fully dynamical lattice for
ranged in a hexagonal pattern and bounded by 12-fold oxyxenon in AIPQ-5. Similarly, Smirno¥°® concluded that
gen rings. The constricting nominal diameter is 7.318.0  methane characteristics are not significantly affected by
A from oxygen centeis however, the wall diameter oscil- framework flexibility. However, several authors have seen
lates along the pore direction to up to 7.9 A. moderate to drastic differences in diffusivity when making

The nominal diameter of A|P95 pores leads one to the same Comparison in different syste%ﬁ§§’8
believe that methane molecules, with a Lennard-Jones effec- | this paper, we tested the validity of the static lattice
tive diameter of 3.88 A, would be unable to pass one anothegpproximation by conducting canonical molecular dynamics
while confined in the pore(s_:iefined as single-file diffusic)n simulations of methane in an AIRES pore. The methane
However, pulsed-field gradief®PFG nuclear magnetic reso- mgjecules were treated as rigid units consisting of a single
carbon atom tetrahedrally bonded to four hydrogen atoms.
dElectronic mail: thomson@unity.ncsu.edu We used pairwise additive potentials to represent methane—
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FIG. 2. A passing event for defining the passing frequency.

FIG. 1. The crystallographic structure of AIR®G along the hexagonal unit

; This qualitative difference in diffusion modes can be ob-
cell c axis.

served in either experiment or simulation, provided the cor-
rect time scale is observed. That is to say, a large enough
sample time must be realized in order to approximate the
TWfinite time limits in the above equations.

One way to characterize diffusion is in the passing fre-
quency 7, which we define as the fraction of passing at-
tempts that succeed. In a one-dimensional pore—with diam-
eter such that confinement is evident—a passing attempt is
“counted” when any two centers of mass of the appropriate
molecules pass within a certain toleranégsee Fig. 2
Thus, in a given simulation we would measure the distance
Il SINGLE-FILE VERSUS UNIDIRECTIONAL along the pore direction of every molecule and note when the
DIEEUSION difference between any two molecules is less than this toler-

ance, i.e.,

It is well-known that diffusive processes can be ex-
pressed stochastically by introducing the diffusion propaga- Ix;— xi| <&
tor P(r—rg;t), which describes the probability of a particle '
being found at position at timet, given that is was located
atrg at timet=0. For unidirectional ordinary diffusion, the
propagator takes the form

methane and methane—oxygen interactions. Simulatio
were conducted using both a static lattieath fixed lattice
molecule$ and a dynamic lattice. In the latter, the collective
motion of the zeolite lattice was handled through a full dy-
namical treatment of the normal modes of AIR® (limited

to a finite periodicity. The details of the method are pro-
vided below.

When the molecules separate ag@ie., when|x; —x,—| again
exceedsé) we note whether their positions have switched
(i.e., the sign ofx;—x; has changedto determine if the
(X—Xg)?' attempt was successful.
J4Dt € 4 4Dt |’ () _ Of course, the passing frequency of a given simulation
’ will depend on the tolerancgused. We chose the Lennard-
whereD is the traditional diffusivity of the diffusion equa- Jones diameter of methane for this work. Although this
tion. A consequence of the above equation is that the longeems arbitrary, it is only important that we are consistent in
time mean-square displacement of a particle is given by Eineur application, especially when comparisons in techniques
stein’s equatiof? are being made.
. U2\ The parameteg serves as a measure of the degree of
tlm((x Xo))=2Dt. @ single-file diffusion. As the effective diameters of the mol-
) o ] ) .. ecules approach some critical valugwill approach zero. In
The above expression holds for unidirectional diffusion ing,,.h cases where passing events are rare, it is possible that
pores where molecules are allowed to pass one anothefsjecules may not be observed to pass each other within the
However, for single-file diffusion, Einstein’'s equation doeschOsen time scale of a given simulation or experiment.

not hold. Rather, it can be sho@@nthe long time mean-  gjhgie-file behavior would then be observed and E).

square displacement is proportional to the square root of timg,\i4 hold. However, if the time scale were made large
lim ((x—Xq)2) o\t (3)  enough such that enough passing attempts were sampled,
t—oo unidimensional diffusion would become evident. It is there-

P(X—Xg;t)=
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TABLE |. Potential parameters for Al, P, and O used during structural TABLE IlIl. Structural parameters and internal coordinates of A{BO
relaxation of the AIP@-5 framework. Taken from Ref. 21.

This work ExperimentRef. 23
aj (eV) b; (A1) cij (eV—A%) g (au) a ) 14174 PR
Al-O 16 008.5345 4.796 67 130.5659 c(A) 8.675 8.484
P-O 9034.2080 5.190 98 19.8793 Al (0.4538, 0.3334, 0.4531
0-0 1388.7730 2.760 00 175.0 P (0.4539, 0.3312, 0.0789
o(1) (0.4553, 0.3341, 0.2526  (0.4550, 0.3312, 0.2500
Al 1.4 0(2) (0.5647, 0.4183, 0.0208 (0.5684, 0.4126, 0.0140
P 3.4 0@ (0.3727, 0.3621, 0.0199 (0.3670, 0.3584, 0.0260
0 -12 0(4) (0.4302, 0.2216, 0.0221 (0.4210, 0.2137, 0.0280

fore important to insure the time scale of a given experiment/€Spectively. These values are noticeably larger than the ex-

simulation is large enough such that the observed passirggfimental values (9.99 and 11.17 A thus, an artificially
frequency,,,s approaches the true value. larger pore resulted.

B. Methane potentials

lll. SIMULATION METHODS The resulting atomic positions were then used for the

A. Structural minimization static lattice molecular dynamics simulations and as the equi-
gibrium positions in the dynamic lattice simulation. In all

The lattice parameters and atomic equilibrium position )
of AIPO,-5 were obtained from the minimum energy con- cases, a single pore of AR was used and a pore length
of 2 unit cells along the pore direction was chosen. Interac-

figuration through a damped, variable cell molecular dynam-. fth th adsorb lecul v included th
ics simulation. The starting configuration was taken fromtONs of the pore with adsorbate molecules only included the

experimental x-ray diffraction dafd. Simultaneous relax- O_Me interactions (oxygen-methane as is common
ation of the unit cell and atomic positions was then con-Practices Methane was assumed to be a rigid molecule with

ducted with damping until the total enthalpy converged tolixed C—H bond lengths of 1.094 A. The Me-Me interac-

within 0.001 kJ(mole TG,), and atomic positions to within tions were handled _by pairwise additive potentials fg%rg_c’
0.005% of the unit cell dimensions. C-H, and H—H as given by Murad, Evans, and Gub .

The interaction energies were taken from Krareeal?t ~ Van Beest interaction potential with6 dispersion was as-
and consisted of a van Beest-type repulsion with disper- sumed for each atom combination and is given below

sion and a Coulombic term. The form of the interaction po- Cij
tential was Uij (r) =ayj exp(—bjjr) — 5.
Cij , 4iq; The force field param le 11l) were previously shown
U (r=a; exp(—bijr)——'éJr#, e force field paramete(3able IIl) were pre iously sho
r r to accurately represent the thermodynamic properties of
methane at nominal conditions and produced adequate diffu-

wherei andj correspond to either Al, P, or O atoms. Only =" """ 2
Al-0, P—0, and O-O interactions were included for the var®V1es In bulk. _ . .
Beest potentials; however, all combinations are included in . The fram_eyvork O-Me Interactions were handle_d with
the Coulomb interaction energy. Values for the potential paPairwise additive Lennard-Jones-like 12-6 potentials for
rameters are given in Table I. O-C and O-H given by

The resulting structural parameters are included in Table o\ o\ ®
ll. We calculated a total potential energy of Uij(r)zfij( (T) —2(7) )
—5691.2 kJmole TG,) which is within 0.02% of de Man ) )
et al,’> who reported a value 0f5690.05 kJ/mole using the The parameters were taken from the universal force field
same potentials. The minimum and maximum pore diametergotentials (UFF) of Rappe and othefs and are given in

terms and we used the shifted-force me#d8>3'to assure

proper energy convergence.
TABLE Il. Atomic potential parameters for C—C, C—H, and H-H interac-

tions used for methane—methane and methane-lattice interactions. Také&. Dynamic lattice model

from Refs. 24 and 25. . . .
In the static lattice model, all zeolite atoms were held

a; V) by (A™h ¢ (ev-A®) eev) o (R) fixed at their calculated minimum energy equilibrium posi-
tions (obtained with an empty poyreFor the dynamic lattice

C-C 26841  1.0081 21.898 e A
C—H  476.99 1.0277 55504 model, we included the framework oxygen degrees of free-
H-H  114.00 1.0473 1.4005 dom in the dynamics. We handled the lattice—lattice interac-
o-c 00034442 36713 Hons by solving for the V|brat|onal_modes of a<2>§2 Su-
O-H 0.0022295 31782 Percell of AIPQ-5. We then applied the harmonic crystal

approximation, whereby each mode acted as a free oscillator.
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5 . . . x ; , Defining theexternalforce—i.e., the force on a lattice atom
due to the collective interaction with the adsorbates—on ion-
componeni as

U
i~ L;'_ri,
3t . the equations of motion for the mode displacements become
3N
N 1
Wi=—Nwi+—=2, X; f;. 5
L i i ivVi \/ﬁgl jitj ( )

The above equations of motion have several advantages
versus conventional treatments of lattice motions. First, by
1+ i applying the harmonic crystal approximation, the time-
consuming computations of the the Ewald energy due to the
Coulombic interactions are eliminated. Second, the calcula-
tion of the forces in the mode equations of motion are greatly
simplified. We no longer have to calculate th@N—1)
interaction terms for the lattice degrees of freedom. Rather,
FIG. 3. Eigenspectrum for the normal modes of &2x2 supercell of  \ye store the matrix, compute the relevant forced;) at
AIPO,-5. The density distribution is given in arbitrary units. each time step, then apply the linear transformation in Eq.
(5) for each mode. Furthermore, matrix-vector multiplication
is an easily parallelizable operation, adding even greater per-

The vibrational modes were calculated from the equilib-formance on parallel processing platforms.
rium positions of the AIP@-5 lattice obtained during the One final note—we did not have to store the complete
structural relaxatior(Fig. 3). For a supercell containinty ~ mMatrix X. Since we only counted interactiori@nd thus
atoms, we can define the equilibrium positions by tie 3 forces on the framework oxygen atoms, we needed to store

1 ! | I 1 I
0 500 1000 1500 2000 2500 3000 3500 4000 4500

cm™t

dimensional vector, where only the components oX needed to transform; andf; in
o Egs.(4) and(5). It is interesting that even though the mode
X1 dynamics intrinsically determines the trajectories of the
Y1 metal ions(Al and P, they are never explicitly calculated.
Z; This is because they are irrelevant to our calculation—so

= x|, long as no external forces are acting on thérs., from

: methane—lattice interactions
YN
ZN

IV. RESULTS

andx,, refe_rs to thex gomponent of the equ[l!br!um position A ~aiculation details

of the nth ion. The displacement from equilibrium can then

be represented by the vectordefined byu;=m;(r;—T;), We conducted both static lattice and dynamic lattice ca-
wherem; refers to the atomic mass of the ion represented byronical molecular dynamics on a single AIR6 pore with a
theith position_ The decoup|ed Lagrangian for the dynamicloadlng of 1.5 methane per unit cell at 295 K. Three methane

lattice model can then be given by molecules were randomly placed in our simulation pore
LT 1T (composed of two unit cells along the pore direcji@mnd
Laynamic= Lstatict zW W—3W AwW—Uq. 50 000 canonical Monte Carlo steps were conducted in order

A is diagonal and contains the normal mode frequencies ofP el:;nltr;]ate l:;]\usually ht',gh |n|téal fprc;est.due to chlrlsmce over—l
the supercell. The vectaw represents thenode displace- ap. both methane position and orientation as well as norma

mentsand is related to the true atomic displacements '[hrougﬁnOOIe d|splgggm§nts were aIIowgd n the Monte Carlo steps
the linear transformation in order to initialize the normal vibrational degrees of free-

dom. Initial velocities and angular velocities were assigned
w=XTu, by randomly sampling from a Boltzmann distribution. Total
) o linear momentum was then set equal to zero and all veloci-
where)_( results from the dle_lgonallzatlon of the second—order.[ies were rescaled to give temperatures equal to 295dte
terms in the lattice interaction energy. , _that kinetic energy was assumed to be equally partitioned
The equations of motion for the modes are easily derived, o jinear and angular degrees of freedom for methane,
by noting that the ion positions are related to the mode and normal modgs
displacementsv by An induction period of 5 ns was conducted for each run
1 N in order to equilibrate the system. This was followed by a
ri:r_i+—2 Xijwj . (4) production period of 120 ps in which data were sampled
\/ﬁlzl every 50 time steps. A relatively small time step was needed
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2800 ———— » T both models. That is to say, the higher passing frequency

;zgg: observed for the dynamic lattice model correlates with the
22001 higher observed diffusivity.
2000 - The similarity between the observed diffusivities for the
1800 - two lattice models suggests that the dynamic effect of the
1600 - lattice on methane diffusion is small. One could speculate
(== =)%) (A 1400F that a nonstatic lattice would be able to expand during a
ﬁgg: passing attempt, accommodating the increased local stress
0oL from the passing methanes. This would facilitate passing and
600 - result in a higher observed diffusivity. However, in this study
400 - methane molecules are not substantially inhibited from pass-
wr o ing by the pore walls—as demonstrated by the relatively
0610 20 30 40 50 60 70 8 90 100 110 high passing frequencies we observed. We suspect that such
t (ps) lattice modifications would only be important when passing
FIG. 4. Mean squared displacement of methane in AHBCfor the static is severely hlndere(j.e., When77—>.0). .
lattice model(solid line) and the dynamic lattice modédiashed ling Our results differ from a previous calculation for meth-
ane diffusion in silicalitt® where the diffusivity in a dy-
namic lattice was found to be considerably higher than in a
15 . . static lattice. However, calculations of methane self-
(0.25<10 .S) dge o the methane rotational motion and the iffusivities in a Type A zeolite latticé concluded that there
framework vibrational motion. The temperature was held a as no sianificant difference between a static and fully dv-
295 K by velocity rescaling every 15 time steps. Rescalindév . ignit m IC and ufly ¢y
was done separately on the linear methane, angular methanéaamIC lattice over a wide te.m.peratlure_ range. In silicalite, the
and normal mode degrees of freedom. Constant energy ru%in(;?zr ?Sf g‘iggjscgnjt;{c;sgsif E;ggg"?;;g IESSE?:‘nn n
energy i was observed. A totalof 30 runs was conductedough undirectonal difusion was observed n iicale,the
for both the static and dynamic lattice calculations, resuIting(EffelcdtShOf lattice mod(;flcatlonshdue dto the d(jynamm l?mCE
in a total of 90 methane molecules for statistical averaging?ogve d ;\fz‘is?\i(t:izlsjnfurtazrr;z(r:e ;isrl?r?éll(;arlftfoervirr:gte dleng?ee-
The square displacements for each molecule were record germal oscillations of the framework oxygen positions have

and the mean square displacement was determined usit e
multiple time origing? plus averaging over all molecules. on methane diffusivity. It seems reasonable that thermal fluc-
Figure 4 shows the mean square displacement for both staﬂ%?t'ons 'g_f;he, f.ramltfawk:).rk WOUIC:‘ on average ha;ije no net
and dynamic lattice calculations. The passing frequencie ect on diffusivity. It this were the case, we would expect

were calculated as described in Sec. 6.3 and averaged o effect of the lattice motions to be temperature indepen-
all 30 runs for both lattice modelsee Table V. dent. One possible way to test this would be to run simula-

tions of both lattice models at different temperatures.
Our observed diffusivities were around 2 orders of mag-
B. Methane diffusivity nitude higher than the PFG-NMR experimental value of
1.15x10 °m?/s from Guptaetall® at 295 K and 1.5

_ The mean square displacement was found to be lineghethane/pore. Our diffusivities were also around twice that
with time for both the static and dynamic lattice models, ;¢ kaffer's simulated value of 4:810~8 m?/s at 295 K. The

suggesting that methane exhibited unidirectional diffusionygner giffusivities in our and Keffer's calculations can be
for both cases. The diffusivities were determined b){ I'nearpartially attributed to the larger pore size obtained during
regression of the mean square displacement—B&-USING  q ctyral minimization(Keffer used identical potentials to
points between 40 and 110 ps. We report a diffusivity Of o resent Jatticelattice interactionghe actual x-ray dif-

1'26571027 m?/s for the sftat|c _Iatt|ce model and 1.33 fraction (XRD) determined oxygen positions in AIRG re-
><10_ m°/s for the dynamic lattice model. The observed g s in 3 more constricted pore which should necessarily re-
passing frequenugs were found to be 0.305 a(‘d 0.328 for tr@ult in lower diffusivities. It seems, however, that by adding
static and dynamic lattice models, respectively. CIearIyS ructure to the methane molecule we have widened the gap
there were successful passing events in both models, a tween simulation and experimeiiiy a factor of 2 com-
unidirectional diffusion for methane is confirmed. Likewise, ared to a spherical Lennard-Jones representation of meth-
the passing frequencies reflect the observed diffusivities fogne). Most likely this is not due to the five-point methane
model by Murad, Evans, and Gubbitfut rather due to our
methane—framework interaction potentials. A previous cal-

TABLE IV. Calculated diffusivities and passing frequencies of methane in-ulation by June, Bell, and Theodo?ﬁuusing a similar five-

AIPO,-5. . . -
point methane model produced essentially qualitative agree-
Static lattice Dynamic lattice ments with experimental diffusivities. Future work should
D (Ms) 1264107 133107 therefore consider repIapmg the UFF mtgrgchon potentlgls
” 0.305 0.328 for methane—oxygen with a more sophisticated potential.

Models suggested by Kise® and by Pellenq and
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