JOURNAL OF CHEMICAL PHYSICS VOLUME 110, NUMBER 2 8 JANUARY 1999

“Two-step” model of molecular diffusion in silicalite
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The influence of the particle “memory” on long-range diffusion in the channel network of silicalite

is taken into account by considering pairs of subsequent steps between the channel intersections. It
is shown that in this case the correlation rule between the principal elements of the diffusion tensor
has to be modified by including an additional term, which takes account of the deviation of
molecular propagation from complete randomness. The obtained relations are discussed in terms of
molecular dynamics simulations of ethane in silicalite. 1899 American Institute of Physics.
[S0021-960629)50401-1

I. INTRODUCTION simple, spherical molecules like xenon and methane. For suf-
: ficiently long alkanes, however, as a consequence of the spa-
The confinement by the network of channels and/onig| extension of the molecule, molecular propagation from
pores in zeolitic adsorbate—adsorbent systems of noncubig,q channel intersection to the next one cannot be expected
structure may have the effect that intracrystalline molecularanymore to be independent of the trajectory. In these cases,
propagation in different directions is not independent fromclearly, substantial deviation from the correlation r{is.

each other. Zeolite structures which may give rise to this(l)] must occur, which have been exemplified in recent mo-
type of correlated motion involve ZSM-gsilicalite 1), lecular simulationd314

ZSM-11 (silicalite 1), and chabazite-® Experimental evi- As a first approximation, the correlation between subse-
dence of this phenomenon, however, is difficult to provide.qent gisplacements from channel intersection to channel in-

As a consequence of the small size of zeolite crystallites, th?ersection(i.e. between the vertices in Fig) thay be taken
measurement of diffusion anisotropy either by transient Up;nto account by considering pairs of steps between subse-

take techmqué‘s‘é or by the pulsed field _%r.adler(ﬂ.:’FG) quent channel intersections. The consequences of such a
nuclear ma_gne’uc re§onan¢NMR) m_ethod is subjected “two-step” model for long-range propagation and the corre-
to substantial experimental uncertainty, which may be exjaion rule between the diffusivities in different directions
pected to be on the order of magnitude of the effects ofpg) pe derived and compared with the results of MD simu-

correlated motion. Quantitatively, the effect of correlated|4ions for ethane in silicalite. For this purpose, we used an

motion results in an interdependence of the main elements Qfyiansion to the random-walk model used in Ref. 1. which

the diffusion t_ensgr. For ZSM-5, e.g., the following relation (5 o5 into account all possible “coupled” displacements
has been derivetf among three succeeding intersections. An accurateeand
a’/D,+ bZ/DyzcleZ, ) plicit calculation of the probability of each kind of event is
) carried out on the basis of MD trajectories. The simulations
whereD,, Dy, D, anda, b, ¢ denote the main elements of .6 yarious cases in order to test the validity of the model

the diffusion tensor and the unit cell extensionjry andz 5 g gain insight into the diffusional mechanism of ethane
directions, respectively. Figure 1 schematically shows thg,qer different conditions.

structure of zeolite ZSM-5, where the full lines represent the
axes of the zigzag channelm the x direction and of the
straight channelgin they direction, respectively. As a sole
condition for deriving Eq.(1), molecular propagation from l. THE TWO-STEP MODEL
one channel intersection to the subsequent one has been as-

. : ‘ In this model two subsequefitsingle-step”) displace-
sumed to be independent of the history of the given moly,antg petween intersections are combined in a coufded

ecule. When a molecule enters an intersection, it will Pro~4wo-step”) event. There are basically three kinds of such
ceed to one of the four adjacent ones with a probability., eq displacements: two steps in the straight channel, two
independent of the channel section from which it has com<=Steps in the zigzag channel or an interchange between

from. This a_sésumption was not in conflict with the experi- gyraight and zigzag channels. Figure 1 shows examples for
mental datd® and has been, moreover, supported by thhese three possibilities.

evidence of molecular dynamid#D) simulations®~** for Let us look at the probabilities that, on its way through

three subsequent intersections, a molecule crosses two
dElectronic mail: demontis@ssmain.uniss.it straight channelspy, two zigzag channelspg,), a straight
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nel); finally, each switch eventwith probability ps,= ps,
+p,9 leads to displacements af2, b/2 andc/2 alongx, y

and z directions, respectively. This happens becausa/an
displacement followed by b/2 one(or vice versanecessar-
ily implies ac/2 displacement along the direction. There-
fore, the correct expressions for the monodimensional mean
square displacementMSD) should be
\//\/ a P
(55" (sw) (AX3(t))=n3(t)a%+ ng(t)(a/2)?, (4)
SS
AT (AY2(D)= NSO+ ngy (1) (b/2)?, )
(AZ2(1)) = ngy(1)(c/2)?, (6)
/"’""""""""7\

where then(t)s are the numbers of coupled events detected
y in an observation time. The correctness of these expres-
sions may be verified by showing their coincidence with the
correlation rule for random propagation. For this purpose, we
X express the numbers of coupled events as a function of the
numbersng and n, of single steps. In the case of random
z propagation, we have$,=p?, (any difference betweep3,
FIG. 1. Schematic representation of the channels geometry in a silicalité’j\nd sz indicates ,deVIatlon,S from strict randomngsiiote
unit cell; channels are represented by continuous lines. The three maifat in the following the time dependency of tneevent
coupled displacements are shown as thick lines) ($&o displacementsin  humbers will not be explicitly indicated, therefoneshould
straight channels, in the sargedirection; (sw), a switch from a straight to  pe readn(t), and so on.

a zigzag channel, or vice versa; frztwo displacements in zigzag channels, From Eq (2) we find
in the samex direction. ’

Pz= p§z+ pgz = 2p§z: 2pgzv )

(random case

channel followed by a zigzag on@4) or a zigzag channel Nence

followed by a strgight onepyy. N S —p% =1p2=X(n,/n)2. @)

If the motion is uncorrelated, then these probabilities can .
be written as We may use the notation

S _ 1S

Pss= p§ Pzz= pg Psz= Pzs= PsPz» ) Pzz=NzAN2, ©)

which obviously obey the condition: where n=nsst N+ Ny, is the total number of coupled
_ - steps. It is equal tone halfof the total numben of single

Psst P2zt Pszt Pos= (PstP,)"= 1. 3 steps, because every coupled event is composetivof
ps andp, are the single-step probabilities that the moleculesingle steps
exit from an intersection to a straight channel or to a zigzag n=2n, (10

one, respectively. Note that the coupled displacements in the
straight or zigzag channels could be both in the same directhus, from Eqs(8), (9) and(10),
tion (pSsandps,) or in opposite _dire_ctions;;(;S and pgz)_: in nS,=n%=n2n. (11)
this last case the first and the third intersections are identical,
i.e., the molecule returns to the starting intersection afteWVith analogous calculations, one obtains
having visisted a; neighboring one. Obviousiys= Pest Poss nS=n%=n/n. (12)
and p,;= p,,+ Pz,
If we want to express the componentax?(t)),  On the other hand, we can write:
Ay?(t)) and(AZ3(t)) of the mean square displacement as a _ _ _ _
§unction> of th<e meas>ured numbers of coupled displacements, "= Ps7" pzs(rand;n cas)e2psz_ 2Pzs=2PsPz, 13
it is very important to distinguish between the coupled dis-
) : I hence
placements in the same and in opposite directions. These las
events do not take part in the overall motion of the molecule.  ng,/n,=2nn,/n?, (14)
Moreover, as visible from Fig. 1, the total displacement dur- nd finallv:
ing one two-step event clearly depends on the individuaf® y:
steps: two displacements in tkamezigzag direction lead to Ngyw=NgN,/N. (15
a displacement od alongx (a/2 being the distance between
two intersections along the zigzag channel, i.e., the length
each single step two displacements in theamestraight
direction lead to a displacement bfalongy (b/2 being the
distance between two intersections along the straight chan- (Ax2(t))=n,(a/2)?, (16

0}Shubstituting in Egs(4)—(6) the quantities,, ng;andng, by
the relations(11), (12) and (15) as resulting for random
propagation from intersection to intersection, one obtains
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(Ay?(t))=ny(b/2)?,
(AZ3(t))=ngn,/n(cl2)2.
From Eqgs.(16)—(18) we find
a2 b2
(X)) A{Ay7()
1 1

= — 4 —
nZ nS

7
(18

n ¢

ngn, 4(AZ%(t))’

which, due to
(AX*(t))=2D,¢;
(AZ%(1))=2D,t

is nothing more than the correlation rule, Ed).
To derive the equivalent of the correlation rule, E),

19

(Ay?(t))=2Dt;
(20)
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(27); ng>(4Angst Ang,) in Eq. (28); ngh,>nAng, in Eq.
(29)]. We verified that the approximation is excellent for Eq.
(28), while the errors are between 5% and 15% for the ap-
proximated Eqs(27) and (29), compared with their exact
forms. For example, from Tab. Ill and VII, for 4 ethane/u.c.
at 300 K, one obtains: (&n3,+Ang,)/n,=—0.38; (4Ang
+Ang,)/ng=—0.02; nAng,/(nsn,) = —0.38.

Combining Eqs(27)—(29) yields

a? b? c? 4AnS, 4Ang

AACM) T HAYAD)  AAZD) | 12 n2

z S

2An
+—, (30)
nSnZ
hence via Eqs(20)
az+b2 c® 32Ani,  32Ang,  16Ang,
Dy Dy D, n,(n/t) ng(ng/t) ngn,/t’
(32)

for molecular propagation with non-negligible memory, we Finally, combining Eqs.(16)—(18) with Egs. (20), in first

introduce the quantities

AnS,=nS,— in2/n, (219
An%,=n2,— in2/n, (21b)
AnS=ns—in?/n, (229
An%=nd—in?/n, (22b)
Ang,=Ng,—Ngn, /N, (23

order approximation the quantitieg/t andng/t on the right
side of Eq.(31) may be replaced byB,/a® and 8, /b?,
respectively, while the quantitysn,/t may be replaced by
8nD,/c?. Thus one obtains the generalized correlation rule

b2
+ —

2An
sw
C y

Dy

1+

(32

Equation(32) quantitatively relates the diffusivities in the

a? ( 4An3,

4Ang|  c?
D,

n; Ng

representing the deviations of the actual number of two-stepndy direction to the diffusivity in thez direction, if subse-
events of a certain type from that of the completely randomguent displacements between the channel intersections are

case, as provided by Eqd.1), (12) and(15). By introducing
Egs.(21)—(23), Eqgs.(4)—(6) may be transferred into

(AX%(1))=3a2(n,+4An3,+Ang,), (24)
(Ay?(t))=F02(ng+4AnS+Ang,), (25)
(AZ%(t))=3c%(ngn,/n+Ang,), (26)
or
a® 1 1 4An, Ang,
4(AX%(1))  n,+4AnS+Ang, N, n? n2 ’
(27)
b> 1 1 4An% Ang,
4(Ay%(1)) ngt4AnSi+Ang, ng  n2 nz "’
(28)
c? B 1
4(AZ°(t))  ngn
; z +Ang,
! + ! A ! + o+ 2 29
Tt Azt e @

where we have made use of the fact that-n,=n [Eq.

correlated. As to be expected, any preferential continuation
of propagation in the same type of channel segment,
which—according to Eqs(21) and (22—corresponds to
positive An3, and Ang, values, leads to a decreaseDq in
comparison with the prediction of the correlation r{iEg.
(1)], for completely random propagation. Moreover, any
preferential tendency to switch channel segment, entailing
positive Ang,, values, leads to an increase®f in compari-
son with the value predicted by E¢l). It is doubtless a
challenging task of further research to use 8g) for study-
ing correlation effects in molecular dynamics on the basis of
experimental data on diffusion anisotropy.

In the following, the potentials of Eq$4)—(6) for quan-
titatively predicting molecular propagation patterns in sili-
calite shall be investigated by MD simulations.

lll. SIMULATIONS

The simulation box consisted of two silicalite unit cells
(cf. Fig. 1) superimposed along (the unit cell edges were
a=20.022 A, b=19.899 A, c=13.383 A), resulting in 576
framework atomg192 Si and 384 @ The full flexibility of
the silicalite lattice was accounted for by a harmonic model,

(10] and that—as a first approximation—the deviationsdescribed in detail in Refs. 15 and 16. Ethane is modeled by

An3,, Ang,andAng, are small in comparison with, andng
[in particular, we assumed that;>(4An3,+Ang,) in Eq.

two point sites representing methyl groups, the site-to-site
intermolecular potential being of the Lennard-Jones form;
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the intramolecular interaction is represented with a Morse
potential. The intra and intermolecular parameters adopted
are reported in Ref. 17. 95
Four MD simulations at 300 K have been carried out,
with 1, 2, 4 and 6 ethane molecules per unit cell. The equili-
bration run length was 400 ps, during which the atom veloci- 55
ties, starting from zero, were adequately rescaled to achieve
the desired temperature. Having previotSkgstablished that
a 3 ns “production” run with 4 ethane molecules per unit < 15|
cell gave a good statistical accuracy, we extended the length _5 -
of the trajectories with lower loadings to 12 ns for 1 ethane/
u.c., and to 6 ns for 2 ethane/u.c., in order to obtain a rea-
sonably accurate sampling of the phase space in all cases -45
Another two simulations of 3 ns at 400 and 500 K were

115

. . Rk —65 -
carried out with 4 molecules/u.c. The center of mass coordi-
nates of ethane molecules were stored every 32 fs. -85
|V TRAJECTORIES ANALYS'S _105—150—130—110—90 -70 -50 :30 -10 10 30 50 70
) x (A)

The analysis of the motion is based on an accurate map-
ping of the different zones in which the micropores of sili-
calite can be divided; the projection of a trajectory in ihe
plane[Fig. 2@), run at 500 K shows that the various zones
(straight channels, zig-zag channels and intersedtians
well defined using only these two coordinates. Kyeplane
was then divided into:

(@) straight channel sections: rectangles with edges 5.2 A,g
(alongy) and 4.8 A(alongx) centered ak=0,* 10, >
+20,... andy=0,+-10,~20,...,

(b) zig-zag channel section@hosexy projection is actu-
ally straight): rectangles with edges 5.2 falong x)
and 4.8 A (along y), centered atx==*5+15,
+25,... andy=+5,+15+25,...,

(c) intersections between two orthogonal channels: squares
with edges of 4.8 A, centered at=0,+10,+20, ... TS o
andy==*5+15+25, .. .. x (A)

The division is sketched in Fig.(B), in which a part of Fig. F_IQ. 2 Projc_action on theey plane of the trajectory of an ethane molecule in
2(a) is enlarged, and the intersection region centeredxat (Slicalite (trajectory length: 3 nsT=500K). (b) Enlargement of a part of

. (a), showing in detail the intersection region centeredaD, y=—5.
=0, y=—5) is shown. It must be remarked that the channel
sections are often considered longer than 5.2 A, and the
width of the intersections, projected on the plane, can be
lower than 4.8 A. But, looking at th&y projection of our reached, i.e., in terms of the corresponding sequence of
trajectories, we found this division more suitable to describen,m) pairs. This sequence is then analyzed starting from the
them; indeed, in our case, it is very important to know whenfirst intersection, and establishing what kind of coupled dis-
a particle reaches or leaves an intersectmee beloy, and placement has led the molecule to the second and then to the
with shorter intersection edges some cases would not hawkird intersection; this step is then repeated starting from the
been correctly considered. Moreover, the probability of two-second intersection in the series, and so on. Results are av-
step events of opposite direction clearly increases with largegraged over all molecules. The number and the duration of
extension of the considered intersection raige verified each kind of single and two-step displacements found are
that this is mainly valid for the straight channel, while the recorded and averaged. Note thdtsubsequent intersections
effect is much smaller for the zigzag channel whose peculiaare taken as origins in order to achieve the best statistics
topology considerably hinders a molecule from continuing inpossible. But the applications of the two-step model, which
the samex direction. In this way, the benefit of the gener- is based on jumps from the first to the third intersection, then
alized correlation rule, Eq32), in comparison with Eq(l)  from the third to the fifth one, and so on, requires that the

10

should become more pronounced. event numbers calculated in this way must be divided by
In the xy plane every intersection could then be identi- two.
fied as a couple of integers(m) corresponding to the in- Some errors could stem from the application of the geo-

tersection center, expressed in A. The path of a molecule isetrical criterion described above to these trajectories. The
described in terms of the successiorddferentintersections conservation of the total linear momentum of our system
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6 . r 6 . . TABLE |. Diffusion coefficients at different loadings (/186 m?>s™%).
5T (2) 1°1 (b) ] Loading
3 14} 4 1
: P : L (molecule/u.g. D D, D, D, 3(D+D,)/D,
r <187 <
Pt /,/’,/ 1 a 69 57 131 18 5.2
21 b i i b 76 86 122 21 4.9
1 L {1} 2z 1 c 9.6 134 124 29 4.4
2 .
0 . . 0 . . 2 a 53 57 83 20 35
0 200 400 0 200 400 b 76 82 126 20 5.2
6 - T 6 - - c 104 143 138 32 4.4
5L () 15l (d) ] 4 a 53 55 91 1.2 6.3
Al 141 1 b 67 7.6 107 16 5.7
=) c 87 124 110 27 43
8 sy 13T ] 6 a 30 29 53 07 6.0
I o s PY P b 48 51 79 13 5.0
ol PR e c 72 100 94 22 4.4
~ 1F _;'/ 11 ¢ ,/f”’
— 2 P
= o0 L . 0 . . a/alues obtained by the standard methé&d). (34)].
8 0 200 400 6 0 200 400 bvalues obtained according to the two-step mddiis. (4)—(6)].
s 6 ' ' ' ' , “Values obtained according to the one-step mHefs. (16)—(18)].
5| (e) 1571 ® e
4l A4t 7 g . .
3 A A5l ey ] be noted that in Egsi4)—(6) the time dependence of the
I 7 g . . . . . .
) ,,;’/ 1.1 Sz 1 monodimensional MSDs is associated with the time depen-
1 /,//;// 1 7 dence ofn$,, ni;andng,. One simple but inaccurate way to
e ~ proceed could be to calculate tm,, n and ng, values
05 200 400 % 200 400 from the full trajectory(averaging over all moleculgsthen
time (ps) thet value will be equal to the trajectory lengtty, . But

some inaccuracy stems from the fact that only one trajectory
FIG. 3. Mean square displacement curves obtained according to the tweyoyld be considered in each case, and moreover the time
step mode(dashed ling one-step moddHot-dashed lineand Eq.(5) (solid . ' . .
line): (a) T—300 K, 1 molecule/u.c.tb) T—300 K. 2 molecule/u.c.{) T _evolutlor_1 of the_MSDs could not _be followe_d in this way. It
=300 K, 4 molecule/u.c.{d) T=300 K, 6 molecule/u.c.e) T=400K, 4 IS more interesting to study the time evolution of the MSDs
molecule/u.c.{f) T=500 K, 4 molecule/u.c. as calculated by Eq$4)—(6), in order to better assess their
validity by comparison with the values obtained through the

standard method, i.e.,

(which is zero, as the initial velocities arleads to a result-
ing nonzero linear momentum for the framework. This mo-
mentum, albeit small, results in a slow translational motion
of the whole framework, which does not much affect the
values of the diffusion coefficients and other dynamical vari-
ables, but could be very important when the coordinates o
the particles are mapped on the basis ofittittal position of
the framework, as in the present case. For example, after
ns, we found in some cases displacements of 2—3 A okthe
coordinate ofall framework atoms compared to the starting
values, indicating a slow overall translational motion alang
(obviously, the displacement could also be observed in othe
directiong. We solved this problem by referring the stored
coordinates of the guest particles to the initial position of the

3

Ar?(t)=

N
1 0

1i=

N
Zl ri(to+t)—r;

(to)]?,

(34

where ther;s are the center of mass coordinates of ethane
@olecules, and the average is olmolecules andN, time
origins.

The MSD obtained by Eq34) [which should obviously
be compared with theumof Egs.(4)—(6)] is in the present
case a sort of “experimental” value useful to test the theo-
retical model presented. Moreover, if the single-event num-
bersng andn, are also calculated as a function of the time,
t'he reliability of Eqs.(16)—(18) could also be evaluated. The

framework center of mass, i.e., before the storage, the posiABLE Il. Diffusion coefficients at different temperatures (7fom?s™).

tion vectorsr; were scaled as

T (K) D Dy Dy D,  3(D,+D,)/D,
ri(t):ri(t)_Arcm,f(t)u (33)

] _ _ 300 a 5.3 55 91 12 6.3
wherei stands for the guest particles, and,¢(t) is the b 6.7 76 107 1.6 5.7
difference between the position of the framework center of c 87 124 110 17 4.3
mass at timeé and its initial position, at=0. The trajectories 400 ;‘ 98-: 11727 11317 2155 57??
qbtamed in this way are then. swta.ble.for the right applica- c 120 167 157 37 44
tion of the geometrical mapping criterion, because the mo- ggg a 11.0 81 225 23 6.7
tion of the particles is always referred to the samitial) b 121 138 191 34 4.8
geometry of the framework. Note that this correction leads to c 154 199 217 438 4.3

slight variations in the calculated diffusion coefficients com-

without the correction for the framework motidhlt should

. . 2/alues obtained by the standard methé&d). (34)].
pared to the values previously obtained for the same systeRyayes obtained according to the two-step mddjs. (4)—(6)].

“Values obtained according to the one-step mdHefs. (16)—(18)].

Downloaded 28 Oct 2008 to 192.167.65.24. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



1168 J. Chem. Phys., Vol. 110, No. 2, 8 January 1999 Karger et al.

TABLE Ill. Event numbergprobabilities per molecule at different loading$= 1 ns).

Loading
(molecule/u.0.  ng n, Ngs Ngs ns, ny, New Ne, Ns Ny Ny

1 26.53  26.46 4.16 4.44 1.98 6.58 9.32 4.66 465 53.0 265
(0.50) (0.499 (0.157 (0.168 (0.079 (0.248 (0.352 (0.176 (0.176

2 29.97 29.02 4.60 5.84 1.86 8.11 9.07 4.53 453 59.0 295
(0.507 (0.492 (0.156 (0.1989 (0.063 (0.275 (0.307 (0.154 (0.154

4 23.04 24.95 3.78 4.05 1.99 6.79 7.37 3.68 3.68 48.0 24.0
(0.489 (0.52 (0.15% (0.169 (0.083 (0.283 (0.3079 (0.159 (0.153

6 19.78 20.21 2.77 4.20 1.09 6.10 5.82 291 291 40.0 20.0

(0.499 (0.506 (0.139 (0.2) (0.055 (0.305 (0.29) (0.145 (0.145

time dependence of the event numbers can be deduced figient values. The agreement seems to improve at higher
calculating the average number of each kind of event obtemperatures: at 500 KFig. 3(f)] the two curves are very
served in a time, going from O torgyy, Wherergyy is the  close. It is interesting to note that the curves calculated ac-
full trajectory length. Wherty<7gyy there will be a large cording to Eqs.(4)—(6) and Eqs.(16)—(18) always show a
number of time intervals of such length in the trajectory, andvery linear trend, also at longer times than those shown,
an accurate average can be made over all such intervals. \ghile the MSD calculated by Eq34) is more sensitive to
other words all the intervals of the “right” lengtty present  the higher statistical inaccuracy with increasing correlation
in the trajectory of each molecule are taken into account ifime, showing a less linear trend at longer times, as it is
the calculation of the numbers of interéstich ams,, etc), already evident from Fig. 3.

which will represent the number of events observed,in The diffusion coefficients obtained from a linear fit to

Note that every time a specific event is observed, its duratiofne real MSD curves calculated by E84) in the 80—240 ps
is also recorded, so that the time evolution of the charactetggion are reported in Tables | and I, indicated by the

istic durations of each event could be observed. The statistiiotation. There is only a slight decrease with increasing
cal accuracy of the calculated numbers and timelengths igging from 1 to 4 ethane molecules/unit cell, while a net

clearly improved with this method, because it corresponds tQecrease is observed going to 6 molecules/u.c. Longer simu-

the evaluation of a large number of trajectories instéad Ofsion ryns, also with intermediate and higher loadings,
only one. As for a typical correlation functions calculanon,Would probably help to better elucidate this trend. The
the number of trajectories accounted for decreases with in:

creasing time. becoming one and the statistical ‘anomalous” behavior observed for the 2 molecules/u.c.
, for 7 , . . .

9 9 RUN simulation (see below emerges also when the anisotropy

accuracy becomes worse.

factor 3(D,+ D,)/D, is calculated. All studied cases give
values greater than 4(nh agreement with the random walk
V- RESULTS AND DISCUSSION mode), except that with 2 molecules/u.c. The increase with
A. Direct calculation of diffusion coefficients by one- the temperature was already accounted for in a previous
and two-step models papert’ where the Arrhenius parameters for the diffusion

In Fig. 3 the three mean square displacement curves caRrocess were calculated and discussed. More information
culated according to Eqg4)—(6) (two-step mode| Egs. could be obtained looking again at Tables | and II, where the
(16)—(18) (one-step modgland Eq.(34) (standard MSD cal-  diffusion coefficients obtained from the MSDs calculated by
culation are shown for each case studied here. It is immedithe models are also reported. Té® and(c) notations indi-
ately clear that both the diffusion models considered alway$§ate values obtained from the two- and one-step model, re-
overestimate the MSD with respect to the standard valuépectively. The main source of error for the one-step model
obtained from Eq(34). At the same time, it is evident that appears to be the far too high value @f, which is even
the two-step model always gives a good estimate of the measlightly higher than the correspondiiy, value in almost all
square displacement: actually this model only slightly overcases. Indeed, thB, values obtained according to the two
estimates the “real” MSD value in its linear regig80—-240 models are always similar. The diffusional anisotropy char-
ps), whose slope was chosen to measure the diffusion coetcteristic of silicalite, which should lead @, values signifi-

TABLE IV. Event numberdprobabilities per molecule at different temperaturgs=(1 ns).

S o S o
T(K) Ng n; Nss Nss Nz, Nz, Ngw Nsz Nzs Ny Ny

300 23.04 2495 378 405 199  6.79 737 368 368 480 240
(0489 (052 (0.157 (0.169 (0.083 (0.283 (0.307 (0.154 (0.153

400 32,721 33279 4935 5858 2862 8209 11135 5568 5567 66.0 33.0
(0495 (0.505 (0.149 (0.177 (0.087 (0.249 (0.337 (0.169 (0.169

500 46.466 40.534 6.099 9.249 2861 9.521 15770 7.881 7.889 87.0 435
(0534 (0.466 (0.140 (0.213 (0.066 (0.219 (0.363 (0.18) (0.182
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FIG. 5. Histograms of the event probabilities at different temperatures

FIG. 4. Histograms of the event probabilities at different loadings ( (loading=4 molecules/u.c.)

=300K).

) . (4)—(6) show that the anisotropy should result from a differ-
cantly greater thaD,, is not reproduced at all with the ence petween the number of “double-straight” events
direct application of Eq3(16)~(18). _ and the number of “double-zig-zag” events,, which is

Tables Ill and IV report the numbers of single- and tWo- 4ey5)ly always presennf=2ns,). Therefore, the two-step
step events found in the simulations, together with their re;,4el seems to work better also in the prediction of the
spective probabilities. The last two columns report the totayifsional anisotropy.

numbers of single steps and two steps recorded. In order to gt how are the diffusion coefficients influenced by
compare each other with the event numbers, the values oglight variations in the,, nS. andng, numbers? From Eqs
SS sw : .

tained fort=1ns have been listed. This choicetofs not  (4\_(g) by puttinga= b=20 A one obtains
crucial for a comparison of the results, due to the very linear ’ '

trend of the MSD curves calculated by E¢#)—(6) and Egs. Ar?(t)(A%)=400 n(t) +n3(t)]+245ng,(1). (39

(16)—(18). It could be argued that the reported numbers ofyp;g equality shows that the total number of switches has a
events are rather small; actually, if we increased the “obsery, ch lower weight on the overall MSD than the sum of the
vation time” t, we would obtain greater numbers, but af- \,mpers of straight-to-straight and zigzag-to-zigzag coupled
fected by higher errors, due to the lower number of timegents Actually, this sum is about six events/molecule for
intervals of duratiort included in the average. For example, {4 1, 2, and 4 molecules/u.c. cases, and falls to about four
if we tookt=3 ns for the 4 ethane/u.c. case, we would obtaing, the 6 molecules/u.c. loading, in which case a net decrease
the largest event numbers possiblebging equal to the full ¢ yhe giffusion coefficient was observed. The same sum
trajectory lengthbut at the same time they would be consid- ises to=8 at 400 K and to=9 at 500 K, but also with a
erably inaccuratéhaving been computed fromsingletime significant increase ing,.
interva). The accuracy of the numbers obtained with
=1 ns is doubtless better, with the present trajectory length.
In order to record as many events as possible, also with good 70
statistical accuracy, very long trajectories would be needed, e
but this would also require prohibitive calculation times. —— 0
Looking at Tables Ill and 1V, it is interesting to observe 60 T :
the total number of eventsr(; or n,). While, on one hand, —
these numbers obviously increase with temperature, on the
other hand the trend with different loadings is not so clear,
showing a maximum for 2 molecules/u.c, and a net decrease
with higher loadings. This point reflects in some way the
trend of the diffusion coefficientgersusethane loading.
Turning to the specific event numbers, it should be re-
marked that the only case in which a significant difference
betweenng andn, is present is the 500 K simulation; in all
the other cases the difference is very small and cannot ex-
plain alone the diffusional anisotropy of ethane, as we al-
ready saw in Tables | and Il. In other words the single-step
model, when applied in this “direct” way, fails to reproduce
the observed differences in the monodimensional diffusion 20
coefficients. Indeed, looking at Eq€l6)—(18), any differ-
ence betweed, andD, could only arise froomg>n,, but
we obtainns=n, in almost all cases. On the other hand, EQs. FiG. 6. Trend of the average event timelengths as a function of the time.

[4)]
o
T

S
(=4

event timelength (ps)

30 |

500 1000 1500
time (ps)

Downloaded 28 Oct 2008 to 192.167.65.24. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



1170

J. Chem. Phys., Vol. 110, No. 2, 8 January 1999

TABLE V. Event timelengthgps at different loadings.

Karger et al.

Loading
(molecule/u.g.  tg t, t3s tos t3, to, tow ts, tys ty t,
1 17.75 19.74 3148 3488 4148 37.83 40.32 38.26 4238 1874 375
2 17.41 16.69 34.35 31.28 4236 3040 3745 3438 4051 17.04 34.08
4 20.94 2120 38.17 3842 4583 39.64 4756 4449 5062 21.08 421
6 2599 2416 48.87 50.83 6152 4598 5245 5093 5398 25.07 50.14

B. Qualitative interpretation of the diffusional

all the curves are almost constant; however, in the following

mechanism discussion we will consider the values corresponding to
From a general point of view, we could gain insight into =1ns, as for the event numbers calculation. Tat_)les V and
the diffusional mechanism from the analysis of the eventV! report the calculated timelengths. The overall timelength

probabilities, which are not influenced by the different totalOf Single events was calculated as

number of events in the various cases. As shown in the his- { —p t_+p.t (36)
. . 1= Psls T P2z,
tograms of Figs. 4 and 5, the least probable event is clearly
the zigzag-to-zigzag (2 double-stepn the same direction ~ While for the coupled events we have
while the most probable one is again the double-zigzag step,
P 9 gza9 P tr= p§5t23+ pgstgs+ pgztiz"' pgzt(z)z+ Pswtsw- (37)

but in opposite directionsThe general trend is
DS < PSP Py PO PO Obviously the relatiort2_= 2t is exactly obeyed. T_hg ob-
zz ~Fss sz zs = Fss mhzz served trend as a function of the loading shows similar val-

(note thatpg,=2ps,~=2p,s, but a meaningful comparison ues for the overall timelengths in the 1 and 2 molecule/u.c.
should obviously be separately made with each one of theases, and a net decrease going to higher loaditgs:
two possible switch eventsOnly at 500 K is a deviation =50 ps for the 6 molecules/u.c. case. This trend again re-
from this trend observed: there, the two events connected tihects the situation already observed for the event numbers:
the “coming back” of the molecule into the starting inter- the 2 molecules/u.c. case presents lilghestaverage num-
section, i.e., ssand zZ happen with almost the same prob- ber of events, and thewestaverage event timelength. Note
ability. However, it is remarkable that the general trend isthat this point does not necessarily lead to a greater total
almost unchanged in all cases, indicating that the diffusioMSD: actually, the above averages regalidevents, includ-
mechanism should not be influenced by the different loadingng those in opposite directions, and do not take into account
and temperature. the different distributions and probabilities of each event.

This mechanism seems to indicate that when an ethanadeed, the two MSD curves for the 1 and 2 molecule/u.c.
molecule coming from a zigzag channel reaches an intersecases, calculated by Eq#)—(6), are very close at all times.
tion, it will often reverse its motion, coming back to the The increase of the temperature leads to the expected overall
previous intersection; on the other hand, a molecule comingecrease of event timelengths @ndt,).
from a straight channel has almost equal probabilities to con- The slowest events are the switches and the zigzag-to-
tinue in the same direction, to switch to a zigzag channel oeigzag displacements in the same direction, in practically all
to return to its starting intersection. The timelength characeases, while the other three displacements are always 5-10
teristic of each event was calculated simultaneously with thgs faster(Figs. 7 and 8 Moreover, it should be remarked
event numbers: when a determinate event was found in thimat the straight-to-zigzag interchange is always significantly
examination of the trajectory, its duration was also recordedfaster than the zigzag-to-straight off@bles V and V). This
therefore the timelength of each event is also a function ofast observation is in agreement with previous MD simula-
the time: i.e., considering trajectory fractions of 2 ns wetions of butane in silicalité® where the orientational decor-
could find that the mean timelength of, e.g., straight-to-relation times of sorbate alongandy directions were cal-
straight (same directioh steps is 30 pgthenti{to=2ns) culated. There it was found that the decay time algngas
=30 pg and with a differentt, value (which will also in-  significantly greater than that aloryg The decay time along
clude different intervals in the averggihe same timelength x is proportional to the timelength of zigzag to straight in-
may slightly vary. The time evolution of the timelengths terchanges, while the straight to zigzag switch timelength
relative to the five different two-step events for the 4determines the decay time alogg thus thes-z switch was
molecule/u.c., 300 K case is shown in Fig. 6. As expectedfaster as we find for ethane.

TABLE VI. Event timelengthgps) at different temperatures.

T(K) ts tz tgs tgs tiz tgz tSw tsz tzs t1 t2

300 2094 21.20 38.17 38.42 4583 39.64 4756 4449 5062 21.08 421
400 1442 1580 25.79 2722 33.16 30.01 3321 3174 3467 1512 30.21
500 11.09 12.06 21.67 1895 2641 2251 2579 2430 27.28 1154 2311
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FIG. 7. Histograms of the event timelengths at different loadin§is ( FIG. 8. Histograms of the event timelengths at different temperatures
=300 K). (loading=4 molecule/u.c.).

C. Application of the modified correlation rule ticular alongy, and this is mainly a “memory” effect. At the

In order to test the validity of the modified correlation Same time, the shape of zig-zag channels determines the oc-
rule, Eq.(32), the deviations of the actual two-step eventCUrreénce of many bouncing-back events, and this may be
numbers from their random-walk values, as expressed ifonsidered both a kinetic and a memory effect. In other
Egs. (21)—(23), need to be calculated. The “delta” values WOrds, although the duration of single steps20 ps, Table
obtained from the numbers of Tables Ill and IV are reported”) S€ems to be long enough to randomize the motion of a
in Table VII. Note that these values are differences betwee§Mall molecule like ethane, the data of Table VII point out
numbers averaged over all molecules and over all 1 ns timthat the motion of ethane in silicalite is considerably influ-
intervals present in the MD trajectories, so that they shoul@nc€d by memory effects. _
be read as\nS(t=1ns) and so on. The largest deviations 12ble Vil compares th®, values obtained by the stan-
have been found for the switch events, while the displaced@rd methodEq. (34)] to those obtained by inserting the
ments in the straight channels show a behavior more similar@XPerimental” D, andD, [i.e., obtained by Eq(34)] into
to an “uncorrelated” one. Note also that the deviations fromthe correlation rule expressions, E(B. and(32). The modi-
the “theoretical” values are always negative for thg, and fied correlgtlon rule d.oes .not always predixt values better
n3, values, i.e., there is a lower tendency towards such kind1an the first-approximation rule, E¢l), but for the runs
of events than what is expected on the hypothesis of a fagylth 4 and 6 mqleculeg/u.c. the !ntroductlon of the deviations
randomization of the molecular migration between intersecS€€MS to work in the right way, i.e., E@2) givesD, values
tions. Conversely, than, values are always:0, indicating ~ ¢/0Ser to the rightsecond columnones.
that when a molecule moving along thedirection enters an
intersection, it tends to continue in the same direction withvi. CONCLUSIONS
greater probability, compared to the random case. Clearly the
sum of all the deviations, includingn?, and Ang, must be
close to zero

We attempted to illuminate the effects that the particle
“memory” of its previous path may have on the overall
propagation in silicalite-type zeolites. One may argue that
SA=AnS,+AnYH AnSt Andt Ang, such effects should be most important only foelatively)
long-chain alkanes, but we also found that for the ethane
case they are non-negligible. Indeed, the deviations of the
event numbers from their uncorrelated val(iEable VII) are
considerably different from zero in all cases, showing that a
=n—(n§+ n§+ 2ngn,)/n=0, (38) completely random description of the motion between inter-
sections would be not exact.

—nS o s o
= nzz+ nzz+ nss+ nss-i- Ngy

—2-(Hn2n—2-(HnZn—n,ng/n

where we have made use of Eq0) and of Egs(21)—(23).
This entails that any deficienggxcess of a specific kind of

event will be balanced by an accompanying excehsfi- TABLE VII. Deviations of the two-step event numbers from their theoret-
ciency) of another kind of event. ical (uncorrelatefivalues.
The results of Table VII seem to show that correlation -

effects are important, especially for the switcliedich are ~ -oading(moleculesiu.g. - Anz; — Ang,  Angy  Ang,  Ang

much less than in the case of uncorrelated motamd for 1 -1.32 0.84 -—-392 328 1.12

the z-z (opposite directionevents, whose number is consid- 2 -171 079 -567 454 203

erably higher than the “uncorrelated” one. The question 4(300 K —125 101 -461 355 128

arises whether these deviations amy due to correlation 4(400 K) ~1s3 088 —536 401 180
4(500 K) -186 -010 -588 48  3.04

effects; actually a few switches are observed because the 6 —1.46 032 -417 355 175
molecule tends to maintain its direction of motion, in par-
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TABLE VIIl. D, values obtained by the standard meth&d. (34)], by the  the various event probabilities and characteristic timelengths
first correlation rulgEq. (1)] and by the modified correlation rul&q. (321 nder different temperature and concentration conditions.
/110” Y. . ) i,

( ms ) Finally, it has been shown that the original random cor-
Loading (molecules/u.g. D, (standard D, [Eq.(1)] D, [Eq. (32)] relation rule between the elements of the diffusional tensor
may in some cases be improved by including the above-

; ;:g i;i 1:22 mentioned deviations, as calculated according to the two-
4(300 K) 1.2 154 1.32 step model. It is likely that the modified correlation rule
4(400 K) 1.5 2.26 2.03 could work even better when applied to the diffusion of
4(500 K) 23 2.67 2.67 longer-chain alkanes, in which case larger deviations from
6 0.7 084 Sk randomness than for ethane must be expected.
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