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Molecular dynamics simulation of an activated transfer reaction in zeolites
Pierfranco Demontis, Giuseppe B. Suffritti, and Antonio Tilocca
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The activated transfer of a light particle between two heavier species in the micropores of silicalite
and ZK4 zeolites has been studied through molecular dynamics~MD! simulations. A three-body
potential controls the exchange of the light particle between the heavier ones; an effective barrier of
a fewkBT separates the two stable regions corresponding to symmetric ‘‘reactant’’ and ‘‘product’’
species. Harmonic forces always retain the reactants at favorable distances so that in principle only
the energetic requirement must be fulfilled for the transfer to occur. The rate constant for the process
~obtained from a correlation analysis of equilibrium MD trajectories! decreases by more than one
order of magnitude when the barrier height is increased from 2kBT to 5kBT following an
Arrhenius-type behavior. The transfer rates are always lower in ZK4. When the reaction is studied
in a liquid solvent the calculated rate constants are closer to those obtained in silicalite. Since with
this model the diffusive approach of the reactants is almost irrelevant on the reactive dynamics, only
the different ability of each environment to transfer the appropriate energy amount to the reactants
and then promote the barrier passage could be invoked to explain the observed behavior. We found
that structural, rather than energetic, effects are mainly involved on this point. The lower efficiency
of ZK4 seems to arise from the frequent trapping of the reactive complex in the narrow ZK4
windows in which the transfer is forbidden and from the weaker interaction of the reactive complex
with the host framework compared to silicalite. ©1999 American Institute of Physics.
@S0021-9606~99!51736-4#
in
at
io
er
r

in

at
o

t
tio
ss
ep

th
g

te
d
n

os
a
m
it
c

an
ba
t

a re-
ing

at
ith

del
an
tive

a

ies
to

of
ac-

sso-
d

ose
ro-
ed
om-
uid
lts
on-
ults
ses
y-
ol-

an
lies
tran-
INTRODUCTION

Computer simulations1 represent today a valuable tool
the study of many chemical processes involved in the c
lytic action of zeolites. In shape-selective processes react
are controlled by merely physical constraints which det
mine the ~often different! diffusivities of reactant and/o
products and their mixtures; molecular dynamics~MD!
simulations have definitely proven to give good results
predicting and understanding such effects.2 Nevertheless,
shape selectivity is only one of the many aspects of the c
lytic behavior of zeolites. There are some other points
considerable interest mainly connected to the direct effec
the topology and energetics of the framework on the reac
dynamics. Due to the complex features of reactive proce
in zeolites a detailed knowledge of the microscopic st
involved in many catalytic reactions is still lacking.

As a first step to highlight some basic features of
zeolites activity we began to explore the energy exchan
between framework and sorbates:3 MD simulations of the
vibrational relaxation of diatomic molecules in silicali
showed that resonance effects are very important in the
activation of excited molecules. In particular it was show
that these effects favor the relaxation of molecules wh
oscillation frequency falls in the range of the normal vibr
tional modes of the framework. While this point may see
obvious on the basis of simple classical-mechanics rules,
very important that these phenomena can be well reprodu
with the simple zeolite model adopted. Indeed, the way
the rate at which energy is exchanged between the sor
species and the environment represent a crucial point in
5520021-9606/99/111(12)/5529/15/$15.00
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success of many condensed-phase reactions. Therefore
alistic reproduction of such effects should be the start
point of any meaningful study of reactive processes, while
the same time it is desirable to satisfy such requirement w
a model as simple~that is little CPU-time demanding! as
possible. The results of Ref. 3 proved that a harmonic mo
for the framework is fairly suitable in this respect; thus it c
be adopted to develop further simulation studies of reac
processes. We then proceeded with the study of
dissociation-recombination reaction in silicalite.4–6 Such
kind of processes, exploiting many of the specific propert
of zeolites, result particularly suitable as a starting point
obtain comparative information on the catalytic activity
different zeolitic hosts. Radical processes are usually not
tivated, thus a statistically meaningful number ofreactive
trajectories may be easily generated and examined by di
ciating a stable molecule in different initial conditions an
following its subsequent dynamics. There the main purp
was to get insight into the effectiveness of a zeolite in p
moting the recombination of radicals after having controll
their dissociation and absorbed the excess energy. The c
parison with the same process carried out in a dense liq
turned out to be very useful in the interpretation of the resu
and in understanding the correlation between the envir
ment topology and the recombination path. These res
showed how a simple, effective approach may in many ca
lead to detailed, albeit nonspecific, information on the d
namics of a nonactivated reactive process in zeolites. F
lowing this direction the next, obvious step is the study of
activatedprocess. In this case an energetic barrier that
between the stable states must be surmounted before a
9 © 1999 American Institute of Physics
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sition can occur. The additional energetic requirement
shift the reaction rates to rather low values, depending on
barrier height. For example, in the present work the ti
required for the activation along the reaction coordinate m
in some cases be longer than 200 ps~for the highest barrier
studied!. Now the main purpose is to see how the surrou
ing environment can shift the required energy to the react
and drive them along the reaction coordinate, finally allo
ing the barrier crossing. The triatomic transfer reaction, p
posed and studied in a simple solvent by Allen a
Schofield,7,8 is very different from the radical encounte
mentioned before mainly because both the breaking and
formation of bonds are now involved. In the previous stu
the energy needed to dissociate the molecule was prov
from the outside~by simulating a photodissociation proces!
and we were only concerned in the eventual ‘‘remaking’’
the broken chemical bond. Now the action of the enviro
ment is more complex, as the overall process is. Moreo
for activated processes, the transitions between stable sp
becomerare events if the height of the reaction barrier is
large as severalkBT. Rare events are dynamical process
which occur so infrequently that it is impractical to obta
quantitative information about them through straightforwa
trajectory calculations; therefore special techniques are
quired to frequently simulate them.9,10 In the present study
we exploit the fact that the reactants are always kept clos
the reaction distance through harmonic restoring forces
that they are forced to frequently collide and, if the energe
and steric requirements are met, finally react. These c
straints, along with the low barriers adopted, allow obtain
kinetic data from standard, equilibrium MD simulation
Rate constants are directly obtained from the time correla
function of the fluctuations of a variable suitable to descr
the reactant~or product! species~vide infra!. As will be
pointed out below, the application of this method is suita
as long as the barrier height is not too high (<5kBT). With
higher barriers, even with the imposed constraints, the
tem would be trapped in a stable state for such a long t
that the only practical choice to study the transition would
the standard ‘‘reactive flux’’ methods.9 The constraints im-
posed on the reaction complex considerably limit the dif
sive approach of the reactants and the eventual separatio
the products. While this may seem a too serious restrictio
allows us to roughly ‘‘isolate’’ the activation step, whic
becomes the main aspect of the reaction dynamics, thus
plifying its study. In other words we mostly ignore the env
ronment influence on the relative diffusion of the react
species~arising by their confinement in the zeolitic host! in
order to concentrate on the way in which a particular m
croporous structure can lead to the barrier passage.

The effect of the environment on this process can
illuminated by examining the variations in the reaction ra
and dynamical behavior when changing the micropor
structure surrounding the guest species. We examine
two common zeolite structures: silicalite11 and ZK4.12 They
are characterized by internal cavities of different shapes
dimensions; therefore the sorbed species will experie
much different reaction fields inside them. Important info
mation about their influence on the reaction rates will
Downloaded 28 Oct 2008 to 192.167.65.24. Redistribution subject to AIP
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obtained by a detailed comparison of the structural and
namical data arising from the MD simulations.

It should be remarked that within the adopted model
considered intermolecular van der Waals forces only:
solvent-solute interactions are weak and short-range. Pr
ous theoretical studies13 show that reactions of this kind~e.g.
neutral atom exchange in rare gas solvents14–16! are usually
characterized by smaller solvent effects compared to
change reactions in which long-range, strong interacti
~both of Coulombic and ion-dipole nature, like bimolecul
substitutions of alkyl halides by anions in pola
solvents17–20! are active. For example, the dynamics of e
ergy flow into the reactants is much more complex forSN2
reactions involving polar and charged species: a larger n
ber of solvent atoms simultaneously take part in the ene
transfer to the reactants compared with the Cl1Cl2 model
system.16,19A substantial reorganization of the solvent stru
ture always precedes the reaction for the strongly interac
system while such effect is not observed for the wea
coupled case. Moreover the constraints imposed on the r
tive diffusion of the reactants could further level off the d
ferences between the silicates and the liquid solvent. Gre
differences between the zeolites and the liquid would pr
ably result if the reactants were allowed to separate by
leasing the harmonic constraints imposed. Due to caging
fects~absent in the silicate pores! the bimolecular encounte
in the liquid would be more hindered and less probable,
at the same time, whenever the reactants get trapped in
same solvent cage, the atom transfer should be favored
peated collisions would occur until the steric and energe
requirements for the barrier crossing will be eventua
met.21

It should be remarked that the two silicate structu
considered are theall-silica analogues of synthetic zeolite
ZSM-5 and A, which are of considerable interest for th
widespread applications.22 In particular their catalytic prop-
erties are due to the presence in the cavities of cha
compensating protons or metal cations that can act as B¨n-
sted or Lewis acid sites. Depending on the zeolite crys
structure many catalytic reactions show very different pa
and rates. These complex phenomena are related to
strong interactions between charged reactive intermedi
and the intense, variable electric fields present in the
cropores, as well as to the possible direct involvement of
protons bonded to the framework oxygens in the react
mechanism. The simple transfer reaction occurring in
all-silica zeolites considered in this work is considerab
easier to model and the perturbation that each framew
structure induces on the reaction system is small. The s
cess of the reaction depends only on the activation of
reactants driven by the topology of the zeolite through co
sional energy exchanges. The different confinement of
reaction complex will be theonly factor affecting reaction
rates both through energetic and steric effects. Therefore
do not expect large differences in the reaction rates, as l
as only the structure of the surrounding medium is chan
while the forces exerted by the environment on the reacta
are always kept weak and short-range. We chose to s
such kind of reactions on analogous grounds to those
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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stimulated many previous extensive studies ofX1X2 model
reactions in rare gas solvents:15,21,23the relative simplicity of
the interactions and of the model describing them allows
capture and understand in a great detail many general
tures of such processes, with particular emphasis on the
vent interaction with the reagents.16 The dynamics of more
complex reactions, besides being more difficult to simul
and understand, involves many further effects that may p
tially obscure the general features of the~crystalline! envi-
ronment activity in which we are primarily intereste
Clearly, aspects connected to charge transfer and solvatio
the reaction system, as well as to the influence of the rela
diffusion of the reactants are undoubtedly important and
serving of further studies, but in this paper we shall conc
trate on the dynamics of a ‘‘constrained’’ transfer proce
entailing only short-range solvent–solute interactions.
believe that several interesting features of each zeolite st
ture highlighted with this model could be general enough
be, at least partially, extended to more complex reactive p
cesses.

MODEL, METHOD AND CALCULATIONS

The structure of silicalite@Fig. 1~a!# is made of straight
channels intersecting orthogonally with sinusoidal chann
both with diameter of about 5.5 Å~the intersections diamete
is about 9 Å!; ZK4 microporous structure@Fig. 1~b!# is made
of large spherical cages~diameter;11.4 Å! connected by
narrow windows about 4.2 Å wide. The MD runs were ca
ried out in the microcanonical~NVE! statistical ensemble a
about 300 K, both in silicalite and ZK4. The simulatio
boxes consisted of 2 unit cells~superimposed alongz! for
silicalite and 1 unit cell for ZK4, both corresponding to
total of 576 framework atoms. We verified that larger ce
~up to 2304 atoms! give rise to negligible differences from

FIG. 1. ~a! View of the pore structure of silicalite, pointing along th
straight channels.~b! Structure of ZK4, showing the centrala-cage.
Downloaded 28 Oct 2008 to 192.167.65.24. Redistribution subject to AIP
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the present results. Simulations with a liquid solvent, cons
ing of 256 LJ spheres modeling tetrachloromethane,5 were
carried out in the same conditions.

We are interested in the transfer of a light particle~la-
beledC! between two heavier, identical, ones:

A2C•••B→A•••C2B. ~1!

The three particles remain always close to each ot
during the simulation; thus this process could also appro
mately represent a unimolecular rearrangement occur
within a tightly bound reaction complexA-C-B. The dynam-
ics of the transfer has been followed according to a mo
proposed by Allen and Schofield7 with some modifications.
TheA andB particles have the massM of xenon and interact
with each other and with the zeolitic oxygen atoms via
12-6 Lennard-Jones~LJ! potential with xenon-like self-
interaction parameters:24 s54.064 Å, e51.87 kJ mol21

~the LJ parameters for the interaction with the oxygens w
obtained from the combining rules1 with s52.529 Å and
e51.51 kJ mol21 for the oxygen atoms25!. In all simulations
them/M ratio was fixed to 0.1~m being theC particle mass!.
Compared to the original model an additional LJ interact
between theC species and the environment was introduc
It should be remarked that in this process the dominant
teraction is between the ‘‘solvent’’ and the two larger bod
that significantly shield theC particle from directly interact-
ing with the surrounding bath. Therefore the choice of the
parameters for theC species is not crucial; in any case th
adopted values are only intended to model a significan
smaller species than xenon. For this purpose the param
of fluorine1 (s52.83 Å, e50.439 kJ mol21) have been cho-
sen.

The total internal potential of the reaction complex
then

Vint5VLJ~rA ,rB!1V3~rA ,rB ,rC!1VR~rA ,rB!. ~2!

The first term is the Lennard-Jones interaction betweeA
and B. The second term is the three body potential wh
controls the motion of the particles within the reaction co
plex as proposed by Allen and Schofield:7

V3~rA ,rB ,rC!5
1

2
mv0

2~u'
2 2uuu

2/21uuu
4/R21R2/16!, ~3!

wherem is the C-particle mass,v0 is the frequency of its
motion in the reactant~product! well, rA , rB , andrC are the
position vectors of the three particles, andR 5 urB2rAu is
theA-B distance. Theuuu andu' terms determine the motion
of the light particle along theR axis and in any transvers
direction, respectively~see Fig. 2!. In particular,uuu turns out
to be a suitable choice for the reaction coordinate. Indeed
motion of the light particle alongR is determined by a sym
metric bistable potential~described by the quartic polyno
mial in uuu); each well ~at uuu56R/2) corresponds to a
stable species withC bound to one of the two heavy atom
The two wells are separated by a maximum~at uuu5 0! rep-
resenting the barrier to transfer, given by

V05
1

32
mv0

2R2. ~4!
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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The height of the barrier increases as the reactants m
apart, but as strong harmonic forces prevent their defini
separation@see also Eq.~5! below#, the mean barrier height i
well approximated by puttingR 5sA2B in Eq. ~4!. The mo-
tion of the light particle in the direction normal toR is sub-
ject to a harmonic restoring force due to theu' quadratic
term in the three-body potential. The last term in Eq.~2! is
an attractive term added in order to prevent large separat
of the two heavy particles:

VR5aR2. ~5!

The a constant was fixed at 1.415 kJ Å22 mol21; with this
high value the two heavy particles never separate by m
than 6 Å , thus we can always consider the system a
‘‘tightly bound’’ complex.

If we allowed greaterA-B separations the transfer prob
ability would clearly decrease as the two heavy particle m
get close before exchanging theC species. Working on a
‘‘tightly bound’’ complex allows a high number of meaning
ful ~reactive! events to be recorded in a shorter simulati
time and at the same time it makes more evident the effec
activation of the reactants with respect to their relative d
fusion ~which is less interesting in the present study, as
marked before!. The flexibility of zeolite framework was ac
counted for by a nearest-neighbors harmonic model;26 only
the interactions of the guest species with the zeolite oxy
atoms were considered in the simulations. The simula
time step was 1 fs.

The chemical reaction shown in Eq.~1! can be schema
tized asA⇔B; it can be described by the phenomenologi
rate equations:

ċA~ t !52kfcA~ t !1kbcB~ t ! ~6!

and

ċB~ t !52kbcB~ t !1kfcA~ t !, ~7!

wherekf and kb are the forward and reverse rate consta
respectively, whilecA(t) andcB(t) denote the instantaneou
concentration of speciesA and B. Similar rate laws can be
written for the fluctuations from equilibrium concentratio
DcA(t) andDcB(t); if the number of particles is conserve
(DcA(t)1DcB(t)50) one then finds

D ċA~ t !52kfDcA~ t !2kbDcA~ t !52kDcA~ t !, ~8!

where k5kf1kb , DcA(t)5cA(t)2^cA&, and DcB(t)
5cB(t)2^cB&. The solution of the rate Eq.~8! yields

DcA~ t !5DcA~0!exp~2kt!. ~9!

FIG. 2. TheA-C-B reaction complex and the various coordinates appea
in the three-body potential, Eq.~3!.
Downloaded 28 Oct 2008 to 192.167.65.24. Redistribution subject to AIP
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Equation ~9! describes the relaxation of small nonequili
rium perturbations in the concentration of reactants; on
basis of the fluctuation-dissipation theorem, in a system cl
to equilibrium ~linear regime! the decay of such externall
prepared deviations from equilibrium coincides with the d
cay of the correlation between spontaneous ther
fluctuations:9,27,28

c~ t !5
^dn~0!dn~ t !&

^~dn!2&
5

DcA~ t !

DcA~0!
, ~10!

wheren~t! is a dynamical variable strictly related tocA~t! and
dn~t!5 n~t!2,n.. With q5uuu as the reaction coordinat
~q50 on the barrier, whileq,0 corresponds to one specie
and q.0 to the other one!, the dynamical variablen~t!5u
@q~t!# @whereu(x) is the Heaviside function# may be used to
distinguish the two species~each one laying within one sid
of the bistable potential!. Therefore, from Eqs.~9! and ~10!,
the normalized autocorrelation function of the fluctuations
n(t) should decay exponentially to zero with a time const
t rxn equal to the inverse of the rate constantk:

c~ t !5e2t/trxn for t.tmol . ~11!

This connection allows one to extract kinetic data from
equilibrium simulation by exploiting the spontaneous flu
tuations of the variablen(t);29 this approach is suitable fo
any activated process that shifts the reactive system betw
two primary regions of stability. Note that Eq.~11! is valid
after a transient timetmol because the phenomenologic
Eqs.~6! and~7! cannot be right at very short times. The tim
tmol is the characteristic time needed for the transitionafter
the activation: its timescale is that of the molecular intern
motions that allow the reaction coordinate to thermali
During this time the excess potential energy of the react
coordinate is being transferred to the other internal degr
of freedom and to the external environment. On the ot
hand,t rxn is the time needed in order to reactivate the re
tion coordinate starting from reactants at equilibrium, i.
the actual average time required for a complete transi
from a stable, equilibrated, species to the other one.

The transition state theory~TST! approximation tok
may be evaluated by the short time gradient ofc~t!:

kTST52
dc

dt
~ t→01!. ~12!

It can be shown28 that Eq.~12! is equivalent to the Wigner’s
assumption that every trajectory which crosses the transi
state with positive velocity~i.e., directed towards the prod
ucts! will always lead to the products, without recrossing t
barrier before the complete deactivation. This assump
can break down, for example, if the environment hinders
barrier passage through frequent collisions with the activa
complex in the transition state domain.15 The activation step
preceding the barrier crossing and the dissipation of the
cess potential energy following the passage, which also
fluence the ’’true‘‘ reaction rate and its deviations from t
TST approximation, are strongly connected to the solv
action. A decrease ofk compared tokTST could be caused by
a very low coupling between the reaction coordinate and
surroundings. For example, if no dissipation occurs sho

g
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5533J. Chem. Phys., Vol. 111, No. 12, 22 September 1999 Activated transfer reaction in zeolites
after the passage in the products well the reaction coordi
will recross the transition state and many recrossings will
observed. Other effects15,30 can further complicate the over
all picture, such as the intramolecular coupling between
reaction coordinate and other internal, non reactive deg
of freedom or the sharpness of the potential curve in
transition region, etc. If the barrier crossing was immedi
and no recrossings occurred then Eq.~11! would be valid
also in the short-time region, i.e., the relaxation functi
would decay as a single exponential and the rate constan
Eq. ~11! and Eq.~12! would obviously coincide. In othe
words TST corresponds to assume a single-exponentia
laxation ofc(t) at all times. The rate constant calculated
Eq. ~11! is the ‘‘true‘‘ constant in the sense that it takes in
account the possible effect of all the above-mentioned p
nomena on the overall transition rate, giving an estimate
its right value to be compared with the TST approximatio

The effect of increasing the barrier heightV0 was firstly
examined. By varying thev0 parameterV0 was increased
from the low 2kBT value to the more significant 5kBT. It
must be remarked that longer trajectories are needed
higher V0 values because the number of significant eve
~i.e., barrier crossings! decreases with higher barriers. Ac~t!
function smoothly decaying to zero is needed in order to
an accurate fit of Eq.~11!: the rate constants were calculat
by the slope of a logarithmic plot ofc(t). The transient,
short-time part of the log-plot was not included in the fitt
region. The statistical accuracy of the obtained values ok
can be tested by comparing the log plots of thec(t) func-
tions computed from trajectories of different length. For th
purpose we report in Fig. 3 the partial results of a 40 ns
in silicalite with V055kBT. The logarithms of the correla
tion functions computed from increasingly longer portions
the overall trajectory are shown. The slope of the plots c
verges to a constant value after 5 ns only; in other words,
the system under study, a trajectory of 5 ns seems to be

FIG. 3. Logarithmic plots of thec~t! correlation functions calculated by MD
trajectories~silicalite, barrier height55kBT) of different time lengtht.
Circles:t51 ns; crosses:t54 ns; other symbols: 5 ns,t,40 ns.
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enough to give an accurate rate constant in the worse~high-
est barrier! case. However, in order to further reduce t
errors in the computedk considerably longer trajectorie
were carried out. MD runs of 10, 20 and 40 ns were carr
out for V052kBT,3kBT and 5kBT, respectively. The error
present in the calculated values of the rate constants~esti-
mated from a block analysis of data31! turns out to be less
than 10% for the 5kBT barrier case which, giving rise to th
lowest number of crossings, should be affected by hig
errors than the other cases.

The adopted procedure is different from the stand
‘‘reactive flux’’ method to obtain the rate constant for a
activated process9,32 that has recently been applied to th
study of slow diffusive motions in zeolites.33–36For activated
processes involving very high barriers this is the only su
able method because it would be impractical to follow
single long trajectory spanning severalt rxn to obtain an ac-
curatec~t!. Nevertheless we found that, for barriers up
5kBT and for the reaction complex model adopted, followi
a single equilibrium trajectory for fairly long times is a ver
simple and direct way to obtain both the true rate const
and its TST approximation. From Eqs.~11! and ~12! it ap-
pears that the connection between thec(t) function and the
reaction kinetics provides all the information pertaining
the true rate (t rxn) and to the crossing dynamics (tTST). The
study of the relaxation ofc(t), taking into account recross
ings and any kind of dynamical processes involved in
transfer reaction, provides information unavailable from
direct inspection of the trajectory, thus representing a s
able and accurate procedure for the present case.

RESULTS AND DISCUSSION

The length of the simulations carried out ensures that
configurational space is adequately sampled; the reac
system explores the two sides of the bistable potential
cording to a near-Boltzmann distribution. Due to the symm
try of the potential, in an equilibrated system some proper
must be fulfilled: we indeed verified that^n(t)&;0.5 in all
simulations and the number of crossings in either directio
practically the same~the direct and reverse rate constants
equal to one-half of the overallk!. The symmetry of the
system also entails that thekTST calculated by Eq.~12! ex-
actly matches the value calculated according to

kTST
BC 5

2NBC

tRUN
, ~13!

whereNBC is the total number of barrier crossings andtRUN

is the simulation length.7 As TST assumes that every barri
crossing actually leads to reaction the direct~or reverse! rate
constant in such approximation is given byNBC/tRUN. The
inverse of the latter ratio represents the mean lifetime of
A-C or B-C species, therefore Eq.~13! corresponds to wha
reported in Ref. 7: for the studied systemtTST5kTST

21 is
given by half of the mean lifetimes in either well.

The c~t! functions obtained for the 2kBT, 3kBT, and
5kBT barrier heights are shown in Figs. 4~a!–4~c!; the loga-
rithms of c(t) are plotted in the insets. Table I reports th
rate constants resulting from the various simulations. In
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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first column of Table II the total numbers of observed tra
fers, or barrier crossings, are shown. This value includes
crossings, i.e., a sequence ofn close crossing-recrossin
events is countedn times. In the second column of Table
any such sequence is grouped to count it as a single e
only; in the third and fourth columns the number and t
percentage of crossings which do not immediately recr
the barrier after shortly visiting the product side are repor
~in this symmetric process both the forward and reverse
actions are identical and the term ‘‘product‘‘ can be referr
both toA-C or B-C species, depending on the direction of t
first barrier crossing!. A non-recrossing event was defined
a barrier passage neither immediately preceded nor follo
by another~re!crossing; we will term it ‘‘TST‘‘ event as it

FIG. 4. Normalized correlation functions@Eq. ~10!# for the different barrier
heights studied.~a!: V052kBT; ~b!: V053kBT; ~c!: V055kBT. Dashed
line: ZK4; continuous line: silicalite; dotted-dashed line: CCl4. The insets
show the logarithm of thec(t) functions. Note the different scales on th
time axes.

TABLE I. Rate constants (ns21).

Silicalite ZK4 CCl4 Silicalitea ZK4a

k
V0 /kBT52 94.2 73.1 110 - -
3 38.9 31.8 37.8 49.2 35.9
5 5.5 4.3 9.4

kTST

V0 /kBT52 275 245 297 - -
3 135 105 123 126 118
5 25 18.7 24.4

aSimulations with stronger guest-host LJ interactions, see text.
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corresponds to the transition state theory assumption
sample TST trajectory is shown as the dashed curve in Fi
while the solid curve is representative of a typical recross
event. We see that, after crossing the barrier and reaching
repulsive wall of the product side, in the non-TST case
reaction coordinate is directly driven back to the react
side while in the other case it quickly thermalizes. The
crossing time is; 1 ps. The distinction made between TS
and non-TST events is useful to understand some qualita
features of the reaction on the basis of the observed perc
ages of TST events~see below!, but it could not be directly
and quantitatively associated to the rate constantsk in Table
I. The latter are the exact values, as shown above, bec
the decay of thec~t! function is controlled by many event

TABLE II. Analysis of barrier crossings.

Total
barrier

crossingsb

Net
events

numberb

TST
~nonrecrossing!

eventsb
% TST
events

Average number
of crossings

per event

silicalite
2 kBT 1371 520 236 45.4 2.64
3 kBT 675.5 278 136.5 49.1 2.43
5 kBT 124 61.5 35.2 57.3 2.01
~a! 630 313 159.5 51.0 2.01
ZK4
2 kBT 1223 471 203 43.1 2.60
3 kBT 529 256 131 51.2 2.07
5 kBT 93.7 52 31 59.6 1.80
~a! 589.5 311.5 169.5 54.4 1.89
CCl4
2 kBT 1486 547 238 43.5 2.72
3 kBT 612.5 298 150 50.3 2.05
5 kBT 121.2 71.5 44.5 62.2 1.69

aSimulations with stronger guest-host LJ interactions, see the text.
bNormalized to 10 ns.

FIG. 5. Reaction coordinate profile for a ‘‘TST’’ barrier crossing~dashed
line! and for a recrossing event~solid line!.
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that cannot be easily accounted for with a simple definit
of TST crossings. The latter numbers only represent a ro
estimate of thereal number of reactant-product transition
that could give the exactk values through an expressio
analogous to Eq.~13!. Indeed, thek calculated through the
number of TST crossings underestimate the values of Tab
for 2kBT and 3kBT barriers while forV055kBT the exact
rate constants are overestimated. The discrepancy arises
the definition of TST event and in particular from the arb
trary choice of the time interval without recrossings. T
‘‘no-recrossing’’ interval has been chosen to be 4 ps: this
slightly longer than the average recrossing timescale,
shorter than the reaction timet rxn in all cases. The first re
quirement excludes from the TST crossing number th
transitions in which the recrossing occurs slightly later th
the average; the second point is important to distinguish
tween recrossings and actual reactions. There are mainly
source of error in this definition:~a! if a barrier crossing is
followed by just two~or any even number! quick recross-
ings, the net result is a reactant-product transition, but
not included in the overall TST crossing number while s
contributing to the decay ofc(t) and thus affecting thek
value;~b! the recrossing can occasionally occur shortly af
the 4 ps limit since the first passage. When the rate cons
is evaluated from the TST crossing number the~a! events
cause an underestimation ofk, while the~b! cases determine
an overestimation. It thus seems that the weight of~b! events
is greater for the highest barrier, while the~a! events domi-
nate for the two lower barriers. It is not easy to verify the
points, or to give a more accurate definition of TST eve
based for example on a time interval different than 4 ps
the recrossings, because of the distinct reaction timest rxn for
each barrier height. For instance, after increasing the t
limit for the recrossings to 16 ps, the recalculated numbe
TST crossings gives a better estimate ofk for V055kBT;
nevertheless the same time limit is not suitable for the low
barriers because it would overlap with the time scale for
reaction (t rxn ;182 ps forV055kBT in silicalite, but it falls
to 26 ps for 3kBT, and;11 ps for 2kBT). Another improve-
ment could arise by including all the transitions with an ev
number of passages in the TST crossing number but
would be complicated by the longer time needed for
transitions characterized by more than one crossing, wh
should be taken into account in some other way. All the
effects are automatically included in Eq.~11! and there is no
need of further efforts to get a more accurate TST cross
number. The numbers of Table II will only be used for
qualitative comparison between different environments.

The reaction rates shown in Table I decrease with hig
barriers following a linear, Arrhenius-type, behavior wh
ln~k! is reported vsV0 /kBT ~filled symbols in Fig. 6!; actu-
ally the curves in the zeolites are almost parallel, while C4
shows a more irregular trend, with a rate constant falling j
below the silicalite one only forV053kBT. The transition-
state approximated constants show a more linear trend
the effective constants~open symbols in Fig. 6!. In all cases
ZK4 appears to be the least effective environment in prom
ing the atom transfer. The rate constants in silicalite are
ways closer to those obtained in CCl4 and only for the high-
Downloaded 28 Oct 2008 to 192.167.65.24. Redistribution subject to AIP
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est 5kBT barrier the liquid definitely appears as the mo
effective environment~Table I and Fig. 4!. Since with the
present model the long-range diffusional approach of the
actants has little influence on the reaction rate, the obse
different rates in the two silicates are mainly due to th
different effectiveness in the activation–deactivation of t
reaction coordinate. Some factors could determine this
ferent efficiency: notwithstanding the potentials describ
all inter- and intramolecular interactions are identical, t
internal vibrational modes of the two silicates show diffe
ences due to the different crystal structures. This is evid
from the vibrational spectra reproduced by the present h
monic model.5 Therefore the guest-host vibrational couplin
could determine a more effective energy exchange betw
the reaction coordinate and the silicalite framework. In ord
to check this hypothesis the total energy along the reac
coordinate, defined as

E~ t !5V@uuu~ t !#1
1

2
mu̇uu

2~ t ! ~14!

has been averaged over all ’’TST‘‘ crossings. The first te
in Eq. ~14! is the potential energy along the reaction coor
nate@retaining only theuuu terms of Eq.~3!#, and the second
term is the corresponding kinetic energy. The non-T
events have not been included in the average because
would complicate the interpretation of the energy curves.
found more convenient to include in the averaged ensem
only the TST events because they areisolatedand then un-
correlated from each other, thus better representative
typical barrier passage. Moreover such events have a hi
statistical weight in the ensemble including all crossin
they always directly lead to the products, thus giving t

FIG. 6. Arrhenius plots of the data in Table I. Full symbols repres
‘‘true’’ rate constants@Eq. ~11!#, open symbols TST approximated value
@Eq. ~12!#.
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most important contribution to the rate constants. Figur
shows the average total and kinetic energies for theV0

53kBT case. The trend observed in the three environme
is very similar: the transfer process starts less than 2 ps
fore the crossing~this is more evident from the developin
oscillations in the kinetic energy curves and from the tre
of some geometrical properties of the reactive complex a
lyzed below!, then the three curves are practically superi
posed 1 ps before and after the crossing. The same sim
behavior is also observed for the other barrier heights ex
ined. Therefore the differences between the reaction rate
the two silicates cannot be ascribed to a faster energy tran
in silicalite. The rate at which theactivatedcomplex climbs
the energy barrier along the reaction coordinate and t
transfers the excess energy into the other degrees of free
is roughly the same in all ‘‘solvents.’’ Moreover, if also th
geometry of theA-C-B species is studied during the reacti
crossings, we can conclude that the transfer mechanis
practically unchanged in the three environments. Indeed
8 shows that the main features of the transfer are the sam
all cases. Note that the extensive averaging over many cr
ing trajectories considerably smoothes out the oscillation
the reported parameters due to their different phase@look, for
example, at the differences between Fig. 5 and Fig. 8~a!#.
The averaged curves give also some insight into the tran
mechanism, together with the direct inspection of t
computer-animated evolution of some selected MD trajec
ries near to the transition. While theA-B dumbbell is slowly
oscillating around the equilibrium distance theC particle
quickly rotates around theA one, and during this rotation i
continuously moves from the ‘‘internal’’ region betweenA
and B ~corresponding to the lower values of the/ C-A-B

FIG. 7. Total~a! and kinetic~b! energy of the reaction coordinate averag
over all nonrecrossing transitions for theV053kBT case.t 5 0 corresponds
to the crossing of the barrier.
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angle! to the external region at greater angles. This is clea
in Fig. 9, where the angle in a samplesingle trajectory is
shown. Figure 8~b! shows that the/ C-A-B angle is mini-
mum att50 indeed the transfer usually occurs after the lig
particle has moved to the internal region, almost aligned
the A-B axis. The dynamics of the transfer can be rough

FIG. 8. Some geometrical properties of the reactive complex averaged
all nonrecrossing transitions for theV053kBT case.~a! Reaction coordinate
uuu ; ~b! / C-A-B angle ~in degrees!; ~c! B-C distance;~d! u' coordinate,
describing the perpendicular distance of theC particle from theA-B axis.
Note that the reactant and product species areA-C and B-C, respectively.
Continuous lines: silicalite; dashed lines: ZK4; dotted lines: CCl4.

FIG. 9. Evolution of the/ C-A-B angle~in degrees! for a single reactive
crossing: note the probable occurrence of a collision with the host att5
22 ps.
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described in this way: following the activation theA-C bond
starts to oscillate with higher amplitudes and on each n
rotation that brings theC species in the favorable regio
betweenA andB, C gets increasingly closer toB ~look at the
minimum at20.8 ps in Fig. 8c! until the A-C bond can be
broken and theB-C species is almost simultaneously forme
It is interesting to note that the activated complex, taken
the geometry adopted att50, is almost linear: theC-A-B
angle is at a minimum of 15°~Fig. 8b! and the normal dis-
tanceu' from theA-B axis converges to a minimum att50
@Fig. 8~d!#. Moreover the only~slight! difference in mecha-
nism between the three environments can be seen in the
lution of u' : in CCl4 theC species is kept closer to the ax
connecting the heavy particles and the transition state c
figuration is a little more compact than in the silicates.

The energy curves in Fig. 7 and the described mec
nism are representative of the crossing events only, i.e.,
show that, once the reaction coordinate is activated, the
lowing dynamics is mostly independent on the environme
However, they could not take into account the longer ti
interval ~on the order oft rxn) between the reactive event
i.e., the time needed to ‘‘prepare’’ the atom transfer. T
action of the environment on this time scale mainly affe
structural and equilibrium properties that should then be c
cial in determining the observed differences. The fas
transfer rate in silicalite probably stems from a higher a
vation frequency: the time needed to reactivate an equ
brated species should be shorter than in ZK4. This seem
emerge from both thekTST values in Table I and the~net!
crossing numbers in Table II, which are always higher
silicalite. Indeed, the almost constant percentage of T
events~with fixedV0) in all environments confirms that non
of them is more effective in favoring the thermalization
the excited reaction coordinate after the barrier passage,
in preventing the recrossings. Therefore a higher numbe
‘‘attempted transitions’’~net events in Table II! will presum-
ably lead to higher rate constants as the probability of s
cess is roughly constant. Moreover looking at the Arrhen
parameters for the straight fits to the log plots in Fig.
reported in Table III, we see that, while theeffectiveactiva-
tion energy is the same in the two zeolites, the preexpon
tial term is considerably higher in silicalite, presumably r
flecting the higher ‘‘collision frequency‘‘ between th
reactants which ultimately leads to the higher number
transfers. While the logarithmic curves in the two zeolites
fairly linear and then easily comparable, the Arrhenius
rameters in the liquid solvent are affected by higher erro
However, within the error bars, the activation energy in CC4

is about 20% lower thanV0 while the zeolites shows a de
crease of only 5%. WhileV0 is thepotentialenergy barrier to
transfer, i.e., the gas-phase activation energy depending

TABLE III. Arrhenius parameters.a

Silicalite ZK4 CCl4

A ~ns21) 64968 515612 492626
EÞ/V0 0.9560.02 0.9560.03 0.8060.09

ak5A exp(2EÞ/kBT).
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on the intramolecular interactions, theeffectivebarrier is usu-
ally altered by the additional contribution of th
environment.37 Thus in the liquid solvent thestaticcontribu-
tion changing the relative energies of reactive species~both
at the bottom of the potential wells and at the barrier to!
seems to be more important than in zeolites. In other wo
for this model reaction the liquid is probably more effecti
in lowering the energy barrier compared to the zeolitic en
ronments. This effect could also be connected to the m
compact arrangement of the transition state in CCl4 high-
lighted above.

Next we have to explainhow the silicalite structure can
favor a higher number of transitions than ZK4. In the form
the reaction complex moves along straight and zigzag ch
nel sections and their intersections, thus experiencing sig
cantly different environments, each one imposing differe
constraints to the reaction. This can in principle lead to m
tiple rate constants38 whose mean values are probably tho
shown in Table I. ZK4 offers a more uniform and less co
fining environment to the reactive event, consisting of lar
cages~whose dimensions are even larger than the chan
intersections in silicalite! connected by very narrow window
with diameter not much greater than that of theA and B
particles. This structural difference should be the m
source of the different behavior observed in this particu
process. In order to elucidate the influence of specific regi
on the reaction the transitions occurring in silicalite we
divided on the basis of a map recently devised by us,39 which
allows to identify the region~straight channel, zigzag chan
nel or intersection! visited by the sorbate at a particular tim
We mapped the position of theA-B center of mass~again for
the TST crossings! wheneveruuu changed sign. At that time
the A-B center of mass is close to the position of the tra
ferring C species: indeed, at the transition state, the distan
of C from A and fromB are roughly equal and theA-C-B
arrangement is almost linear, as seen before. The percen
of crossings found in each region is reported in Table IV;
values in parentheses are the fractions of the whole trajec
spent in the same region. From the reported data it se
that the distribution of reactive events in silicalite is main
statistic: the fraction of crossings occurred in each reg
mostly reflects the time fraction spent there by the react
complex. If a specific region favored the transfer reaction
percentage of events found in that region would behigher
than the fraction of time spent there. We see that, for
straight channel, the two percentages are always ident
while ~for barrier heights of 2kBT and 3kBT) the intersec-
tions seem more favorable for the reaction compared to
zigzag channels. However the differences are small and c
pletely disappear for the highest barrier. Therefore the f

TABLE IV. Analysis of the barrier crossing locations in silicalite; values
parentheses are the overall time fractions spent in each region.

% Straight channel % Zigzag channel % Intersectio

V0 /kBT 5 2 23.3~24.7! 34.6~38.1! 42.1~37.2!
3 23~22.7! 33.3~39.2! 43.7~38.1!
5 22.8~23.9! 40.0~39.5! 37.1~36.6!
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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that the reaction complex spends more time in the chan
than in the intersections~about 62% of the full trajectory! is
presumably not the reason of the higher reaction rate
silicalite because in the intersections the reaction occurs
the same, if not higher, probability. Turning to the ZK4 ca
we calculated the distributions of reactive events and of
jectory points located at a particular distance from the ce
of the~closest! window @Fig. 10~a!# and from the cage cente
@Fig. 10~b!#. In the first case the main difference between
two distributions is the absence of reactive crossings in
region near the windows, where the reaction complex spe
a non negligible fraction of time, albeit lower than the tim
spent in the cage~the main maximum in the figure!. Fig.
10~b! shows the same phenomenon from another poin
view: the reaction complex always avoids the cage ce
and it is preferentially adsorbed 3-4 Å apart, i.e., near
cage walls. The reactive crossings preferentially occur
similar distances from the cage center. However a n
negligible tail at higher distances is present in the traject
distribution and disappears in the distribution of react
crossings. This tail corresponds again to the region near
windows, which seems to be definitely unfavorable for t
transfer reaction. In order to further investigate this point
three-dimensional distribution functions40 of both the A-B
center of mass and of singleA ~and, equivalently,B! species
in the zeolite cavities were calculated. For ZK4 one eighth
the unit cell containing exactly one cage at its center w
divided in 25325325 small cubes~with side; 0.5 Å!. The
coordinates were reported in this ‘‘subcell’’ through inver
symmetry operations and we calculated how many confi
rations were placed in each cube. The projections of th

FIG. 10. Distribution of the positions of reactive crossings~solid lines! and
of the whole trajectory~dotted lines! with respect to~a! the closest window
center;~b! the cage center, for the ZK4 run withV053kBT.
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distributions in the centralxy plane atz5L/4 ~i.e., with the
cage center in the middle! are reported as contour plots i
Fig. 11. It is evident that both the heavy particles tend to
located in the cage, near the window entrances; at least
out of the two is always placed in these sites. Looking at
contour plot of the center of mass positions@Fig. 11~b!# it is
clear that the other one can be placed in the same cage,
the A-B axis roughly aligned with the cage wall, or in th
adjacent cage, with the center of mass placed at the win
center~evidenced by the relative maxima atx,y5L/4, 0 and
0, L/4 in the C.M. contour plot!. As seen before the latte
arrangement does not allow theC-transfer to occur and this
presumably is the main reason of the lower transition rate
ZK4. Indeed from the probability distributions of Fig. 10 th
fraction of configurations with theA-B center of mass placed
near the windows can be estimated as 15417%, to be com-
pared with the;22% increase in the rate constant goi
from ZK4 to silicalite (V053kBT).

The further small rate difference in favor of silicalit
might denote that also the configurations with the center
mass in the cage of ZK4 are not as favorable as the con
mations adopted in silicalite. One hint in this direction com
from the mean interaction energies between the guest r
tion complex and the host framework, given by

^Ug2h&5^UA2h
LJ &1^UB2h

LJ &1^UC2h
LJ &. ~15!

The obtained values, referred to the runs withV053kBT, are
^Ug2h&5257.6 kJ mol21 for silicalite and238.0 kJ mol21

for ZK4. The A-C-B complex is adsorbed much mor

FIG. 11. Projections on thexy plane ~at z5L/4) of the three-dimensiona
distribution function of~a! the coordinates ofA(B) species,~b! the A-B
center of mass coordinates, for the ZK4 run withV053kBT. Darker areas
correspond to higher density regions.
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5539J. Chem. Phys., Vol. 111, No. 12, 22 September 1999 Activated transfer reaction in zeolites
strongly in silicalite. This is due to the higher number
oxygens that can closely interact with it, in particular in t
channels where the molecule is fully surrounded by the
terconnected ten-rings of oxygen atoms. In ZK4 the m
ecule can only interact with the oxygens in the nearest c
wall and the absence of a near opposite wall determines
lower adsorption energy. In fact, the average number of
neighbors oxygen atoms is 15.4 for silicalite and 9.3
ZK4. These numbers have been calculated by integrating
oxygen-heavy atom radial distribution functions~rdf’s! in the
0–5 Å interval, which is the range covered by the first pe
in the rdf’s shown in Fig. 12.

The contour plots for the silicalite run were calculat
by dividing the unit cell in 40340327 cubes~so that the side
is still ;0.5 Å! and determining how many configuration
were placed in each cube. Figure 13 shows a ‘‘slice’’ of t
three-dimensional distribution corresponding to the strai
channel while in Fig. 14 the sinusoidal channel is contour
In the straight channel some different configurations for
reactive complex are possible. Comparing the distributi
of the heavy species with that of their center of mass
remembering that theA-B distance is always close to 4 Å it
seems that the most common arrangements are two:~i! those
with one heavy atom in the intersections~located aty55 and
15 Å! and the other in the channel;~ii ! the configurations
with both atoms in the channel, arranged with theA-B axis
oblique with respect to the channel axis and with the cen
of mass roughly at the center of the channel. Turning to
distributions in the sinusoidal channel, we see that here o
one arrangement is possible, with both atoms placed a
the channel and the center of mass located well inside
channel. The results of Table IV showed that while the m
ecule remains trapped in this arrangement for a rather l
time the transfer of the light particle can be slightly ha

FIG. 12. Oxygen-heavy atoms radial distribution functions for silicalite a
ZK4 ~runs withV053kBT).
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FIG. 13. Projection on theyz plane~at x50! of the three-dimensional dis-
tribution function of~a! the coordinates ofA(B) species,~b! theA–B center
of mass coordinates, for the silicalite run withV053kBT. Darker areas
correspond to higher density regions.

FIG. 14. Projection on thexz-plane ~at y5b/4) of the three-dimensiona
distribution function of~a! the coordinates ofA(B)species,~b! the A–B
center of mass coordinates, for the silicalite run withV053kBT. Darker
areas correspond to higher density regions.
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pered, compared to the transfer probability when the ce
of mass is in an intersection or in the straight channel. T
phenomenon, albeit less marked, is similar to the comp
absence of transfer events when the center of mass o
molecule is locked in a ZK4 window.

Another important effect has been highlighted by calc
lating the work done on reactants by the solvent, which i
suitable measure of the guest-host interaction during the
active event.16,19,41The work done by solvent atomi on re-
agent atomj up to timet following the barrier crossing~at
t50! is

wi j ~t!5E
0

t

f i j ~ t !•vj~ t !dt, ~16!

wheref i j (t)is the force exerted on the reagent atomj by the
solvent atomi, andvj (t) is the velocity vector of the reagen
atom. The total work done on the reactive complex by theith
solvent atom during the timet is then

wi~t!5(
j

wi j ~t!, ~17!

where the indexj runs over the three reagent atomsA, B, C.
Following each barrier crossing the workwi(t), with t52
ps, was determined for each zeolite oxygeni. These atoms
were then ranked by their corresponding value ofwi(t):
atom 1 did the more positive work in the 2 ps following th
crossing, while atom 384 did the more negative work. N
that atoms doing positive work are transferring energy to
reactants, while a negativewi denotes that atomi is remov-
ing energy from theA-C-B complex. The ranked work wa
then averaged over all barrier crossings in silicalite and Z
for the V053kBT case, and it is displayed in Fig. 15 as th
lines. We see that in both zeolites the work done by m
oxygens is near zero: only a small fraction of atoms d
significant work, both positive and negative. By further e
amining these fractions, shown in the insets, it results tha
silicalite the atoms doing positive work give a larger cont
bution than the corresponding atoms in ZK4; likewise t
work done by the fraction of atoms doing negative work
again larger~more negative! for silicalite. In other words,
even though in both zeolites few oxygens are directly
volved in the energy transfer after the reaction, the inter
tion of these atoms with the reagents is more effective
silicalite. This point also emerges from the trend of the c
mulative work done by the oxygen atoms, shown as th
lines in Fig. 15: the contribution of the few atoms doin
positive work is about 20 kJ mol21 in silicalite, and
13.4 kJ mol21 in ZK4. This difference is counterbalanced b
the atoms doing negative work which are again more eff
tive in silicalite. Therefore the total work done on the r
agents, i.e.,

w~t!5(
i

wi~t!, ~18!

where the indexi runs over all oxygens, is similar in bot
environments. Since we considered the work done in
interval following the barrier crossing,w(t52ps! is nega-
tive, corresponding to the energy flux from reactants to
Downloaded 28 Oct 2008 to 192.167.65.24. Redistribution subject to AIP
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environment. The fact that the overall work done on re
tants in 2 ps is comparable in the two zeolites reflects
similar trend in the energy curves of Fig. 7~a!: the energy
removed from the reactive complex after 2 ps is about
same in the different environments. However this seems
arise from the cancellation of the larger positive and nega
work contributions in silicalite. On one hand the net result
that close to the barrier crossing the energy transfer oc
with similar rates; on the other hand, the larger efficiency
silicalite oxygens both in accepting and transferring ene
to the triatomic may be involved in the higher reaction ra
observed on longer time scales.

From the preceding observations it results that the m
favorable environment for a heavy-light-heavy particle tra
fer in the zeolite micropores should be a fairly confining on
in order to maximize the attractive guest-host interactio
When the triatomic molecule resides in the large ZK4 ca
its interaction with the zeolitic framework is weaker than
the silicalite cavities. A more effective interaction with th
neighboring oxygen atoms, while not directly affecting t
short-time rate of energy transfer and the mechanism of
activated process near to the barrier crossing, seems to
crease the rate at which the equilibrated sorbate can be r
tivated after thermalizing in the products well. At the sam
time a stronger confinement suppresses the transfer~as in the
ZK4 windows and, to a lesser extent, in the sinusoidal ch
nels of silicalite! because a fair rotational freedom is need
for the reaction to occur: the rotations of the vibrationa
excited A-C molecule that shift the light particle near th
‘‘acceptor’’ B species just before the transfer are hindered
narrow environments. These structural requirements are

FIG. 15. Thin lines: ranked work done on the reagents by the zeolite oxy
atoms; atoms are ranked according to their maximum value of work d
~see text! in the 2 ps following each barrier crossing. The two insets sh
with higher detail the ranked work done by the 16 atoms doing the m
positive and the more negative work. Thick lines: cumulative work done
the oxygen atoms~integral of the ranked work over the oxygens!.
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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ter satisfied in silicalite; in particular when one of the tw
species is in an intersection both requirements are likely
be fulfilled.

It is interesting to observe that, for the studied proce
the liquid solvent definitely turns out to be the most efficie
environment only whenV055kBT. The trans-gauchecon-
formational isomerization of n-butane is an example of a
vated process with a very similar energy barrier. Juneet al.38

obtained rates for the isomerization reaction of butane
silicalite considerably lower than in the liquid solvent. Th
is in agreement with our results with a comparable barr
notwithstanding the considerable differences in the react
studied. The authors ascribe such behavior to the hinde
on the isomerization process due to the occlusion of the m
ecule in the narrow silicate pores. Nevertheless for
present transfer reaction~which is made fairly similar to an
unimolecular isomerization by the imposed constraints! other
effects can come into play in determining the larger e
ciency of the liquid solvent. Besides the static effects mo
fying the relative energies of the reactive species mentio
above, the better matching between the masses of CCl4 and
of heavy xenon-like solute species could also favor the re
tion through more effective collisions compared to the t
silicates.

Another point emerging from Table I is that TST co
siderably overestimates the rate constants in all cases~the
kTST’s are always 2–4 times larger than the ‘‘true’’ co
stants!. This is due to a high recrossing probability, whic
leads to a decrease ofk compared tokTST. Many recrossings
may arise when the coupling to the environment is low,
particular with a not too high reaction barrier: the reacti
coordinate, after crossing the barrier, retains most of its
cess energy, and quickly recrosses the transition state
having visited the products side for a short time (;tmol).
We see in Table II~fourth column! that the percentage o
nonrecrossing~TST! transitions increases with greater barr
heights in all environments, and the last column shows
the mean number of crossings per single event is a decr
ing function of the barrier height. Then a higher barrier c
rectly leads to a lower recrossing probability, but the te
dency to recross the barrier results rather high in all ca
accounted for. In the present case the reactive com
A-C-Bpossesses only a few internal degrees of freedom o
which the reaction coordinate may distribute its excess
ergy; thus, in absence of a strong coupling between th
non-reactive degrees of freedom and the bath, a great pa
the excess activation energy is likely to flow again into t
reaction coordinatebeforebeing transferred to the solvent.
the number of internal degrees of freedom that can equi
tition energy with the reaction coordinate on the time sc
of the crossing is higher~like, for example, in the isomeriza
tion of a polyatomic molecule! then the dissipation could b
more efficient even at very low coupling with th
solvent.42–44

In order to investigate the effect of the coupling to t
external bath, two more 20 ns simulations in silicalite a
ZK4, with V053kBT, were performed with a three time
deeper minimum for the interaction between the zeolite
the two heavy bodies; all the other parameters were left
Downloaded 28 Oct 2008 to 192.167.65.24. Redistribution subject to AIP
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changed. This corresponds to a higher ‘‘friction’’ exerted
the host~i.e., the attractive forces exerted on the solute
stronger and its translational motion gets considera
slower! and not, strictly speaking, to a more effective gue
host ~external! coupling; nevertheless some related inform
tion could be gained also in this way.15 The results are re-
ported in Tables I and II. Compared to the runs with low
intermolecular interactionsk increases both for silicalite an
ZK4. The higherk values arise from an increased total num
ber of ~net! crossings and from a slightly higher percenta
of nonrecrossing events. The increase in the rate const
shows the non-negligible influence of the guest-host inter
tions in this process and confirms that the high recross
probability observed for this system may be connected to
weak intermolecular coupling. More work is needed to a
sess the exact nature of its action, which cannot easily
associated with the effects discussed so far. For example
structural properties, such as the distributions in the cavit
considerably change when the attractive guest-host forces
modified and the considerations made above may be no m
valid.

Finally we tested the effect of lowering the force co
stant for theA-B interaction to one-half of its previous value
This corresponds to a ‘‘loosely bound’’ complex in whic
theA-B distance may reach higher values~up to 7.5 Å!. The
rate constants, for the runs withV053kBT, are reported in
Table V. Compared to the previous rates there is obvious
net decrease as the reactants are on average farther from
other. ZK4 gives rise to the more marked decrease~290%!
followed by silicalite~250%! and CCl4 ~230%!. It is inter-
esting to note that the further increase in the difference
tween the rates in the two silicates is not due to a differ
distribution of theA-B distances: as in the previous runs t
distributions in silicalite and ZK4 are identical. The overa
trend is unchanged with respect to the previous runs w
V053kBT: k(ZK4),k(silicalite);k(CCl4) , showing that the gen-
eral features observed for this process are not heavily se
tive to the internal ~as opposed to theexternal, or intermo-
lecular! parameters adopted, in particular to the choice o
‘‘tightly bound’’ complex. Actually, only if we loosened the
A-B bond at the point that a CCl4 molecule could easily slip
between the heavy atoms~which would requireA-B separa-
tions of almost 10 Å! we would obtain considerably differen
rates in the liquid solvent. But in such case the dynamics
the transfer would significantly differ from the process stu
ied so far: the reactants might considerably separate f
each other and their relative diffusion would affect the rat
Moreover such simulations would require very long M
runs in order to observe a fair number of transitions and
application of the present method is no more suitable.

TABLE V. Rate constants~ns21) for the ‘‘loosely bound’’ complex simu-
lations.

Silicalite ZK4 CCl4

k 26.2 16.6 26.7
kTST 96 80.9 105.3
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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CONCLUDING REMARKS

In this paper we analyzed the influence of three differ
environments on the model of an activated transfer reac
proposed by Allen and Schofield. The triatomic model p
vides a convenient description of the microscopic dynam
of breaking and formation of bonds, yet most of the relev
correlations are intrinsically present. The fact that the re
tant are always kept close to the reaction distance thro
harmonic restoring forces facilitates not only the simulatio
but also the analysis of the reactive paths in such envir
ments.

It has been shown that useful information concerning
dynamics and the kinetics of activated transfer processe
zeolites can be obtained from a standard correlation fu
tions analysis applied to classical equilibrium molecular d
namics trajectories, as long as the energy barrier separa
reactants and products is not too high. The small size of
light C particle compared to the heavierA-B ones mainly
reduces the problem to the interaction of theA-B substrate
with the environment. The diffusional constraints impos
on the relativeA-B motion further emphasize the importan
of the coupling between these masses and their surround

The adopted model is also a suitable tool to test the b
assumptions that are made in the TST approximation. I
known that standard TST, when applied to a heavy-lig
heavy particle transfer reaction, may be seriously in er
the rapid motion of the light particle within the force field o
the two slowly moving substrate species leads to consi
able recrossings of the transition state.37 We indeed verified
such behavior: the actual rate constants measured are co
erably lower than their TST estimates. Further insight in
the barrier crossing dynamics has been obtained throug
direct computation of the number of effective~TST! cross-
ings in each case.

The main point emerging from the simulations is t
greater effectiveness of silicalite in the activation of rea
tants, as compared with ZK4. The rate constants in the la
environment are always lower even considering the~low!
error affecting the computed values. The observed dif
ences are small, as can be expected on the basis of the
plicity of the adopted reaction model that involves only sh
range guest-host interactions and intentionally excludes
diffusive approach of the reactants from the reactive dyna
ics. Further simulations with an increased intermolecu
coupling lead to a larger difference betweenk(silicalite) and
k(ZK4) ; at the same time the general trend~i.e., the relative
order of the rates in the three environment! does not change
after modifying the internal potential parameters so as
loosen theA-B ‘‘bond.’’ This seems to prove that the qual
tative features observed are not entirely determined by
internal force field of the reactive complex and the influen
of the environment, albeit small, plays an important role
driving the transfer reaction. It has been shown that, as l
as the dynamics of theactivatedcomplex is concerned, th
energetic and mechanical behavior of the reactive syste
not solvent dependent. Therefore the observed rate di
ences should arise mainly from the different ‘‘preparatio
of the activation process, which is driven by the enviro
ment. The stronger interactions with the more confining s
Downloaded 28 Oct 2008 to 192.167.65.24. Redistribution subject to AIP
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calite framework together with the hindering of the trans
when the complex is located in the ZK4 windows seem to
the main structural effects determining the observed beh
ior. The short range of the intermolecular forces results in
participation of a small number of oxygen atoms to the
active process. This was shown by calculating the work d
on the triatomic complex by each zeolite oxygen in the
terval following the barrier crossing, which by symmet
~time-reversibility of the MD trajectories! is equivalent to the
barrier climbing step. Both positive and negative work
done on the reagents and there is a large compensation
tween atoms depositing energy in the reactive complex
atoms removing energy from it. The total work done by t
two zeolites is similar and negative, as the energy flux a
the barrier crossing is directed from the triatomic complex
the environment. However a different efficiency is shown
the few ‘‘active’’ oxygen atoms of silicalite and ZK4, th
latter doing a smaller amount of work than the correspond
ones of silicalite; this point may play an important role
determining the rate differences observed on longer t
scales.
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