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Two- and N-step correlated models for the analysis of molecular dynamics
trajectories of linear molecules in silicalite
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Recent molecular dynamics data on the diffusion of linear diatomic and triatomic molecules in the
zeolite silicalite are analyzed in terms of a new correlated miflelousse, S. M. Auerbach, and

D. P. Vercauteren, J. Chem. Phykl2 1531 (2000] capable to account for both first- and
higher-order correlation effects. Thid\“step” model reproduces very well our calculated mean
square displacements and diffusion coefficients of the molecules considered. The improvements
with respect to the results obtained with our previous “two-step” m¢BeDemontis, J. Kaer, G.

B. Suffritti, and A. Tilocca, Phys. Chem. Chem. Phys.1455 (2000] are remarkable for all
molecules except chlorine, showing that only in this case the effe¢h@gative correlations
spanning more than two jump@tween channel intersectiois20 A) can be neglected. The basic
trajectory analysis in terms of single- and two-step models, besides being an useful reference,
providesall the input data needed for the application of Nstep model. Indeed, in its silicalite
formulation, theN-step model is strongly linked to the two-step one because it calculates the
probability of a sequence of jumps in the same channel by means of the correlations between any
two consecutive jumps. Finally, the possibility to obtain qualitative insight into the diffusive
mechanism through various kind of correlation coefficients is discussed20@ American
Institute of Physicg.S0021-9606800)70741-0

I. INTRODUCTION order correlations could be present. Joussal?! have re-

The diffusion of guest molecules in zeolites is often con-(?ently developed'a genera_lll quel f(,)r the diffusion in Z€0-
veniently considered as proceeding by uncorrelated hopi€S: when applied to silicalite this model deals with
from site to site=—2 This “random-walk” (RW) picture is correlatlon effects in a more cqmplete and gfflClent. way al-
useful both to extend the time scale of the simulatidiis, lowing us to incorporate the residual correlation not included
compared to that accessible by standard molecular dynamidg the two-step model. This is achieved by cutting the mo-
(MD) method€? and to gain insight into the diffusion lecular motion into an uncorrelated sequences of jumps.
mechanisnt®~* In a basic random-walk representation of Each sequence is made Nfconsecutive jumps between ad-
molecular propagation in zeolite silicalite the molecular mo-jacent intersections in the same channel: accordingly, the
tion is resolved into a series of uncorrelated jumps betweefodel will be termed N-step™ in the following. The input
adjacent channel intersectioh8vhen consecutive jumps are data needed to compute thestep diffusion coefficients are
not completely uncorrelated, the random-walk picture is noeasily derived from the probabilities and durations of single-
more adequate, and the effects of correlation should be takeind two-step displacements. Therefore, a suitable way to
into account. We have previously devised a “two-step” study the nature and extent of correlation effects in silicalite
model for the molecular diffusion in silicalite, which consid- should in any case proceed by analyzing the MD trajectory
erably improves the random-walk description of the diffu- via the RW and two-step models. This analysis provides both
sion of ethane at different loading and temperdtuamd of  the data required to compute the diffusion coefficients ac-
linear diatomic and triatomic flexible molecules at infinite cording to the two corresponding models and those needed to
dilution.*® This observation shows that, while the RW uncor-apply theN-step model and to evaluate the diffusion con-
related picture may be appropriate in the case of smalstants according to it. In this article we apply this method to
spherical sorbates such as methane and x&h0ri’the mo-  the diffusion of linear diatomic and triatomic molecules rep-
tion of small linear species in silicalite can exhibit significant resenting halogens, carbon dioxide, and carbon disulfide in
correlation effects. The two-step model merges each pair dflicalite at infinite dilution, whose two-step data have re-
two successive displacements between channel intersectiopently been reportetf. As for ethane, the motion of these
and represents the molecular motion as a sequence of sugfecies shows significant correlation effects. It is important
double steps. Each two-step jump is assumed to be uncorrgy understand how these effects affect the diffusive motion.
lated from the others. This assumption is much more accurhe spatial and temporal extent of the diffusive memory, as
rate than the random-walk one, but it can still be inadequatgel| as its detailed featurge.g., the presence of positive or
for sorbates with long-range diffusive memory where higheregative correlationare very important parameters both for
a qualitative understanding of the diffusive behavior and for
dElectronic mail: demontis@ssmain.uniss.it improving stochastic diffusion simulation methods which
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dard” total diffusion coefficients and its components through
the long-time slope of the corresponding mean square dis-
placemen{MSD) curves® Moreover, after mapping the mo-
lecular path in terms of the channel intersections visited in
succession, we determined the number and duration of
“single” steps(i.e., simple jumps between adjacent intersec-
_ tions) and “two-steps”(i.e., displacements composed of two
~—1 — consecutive single steps, crossihgeeintersections In the
(s5%) (sw) RW moc_iel the MSD_componer!ts are ass_ociatgd to the num-
/”K ____________ B ber_ of single steps in the stralght.and sinusoidal channels,
L, | 1 - while the MSD components according to the two-step model
i e can be expressed by means of the calculated numbers of the
e N AN three types of two-step displacements shown in Fig. 1. The
corresponding expressions and the underlying theory are
thoroughly described in Ref. 15.

In the N-step modét! the focus is on the sequenceshof
successive jumpsi.e., N consecutive single stepsn the
same channelin silicalite the three-dimensional arrange-
ment of orthogonal channels entails that all correlation is lost
as soon as the molecule turns from a straight into a sinu-
FIG. 1. Schematic representation of the channels geometry in a silicalit§0idal channel, or vice versa. Accordingly, if each sequence
unit cell; channels are represented by continuous lines. The three main tw&nds when the molecule switches channel, two successive
step jumps are shown as thick lines:Jsswo displacements in straight sequences will beincorrelatedfrom each other. Therefore,
channels, in the samedirection; (sw), a switch from a straight 0 a zigzag p\; axiracting from the molecular trajectory the sequences of
channel, or vice versa; (2z two displacements in zigzag channels, in the . . . .
samex direction. N jumps in each channel the motion can be precisely de-

scribed as a general random walk where each random dis-
placement actually is &-step sequence made of several
should include such effect§ From this perspective we illus- single steps within the same channel. The general expression
trate the utility of a comparison between diffusion modelsfor the MSD along thex axis is then
including correlations up to different orders. The two-step
model, incorporating only correlation between two consecu- (x4(1)) =N D (x*) seq 1)

tive jumps, is a sort of first-order improvement to the RW ypereNZSt) is the number of uncorrelated sequences in the
picture_. However, in_the silicalite case, the two-Step paramyigzag channel observed in the tirpeand (x?)eq the MSD
eters(i.e., data obtained from a direct analysis of the MD ayeraged over such sequences; a similar expression holds for
trajectory in terms of the two-step mogfélare actually the  the straight channel. When the results arising from this kind
only input data required to thi-step extensidit (see Sec. o expressions are more accurate, the less correlation persists
I). In view of that, they appear to hold more information petween the events they are made from. While in the stan-
concerning the correlation effects than just first-order effectsgarq random-walk model in silicaliteeach event is a single

so that a two-step analysis is an important starting point for isplacement between two adjacent intersectiaes <X2>seq
complete study of correlation effects in the diffusion of small;, Eq. (1) is the square distance between adjacent intersec-

NG
.
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linear molecules in silicalite. tions along the sinusoidal chanhehe two-step expressions
have been built considering all possible sequences of two
Il. CALCULATIONS single step$® and the corresponding distance covered in

The microporous structure of silicalite is made of each such sequence. As noted above the extension to the
straight channels intersecting orthogonally with sinusoidafN-Step model in silicalite is rather direct: it only requires the
channels both with diameter of about 5.5 A. The arrangelumbers of two-step events observed in the MD trajectory as
ment of channels in a unit cell is schematically depicted invell as the dpraﬂon of single steps in both channels, i.e., data
Fig. 1, where the three main two-step jumps are also illus@lready ava!IabIe from our previous random—wzallk and two-
trated. The details of the MD simulations and the analysis ofteP analysis. Indeed, as shown by Joussal,™ by ex-
the trajectories in terms of single-step and two-step jump®ressing the total number of sequendgg, as a function of -
are reported in Ref. 16, and we will shortly summarize themthe two-step da.ta and .not|ng that,. due to the strict alternation
The full flexibility of both the zeolite lattice and the guest Of Sequences in straight and zigzag chann®IE=Nse,
species was accounted for through effective potenfials =(1/2)Nseq the number of sequences in either channel is
while the intermolecular interaction between the host frame9iven by
work and the guest molecules was modeled through a
Lennard—Jones potential; as only one sorbed molecule is Ngft)=Ng{t)= =4z
considered in each simulation, no guest—guest interactions Psz  Pzs
are present. For each molecule considered, an MD run of 2@heretg andt, are the average time lengths of single steps in
ns was carried out. The MD trajectory provides the “stan-the straight and zigzag channel, respectively, whileand

-1
t, 2

t t
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p,sare the two-step probabilities of moving in a zigzag chan-TABLE . Diffusion coefficients calculated from¢a) the standard MD

nel after a step in a straight one, or vice vefs@ihe average

method;(b) the random-walk modelic) the two-step modeld) the N-step

MSD during one sequence, in terms of jumps, is: model.
1rpy/ 1 D D, D, D,
<n2>seq:m rp) () cl,
@ 0.67£0.09  0.73-0.14 1.1:0.3 0.14-0.04
where p is the “channel probability” that the molecule’s (b 0.87 1.15 1.2 0.27
next jump will be in the same channel; it equals f, for © 0.70 0.81 11 0.19
the straight and % p, for the zigzag channel is the cor- @ 0.62 063 107 015
relation coefficient, given bypS,—p2J/(pss+ pey for the Br,
straight and 5,— p3,)/(p5,+p2,) for the zigzag channel; @ 0.22£0.04  0.22:0.06  0.3%0.09  0.062-0.02
the notation is the same we adopted in Refs. 15 ancpis: 0.44 0.70 0.49 0.13
is the probapility of moving twice i.n th.e same direction Eg; 8:22 8:;’3 8:‘313 8:82?
along the straight channglg, in opposite directions, and the
same for the zigzag channel. The effective MSDs for one 2
N-step sequence alongor y, to be inserted in Eq(l), are @ 011001 0.09%:0.02  022:0.04  0.022-0.006
: N s ; (b) 0.327 0.337 0.55 0.0955
obtained by multiplying the correspondin@®)seq times © 0.155 0.16 0.261 0.0452
(a/2)? or (b/2)?, respectively(a andb are the lattice con-  (g) 0.103 0.10 0.18 0.029
stantg. Finally, the MSD along takes the form co,
(D)= (c/2)? 1 NEE () @ Eg; 0.6161£7(J.11 0.51822.12 1.215;0.3 0.1(?3(()3.03
2= (Part Pra 4 © 0.85 0.99 13 0.24
To sum up, in the basic RW model the possible correla- (@ 0.69 0.70 1.20 0.18
tion involving subsequent hops between two adjacent inter- cs,
sections is not considered at all: this crude assumption would (a) 0.28£0.05  0.1%:0.04  0.59-0.15 0.06:0.01
give good results only if the hops were completely uncorre- Eb; 8-222 8-22 8-2; g-ig
H H C . . . .
lated. In the two-step extension the correlation between any @ 0.280 0.31 0.49 0.066

two subsequent hops is fully accounted for: this is the stron-

gest type of correlation present, and it can be considered as a
first-order correction to the RW model. However, as shown

below, the inclusion of higher-order corrections is necessaryesponsible for such deviations: when the probability that the
in order to properly reproduce the diffusive behavior of al-molecule performs two jumps in opposite directions along a
most all the molecules considered in this article. While thischannel is higher than the probability of moving twice in the
could have been achieved by building three-, four- etc.- stegame direction the re&ldiffusion coefficient is decreased as
correlated models analogous to the two-step one, the work @ompared to what would be expected in the absence of cor-
Jousseet al?! and the results presented in this article showrelation. From the data in Table l, it is clear that the predic-
that this further effort is not necessary, at least for smaltions of the random-walk model are much more affected by
diatomic and triatomic molecules at infinite dilution. Indeedthese effects. However, the two-step model also slightly
in these cases the possible effects due to correlation extendverestimates thB value in all cases: this is due to negative
ing for more than two steps can efficiently be determined bycorrelations spanning more than two jumps, because the two-
manipulating the data arising from a one-step and two-stegtep model properly discriminates between the double jumps
analysis of the MD trajectory. The differences between thdén the same and opposite directions, i.e., it accurately in-
diffusion coefficients calculated according to the variouscludes first-order correlations. By observing the monodimen-
models and those obtained through the standard MD methaslonal diffusion coefficients, it appears that negative correla-
highlight very clearly the extent and the nature of the corretions (both first and higher ordgare mostly present in the
lation effects influencing the diffusion in silicalite. sinusoidal channeD V> D™Moste> pMD for all considered
molecules; on the other hand, in the straight channeDije
values show the presence of considerable first-order negative
correlations only for the longest species studied, iodine and
The diffusion coefficients obtained from the MSDs val- carbon disulfide, while no higher order correlations are
ues computed according to the three statistical models and eemingly present(;"'>DJ****~D'®). The trend of the
the standard MD method are reported in Table I. The EinD, values is similar to that in the zigzag channel as the
stein equation(x?(t))=2D,t has been applied to the three motion alongz, proceeding through specific sequences of
cartesian components, ab=1/3(D,+D,+D,). jumps alongx andy, should be influenced by correlation
Despite the better performances of the two-step modegffects in both channels in a more complex way.
compared to the simple RW in all cases, Table | shows that TheN-step model for the most part removes the errors in
both models overestimate the diffusion coefficients, comthe D, andD, values predicted by the two-step modeue
pared to the values computed direBtiyom the MD trajec- to high-order negative correlations in the zigzag channel
tory. We highlighted® that negative correlation effects are and the resulting agreement with the tdbals very good for

I1l. DISCUSSION
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TABLE Il. Correlation coefficients in the straight and zigzag channels.  TABLE Ill. Parameters of thé\-step model.

x(zigzag channel x(straight channgl Nze= Neeg _ (N seq ‘(n2>seq

chy Y To12 (t=1ns) (zigzag channel (straight channel
Br, -0.60 -0.13 cl, 8.65 1.45 2.50
I, —-0.76 —0.63 Br, 3.77 1.45 2.08
CO, —0.60 —-0.20 P 2.015 1.03 1.81
CS, —0.63 —0.42 CcO, 10.9 1.28 2.23
CS, 4.45 1.38 2.23

all molecules. Only for chlorine the predictions of two-step Eq. (2) is approximately constant, i.e., the ratio between the
andN-step models are comparable, showing that in this casparameters appearing in this factor does not change with the
almost all correlation is lost after two single jumps, i.e., thepbservation time. We put=1 ns in Eq.(2) to get an esti-

“correlation length” for Ch is about 20 A, while it is longer  mate ofNg,,suitable for comparison, but the exact observa-
for the other molecules. It is rather surprising that ;CO tion time is not relevant for this purpose.

which has about the same length and mass even lower than The adimensional MSDs per sequen(:a?)seq, repre-

Cl,, shows a significantly correlated motion, i.e., first- andsent the square of the effective number of jumps in the same
higher-order correlations. This proves that the presence anglrection(i.e., taking into account forward and backward dis-
extent of correlation effects are not easily predictable, folplacements They vary between one and two showing that
instance, on the basis of pure molecular and geometrical pauring a sequence of several consecutive jumps in the same
rameters. channel a molecule normally does not depart by more than
It is interesting to consider the values of the correlationtwo intersections from the original one. This is connected to
coefficients for the straight and zigzag channels reported ithe high probability of two steps in opposite directions
Table II; they are always negative, confirming that the mol-(negative correlationalready pointed out in our preceding
ecules tend to jump backward compared to uncorrelated magrticles®1® This effect is more marked in the sinu-

tion. The negative correlation is more marked in the zigzagoidal channel and ultimately leads to the typical relation
channel and it increases going to longer molecules. Thi@x<Dy,

agrees with the observations made on the basis of the diffu-  The lightest molecule C{xarries out the largest number
sion coefficients alone; indeed, thevalue is only influenced  of sequences in the observation time but the distance covered
by first-order correlations which are significant for,@so  in each sequence is shorter than for chlorine, probably on the
(DRW>DMP)  In order to quantitatively capture the extent of hasis of the weaker negative correlations shown by(&e
higher-order correlations a different expression for the corabovg. This results in very similar diffusion coefficients for
relation coefficient would be needed. In any case ¢h&l-  the two species. The diffusion constants of bromine and car-
ues are influenced only by the tendency to go forward olhon disulfide are also similar and in this case alsoNFstep
backward within the same channel. Another kind of correlaparameters do not show marked differences. lodine shows
tion concerns the tendency to remain in a channel or to turghe lowest number of sequences in 1 ns, due to its large
in a different channel; the “randomization ratios” we intro- mass, and the MSD per sequence is also the lowest, due both
duced in Ref. 16 precisely depend on these effects. Accordo negative correlations and to kinetic reasons. In general the
ing to the N-step model, Eq(1), the x value affects the data of Table Ill show that the MSD per sequence does not
diffusion coefficients only because a greaterore positivé  vary very much for these molecules while the number of
x should lead to a greater number of junpes sequencebut  sequences carried out appears to be more crucial in determin-
the total number of sequences is not influenced by it. On théng the diffusion coefficient. In other words, for these sys-
other hand, the randomization ratios influence both terms ifems correlation effects connected to the motion within the
Eq. (1) because when a molecule tends to switch channedame channel, represented pyare likely to be less critical
often the number of jumps per sequence decreases but tiigan correlations related to the motion between the two chan-
number of sequences increases. Then it is a rather difficufie| systemgembodied for example in the randomization ra-

task to embed all these effects into a single correlation coetios) which directly affect the total number of sequences.
ficient that could be quantitatively related to the diffusion

coeff|C|e_nts, but some qualitative details of the dlffu5|onlv_ CONCLUSIONS
mechanism can be separately worked out from the two types
of correlation coefficients mentioned above. In this article we attempted to show that important data
An interesting capability of th&l-step method is to al- regarding the diffusion mechanism in silicalite, as well as the
low the obtaining of new details concerning the diffusive nature and extent of correlation effects, can be obtained by
motion on the basis of the two critical factors determiningcomparing the predictions of different statistical models cov-
the MSD[Eq. (1)]: the MSD per sequencérelated to the ering different levels of correlation. The basic analysis of the
average number of jumps in each sequence(&d.and the  molecular trajectory generated by MD provides the funda-
number of sequences in each channel, @f. they are re- mental propertiegprobabilities and time length®of single-
ported in Table Ill. Note that th&ls,, number depends lin- and double-step events. These data are enough to provide the
early on the observation time: the factor in square brackets idiffusion coefficients predicteda) in absence of correlation;

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



7592 J. Chem. Phys., Vol. 113, No. 17, 1 November 2000 Demontis, Suffritti, and Tilocca

(b) with first-order correlation includedg) with N-step cor-  ®S. M. Auerbach, N. J. Henson, A. K. Cheetham, and H. . Metiu, J. Phys.
relation included. Comparing these values between them;Chem-99, 10600(1995. _
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