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Does lattice vibration drive diffusion in zeolites?
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A method of estimation of the effect of lattice vibration as a driving force for sorbate diffusion in
zeolites is proposed. A realistic lattice model is employed to cut off unrealistic long vibrational
modes and eliminate feedback due to lattice periodicity. A generalized Langevin equation for
sorbate motion is then derived with the magnitude of the lattice vibration captured by two
parametersy and v, which can be readily computed for any system. The effect of lattice vibration
is then estimated for a variety of sorbate—zeolite pairs. Lattice vibration is found to be a negligible
driving force for some systents.g., methane and xenon in silicaliend an important driving force

for other systems. In the latter case, the lattice vibration can provide either linear stochastic
Langevin-type forcde.g., for benzene in silicaliteor nonlinear deterministic force.g., for argon

in sodalitg. © 2001 American Institute of Physic§DOI: 10.1063/1.1343072

I. INTRODUCTION tramolecular fast modes surely cannot drive the molecule
through a rigid pore comparable or smaller than the sorbate’s
Understanding molecular transport inside zeolite pores isvidth.
important for optimal designs of zeolites as sieves, sorbents, One particular example is argon in sodalite. The zeolite
and catalysts. Diffusion in zeolites has peculiar dependencig impenetrable by the sorbate at low temperature and pres-
on temperature, loading, and molecular structure which doesure but a finite diffusivity is detected at high temperature
not appear in more conventional nonequilibrium bulk gasand pressurg Since the window diameter~<2.3 A) of this
diffusion and Knudsen diffusion due to collisions. Such dif- zeolite is smaller than the sorbate diameter3(8 A), the
ferences are due to the lattice medium around the sorbajsenetration at high temperature must be due to large-
molecule, which is periodic over a large scale but not scamplitude lattice vibration that opens the pore dynamically.
locally, and the peculiar interaction between the two. In con-  However, the necessity of stochastic noise from lattice
trast to discrete bombardment by a homogeneously distribvibration to drive diffusive motion in a zeolite is questioned
uted medium in gas diffusion, the sorbate molecule in a zeoby a sequence of molecular dynami#4D) simulations car-
lite is under constant influence of its highly anisotropic localried out for methane diffusion in a silicalite zeolite cry<tdf.
lattice medium. Other than the static lattice—sorbate interacMost of these MD simulations are conducted with a fixed
tion that defines the potential landscape the sorbate mugeolite lattice and without internal vibration, but Demontis
traverse, there must be either a deterministic or stochastiet al® simulate the lattice vibration in detail. However, all of
driving force to drive a single sorbate molecule over thethem observe diffusive-type behavior with a linearly-
landscape in the dilute limit. growing variance and produce roughly the same diffusivities
For very large molecules like long-chain hydrocarbons,which are in good agreement with experimental measure-
the deterministic dynamics of the numerous fasimpared ments. This suggests that, at least in this sorbate—zeolite sys-
to the diffusion time intramolecular vibration and torsion tem, the sorbate is oblivious to the lattice vibration.
modes can drive the center- of-mass of the moletwer The goal of this study is to estimate the importance of
small sorbates, however, the small number of fast modekttice vibration in sorbate diffusion and how the sorbate can,
implies that they are not significant as a deterministic drivingin turn, induce the lattice vibration. We do this by develop-
force. However, even inert gas atoms are observed to uning a stochastic description for the motion of the sorbate,
dergo diffusive transport through zeolites at the infinite dilu-treating the lattice both as a thermal bath and as an active
tion limit.? It is then often assumed that such transport ofparticipant of deterministic dynamics with the sorbate. A lat-
small sorbates is driven by stochastic vibration of the zeolitdice thermal bath model was developed by Zwahzgd
lattice which now acts as a thermal bathThis stochastic Tsekov and RuckenstefnThese authors assumed a har-
force is then analogous to that provided by molecule colli-monic lattice and linear coupling between lattice vibration
sion for bulk gas diffusion and by diffuse reflection by wall and sorbate. This allowed them to derive a generalized
for Knudsen diffusion in larger pores. For zeolite diffusion, Langevin equation, i.e., a stochastic equation with a non-
the sorbate would hence feel the fluctuating and static comMarkovian noise source. Then under the assumption of a
ponents of the lattice—sorbate potential everywhere in th®ebye distribution of lattice frequencies, the noise can be
space. In fact, lattice vibration is always used as an explanaeduced to a Markovian one due to a specific frequency de-
tion why sorbates can sometimes penetrate pores of comppendence of the lattice—sorbate coupling. This Debye as-
rable size or even smaller. Such lattice vibration of smallsumption essentially neglects high-frequency optical vibra-
pores must also be important for large molecules. Their intion modes and stipulates that the dominant ones are the
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low-frequency acoustic modes. This does not seem to have (b)
any physical sense since the acoustic modes correspond to

long sound waves in a crystal and they cannot be excited by @

the motion of a single sorbate molecule, nor can they make
an important contribution as a driving force for diffusion
across several unit cells whose combined lengti@ to 100

A) is much shorter than the wavelength of macroscopic
acoustic modes. Such coupling may be possible if acoustic
modes are sustained artificially for long durations at large
amplitudes but highly unlikely under the usual circum-
stances. This is especially true when nonlinear vibration is
allowed, as it should be at the large amplitudes of the Debye
approximation. Nonlinearity tends to focus the lattice vibra-
tion into localized wave packefsThese wave packets would
then pass by the sorbate rapidly, further minimizing the pos-
sibility of interaction between the two.

To exacerbate the problem, classical lattice models are
often assumed to be periodic. This introduces artificial feed-
back in MD simulations through the periodic boundary con-
ditions. Lattice vibration triggered by the sorbate could re-
turn and drive the sorbate. In fact, this unrealistic feedbackgIG. 1. Crystal structures of considered zeolitesly Si atoms are shown
when simulated on the computer, can resonantly excite th@) sodalite,(p) mordenite(view glopg the channel, one of the eight-ring
long acoustic waves and sustain them indefinitely to produc :ﬁfaﬁfecz(ﬁfw'saﬂf‘g j‘;gg%ﬁg'ﬁﬁglf (view along straight channgls(d)
artificial interaction with the sorbate. There would then be
highly exaggerated sorbate transport rate that is not observed

in reality. Both the periOdiC feedback and the COUpIing W|thand mordenitéMOR)_lO The Crysta] structures of these zeo-
the |Ong acoustic waves must hence be cut off with a NeWtes are shown in F|g 1 and are typ|ca| of most other zeo-
model. lites. Sodalite unit cell is a truncated cuboctahedral cage of
In our model, we introduce this cut off by allowing only diameter 6.6 A. These cages are connected by windows,
a finite subset of lattice atomss near the sorbate to interact which are formed by six rings of oxygen atoms and have
with the sorbate. The remaining lattice atomsoutsideLs  diameter 2.3 A. Even though these windows are too narrow
are assumed to be in thermal equilibrium. Moreover, deterfor most sorbates to pass, it is worthwhile to study behavior
ministic dynamic energy transfer is only froog to Lg while  of sorbates inside a sodalite cage due to important applica-
the opposite transfer is in the form of thermal equilibrationtions in storage of gasésMiordenite crystal consists of par-
(thermostating only. This removes feedback due to period- allel one-dimensional twelve-ring channels with small eight-
icity and, in case of nonlinear vibration, allows excited lo- ring side pockets bordering the channels. The main channels
calized lattice wave packetbeld together by nonlinearity have an elliptical cross section with principal axes 6.5 and
to radiate away from the sorbate. 7.0 A. Silicalite contains a network of two intersecting chan-
The size ofL g then represents the cut off length scale fornels — straight and zigzag ones. These channels are formed
excitable acoustic modes and sorbate—lattice interactiorby ten rings and thus have an intermediate size between so-
Since it is unknown, we vary.s and examine its effect on dalite and mordenite pores. The straight channels run in the
the sorbate transport rate. The latter quantity is observed tg-direction and have elliptical cross section of size 5.7-5.8

(© (d)

reach an asymptote when the radius exceeds-9 A, indi- X 5.1-5.2 A and the zigzag channels run in thdirection
cating that the sorbate can only interact with lattice atomsand have a nearly circular cross section of diameter 5.4 A.
within this radius. Even if the radius afs is at the compu- It is found that although stochastic lattice vibration pro-

tational maximum (13 A the effect on the sorbate is still vides a driving force for sorbate diffusion in some zeolite—
significantly less than the periodic lattice model with largesorbate pairge.g., for benzene in silicalitgit is unimportant
wavelength. The periodic model is hence deficient everin other systemge.g., for methane or xenon in silicalite
when large periodicity is assumed. Physically, acousticSorbate transport in the latter systems must then be driven by
waves propagate much faster than sorbate motion and @her deterministic or stochastic forces on the sorbate mol-
standing acoustic wave allowed by the periodic lattice is im-ecule in a rigid zeolite, as is consistent with earlier simula-
possible in a large zeolite medium whose acoustic modes at@ns for these systen?s8 Without the stochastic forcing and
allowed to propagate away from the sorbate. dissipation through coupling with thermal lattice vibration,

A generalized Langevin equation for the sorbate is dethe usual fluctuation—dissipation theorem for bulk transport
rived with our model and used to estimate the contribution ofdriven by thermal fluctuation is also not applicable and sor-
lattice vibration to sorbate transport. Paramejemsnd v are  bate transport in zeolite must then be due to a non-Langevin
introduced to quantify its importance. driving force.

In this work we consider xenon, methane, ethane, and One possibility is a deterministic force due to KAM
benzene sorbates in zeolites sodal8©D), silicalite (MFI), chaos which was suggested in our earlier articten diffu-
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sion of spherical molecules through single-pore zeolitesfied byr(x), k=1,... n. Therefore, position of any atom in
When the momentum of the sorbate along the transport axighe crystal is completely determined by the position of its
is transferred to the transverse degrees of freedom due it cell | and its numbeik inside the unit cell,
gs_ymmetnc; geqmetry of the pore, this prodyces a determ_m— () =r () +1(x). 6)
istic chaotic driving force and the resulting transport is )
shown to be diffusive with a diffusivity close to the observed Denote theath component ¢=1,2,3) of displacement of
one. Similar diffusion mechanism was conjectured for surthe ()th atom from its equilibrium position by,(I«). The
face diffusion of a hydrogen adatothin this case, the driv- energy_of wbratmg lattice |n.the. harmonic approximation for
ing force is due to coupling between horizontal and verticathe lattice potential energy is given by
degrees of freedom of the adatom. 1 n )

In terms of MD simulation efforts, our current result HLZEZ 21 m,r%(1x)
allows us to explicitly determine whether one has to simulate -
the lattice vibration in detail or not — extremely useful in- 1 n 3
formation. +5 > 2 1 a;:1 Vol k) p ol p g1/ K ).
Il. STOCHASTIC DESCRIPTION %

In this section, we present our model for the sorbate— 1€ M IS Mass of thecth atom of a unit cell and

zeolite system and derive the generalized Langevin equation PV

for the sorbate transport. We consider first the motion of aVaﬁ(lK’llK’):(&r (r)ar 5(1I'k")
sorbate molecule witiN degrees of freedom inside a zeolite O OT gLl K
pore in the classical mechanics approximation. The configuHere and below the zero subscript indicates that a derivative
ration of the molecule and its position in space are comis calculated at the equilibrium configuration of the crystal

) , «,B=123. (8
0

pletely specified by N generalized coordinatesy;, i lattice. The first derivative of the potential energy of the
=1,... N, and the position of asth atom of the molecule crystal in the equilibrium configuration vanishes, since the
is given by X =X(q). force acting on any particle of the crystal is zero in the equi-
Kinetic energy of the sorbate is librium configuration.
It is convenient to introduce normalized displacements
1 1. . . S "
T=2> MX?=2gA(Q)q, (1)  of the atoms from their equilibrium positions,
2 S o 2 1/2
Ug(l) =m“po(lx), 9
where and thus obtain the following expression for the Hamiltonian
IXg X of the free lattice:
Aj(a)=2 Mg——-—, 2
Ij(q Es s (?qi aq]'

3
D, s(lk,l"k’
,,32:1 sl ')

3
1 . 1
H=52 2 ui(n+5>
andM is mass of theth atom in the molecule. Generalized ~ 2T =4 2%
momentum of the sorbate {3=dT/dq=A(q)q and hence Xu,(lk)ug(l'c"), (10)

the Hamiltonian of a free sorbate is

'k’ @

N where
HSZEpA (Q)p+U(Q): (3) Daﬁ(lK,I,K’):(meK/)illz\/alg(lK,l’K’) (11)
whereU(q) is the intramolecular potential energy. We ne- s the |attice dynamical matrix that defines all the vibrational
glect f_ast intramolecular vibrat_ion such as _bond lengthyodes and frequencies of the lattice.
stretching and bond angle bending, thus retaining only slow  \ye assume that interaction between sorbate and lattice is

intramolecular motions such as torsional motion. short-range(e.g., Lennard-Jongsand hence only those lat-
In particular, for a point—-mass approximation, the gen-ce atoms that are close enough to the sorbate “feel” the
eralized coordinateg of the sorbate molecule coincide with |atter. This allows us to separate the zeolite lattice into two
the coordinateX of the center-of-mass of the molecule, in- parts, which we callLs and Lr (see Fig. 2 The nearby
tramolecular potential energy vanishes, and the momen- 4ioms inL directly interact with the sorbate. The atoms of
tum of the molecule ip=MX whereM is the mass of the | constitute the rest of the crystal outsitlg and interact

molecule. Hence, in this case E@) reduces to with the sorbate only through phonon waves that come from
p2 and go toLg. As a result, the bonds joinings andLg are
HS:W' (4) never stretched by deterministic dynamics and simply fluc-

tuate stochastically — periodicity is not imposé&8ubindi-

Consider now motion of a free zeolite lattice. We con-ces “S’ and “ F” stand for “sorbate” and “free”, respec-
sider a zeolite crystal of an infinite size. The position of atively).
unit cell in the crystal is given by Note that such a separation is possible because a time
scale of sorbate motion is much slower than that of the lattice
vibration: A typical diffusivity of small spherical sorbates in
whereay, a,, andag are basis vectors of the lattice. There arezeolites such as xenon and methane-i$0 8 m?%s and is
n atoms in a unit cell and a position of«h atom is speci- even smaller for larger molecules, i.e., it takes at least

I’(|)=|1a1+|2a2+|3a3, |1,|2,|3=O,i1,i2 ey (5)
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where ¢, is the interaction potential betweeth atom of
the sorbate at positiods and xth atom of a zeolite unit cell
atr(lx). From this pairwise additivity it follows that

Ga'g(lK,I,K,;q):5|’|75K’KIGQB(IK,|K;q). (16)
It is convenient to introduce the following partition of
the vectoru,
u® .
u= NGIE (17

whereu® [u(P] is a finite (infinite) vector containing dis-
placements of theé g (L) atoms. Similarly, we partition the
dynamical matrixD,

DO  psh
D= prs po |-

(18

FIG. 2. Definition ofLg andL .

Here, byD® [D(P)] we denoted submatrices of the dynami-
cal matrixD which represent interaction of atoms inside
(Lg), and interaction betweehg and L is represented by
10~ 1% for a sorbate to travel across one crystal unit cell ofhe submatrice®" and D9,

size ~10 A, whereas frequencies of lattice vibration are in ~ From Egs.(3), (10), and (12) it follows that the total
the range 15—10"sL. Thus, on the time scale of lattice Hamiltonian of the system is

vibration, our classification of g andLg remains the same.
However, such a separation of lattice into two parts would
not be possible, for example, in studies of superconductivity, S . 1.(S S
where one has to consider coupling between electron motion +1(@)-u+ 3u®-G(gu®. (19
and lattice vibration which occur on comparable time scalesin our formulation we neglect the last term in E49), be-

~ We expand energy> of the sorbate—lattice interaction cause coupling between atoms of the zeolite crystalalent
in a power series in the normalized displacementf zeo-  hond is usually much stronger than the coupling between

Hr=Hg(q,p)+ 3u-u+ 3u-Du+dy(q)

lite atoms: the sorbate molecule and zeolite atofwan der Waals inter-
3 action, hence the lattice vibration amplitude is small. This
D(q.{r(1x))~Do(q)+ 2 f(lc;q)u, (k) assumption of linear coupling between lattice vibration and
Ikelg a=1 the sorbate motion might fail in some systems when a sor-
1 3 bate molecule fits extremely tight in a bottleneck of a zeolite
n > E 2 2 Gupll,l'x’;0) !attlce, thus yielding a zeollte_—lattlce !nteractlon comparable
IKels |/ cLg @B=1 in strength to that of the zeolite—zeolite covalent bonds. We
. discuss this situation in Sec. VI.
XUg(l)ug(l'x"), (12 From Eq. (19), vibration of the zeolite lattice is de-
where scribed by
_ 1o #P(a.{r(10)}) u9=—DEuE ~f(q)~h, (20
f.(lc;q)=m, | (13
arg(le) /g U = — pEYF) — () (21)
Gupllr,l'c’;q) Interaction betweeh s andL ¢ is described by the terntg®
andh(®,
=(m,m,,)~*? i CIU) @,f=1,2,3 (9= DSAYP (P = pFS S
A ar o(1k)ar g(1"k") 0, , o = =DPut, i =D, (22)

(14) whereas the influence of the sorbate on lattice vibration is
given by the ternf in Eq. (20).

represent the additional dynamic force exerted by lith Equations(20) and (21) contain a complete description
lattice atom on the sorbate as the former deviates from itgf motion of all zeolite atoms. However, we are only inter-
equilibrium position due to vibration. ested in the effect of the lattice vibration on the sorbate mo-
We further assume that the sorbate—zeolite interactiofion and hence we only need to consider motion of atoms in
potential® is pairwise additive, Lgin detail. In contrast, some averaged descriptionLfplis
N adequate. This can be achieved if we consldeias a ther-
®(q,{r}) = >SS bo(Xe—r (1K), (15) mal bath and assume that_ the only effect of mteractlpn be-
lkelg s tween atoms ol andLg is to keep the atoms dfg in
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thermal equilibrium. Thus, we omit the ternhswhich ex- 19 1 oH _
plicitly describe this interaction and instead require thermal Qj(t)=_2 &_Q cosw;t+ . 5 sinw;t
equilibrium for allu®® andu®, @5 T¥i—o 1RG0
- - 1 1t .
Prot{u®,u®}ece T, (23 - Seam)+ — J Vei(a(s)-4(s)
w; w;JO
where kg is the Boltzmann constant and is temperature. : :
The total HamiltoniarH now contains only the sorbate and X cog wj(t—s)]ds, (31)
zeolite atoms irL.s and is given by and note that both Eqé28) and(31) are inappropriate in the
. ) limit of w;,—0.
— 1.°(S S 1,8 S), (S ]
H=Hg(q,p)+ 2u®.uS+ Fu®.pOY® Substituting this solution into Eq29), one obtains the
+®o(q)+f(g)-ul®, (24) generalized Langevin equation for the sorbate,

We expandu® in terms of eigenvectors of the dynamical p=— EpVA’l(q)p—VU(q)—VQeﬁ(q)
matrix DS which is symmetric and positive definite and 2
hence its eigenvaluesj2 are positive and its eigenvectors

t .
e(j) can be chosen to be orthonormal in the key eigenvalue —f 7(q(t),q(s),t—=s)q(s)ds+F(q(t),t), (32
problem below: 0
(e 5 , ) where
D¥e(j)=wje(j), i) e(j)=Jj. (25)

Since the bonds betwedr andLg are assumed to be ®4(q)=®y(q)+AD(q), AP(q)=— %2 ichjz(q) (33
unstretched by deterministic coupling dynamics with the sor- I o

bate, the vibration modes Ing are allowed to propagate into
Le while the thermal vibrations df only serve as stochas-
tic thermostating of atoms ihg (see Fig. 2 There is no
reflection or feedback back inlos. Each mode of Eq(25)
corresponds to a lattice vibration mode involving atoms de-(q(t),q(s),t—s)
fined by the eigenvectog(i) with frequencyw;. We then

is the effective sorbate—lattice interaction potential. The sto-
chastic forcing arises from the dynamic lattice vibration
force such that

use the eigenvectors of the dynamical matd® as the _ COS{‘*’J('[_S)]V

: X : . =2, ————Voi(q(1)) Ve, 4
basis for the lattice displacement vector and the dynamic ; w]? @A)V ei(als) 349
force

is the memory friction kernel and

(9= i =u. g
o= 2 Q). Q =l el Fa0.0=-3 Vei(a)

(26
(@)=3 (@), ¢()=f(a) &) X{cosw;t oH

Sinw;t JH
wj 07le

wl-z dQ;

t=0 t—O]
In these new coordinates we obtain the following expression (35)
for the Hamiltonian:
is the stochastic random force.
1 : Remembering that lattice vibration modeslig are in
= - 24 0202 . .
H=Hs(Qp)+ 5 2 [Qf+ofQf1+ Do+ 2 ¢(AQi- giiprium, ie.,

(27)

ProQ;,Q;}=e "keT, (36)
Thus,Lg is described by the following equation for each .
lattice vibrational mode: we obtain
. (F(1))=0, (37)
Qj=—wQj—¢;(a), (28)
. . (F(OF(s))=ksTn(a(t),a(s),t—s). (38)
and the equations of motion for the sorbate are
The last equation is the fluctuation—dissipation theorem
q:A—lp, (29 which relates the intensity of the noise to the friction tensor.

Note that the harmonic approximation for lattice vibration
1 . and Boltzmann distribution, E436), of the vibration modes
p=—5pPVA (Q)p—VU(Q)—V‘Do(Q)_; Vei(@)Q;. lead to the Gaussian distribution of the stochastic force and
hence the statistical properties of the latter are completely
(30) - ) . )
specified by its average and variance, as given by B3.
We solve the linear lattice vibration E(R8) to obtain and (38).
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lll. CRITERIA FOR IMPORTANCE OF LATTICE
VIBRATION

The goal of this section is to estimate the position-
dependent friction termy and the correctiod ® to the po-
tential energy due to lattice vibration. The memory friction

tensoryn can have a complicated dependence on the previous

states of the system. However, since here we are only inte

ested in order-of-magnitude estimates, we assume an expo-
nential dependence for the two-time correlation of the fric-
tion term to capture the decorrelation by only one parameter,

n(q(t),q(s),t—s)=T(q(t))exp(—[t—s|/7), (39)

where 7 is some correlation time andI'(q(t))
= 7(q(t),q(t),0) is the noise amplitude from E¢34) with

t=s. This assumption allows us to reduce the generalized

Langevin EQ.(32) to a Langevin equation with Markovian
noise by introducing an auxiliary variabtg,

z=q—F‘lftn(t—s)d(s)ds+F‘1F(t). (40)
0

Then Eq.(32) is equivalent to equations

p=—3pVA " @p—VU(q)~ Vo T(a)(q—2), (41
17=(q—2)+ T IN(t). (42

The new random forc®l(t) is Gaussian, has zero-mean and
zero-correlation time,

(N(1))=0,(N(t)N(s))=2kgTI'(q(t)) 76(t=s), (43
and is related td-(t) by
N(t)=F(t)+ 7F(t). (44)

From Eq.(41) it is clear that the effects of lattice vibra-
tion are negligible for a sorbate configuratiqrif

A®(q)
Po(q)

and |[T'(q)(g—2)|<|V®y(q)||, where]|-|| is some vector
norm (for definiteness we use the Euclidean narithe lat-
ter condition is equivalent to

W)= IT(all
IVV®o(a)

Note that the conditions in Eq$45) and (46) are indepen-
dent of the correlation time.

The computation ofu(q) and »(q) is simplified if we
take into account the pairwise additivity, E(L5), of the
sorbate—zeolite interaction potentikl to obtain

p(a)= ‘<1 (45)

<1. (46)

~1129Ps(X)
pi(a)=— 2 Z E T o
lwels s a IX=Xg—ro(lk)
Xey(lk:]). (47)
Thus defining
N
I s(X)
vl =2 — : (48)
s @ IX=Xg—rg(lk)

Does lattice vibration drive diffusion in zeolites 3781
N 3 2
. I Ps(X) IXsp
lk;q,i)= , 49
Wellial % B0 XXy [y g 9
e (k) eg(l'x’ ]
Saﬂ(lK,IIK/):(meK/)71/22 (K]) B( K J), (50)
J (UJ
we obtain
3
1
AD(q)=—5 2 v,(lkQ)S,plkl' )
2 Ik 1! a,f=1
xvﬁ(vk';q) (51)
Fij(o) =2, 2 E W, (k30,1 Sepl i, )
Xwg(l's";0,j), i,j=1,... N. (52
Or, in more compact form,
Ad(q)=— 3v(q)-SMq), (53
Fij(a)=w(q,i)-Swmaq,j), i,j=1,...N. (59

The contributions of lattice vibration to the effective poten-
tial and the stochastic noise are hence contained in the tensor
S which is a frequency-weighted dyadic product of the
eigenvectors of the dynamical matiiX®.

IV. COMPARISON TO PERIODIC LATTICE

The separation of the lattice atoms irtg andLg is an
important departure from the earlier work on lattice
vibration? As we have seen in Eq34), the magnitude of
interaction between a sorbate and a vibrational mode of fre-
quencywj is proportional tOwj_z. Thus, the dominant con-
tribution to this interaction is due to vibrational modes with
small frequencies. If, as in Ref. 4, all the modes are kept in
the formulation then the dominant contribution is due to long
acoustic modeé$ for which w(k)—0 ask—0 (k is a wave
vecton. This is not physical as a single sorbate molecule
cannot excite a macroscopic sound wave in an unbounded
medium.

The problem with this formulation is that the quadratic
terms in Eq.(12) are neglected and these terms actually be-
come important whenw;—0. To see this, we rewrite Eq.
(27) and keep the quadratic terms @y,

1 :
H=Hs(a.p)+ 5 2 [Qf +w{Qf]+ Po(a)

1
+; ¢i(Q)Q; -+§i2j i (Q)QiQ;, (55

where

pij(a)=e(i)-G(a)e(j). (56)

Due to orthonormality of vectorg(j), the matrix¥(q) has

the same eigenvalues &£q), which are the frequencies of
sorbate vibrations in the well of the Lennard-Jones potential,
whereas w;—0 for acoustic modes. Thus, for acoustic
modes, quadratic i@ terms due to the lattice—sorbate inter-
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action[the last term in Eq(55)] are larger than those due to where star denotes complex conjugation and
the free lattice vibratiofthe third term in Eq(55)].

To be consistent, one would need to include nonlinear  § (,-k q)=(L,L,Ls) " Y2> f (Ix,q)e k'O (62)
interactions in the model, which will complicate the analysis, [
as nonlinear lattice vibration would yield localized wave is the Fourier transform of
packets that do not behave stochastically. The lattice would :

. . The infini r | is recovered in the limit,,L,,L
then behave not as a thermal bath but as an active dynamic e infinite crystal is recove ed in the limit, , 213
. . L . —o, in which case, the wave vectdr takes continuous
participant — an unlikely scenario in a macroscopic me-

dium. Moreover, nonlinear lattice vibration tends to form values and the sums in E(1) are replaced by integrals.

localized wave packets which would pass by the sorbate ra Note that an accurate description based on the periodic
. Pa o ap y e I%oundary conditions inherently requires infinitely many Fou-
idly, further reducing their interaction. The only possibility

. . .. 7 rier modes since one needs high resolution of the Fourier
then is that the long acoustic modes are never at sufﬁuently : . . ) .
. ) : . - fransform in order to describe behavior of very localized dis-
large amplitude to require a nonlinear treatment. Simulation

that yield large acoustic vibration must be due to feedl:)a(::§urbances of lattice vibration due to the presence of a sorbate.

g o . .- _However, in most MD simulations a very small size of a
from the artificial periodic lattice model. The most realistic . ~ .~ . . . .
: . - periodic simulation box — typically, a few unit cells — is
model is hence to cut off these long acoustic modes whil : .
. - : . assumed and below we describe the drawback of this as-
still retaining the linear lattice model. sumption
The above arguments suggest that a periodic lattice arti- ption.

- . . . For simplicity, we consider transport of a point—mass
ficially excites long acoustic modes. This is further supported sImp ty . - P . poir
sorbate in a periodic box consisting of a single unit cell. In

by the observation that finite-size periodic lattices have only, . .
; . . . ) .this case, the only allowed value for the wave vedtois
discrete eigenmodes, including ones with zero frequencies : .
. ) . zero and the Fourier transforms, E@58), (60), (62), sim-
due to the periodicity assumption, which further exaggerates,.
. plify to
the presence of low-frequency acoustic modes and leads to'a
resonant enhancement of standing acoustic waves. Specifi- { )=y _(1«), T, (x:q)=f,(1x,q), (63)
cally, the dynamics for the zero-frequency mode cannot be
described by Eq(28) as its solution, Eq(31), becomes sin- . , L
gular asw; vanishes. In order to describe this situation, let us Daplk,x ):; Daplx,l'c"), (64)
briefly review the theory of periodic lattice vibratithand o A A A
derive the amplitude equations of the zero-frequency modesvhere we writeu, f(q) andD instead ofu(0), f(0,q), and
Assume that the crystal is composed of periodically-p(0), respectively. The Hamiltonian, E¢61), can now be
repeated blocks df, X L,X L5 unit cells. This allows one to  rewritten as
define a Fourier transform(k) of atom displacements,

Hy=Hg(,p)+ Do(q)+ L[0- G+ 0D +F(q)- 0. (65)

Uy (1) =(L1LoLg) YD) Uy (k; k)T, 5
ol0)=(Lakol3) ; a(Kik) ®7 Following the same path as in Sec. Il, we write
3n
Nl — 12 —ik-r(l) N A A A A A
Ug(5K) = (Labala) Y22 ug(li)e™ O, (58) u:jgl Q;&(i), Q=u-&(j), (66)
Herel;=1,...L; (i=1,2,3), «=1,2,3, andk is a wave 3n
vector of the reciprocal lattice given by f(q)zzl &j(Q)é(j), {oj(q)=f(q)-é(j), (67)
=y Dz D h—t . Lie12.3 59 g
T LR e i b E L S (59 whereg(j) are the eigenvectors of then® 3n symmetric
with by, b,, bz being a basis of the reciprocal lattica; b; positive-definite matrbD,
=275 . Anmga A A
A D = W] ,e(l)- =0 . 68
The Fourier transfornD(k) of the dynamical matrixD &)= wjel]), ell)-el]) =4 €8
is The Hamiltonian, Eq(65), can be written as
= ik-r(1-1") 1 1 oo
/. p— ! ! —1K- - . ~ ~ A
D (kK ,k)_; D,s(lx 'k )e : (60) HTZEMXZJFEE [QF+ Q]+ Dg(X)
=1
and is independent dfsinceD ,4(l«,l"«") depends ohonly 3n
through the differencel(1"). The total Hamiltonian be- +2 EDJ(X)QJ-, (69)
comes “

1 - . ~y L. where we take into account that the sorbate is a point—mass
Hr=Hs(@,p)+ 5 2 [0%(K)-0(k)+ U* () DIOUKIT paricle.

The matrixD has three zero eigenvalues;=0 for j
+<I>0(q)+2 B (k,q)- G(k), (61) = 1,.2,3 V\'/hICh' is a consequence of the invariance of the pe-
X riodic lattice vibration to uniform translation of the crystal.
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include the bonds between zeolite atoms that belong to dif-
: ! : ; ferent unit cells — phonon modes are absorbed at these
A A S R L boundaries.
i : ! ! Since here we focus on interaction between the sorbate
: 1 H : and acoustic modes, we keep only the three zero modes in
i i i : the periodic Hamiltonian, Eq69):
- _.---- - - - - ‘,,,
: ! 1 . 13 - S A
| | Hr=3MX2+ 5 > QF+®o(X)+ 2, ¢i(X)Q;.  (79)
: : i= i=
P N —— ---’,___ Then taking into account the pairwise additivity of the po-
| ! ! | tential, Eq.(15), we obtain
: i 1 :
; : | | . 1 IO (X,{r}) 1 9Do(X)
| ! : | ¢(X)="=2 (ﬁr— === (79
EPS . — P - o dm a0 LT U %
: ; | ' and thus the equations of motion become
R 3 2
FIG. 3. Comparison of definitions @ andD whenLsg coincides with a MK = — dPg " i 9°®g 0, 77
zeolite unit cell. MatrixD® includes only the bonds inside (solid line9 | aX; \/ﬁ 51 9X9X; I
whereas matrixD contains these latter bonds as well as the bonds that
connect atoms inside and outside of the unit ¢elick broken lines .- 1 (9(1)0
Q=" o - (78)
bym X

The behavior of the acoustic modes governed by Eq.
(78) shows a drastic difference from the behavior of modes
with nonzero frequencies described by E28). The solution

To see this, observe that, from @), the ath component of
the force exerted on thdK)th atom of a freely vibrating
(i.e., noninteracting with a sorbatkattice is

of Eq. (78),
oH, 3
— =— V5l k) pg(l'k"). 70 A A > 1 [t [sddo(X(s") |
ar (1x) lEK 521 s,k )pg(1'k") (70) Qj(t):Qj(o)+Q1(o)t+\/_EfofooﬁTds ds,
i
If we uniformly translate the crystal by an arbitrary vector (79

r(l«)—r(lx)+v, this force should not change. This con-

/ shows that sorbate motion induces a nonoscillatory motion
straint leads to

of these acoustic waves both from the second and third terms

3 in Eq. (79). The secular growth term arises from the degen-
> > Vap(li,l'k")v g=0. (71)  eracy of the zero-frequency eigenvalues. It disappears for
I’ P=1 specific initial conditions. However, the third term represents
This equation together with Eq6l1) and (64) yields energy accumulation due to periodicity and its effect is far

stronger than the second term. It accumulates acoustic modes
1/2 12 resonantly and indefinitely increases the amplitude of these
m, D, g(lx,l"'c")y=2, m D ,k')=0, 72 . . X )
E K |E ap(l1"K") ; o Daplr, k") (72) waves — a patently impossible blow-up scenario. If this
R _ _ resonance growth is sustained indefinitely, the lattice will
and hence the matrib has three zero eigenvalues with the preak apart and the sorbate will transport at unrealistically

’
K

zero eigenspace spanned by vectors high rates. In contrast, the amplitude of modes with nonzero
1/2 frequency given by Eq31) is oscillatory in time.
e, (r,j)= 5QJ<F ,j=1,2,3, (73 To observe the resonant growth of the acoustic modes,

we solve the coupled Eq$77) and (78) numerically for
wherem=="_,m, is the total mass of atoms in a zeolite X€non in zeolites sodalite and silicalite. The zeolite crystals
unit cell. are composed of TPtetrahedraT is Si or Al) and in this
Note that the dynamical matri® from our new model Work we assume that T is always an Si atom. This allows us
with cut off does not have these zero eigenvalues since o’ neglect ionic intracrystalline interactions. We model zeo-
definition of this matrix breaks the translational symmetry: lites using the structural data from the M&HRIUS software
package?® For the zeolite lattice vibration, we use the fol-

Dgsﬁ)(lK,llK,):Daﬁ(lK,llK,)iz Do(lk1'k") Iowinglsmodel of the interaction potential between zeolite
T atoms:.
— R ’ 1 1
D gl "), (74 V=353 Ki(r=ro+5 3 K(a—ap)?

The situation is schematically illustrated in Fig. 3 whére
is chosen to coincide with a zeolite unit cell. As can be seen,

the matricesD® and D differ in that the latter does not

1
+5 2 Kyg(B=Bo)?, (80)
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TABLE |. Force constants used in E(O0).

T-0 K,=2500kJmol* A2
O-T-O K,=578kJmol ! rad?
T-O-T Kz=75.9kJmol* rad 2

wherer is the T-O distanceg is O—T—Oangle, andg is
T-O-Tangle. The values of force constafts, K, Kz are
given in Table I. The equilibrium bond lengthr) and
angles @, and By) were calculated directly from the struc-
tural data.

As a check of our lattice model, we compute the infrared
spectrum for zeolites sodalite and silicalite by solving the
eigenvalue problem, Eq68), for the Fourier transform of
the dynamical matrix at the zero wave vectorand then 0 Too0 80 &0 00
using the following formula for infrared intensitMch) of Wavenumber, cri"
jth vibration mode with frequency; :**

FIG. 5. Infrared spectrum of silicalitéa) calculated(b) experimentalRef.
26).
2

3
l(a»p:El qum;”zéao«,j) : (81)

) o wherer is the distance between a zeolite oxygen atom and
where g, is the formal ionic charge of theth atom and ¢ gorhate. Values of the parameterand o for xenon—
&(«,]) is the normalized displacement vector of tth atom  oxygen interaction were taken from Ref. 18 and are given in
in the jth mode, i.e,, it is the eigenvector of the dynamicalTaple II. As usual, the interaction between sorbates and the
matrix that corresponds to the eigenvalufe. In our calcu- lattice T atoms is neglected, since the latter are shielded by
lations we usedj,=—1.6 for T atoms andyj,=—0.8 for  the oxygen atoms in Ttetrahedrad?
oxygen atoms® The computed frequency spectra are shown  We simulate Eqs(77) and(78) using the velocity Verlet
in Figs. 4 and 5 and are in good agreement with experimentadigorithm?® Initial position for the xenon molecule is at a
ones(since we limit ourselves to harmonic vibrations, the potential minimum,X=(0.280, 0.280, 8.610for xenon in
theoretical calculation of spectrum cannot resolve the widtlsodalite andX=(4.013, 4.975, 12.086or xenon in silicalite
of the peaks since it is a manifestation of anharmonic ef{the coordinates are given in A and the origin is located at a
fects. unit cell corney. Initial kinetic energy of the sorbate is cho-

Xenon molecules are modeled as point masses which -

interact with the lattice oxygen atoms via the Lennard-Jones®" to be 11.331 kJ/mol and initigk eEnde are zeros. This

potential, choice of initial conditions fo@,— andéj eliminates the lin-
o\12 [ o\6 ear growth onj due to the second term in E¢r9) and
¢LJ(r)=4e< (?) —(?) ) (82 focuses on resonant amplification due to the last term. The

evolution of amplitudes of the acoustic modé§, obtained

in our simulation of Eqs(77) and(78) in Fig. 6 shows very
rapid resonant enhancement of acoustic modes, which occurs
R L l N due to the accumulation of the amplitude of acoustic modes.

The same qualitative picture was obtained in simulations

TABLE Il. Lennard-Jones parameters of interaction potential between sor-
bates and lattice oxygen.

€ (J/mo) o B)

Methané 1108.3 3.214

Neorf 529.0 2.780

b Argor? 1028.0 3.029

Xenorf 1133.1 3.453

CH;, (ethang® 696.7 3.364

C (benzeng 611.5 3.007

H (benzen¥ 407.9 2.606

200 400 600 800 1000 1200 “Reference 6.

Wavenumber, cmi™? PReference 25.
‘Reference 18.
FIG. 4. Infrared spectrum of sodalitéa) calculated(b) experimentalRef. dReference 22.
17). ‘Reference 23.
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FIG. 6. Results of simulations of Eqé/7), (78) for xenon in sodalitga)
and silicalite(b).

257

with other initial conditions. Essentially, there is an unphysi- (b)
cal “feedback” of lattice vibration in the periodic unit cell. ol
Our new approach is devoid of such kinds of problems since
any phonon wave created by a sorbate that is radiated.into
never comes back tbs. _ 15
As a final remark, we note that some MD simulations ‘o
which include lattice vibration and assume periodic bound- &
ary conditions do not report resonance blow-up. The expla-
nation for this is that these MD simulations use a nonhar-
monic model for the lattice, even if the model is harmonicin g5}
terms of bond length stretching and bond angle bending,
such as Eq(80), it is anharmonic in terms of atom displace-

ments u (since u is related nonlinearly to bond length 0 = 7 6 17 11 15 1

5 8 9 10 11 12 13
stretching and bond angle bendin@his anharmonicity then R

. g S

prevents sustained resonant growth of the acoustic waves.

However, there is still unphysical feedback of the lattice vi-FIG. 7. Dependence of the vibration spectrumD$f on the radiusRs of
bration in these MD simulations with periodic boundary con-Ls: (@ sodalite(b) silicalite. The frequencies become nearly continuous for
ditions such that unrealistically large saturated amplitude's?s larger tha 8 A in radius but the spectrum has a lower cutoff of about

. ; . 02571, In contrast, the spectrum & (0) for an infinitely-large periodic
are pf‘?duceq to ‘?'”Ve sorbate at high rates. The validity o attice (shown on the lejt contains zero frequency acoustic modes.
such simulations is questionable.

<4

V. RESULTS zero eigenvalues and other acoustic modes. The lowest fre-
) - ) quency for our model lattice converges at abou®$0* for
Now we are in a position to answer an important qUeSR_—g" A All other modes have higher frequencies and
tion: How sensitive is the above theory to a particular deﬁ'quickly approach a near continuum at lafi@e. The results
nition of Ls? To answer this question, we fix a position of a ot the calculations forw and » are shown in Fig. 8 and
xenon sorbate in zeolites sodalite and silicalite and computguggest that values gf(X) and »(X) for R&=8 A are also
spectra of matrice®® as well asu and v for different  insensitive to the choice s, thus supporting the validity
choices OfL,S' . . . of our model. Convergence beyomi=8 A indicates that
~We definels as a sphere of radiu8s with center coin-  the gorbate can only interact with local vibration of lattice
ciding with the center-of-masX of the sorbate and l€Rs  atoms within 8 A. Energy transfer to low-frequency, long-

vary from 5 to 13 A. The spectra of the matricB for  4coustic modes has been removed by our new lattice model.
different Rg are shown in Fig. 7. Also, spectra of matrices \ye hence usé g with radiusRs=9 A in our calculations of

I5(O) for the periodic lattice are shown there for comparison.,(q) and »(q) described below.

As can be seen, the spectra for both zeolites become insen- However, before proceeding with the calculations, we
sitive toRg for Rg=8 A. This indicates that the most impor- have to address another important issue, namely, a very
tant lattice vibration modes that drive sorbate transport argtrong dependence @f(q) and v(q) on sorbate configura-
shorter than 8 A. Also note that the spectrad? are very  tion q. In particular,. and v are usually relatively small for

similar to the spectra dD(0) except the former do not have sorbates inside zeolite cages, whereas they become larger for
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x10°° TABLE IIl. Largest values ofu and v computed at transition states of
2 T T T T T T T T sorbate—zeolite systems with weak lattice noise.
o] o
1.5+ ° 2 o 7 I v
= 1 4 A 2 A Methane in silicalite 1.%10°3 5.9x 102
N a R Xenon in silicalite 7.x10°4 4.3x10°2
0.5- N o ] Xenon in mordenite 181038 1.1x107!
"5 5 7 8 9 10 11 12 13
Rg, A
0.05— . . . - . - . - with the lattice via the potential, Eq82). An ethane mol-
0.04F A ecule has five degrees of freedom with generalized coordi-
0.03- A N A a R i natesq containing coordinates of the center-of-mass of the
>002_ . . o | r_nolecule anq two Eulerian angles. W_e negd only two Eule-
' °© ° © rian angles since ethane molecule is invariant under the ro-
001F 0 1 tation around the methyl—-methyl bond.
0— A s s s TR P Benzene was modeled as a planar rigid molecule with
Ry A six degrees of freedom. Its generalized coordingtese the

center-of-mass coordinates and three Eulerian angles. The
carbon—carbon and carbon—hydrogen bond lengths are 1.40
and 1.08 A, respectively. The short-range interaction be-

tween benzene and zeolite lattice was modeled by the sum of
pairwise Lennard-Jones interaction potentials between lattice
gxygen and benzene carbon and hydrogen atoms. In the

sorbates at bottlenecks of zeolite pores and they tend t o
infinity when sorbate approaches zeolite walls. ThereforePT€Sent work, we neglected long-range electrostatic interac-

one has to be very careful about analyzing calculationg of tion (due to quadrupole moment of a benzene molgdute

FIG. 8. Dependence gf andv on the radiufRs of Lg. Xenon in sodalite
(O) at X=(0.280,0.280,8.610) and silicalite A() at
=(4.013,4.975,12.086(coordinates are given in)A

tween benzene and zeolite atoms.

andv. : : .
It is tempting to calculate weighted averaggs) and _ We found that,_depe_ndln_g ona partlcglar sorbate—zeolite
(v), where pair, effects of lattice vibration can be either very small or
’ very large. For example, effects of lattice vibration are neg-
_J-W(q)dq 3 ligible for methane and xenon in silicalite and xenon in
()= fW(g)dq ' mordenite. The largest values pfand » computed at tran-
and the weightV(q) is the equilibrium Boltzmann distriby- SO States of these systems are shown in Table Iil and
tion confirm that the sorbate—Ilattice coupling is very weak.

Quite the opposite, a rather large sorbate—lattice cou-
W(q)=e [V@*Po(@l/keT (84)  pling was found for benzene in silicalite and mordenite. In

Such an averaging will automatically “filter out” those con- Flgs_. 9 and 10.’ we show and v computed at poten_tlal .
barriers and minima of these system. For benzene in sili-

figurations which correspond to sorbates located unphysi="" . -
cally close to zeolite walls and hence having very high po-cf?‘.“te"u andy are order one quantme_s _for most of the tran-_
tential energyd,(q). However, the Boltzmann averaging sition states and even for some minima. For benzene in
will also effectively eliminate narrow bottleneckse., high

potential barrierswhich sorbates have to transverse. There-

fore, we have chosen a different approach, namely, we com % . T,'ansmon stat'es ' ' ' o
pute «(q) and v(q) at transition states of the potential en- 15r [ _© Minima 1
ergy (and also for comparison we compute these parameter__ | |
at potential minima The transition states as well as potential .
minima were obtained using the rational function optimiza-  5¢ o ° .
tion (RFO) algorithm of Banerjeet al?! . Ry > ©

We computeu and » for methane, xenon, ethane, and 0 "-50 -40  -30 —20 —10 0
benzene in silicalite and mordenite and for neon and argon ir @, (kd/mol)
sodalite. Parameters for sorbate—zeolite interaction togethe 5 ' ' ' ' '
with original references are summarized in Table Il. Methane 4} . .
and inert gas molecules are modeled as point—masses whic | ]
interact with lattice oxygen atoms via the Lennard-Jones po- > C Y e
tential, Eq.(82). 2r . 03.:“:5.\&'0' e. |

The models for ethane and benzene molecules were 11 @ Bume® o0 % Jeet e ]
taken from Refs. 22 and 23, respectively. Ethane was mod o—QM“Y’ oD oe 2 ' :

) -50 —40 -30 -20 -10 0

eled as a dumbbell consisting of two methyl groups con- ®_ (k/mol)
nected by a rigid rod of length 1.53 A. Each methyl group 0
was modeled as a unified Lennard-Jones sphere interacting FIG. 9. Values ofu and» for benzene in silicalite.
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0.04 y y . . . . 0.4 . . . ;
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FIG. 10. Values of and v for benzene in mordenite. FIG. 12. Values ofu and » computed for transition states of ethane in

silicalite and mordenite.

mordenite,u is small, butw is still an order one quantity for _ _ _ _ _ _
a large number of transition states. Note that the sorbatethe main channel into a side pock@t which case it has to
lattice coupling is larger for benzene in silicalite than for 90 through a narrow bottleneck at the pa8). At the point

benzene in mordenite because the former zeolite has nafi, #=1.0x10"% and»=0.55< 10" * whereas at the point
rower pores that the latter. S,, ©=0.16 andv=0.34. Thus, the coupling between the

Some of the considered sorbate—zeolite systems can ifit€thane sorbate and lattice vibration is weak when the sor-

corporate both small and large noise cases due do the highBate moves inside the main channel and it is quite large when
inhomogeneous structure of zeolite pores. Consider, for exthe sorbate hops from the main channel to a side pocket.
ample, methane in mordenite. The mordenite crystal consists Other examples of such mixed systems are ethane in
of straight pores and side pockets. In Fig. 11 we show a crosglicalite and mordenite. Values gi and » computed at
section of the mordenite channel @9 A together with ~ transition states of these systems are shown in Fig. 12. As
potential minima, transition states, and diffusion paths of th&an be seen, both of these systems have transition states with
sorbate. As is evident, the methane sorbate can move eithBpth weak and strong sorbate—lattice coupling. That is, mo-
along the main channéi which case it has to overcome the tion of sorbates along some diffusion paths is driven by the

potential barrier at the poir8,) or the sorbate can hop from lattice noise, and diffusion along others is driven by another
mechanism.

Another interesting class of sorbate—zeolite pairs consid-
- ' T ' - ered is inert gases in sodalite. It is known that, at high tem-

7f | @® Transition states 1 peratures and pressures, these sorbates can be forced into the
O _Minima sodalite cagesand since the sodalite windows are narrower
1 than the dimension of the sorbates, this can occur only if
“"‘@_.—}_‘9 lattice vibration is permitted. More specifically, diffusion oc-
curs only if the sorbate can open the window through local
interaction. We considered neon and argon in sodalite and
estimated our indiceg and v at the transition state located
in the six-ring cage windoisee Fig. 1a)]. Coordinates for
this transition state ané=(2.16 A, 2.16 A, 2.16 Afor both
neon and argon. We found that for neq(X)=4.8, v(X)
=11.2, and for argonu(X)=25.4, v(X)=62.3. These re-
sults indicate that the lattice—sorbate interaction is extremely
strong.

i 0 V1. DISCUSSION

We have seen that lattice noise can be an important driv-
FIG. 11. Methane in mordenite. Cross section of the mordenite channel dhg force for some sorbate—zeolite systems while its effects
x=9 A. Potential minima, transition states, and diffusion paths of the sor-gre negligible in other systems. Diffusion driven by high
bate are also _shown. The sorbate—lattice coupllng is n_egllglbl_g for dlffu5|orhoise is a well-studied process and is described in a classical
along the main channéthrough theS,;-type point$ and is significant for . 4 . .
hoppings between the main channel and the side podietsugh the article of Kramer<* However, for systems with weak lattice

S,-type points. noise the lattice thermal bath is inefficient as a stochastic
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fluctuation source and an energy sink for sorbates. The mg-ABLE IV. Nonlinear correctionsA\ computed at transition states.
tion of these sorbates is then determined by driving forces
other than lattice vibration. One possibility is that low-
dimensional sorbate Hamiltonian dynamics can produce a Methane 1.%10°2 8.1x10°2

Silicalite Mordenite Sodalite

—2 —2
deterministic but chaotic driving force even in a static X*"" %iigﬂ g'gi 18,2
Iattlpg. Wlthqut d.ISSIpatIOI’I, thg sorbat.e motion negessarlly Benzene 18101 18x10°1
exhibits high inertial effects, with considerable rattling near  Neon 22101
potential minima. The crossing of the threshaoldsre necks Argon 2.0

is then determined by how energy is transferred determinis=
tically to the transverse degrees of freedom and regained at

the threshold. This transfer between the degree of freedom in ) . ,

the diffusive direction with one in the transverse direction | "€ quantityAx(q) is well-defined and we have shown that
can be induced by nonaxisymmetric geometry in a pore anfS Value converges with respect to the radRisof L for
nonspherical geometry in a cage. It can be described 3!3529 A The maximal values oA\ at tranS|t_|0n states are
KAM chaos for coupled Hamiltonian systems and has beesNown in Table IV. As can be seen, the nonlinear corrections

shown to give rise to seemingly random sorbate transpoﬁ“e small for all zeolite—sorbate pairs considered except for
with diffusive statistics but not thermal in origif. argon in sodalite. This suggests that argon transport in so-

There are two other possible driving forces for seolitedalite is due entirely to highly nonlinear but localized inter-

transport. One is when sorbate loading is sufficiently high®ction between argon and the window lattice atoms. Syn-

such that significant clustering occurs due to sorbate—sorbafdironization between the sorbate motion and the large-

interaction along the narrow pores. However, lattice vibra-2MPlitude window dynamics is surely the dominant

tion would still be unimportant and the clustering dynamicsMechanism here. _ , _
remain deterministic and conservative. The clustering dy- 1 hese driving forcedintramolecular dynamics, Hamil-

namics can conceivably be described by nonlinear sorbat@nian chaos, sorbate—sorbate interaction, stochastic linear
concentration waves as in one-dimensional Toda waves. and local nonlinear sorbate—Ilattice interactjiomsist be ex-

The other important possibility is when the rate- amined in detail to understand the peculiar dependence on
determining pore necks are narrower than the sorbate sucfiading and temperature. It appears, however, that diffusion

that local lattice vibration is important. Our nonperiodic lat- ©f Small sorbates through zeolite is not driven by lattice vi-

tice model can capture these local dynamics that occupration or any other thermal noise. The lack of stochastic
within Rg=8 A of the sorbate. However, since these vibra-forcing also implies little dissipation and thus inertia must be
tions triggered by the sorbate motion typically have large/MPortant for small sorbate dynamics. As a result, diffusion
amplitude, they are intrinsically nonlinear. Hence, their reso—Of small sorbates through zeolite is a highly nonequilibrium
lution requires the quadratic terms if® in the zeolite— PrOCess for which near-equilibrium theories, like the transi-

lattice interaction force, Eq12), that are omitted in the cur- tion _state theorY' and the usu_al Arrhenius sca_lling are not
rent model. The Hamiltonian, Eq24), of the sorbate— applicable. Their MD simulation efforts require only a

zeolite system then becomes simple rigid lattice.
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