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Molecular dynamics simulation of an activated transfer reaction in zeolites
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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 dynafiM®y simulations. A three-body
potential controls the exchange of the light particle between the heavier ones; an effective barrier of
a fewkgT 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 trajectoriéscreases by more than one
order of magnitude when the barrier height is increased frdgT2to SkgT 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. 99 American Institute of Physics.
[S0021-960609)51736-4

INTRODUCTION success of many condensed-phase reactions. Therefore a re-
alistic reproduction of such effects should be the starting
Computer simulatiortsrepresent today a valuable tool in point of any meaningful study of reactive processes, while at
the study of many chemical processes involved in the catahe same time it is desirable to satisfy such requirement with
lytic action of zeolites. In shape-selective processes reactions model as simpléthat is little CPU-time demandingas
are controlled by merely physical constraints which deterpossible. The results of Ref. 3 proved that a harmonic model
mine the (often differen} diffusivities of reactant and/or for the framework is fairly suitable in this respect; thus it can
products and their mixtures; molecular dynami®4D)  be adopted to develop further simulation studies of reactive
simulations have definitely proven to give good results inprocesses. We then proceeded with the study of a
predicting and understanding such effectslevertheless, dissociation-recombination reaction in silicaffé. Such
shape selectivity is only one of the many aspects of the cataind of processes, exploiting many of the specific properties
lytic behavior of zeolites. There are some other points ofof zeolites, result particularly suitable as a starting point to
considerable interest mainly connected to the direct effect ofbtain comparative information on the catalytic activity of
the topology and energetics of the framework on the reactionlifferent zeolitic hosts. Radical processes are usually not ac-
dynamics. Due to the complex features of reactive processeivated, thus a statistically meaningful number refactive
in zeolites a detailed knowledge of the microscopic stepsrajectories may be easily generated and examined by disso-
involved in many catalytic reactions is still lacking. ciating a stable molecule in different initial conditions and
As a first step to highlight some basic features of thefollowing its subsequent dynamics. There the main purpose
zeolites activity we began to explore the energy exchangewas to get insight into the effectiveness of a zeolite in pro-
between framework and sorbafes/D simulations of the moting the recombination of radicals after having controlled
vibrational relaxation of diatomic molecules in silicalite their dissociation and absorbed the excess energy. The com-
showed that resonance effects are very important in the dgsarison with the same process carried out in a dense liquid
activation of excited molecules. In particular it was shownturned out to be very useful in the interpretation of the results
that these effects favor the relaxation of molecules whosand in understanding the correlation between the environ-
oscillation frequency falls in the range of the normal vibra-ment topology and the recombination path. These results
tional modes of the framework. While this point may seemshowed how a simple, effective approach may in many cases
obvious on the basis of simple classical-mechanics rules, it ikad to detailed, albeit nonspecific, information on the dy-
very important that these phenomena can be well reproducathmics of a nonactivated reactive process in zeolites. Fol-
with the simple zeolite model adopted. Indeed, the way andbwing this direction the next, obvious step is the study of an
the rate at which energy is exchanged between the sorbaéetivatedprocess. In this case an energetic barrier that lies
species and the environment represent a crucial point in thieetween the stable states must be surmounted before a tran-
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sition can occur. The additional energetic requirement cambtained by a detailed comparison of the structural and dy-
shift the reaction rates to rather low values, depending on theamical data arising from the MD simulations.
barrier height. For example, in the present work the time It should be remarked that within the adopted model we
required for the activation along the reaction coordinate mayonsidered intermolecular van der Waals forces only: the
in some cases be longer than 200(fus the highest barrier solvent-solute interactions are weak and short-range. Previ-
studied. Now the main purpose is to see how the surround-ous theoretical studié$show that reactions of this kin@.g.
ing environment can shift the required energy to the reactantseutral atom exchange in rare gas solvEntd are usually
and drive them along the reaction coordinate, finally allow-characterized by smaller solvent effects compared to ex-
ing the barrier crossing. The triatomic transfer reaction, prochange reactions in which long-range, strong interactions
posed and studied in a simple solvent by Allen and(both of Coulombic and ion-dipole nature, like bimolecular
Schofield’® is very different from the radical encounter substitutions of alkyl halides by anions in polar
mentioned before mainly because both the breaking and theolvent$’~29 are active. For example, the dynamics of en-
formation of bonds are now involved. In the previous studyergy flow into the reactants is much more complex $q2
the energy needed to dissociate the molecule was provida@actions involving polar and charged species: a larger num-
from the outsidgby simulating a photodissociation process ber of solvent atoms simultaneously take part in the energy
and we were only concerned in the eventual “remaking” of transfer to the reactants compared with the+-Cl, model
the broken chemical bond. Now the action of the environ-systemt®1° A substantial reorganization of the solvent struc-
ment is more complex, as the overall process is. Moreovelture always precedes the reaction for the strongly interacting
for activated processes, the transitions between stable speciggstem while such effect is not observed for the weakly
becomerare events if the height of the reaction barrier is ascoupled case. Moreover the constraints imposed on the rela-
large as severdtgT. Rare events are dynamical processedive diffusion of the reactants could further level off the dif-
which occur so infrequently that it is impractical to obtain ferences between the silicates and the liquid solvent. Greater
guantitative information about them through straightforwarddifferences between the zeolites and the liquid would prob-
trajectory calculations; therefore special techniques are reably result if the reactants were allowed to separate by re-
quired to frequently simulate theft? In the present study leasing the harmonic constraints imposed. Due to caging ef-
we exploit the fact that the reactants are always kept close tfects (absent in the silicate porethe bimolecular encounter
the reaction distance through harmonic restoring forces s the liquid would be more hindered and less probable, but
that they are forced to frequently collide and, if the energetiat the same time, whenever the reactants get trapped in the
and steric requirements are met, finally react. These corsame solvent cage, the atom transfer should be favored: re-
straints, along with the low barriers adopted, allow obtainingpeated collisions would occur until the steric and energetic
kinetic data from standard, equilibrium MD simulations. requirements for the barrier crossing will be eventually
Rate constants are directly obtained from the time correlatiomet?!
function of the fluctuations of a variable suitable to describe It should be remarked that the two silicate structures
the reactant(or produc} species(vide infra). As will be  considered are thall-silica analogues of synthetic zeolites
pointed out below, the application of this method is suitableZSM-5 and A, which are of considerable interest for their
as long as the barrier height is not too high%kgT). With  widespread applicatiorfé.In particular their catalytic prop-
higher barriers, even with the imposed constraints, the sysrties are due to the presence in the cavities of charge-
tem would be trapped in a stable state for such a long timeompensating protons or metal cations that can act as-Bro
that the only practical choice to study the transition would bested or Lewis acid sites. Depending on the zeolite crystal
the standard “reactive flux” methodsThe constraints im-  structure many catalytic reactions show very different paths
posed on the reaction complex considerably limit the diffu-and rates. These complex phenomena are related to the
sive approach of the reactants and the eventual separation stfong interactions between charged reactive intermediates
the products. While this may seem a too serious restriction, iand the intense, variable electric fields present in the mi-
allows us to roughly “isolate” the activation step, which cropores, as well as to the possible direct involvement of the
becomes the main aspect of the reaction dynamics, thus sinprotons bonded to the framework oxygens in the reaction
plifying its study. In other words we mostly ignore the envi- mechanism. The simple transfer reaction occurring in the
ronment influence on the relative diffusion of the reactiveall-silica zeolites considered in this work is considerably
speciedarising by their confinement in the zeolitic hpgt easier to model and the perturbation that each framework
order to concentrate on the way in which a particular mi-structure induces on the reaction system is small. The suc-
croporous structure can lead to the barrier passage. cess of the reaction depends only on the activation of the
The effect of the environment on this process can beeactants driven by the topology of the zeolite through colli-
illuminated by examining the variations in the reaction ratesional energy exchanges. The different confinement of the
and dynamical behavior when changing the microporouseaction complex will be the@nly factor affecting reaction
structure surrounding the guest species. We examine herates both through energetic and steric effects. Therefore we
two common zeolite structures: silicafiteand ZK4? They  do not expect large differences in the reaction rates, as long
are characterized by internal cavities of different shapes ands only the structure of the surrounding medium is changed
dimensions; therefore the sorbed species will experiencehile the forces exerted by the environment on the reactants
much different reaction fields inside them. Important infor-are always kept weak and short-range. We chose to study
mation about their influence on the reaction rates will besuch kind of reactions on analogous grounds to those that
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the present results. Simulations with a liquid solvent, consist-
ing of 256 LJ spheres modeling tetrachloromethamere
carried out in the same conditions.

We are interested in the transfer of a light partide-
beledC) between two heavier, identical, ones:

A—C-..-B—A...C—B. (1)

The three particles remain always close to each other
during the simulation; thus this process could also approxi-
mately represent a unimolecular rearrangement occurring
y within a tightly bound reaction complek-C-B. The dynam-

ics of the transfer has been followed according to a model
(b) proposed by Allen and Schofiélavith some modifications.

The A andB particles have the madd of xenon and interact
with each other and with the zeolitic oxygen atoms via a
12-6 Lennard-JonegLJ) potential with xenon-like self-

egggs«’\ s interaction parameteré: oc=4.064 A, e=1.87 kJmof?
_4’%‘_@_’/,\ { (the LJ parameters for the interaction with the oxygens were
{"‘7§‘,Q/E=l=‘\' { obtained from the combining rufesvith ¢=2.529 A and
\Q)!’ 4 _ 1 P -
Q!‘:f e=1.51 kJ mot ! for the oxygen atonts). In all simulations

the m/M ratio was fixed to 0.1m being theC particle masg

FIG. 1. (@) View of the pore structure of silicalite, pointing along the Compared to the O_rlgmal model an additional LJ_mteractlon

straight channelgb) Structure of ZK4, showing the centrakcage. between theC species and the environment was introduced.
It should be remarked that in this process the dominant in-
teraction is between the “solvent” and the two larger bodies

stimulated many previous extensive studiexefX, model  that significantly shield th€ particle from directly interact-

reactions in rare gas solverifs?'*’the relative simplicity of  ing with the surrounding bath. Therefore the choice of the LJ

the interactions and of the model describing them allows t(barameters for th&€ Species is not Crucia'; in any case the

capture and understand in a great detail many general feadopted values are only intended to model a significantly

tures of such processes, with particular emphasis on the sadmaller species than xenon. For this purpose the parameters

vent interaction with the reageri&The dynamics of more f fluorine! (¢=2.83 A, €=0.439 kJ mol ) have been cho-

complex reactions, besides being more difficult to simulate;en.

and understand, involves many further effects that may par-  The total internal potential of the reaction complex is

tially obscure the general features of tfeeystalling envi-  then

ronment activity in which we are primarily interested.

Clearly, aspects connected to charge transfer and solvation of Vint=Vii(ra.fe) +Vs(ra,rs.fc) +Vr(ra.re). (2

the reaction system, as well as to the influence of the relativgyq first term is the Lennard-Jones interaction betwaen

diffusion of the reactants are undoubtedly important and de5,y B The second term is the three body potential which
serving of further studies, but in this paper we shall conceng,nirols the motion of the particles within the reaction com-
trate on the dynamics of a “constrained” transfer processp|ex as proposed by Allen and Schofiéld:

entailing only short-range solvent—solute interactions. We

believe that several interesting features of each zeolite struc-
ture highlighted with this model could be general enough to

be, at least partially, extended to more complex reactive pro-

1
Va(Tale.fo)= > mwg(u? —uf/2+ul/R?+R?/16), (3)

cesses. whe_rerr_] is the C-particle massgw, is the frequency of its
motion in the reactanproduc) well, r5, rg, andr¢ are the
MODEL. METHOD AND CALCULATIONS position vectors of the three particles, aRd= |rg—r,| is

o _ _ the A-B distance. They| andu, terms determine the motion

The structure of silicalit¢Fig. 1(a)] is made of straight  of the light particle along th® axis and in any transverse
channels intersecting orthogonally with sinusoidal channelgjirection, respectivelysee Fig. 2 In particular,u) turns out
both with diameter of about 5.5 &he intersections diameter tg pe a suitable choice for the reaction coordinate. Indeed the
is about 9 A; ZK4 microporous structurfFig. 1b)]is made  motion of the light particle alon® is determined by a sym-
of large spherical cagegliameter~11.4 A connected by metric bistable potentiaidescribed by the quartic polyno-
narrow windows about 4.2 A wide. The MD runs were car-mial in uy); each well(at u;==R/2) corresponds to a
ried out in the microcanonicdNVE) statistical ensemble at stgple species witll bound to one of the two heavy atoms.

about 300 K, both in silicalite and ZK4. The simulation The two wells are Separated by a maxim(ﬂ]u‘lz O) rep-
boxes consisted of 2 unit cellsuperimposed along for  resenting the barrier to transfer, given by

silicalite and 1 unit cell for ZK4, both corresponding to a
total of 576 framework atoms. We verified that larger cells v =imw2R2 (4
(up to 2304 atomsgive rise to negligible differences from 0320
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FIG. 2. TheA-C-Breaction complex and the various coordinates appearing

in the three-body potential, E¢3).

The height of the barrier increases as the reactants mo
apart, but as strong harmonic forces prevent their definitiv
separatiorisee also Eq5) below], the mean barrier height is
well approximated by puttin =o,_g in Eq. (4). The mo-
tion of the light particle in the direction normal ® is sub-
ject to a harmonic restoring force due to the quadratic
term in the three-body potential. The last term in E&).is

an attractive term added in order to prevent large separatio
of the two heavy particles:

Vg=aR°. (5)

The a constant was fixed at 1.415 kJ A mol™%; with this

high value the two heavy particles never separate by mor&

than 6 A ,thus we can always consider the system as
“tightly bound” complex.
If we allowed greateA-B separations the transfer prob-

ability would clearly decrease as the two heavy particle musE

get close before exchanging tl@ species. Working on a
“tightly bound” complex allows a high number of meaning-
ful (reactive events to be recorded in a shorter simulation

time and at the same time it makes more evident the effect og

activation of the reactants with respect to their relative dif-
fusion (which is less interesting in the present study, as re
marked beforg The flexibility of zeolite framework was ac-
counted for by a nearest-neighbors harmonic métiehly
the interactions of the guest species with the zeolite oxyge

atoms were considered in the simulations. The simulatior}

time step was 1 fs.

The chemical reaction shown in E@.) can be schema-
tized asA<B; it can be described by the phenomenological
rate equations:

Ca(t) = —KCa(t) +KpCa(t)
and

(6)

Ca(t) = —kpCp(t) +KeCa(l), (7)

wherek; andky, are the forward and reverse rate constantsg

respectively, whilec,(t) andcg(t) denote the instantaneous
concentration of specieA and B. Similar rate laws can be
written for the fluctuations from equilibrium concentrations
Acp(t) andAcg(t); if the number of particles is conserved
(Acp(t) +Acg(t)=0) one then finds

Aca(t)=—kiAca(t) —kpAca(t)= —KkAca(t), (8)
where k=k;+ky, Aca(t)=ca(t)—(ca), and Acg(t)
=cg(t) —(cg). The solution of the rate Ed8) yields

Aca(t)=Aca(0)exp( —kt). 9
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Equation (9) describes the relaxation of small nonequilib-
rium perturbations in the concentration of reactants; on the
basis of the fluctuation-dissipation theorem, in a system close
to equilibrium (linear regime¢ the decay of such externally
prepared deviations from equilibrium coincides with the de-
cay of the correlation between spontaneous thermal
fluctuations®2"-2®

(8n(0)on(t))  Aca(t)
((6n)%)  Aca(0)’

wheren(t) is a dynamical variable strictly related ¢g(t) and
on(t)= n(t)—<n>. With g=u,, as the reaction coordinate

c(t)=

(10

and g>0 to the other ong the dynamical variable(t)=6
[a(t)] [whered(x) is the Heaviside functiohmay be used to
distinguish the two speciggach one laying within one side
of the bistable potential Therefore, from Eqs9) and (10),

the normalized autocorrelation function of the fluctuations of
n(t) should decay exponentially to zero with a time constant

Tern equal to the inverse of the rate constént

c(t)y=e Y™ for t> 7. (12)

This connection allows one to extract kinetic data from an
quilibrium simulation by exploiting the spontaneous fluc-
uations of the variable(t);2° this approach is suitable for
any activated process that shifts the reactive system between
two primary regions of stability. Note that E¢L1) is valid
fter a transient timer,,, because the phenomenological
gs.(6) and(7) cannot be right at very short times. The time
Tmol IS the characteristic time needed for the transitidier
the activation its timescale is that of the molecular internal
otions that allow the reaction coordinate to thermalize.
uring this time the excess potential energy of the reaction
coordinate is being transferred to the other internal degrees
of freedom and to the external environment. On the other
hand, 7, is the time needed in order to reactivate the reac-
'T.Lon coordinate starting from reactants at equilibrium, i.e.,

e actual average time required for a complete transition
rom a stable, equilibrated, species to the other one.

The transition state theoryTST) approximation tok

may be evaluated by the short time gradient(@f:

dc
kTST:_a(t_’o+)- (12
It can be showf? that Eq.(12) is equivalent to the Wigner's
assumption that every trajectory which crosses the transition
state with positive velocityi.e., directed towards the prod-
ct9 will always lead to the products, without recrossing the
arrier before the complete deactivation. This assumption
can break down, for example, if the environment hinders the
barrier passage through frequent collisions with the activated
complex in the transition state domatThe activation step
preceding the barrier crossing and the dissipation of the ex-
cess potential energy following the passage, which also in-
fluence the "true* reaction rate and its deviations from the
TST approximation, are strongly connected to the solvent
action. A decrease & compared tkg7 could be caused by
a very low coupling between the reaction coordinate and its
surroundings. For example, if no dissipation occurs shortly
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enough to give an accurate rate constant in the wirigh-
est barrier case. However, in order to further reduce the
: errors in the computed considerably longer trajectories
-0.5 were carried out. MD runs of 10, 20 and 40 ns were carried

out for Vo=2kgT,3kgT and KgT, respectively. The error

} present in the calculated values of the rate constéegs-
T mated from a block analysis of ddtaturns out to be less
than 10% for the BgT barrier case which, giving rise to the
lowest number of crossings, should be affected by higher
-15 errors than the other cases.
° The adopted procedure is different from the standard

“reactive flux” method to obtain the rate constant for an
activated proceSs? that has recently been applied to the
study of slow diffusive motions in zeolité3-3¢For activated
processes involving very high barriers this is the only suit-
able method because it would be impractical to follow a
0 50 100 150 single long trajectory spanning severa),, to obtain an ac-
curatec(t). Nevertheless we found that, for barriers up to
5kgT and for the reaction complex model adopted, following
FIG. 3. Logarithmic plots of the(t) correlation functions calculated by MD  a single equilibrium trajectory for fairly long times is a very
trgjectories(silicalite, barrier height5kgT) of different time lengthr. simple and direct way to obtain both the true rate constant
Circles: 7=1 ns; crossest=4 ns; other symbols: 5 ns7<40 ns. and its TST approximation. From qu_l) and (12) it ap-
pears that the connection between t{&) function and the

after the passage in the products well the reaction coordina{ﬁ"’mtion kinetics provides all the'informatio.n pertaining to
will recross the transition state and many recrossings will bé € true rate fi) and to the crossing dynamicsycy). The

observed. Other effedts® can further complicate the over- study of the relaxation ok(t), taking into account recross-

all picture, such as the intramolecular coupling between thd19S and any_kmd of c_iynan_‘nmal Processes myolved in the

reaction coordinate and other internal, non reactive degreé ansfgr react_|on, prowdes. information unava|lab_le from a

of freedom or the sharpness of the potential curve in th Irect inspection of the trajectory, thus representing a suit-

transition region, etc. If the barrier crossing was immediateable and accurate procedure for the present case.

and no recrossings occurred then Efjl) would be valid

also in the short-time region, i.e., the relaxation functionResyLTS AND DISCUSSION

would decay as a single exponential and the rate constants in

Eq. (11) and Eq.(12) would obviously coincide. In other The length of the simulations carried out ensures that the

words TST corresponds to assume a single-exponential r€onfigurational space is adequately sampled; the reactive

laxation ofc(t) at all times. The rate constant calculated bysystem explores the two sides of the bistable potential ac-

Eq. (11) is the “true* constant in the sense that it takes into cording to a near-Boltzmann distribution. Due to the symme-

account the possible effect of all the above-mentioned phelry of the potential, in an equilibrated system some properties

nomena on the overall transition rate, giving an estimate ofust be fulfilled: we indeed verified thén(t))~0.5 in all

its right value to be compared with the TST approximation.simulations and the number of crossings in either direction is
The effect of increasing the barrier heighg was firstly ~ practically the saméhe direct and reverse rate constants are

examined. By varying thev, paramete’V, was increased equal to one-half of the overak). The symmetry of the

from the low XgT value to the more significantkgT. It ~ System also entails that thegy calculated by Eq(12) ex-

must be remarked that longer trajectories are needed fd@ctly matches the value calculated according to

In c(t)

time (ps)

higher V, values because the number of significant events 2Nge
(i.e., barrier crossingglecreases with higher barriers.cft) k-?gT:—, (13
function smoothly decaying to zero is needed in order to get TRUN

an accurate fit of Eq.11): the rate constants were calculated whereNg is the total number of barrier crossings afgd)y

by the slope of a logarithmic plot of(t). The transient, is the simulation length As TST assumes that every barrier
short-time part of the log-plot was not included in the fitted crossing actually leads to reaction the diremtreversg rate
region. The statistical accuracy of the obtained valuek of constant in such approximation is given Byc/mgzyn- The

can be tested by comparing the log plots of t{¢) func-  inverse of the latter ratio represents the mean lifetime of the
tions computed from trajectories of different length. For thisA-C or B-C species, therefore E413) corresponds to what
purpose we report in Fig. 3 the partial results of a 40 ns rumeported in Ref. 7: for the studied systemgr =krs7 * is

in silicalite with Vo=5kgT. The logarithms of the correla- given by half of the mean lifetimes in either well.

tion functions computed from increasingly longer portions of ~ The c(t) functions obtained for the BT, 3kgT, and

the overall trajectory are shown. The slope of the plots conskgT barrier heights are shown in Figsiaf4(c); the loga-
verges to a constant value after 5 ns only; in other words, forithms of c(t) are plotted in the insets. Table | reports the
the system under study, a trajectory of 5 ns seems to be lormgite constants resulting from the various simulations. In the

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



5534 J. Chem. Phys., Vol. 111, No. 12, 22 September 1999
1 T T
0
a =
. @ e
Ry -2 —
SO 0 5 10 15
O 1 1
0 5 10 15
1 T T —
0
S (N
N -2
- S~ 0 10 20 30
G ~oo--
O | 1 1
0 10 20 30 40
1 T
Seo 0
RSN © ] TUS=so.
~ \.\ s~ - e
S . 0 100 200
O I
0 100 200
time (ps)

FIG. 4. Normalized correlation function&q. (10)] for the different barrier
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line: ZK4; continuous line: silicalite; dotted-dashed line: €CThe insets
show the logarithm of the(t) functions. Note the different scales on the

time axes.
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TABLE Il. Analysis of barrier crossings.

Total Net TST
barrier  events (nonrecrossing % TST

Average number
of crossings

crossing® numbeP event§ events  per event
silicalite
2 kT 1371 520 236 45.4 2.64
3kgT 675.5 278 136.5 49.1 2.43
5kgT 124 61.5 35.2 57.3 2.01
(@ 630 313 159.5 51.0 2.01
ZK4
2 kgT 1223 471 203 43.1 2.60
3 kgT 529 256 131 51.2 2.07
5kgT 93.7 52 31 59.6 1.80
(@ 589.5 311.5 169.5 54.4 1.89
ccl,
2 kgT 1486 547 238 43.5 2.72
3 kgT 612.5 298 150 50.3 2.05
5kgT 121.2 71.5 44.5 62.2 1.69

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

corresponds to the transition state theory assumption. A
sample TST trajectory is shown as the dashed curve in Fig. 5
while the solid curve is representative of a typical recrossing
event. We see that, after crossing the barrier and reaching the
repulsive wall of the product side, in the non-TST case the
reaction coordinate is directly driven back to the reactant
side while in the other case it quickly thermalizes. The re-
crossing time is~ 1 ps. The distinction made between TST
and non-TST events is useful to understand some qualitative
features of the reaction on the basis of the observed percent-
ages of TST event&see beloy, but it could not be directly

first column of Table Il the total numbers of observed trans-2nd quantitatively associated to the rate constamsTable
fers, or barrier crossings, are shown. This value includes alt The latter are the exact values, as shown above, because

crossings, i.e., a sequence ofclose crossing-recrossing the decay of the(t) function is controlled by many events

events is counted times. In the second column of Table I
any such sequence is grouped to count it as a single event
only; in the third and fourth columns the number and the
percentage of crossings which do not immediately recross
the barrier after shortly visiting the product side are reported
(in this symmetric process both the forward and reverse re-
actions are identical and the term “product” can be referred
both toA-C or B-C species, depending on the direction of the
first barrier crossing A non-recrossing event was defined as
a barrier passage neither immediately preceded nor followed
by another(re)crossing; we will term it “TST" event as it

TABLE I. Rate constants (ng).

Silicalite ZK4 CCl, Silicalite? ZK4?2
k
Vo/kgT=2 94.2 73.1 110 - -
3 38.9 31.8 37.8 49.2 35.9
5 5.5 4.3 9.4
Krst
Vo /kgT=2 275 245 297 - -
3 135 105 123 126 118
5 25 18.7 24.4

aSimulations with stronger guest-host LJ interactions, see text.

-4

-4 -2 0

time (ps)

FIG. 5. Reaction coordinate profile for a “TST"” barrier crossifdpshed
line) and for a recrossing evefgolid ling).
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that cannot be easily accounted for with a simple definition 6
of TST crossings. The latter numbers only represent a rough O O silicalite
estimate of thereal number of reactant-product transitions Q e O zZK4

that could give the exack values through an expression

analogous to Eq(13). Indeed, thek calculated through the S
number of TST crossings underestimate the values of Table |

for 2kgT and XgT barriers while forV,=5kgT the exact

rate constants are overestimated. The discrepancy arises from

A — A co,

the definition of TST event and in particular from the arbi- 49
trary choice of the time interval without recrossings. The <
“no-recrossing” interval has been chosen to be 4 ps: this is =
slightly longer than the average recrossing timescale, but Y

shorter than the reaction timg,,, in all cases. The first re-

quirement excludes from the TST crossing number those
transitions in which the recrossing occurs slightly later than

the average; the second point is important to distinguish be- 2
tween recrossings and actual reactions. There are mainly two

source of error in this definition(a) if a barrier crossing is

followed by just two(or any even numbgrquick recross-

ings, the net result is a reactant-product transition, but one 1 — 77—
not included in the overall TST crossing number while still 1 2 3 4 5 6
contributing to the decay of(t) and thus affecting thé V,/k, T

value; (b) the recrossing can occasionally occur shortly after _ _
the 4 ps limit since the first passage. When the rate constaﬁt{G' 6 Arrhenius plots of the data in Table I. Full sym_bols represent
. . rue” rate constantdEq. (11)], open symbols TST approximated values
is evaluated from the TST crossing number tag events  [gq. (12)].
cause an underestimation kgfwhile the(b) cases determine
an overestimation. It thus seems that the weighbpevents
is greater for the highest barrier, while tf® events domi- est %gT barrier the liquid definitely appears as the most
nate for the two lower barriers. It is not easy to verify theseeffective environmentTable | and Fig. % Since with the
points, or to give a more accurate definition of TST eventpresent model the long-range diffusional approach of the re-
based for example on a time interval different than 4 ps foractants has little influence on the reaction rate, the observed
the recrossings, because of the distinct reaction timgdor  different rates in the two silicates are mainly due to their
each barrier height. For instance, after increasing the timdifferent effectiveness in the activation—deactivation of the
limit for the recrossings to 16 ps, the recalculated number ofeaction coordinate. Some factors could determine this dif-
TST crossings gives a better estimatekofor Vy=5kgT; ferent efficiency: notwithstanding the potentials describing
nevertheless the same time limit is not suitable for the loweall inter- and intramolecular interactions are identical, the
barriers because it would overlap with the time scale for thenternal vibrational modes of the two silicates show differ-
reaction (,,, ~182 ps forV,=5kgT in silicalite, but it falls ~ ences due to the different crystal structures. This is evident
to 26 ps for gT, and~11 ps for XgT). Another improve- from the vibrational spectra reproduced by the present har-
ment could arise by including all the transitions with an evenmonic modef Therefore the guest-host vibrational coupling
number of passages in the TST crossing number but thisould determine a more effective energy exchange between
would be complicated by the longer time needed for thethe reaction coordinate and the silicalite framework. In order
transitions characterized by more than one crossing, whicko check this hypothesis the total energy along the reaction
should be taken into account in some other way. All thesecoordinate, defined as
effects are automatically included in Ed.1) and there is no 1
need of further efforts to get a more accurate TST crossing E(t)= V[uH(t)]+ mu2 (14)
number. The numbers of Table Il will only be used for a
qualitative comparison between different environments.  has been averaged over all "TST" crossings. The first term
The reaction rates shown in Table | decrease with highein Eq. (14) is the potential energy along the reaction coordi-
barriers following a linear, Arrhenius-type, behavior whennate[retaining only theu) terms of Eq.(3)], and the second
In(k) is reported vV, /kgT (filled symbols in Fig. & actu- term is the corresponding kinetic energy. The non-TST
ally the curves in the zeolites are almost parallel, while {LCl events have not been included in the average because they
shows a more irregular trend, with a rate constant falling justvould complicate the interpretation of the energy curves. We
below the silicalite one only fo¥y=3kgT. The transition- found more convenient to include in the averaged ensemble
state approximated constants show a more linear trend thamly the TST events because they &elatedand then un-
the effective constant®pen symbols in Fig.)6 In all cases correlated from each other, thus better representative of a
ZK4 appears to be the least effective environment in promottypical barrier passage. Moreover such events have a higher
ing the atom transfer. The rate constants in silicalite are alstatistical weight in the ensemble including all crossings:
ways closer to those obtained in GGInd only for the high- they always directly lead to the products, thus giving the
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ime (ps) FIG. 8. Some geometrical properties of the reactive complex averaged over

FIG. 7. Total(a) and kinetic(b) energy of the reaction coordinate averaged all nonrecrossing tranS|t!ons for the = 3kgT ca}se.(a) Reaction coor_dlnate

over all nonrecrossing transitions for thig=3kgT caset = 0 corresponds Il (b) £ C-A-Bangle(in degree () B-C distance;(d) u, coordinate,

to the crossing of the barrier. describing the perpendicular distance of_mepartlcle from theA-B axis.
Note that the reactant and product species/@ and B-C, respectively.
Continuous lines: silicalite; dashed lines: ZK4; dotted lines: CCI

most important contribution to the rate constants. Figure nglg to the external region at greater angles. This is clearer
shows the average total and kinetic energies for Wie iy Fig. 9, where the angle in a sampséngle trajectory is
=3kgT case. The trend observed in the three environmentghown. Figure &) shows that thez C-A-B angle is mini-
is very similar: the transfer process starts less than 2 ps benym att=0 indeed the transfer usually occurs after the light
fore the crossindthis is more evident from the developing particle has moved to the internal region, almost aligned to

oscillations in the kinetic energy curves and from the trendhe A-B axis. The dynamics of the transfer can be roughly
of some geometrical properties of the reactive complex ana-

lyzed below, then the three curves are practically superim-
posed 1 ps before and after the crossing. The same similar
behavior is also observed for the other barrier heights exam-
ined. Therefore the differences between the reaction rates in
the two silicates cannot be ascribed to a faster energy transfer
in silicalite. The rate at which thactivatedcomplex climbs 150
the energy barrier along the reaction coordinate and then
transfers the excess energy into the other degrees of freedom '\

200

is roughly the same in all “solvents.” Moreover, if also the
geometry of theA-C-B species is studied during the reactive
crossings, we can conclude that the transfer mechanism is
practically unchanged in the three environments. Indeed Fig.
8 shows that the main features of the transfer are the same in
all cases. Note that the extensive averaging over many cross-
ing trajectories considerably smoothes out the oscillations of 50
the reported parameters due to their different phksk, for V
example, at the differences between Fig. 5 and Fig)|8

The averaged curves give also some insight into the transfer
mechanism, together with the direct inspection of the
computer-animated evolution of some selected MD trajecto- 0
ries near to the transition. While th#eB dumbbell is slowly

oscillating around the equilibrium distance ti@ particle

qUICI_(ly rotates around tha One’_and during FhIS rotation It FIG. 9. Evolution of thez C-A-B angle(in degreesfor a single reactive
continuously moves from the “internal” region betweén  crossing: note the probable occurrence of a collision with the host at
and B (corresponding to the lower values of tbie C-A-B = —2 ps.

eCAB

-4 -2 0 2 4
time (ps)

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



J. Chem. Phys., Vol. 111, No. 12, 22 September 1999 Activated transfer reaction in zeolites 5537

TABLE lll. Arrhenius parameters. TABLE IV. Analysis of the barrier crossing locations in silicalite; values in
parentheses are the overall time fractions spent in each region.
Silicalite ZK4 CCl,
- % Straight channel % Zigzag channel % Intersection
A(ns 649+8 515+12 492+26
E*IV, 0.95+0.02 0.95-0.03 0.80:0.09 Vo/kgT = 2 23.324.7 34.638.1) 42.137.2
3 2322.7 33.339.2 43.7138.1)
*%k=A exp(-E"/kgT). 5 22.923.9 40.039.5 37.136.6

described in this way: following the activation ti#eC bond
starts to oscillate with higher amplitudes and on each nexén the intramolecular interactions, teffectivebarrier is usu-
rotation that brings theC species in the favorable region ally altered by the additional contribution of the
betweenA andB, C gets increasingly closer ® (look at the  environment’ Thus in the liquid solvent thetatic contribu-
minimum at—0.8 ps in Fig. 8t until the A-C bond can be tion changing the relative energies of reactive speiesh
broken and th@®-C species is almost simultaneously formed. at the bottom of the potential wells and at the barrier) top
It is interesting to note that the activated complex, taken aseems to be more important than in zeolites. In other words,
the geometry adopted at=0, is almost linear: theC-A-B  for this model reaction the liquid is probably more effective
angle is at a minimum of 15(Fig. 8b and the normal dis- in lowering the energy barrier compared to the zeolitic envi-
tanceu, from the A-B axis converges to a minimum &0  ronments. This effect could also be connected to the more
[Fig. 8(d)]. Moreover the onlyslight) difference in mecha- compact arrangement of the transition state in £Kigh-
nism between the three environments can be seen in the eviighted above.
lution of u, : in CCl, the C species is kept closer to the axis Next we have to explaihow the silicalite structure can
connecting the heavy particles and the transition state corfavor a higher number of transitions than ZK4. In the former
figuration is a little more compact than in the silicates. the reaction complex moves along straight and zigzag chan-
The energy curves in Fig. 7 and the described mechanel sections and their intersections, thus experiencing signifi-
nism are representative of the crossing events only, i.e., thegantly different environments, each one imposing different
show that, once the reaction coordinate is activated, the foleonstraints to the reaction. This can in principle lead to mul-
lowing dynamics is mostly independent on the environmenttiple rate constanté whose mean values are probably those
However, they could not take into account the longer timeshown in Table |. ZK4 offers a more uniform and less con-
interval (on the order ofr,,,) between the reactive events, fining environment to the reactive event, consisting of large
i.e., the time needed to “prepare” the atom transfer. Thecages(whose dimensions are even larger than the channel
action of the environment on this time scale mainly affectsintersections in silicaliteconnected by very narrow windows
structural and equilibrium properties that should then be cruwith diameter not much greater than that of theand B
cial in determining the observed differences. The fasteparticles. This structural difference should be the main
transfer rate in silicalite probably stems from a higher acti-source of the different behavior observed in this particular
vation frequency the time needed to reactivate an equili- process. In order to elucidate the influence of specific regions
brated species should be shorter than in ZK4. This seems tn the reaction the transitions occurring in silicalite were
emerge from both thé&gr values in Table | and thénet divided on the basis of a map recently devised by’wshich
crossing numbers in Table Il, which are always higher inallows to identify the regioristraight channel, zigzag chan-
silicalite. Indeed, the almost constant percentage of TSTel or intersectiopvisited by the sorbate at a particular time.
events(with fixed V) in all environments confirms that none We mapped the position of th&e B center of massgagain for
of them is more effective in favoring the thermalization of the TST crossingswheneveru | changed sign. At that time
the excited reaction coordinate after the barrier passage, i.@¢he A-B center of mass is close to the position of the trans-
in preventing the recrossings. Therefore a higher number derring C species: indeed, at the transition state, the distances
“attempted transitions’{net events in Table Jlwill presum-  of C from A and fromB are roughly equal and tha-C-B
ably lead to higher rate constants as the probability of sucarrangement is almost linear, as seen before. The percentage
cess is roughly constant. Moreover looking at the Arrheniusf crossings found in each region is reported in Table 1V; the
parameters for the straight fits to the log plots in Fig. 6,values in parentheses are the fractions of the whole trajectory
reported in Table Ill, we see that, while te#ectiveactiva-  spent in the same region. From the reported data it seems
tion energy is the same in the two zeolites, the preexponerthat the distribution of reactive events in silicalite is mainly
tial term is considerably higher in silicalite, presumably re-statistic: the fraction of crossings occurred in each region
flecting the higher *“collision frequency” between the mostly reflects the time fraction spent there by the reaction
reactants which ultimately leads to the higher number oftomplex. If a specific region favored the transfer reaction the
transfers. While the logarithmic curves in the two zeolites arepercentage of events found in that region wouldhigher
fairly linear and then easily comparable, the Arrhenius pathan the fraction of time spent there. We see that, for the
rameters in the liquid solvent are affected by higher errorsstraight channel, the two percentages are always identical,
However, within the error bars, the activation energy in Cl while (for barrier heights of BzT and XgT) the intersec-
is about 20% lower thaW, while the zeolites shows a de- tions seem more favorable for the reaction compared to the
crease of only 5%. Whil¥ is thepotentialenergy barrier to  zigzag channels. However the differences are small and com-
transfer, i.e., the gas-phase activation energy depending onpjetely disappear for the highest barrier. Therefore the fact
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FIG. 10. Distribution of the positions of reactive crossirigslid lines and
of the whole trajectorydotted line$ with respect tga) the closest window
center;(b) the cage center, for the ZK4 run wity=3kgT.

FIG. 11. Projections on thry plane(at z=L/4) of the three-dimensional
distribution function of(a) the coordinates oAA(B) species,(b) the A-B
center of mass coordinates, for the ZK4 run with=3kgT. Darker areas
correspond to higher density regions.

that the reaction complex spends more time in the channels

than in the intersection@bout 62% of the full trajectopyis

presumably not the reason of the higher reaction rates idistributions in the centraty plane atz=L/4 (i.e., with the
silicalite because in the intersections the reaction occurs witbage center in the middleare reported as contour plots in
the same, if not higher, probability. Turning to the ZK4 caseFig. 11. It is evident that both the heavy particles tend to be
we calculated the distributions of reactive events and of tratocated in the cage, near the window entrances; at least one
jectory points located at a particular distance from the centeout of the two is always placed in these sites. Looking at the
of the (closest window [Fig. 10@)] and from the cage center contour plot of the center of mass positidiftsg. 11(b)] it is

[Fig. 10b)]. In the first case the main difference between theclear that the other one can be placed in the same cage, with
two distributions is the absence of reactive crossings in théhe A-B axis roughly aligned with the cage wall, or in the
region near the windows, where the reaction complex spendadjacent cage, with the center of mass placed at the window
a non negligible fraction of time, albeit lower than the time center(evidenced by the relative maximaxaty=_L/4, 0 and
spent in the cagéthe main maximum in the figupeFig. 0, L/4 in the C.M. contour plgt As seen before the latter
10(b) shows the same phenomenon from another point oarrangement does not allow titransfer to occur and this
view: the reaction complex always avoids the cage centepresumably is the main reason of the lower transition rates in
and it is preferentially adsorbed 3-4 A apart, i.e., near theZK4. Indeed from the probability distributions of Fig. 10 the
cage walls. The reactive crossings preferentially occur afraction of configurations with thA-B center of mass placed
similar distances from the cage center. However a nonnear the windows can be estimated as-13%, to be com-
negligible tail at higher distances is present in the trajectonpared with the~22% increase in the rate constant going
distribution and disappears in the distribution of reactivefrom ZK4 to silicalite Vo=3kgT).

crossings. This tail corresponds again to the region near the The further small rate difference in favor of silicalite
windows, which seems to be definitely unfavorable for themight denote that also the configurations with the center of
transfer reaction. In order to further investigate this point themass in the cage of ZK4 are not as favorable as the confor-
three-dimensional distribution functidfsof both the A-B mations adopted in silicalite. One hint in this direction comes
center of mass and of singke(and, equivalentlyB) species from the mean interaction energies between the guest reac-
in the zeolite cavities were calculated. For ZK4 one eighth oftion complex and the host framework, given by

the unit cell containing exactly one cage at its center was LI LJ L3

divided in 25x25x25 s?nall cubye$with sige~ 0.5 A). The (Ug—n)=(UaZn) +{Up=p) +(Uc-n)- (19
coordinates were reported in this “subcell” through inverse The obtained values, referred to the runs Wi 3kgT, are
symmetry operations and we calculated how many configu¢U,_p)=—57.6 kJ mof * for silicalite and—38.0 kJ mot?
rations were placed in each cube. The projections of thestor ZK4. The A-C-B complex is adsorbed much more
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FIG. 12. Oxygen-heavy atoms radial distribution functions for silicalite and

ZK4 (runs withVy=3kgT).

strongly in silicalite. This is due to the higher number of FIG. 13. Projection on thgz plane(at x=0) of the three-dimensional dis-
oxygens that can closely interact with it, in particular in the iPution function of(@ the coordinates oA(B) species(b) the A-B center
. ._of mass coordinates, for the silicalite run witty=3kgT. Darker areas

channels where the molecule is fully surrounded by the inzorespond to higher density regions.
terconnected ten-rings of oxygen atoms. In ZK4 the mol-
ecule can only interact with the oxygens in the nearest cage
wall and the absence of a near opposite wall determines the
lower adsorption energy. In fact, the average number of first
neighbors oxygen atoms is 15.4 for silicalite and 9.3 for
ZK4. These numbers have been calculated by integrating the
oxygen-heavy atom radial distribution functiomdf’s) in the
0-5 A interval, which is the range covered by the first peak
in the rdf's shown in Fig. 12.

The contour plots for the silicalite run were calculated =
by dividing the unit cell in 440X 27 cubegso that the side
is still ~0.5 A) and determining how many configurations
were placed in each cube. Figure 13 shows a “slice” of this
three-dimensional distribution corresponding to the straight
channel while in Fig. 14 the sinusoidal channel is contoured.
In the straight channel some different configurations for the
reactive complex are possible. Comparing the distributions
of the heavy species with that of their center of mass and
remembering that thA-B distance is always close # A it
seems that the most common arrangements are(thvittose
with one heavy atom in the intersectiofiscated aty=5 and
15 A) and the other in the channeij) the configurations
with both atoms in the channel, arranged with % axis
oblique with respect to the channel axis and with the center 24
of mass roughly at the center of the channel. Turning to the oL s . e
distributions in the sinusoidal channel, we see that here only 0 2 4 6 8 10 12 14 16 18 20
one arrangement is possible, with both atoms placed along X (A)
the channel and the center of mass located well inside the o ) )
channel. The resuls of Table IV showed that while the mol£,. 14 "cten of ezpaneiaty b of e tree sipersona
ecule remains trapped in this arrangement for a rather loNgenter of mass coordinates, for the silicalite run with=3ksT. Darker
time the transfer of the light particle can be slightly ham-areas correspond to higher density regions.

z (A)
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pered, compared to the transfer probability when the center
of mass is in an intersection or in the straight channel. This 20 1
phenomenon, albeit less marked, is similar to the complete
absence of transfer events when the center of mass of the
molecule is locked in a ZK4 window.

Another important effect has been highlighted by calcu- || -7 7777
lating the work done on reactants by the solvent, which is a

Cumulative work
summed over oxygens

silicalite |
'

suitable measure of the guest-host interaction during the re- Teo-ZKe
active event®°41The work done by solvent atoinon re- 2 ‘.
agent atonj up to time 7 following the barrier crossingat 2 )
o
, Z ‘
Wij(T):fofij(t)'Vj(t)dta (16) 0

wheref;;(t)is the force exerted on the reagent atpby the
solvent aton, andyv;(t) is the velocity vector of the reagent
atom. The total work done on the reactive complex byithe
solvent atom during the time is then

~10 ! ‘ ‘ ‘ ‘ . ‘ . ‘ s
0 40 80 120 160 200 240 280 320 360
wi(7) =2 wi(7), (17 Oxygen Rank
J
FIG. 15. Thin lines: ranked work done on the reagents by the zeolite oxygen
where the index runs over the three reagent atofsB, C. atoms; atoms are ranked according to their maximum value of work done
FoIIowing each barrier crossing the WOVK(T) with 7=2 (see text in the 2 ps following each barrier crossing. The two insets show

. . . with higher detail the ranked work done by the 16 atoms doing the more
ps, was determined for each zeolite oxydefThese atoms positive and the more negative work. Thick lines: cumulative work done by

were then ranked by their corresponding valuewg{r): the oxygen atomgintegral of the ranked work over the oxygens
atom 1 did the more positive work in the 2 ps following the

crossing, while atom 384 did the more negative work. Note

that atoms do_mg positive work are transfernng energy to theenvironment. The fact that the overall work done on reac-
reactants, while a negatiwe, denotes that atormis remov- . . . .

. tants in 2 ps is comparable in the two zeolites reflects the
ing energy from theA-C-B complex. The ranked work was

. . L imilar trend in the energy curves of Fig(ay. the energy
;gf?h?ﬁrigsef ?V:;S‘Z" gﬁg'ﬁrigr;zs'lggzénir‘?':;?al'tlesagsdtﬁiﬁfemoved from the reactive complex after 2 ps is about the
0 >"B ’ blay 9. ame in the different environments. However this seems to

lines. We. see that in both zeolites the V\(ork done by rnosgrise from the cancellation of the larger positive and negative
oxygens is near zero: only a small fraction of atoms does

S e ) work contributions in silicalite. On one hand the net result is
significant work, both positive and negative. By further ex-

L . : ; , .that close to the barrier crossing the energy transfer occurs
amining these fractions, shown in the insets, it results that in 9 9y

S . . . . with similar rates; on the other hand, the larger efficiency of
silicalite the atoms doing positive work give a larger contri- silicalite oxvaens both in accepting and transferring ener
bution than the corresponding atoms in ZK4; likewise the Y9 Ping 9 ay

. . . ._to the triatomic m involved in the higher reaction rat
work done by the fraction of atoms doing negative work is  the triatomic may be involved € higher reaction rates

) . S observed on longer time scales.
again larger(more negativefor silicalite. In other words, From the preceding observations it results that the more
even though in both zeolites few oxygens are directly in-

volved in the energy transfer after the reaction, the interacio’ OrapIe environment for a heavy-light-heavy particle trans-
. gy . ' .. fer in the zeolite micropores should be a fairly confining one,
tion of these atoms with the reagents is more effective in

silicalite. This point also emeraes from the trend of the Cu_|n order to maximize the attractive guest-host interactions.
T P g -~ When the triatomic molecule resides in the large ZK4 cages
mulative work done by the oxygen atoms, shown as thick, . . . o . 7
. A o . Its interaction with the zeolitic framework is weaker than in
lines in Fig. 15: the contribution of the few atoms doing V. o o . :
. . 9 L the silicalite cavities. A more effective interaction with the
positive work is about 20kJmot in silicalite, and neighboring oxygen atoms, while not directly affecting the
13.4 kJ mol ! in ZK4. This difference is counterbalanced by g 9 o%y9 ' y 9

. . . . short-time rate of energy transfer and the mechanism of the
the atoms doing negative work which are again more effec- 9y

tive in silicalite. Therefore the total work done on the re- activated process near to the barrier crossing, seems to in-
agents, i.e ' crease the rate at which the equilibrated sorbate can be reac-

tivated after thermalizing in the products well. At the same
time a stronger confinement suppresses the trafetan the
W(T)=2i wi(7), (18 zK4 windows and, to a lesser extent, in the sinusoidal chan-
nels of silicalite¢ because a fair rotational freedom is needed
where the index runs over all oxygens, is similar in both for the reaction to occur: the rotations of the vibrationally
environments. Since we considered the work done in thexcited A-C molecule that shift the light particle near the
interval following the barrier crossingy(7=2p9 is nega- ‘“acceptor” B species just before the transfer are hindered in
tive, corresponding to the energy flux from reactants to thearrow environments. These structural requirements are bet-
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ter satisfied in silicalite; in particular when one of the two TABLE V. Rate constanténs *) for the “loosely bound” complex simu-
species is in an intersection both requirements are likely t&ins:
be fulfilled. Silicalite ZK4 ccl,

It is interesting to observe that, for the studied process;
the liquid solvent definitely turns out to be the most efficient
environment only whe/y=5kgT. The trans-gauchecon-
formational isomerization of n-butane is an example of acti-
vated process with a very similar energy barrier. Jeinal 3
obtained rates for the isomerization reaction of butane in

silicalite considerably lower than in the liquid solvent. This changed. This corresponds to a higher “friction” exerted by
is in agreement with our results with a comparable barriery,g hos(i.e., the attractive forces exerted on the solute are
notwithstanding the considerable differences in the reaCt'°”§tronger and its translational motion gets considerably
studied. The authors ascribe such behavior to the hinderingoweb and not, strictly speaking, to a more effective guest-
on the _|somer|zat|on process due to the occlusion of the mo'host(externa) coupling; nevertheless some related informa-
ecule in the narrow silicate pores. Nevertheless for thgion could be gained also in this way . The results are re-
present transfer reactidahich is made fairly similar to an ported in Tables | and II. Compared to the runs with lower
unimolecular isomerization by the imposed constraiatser intermolecular interactionk increases both for silicalite and
effects can come into play in determining the larger effi-zx4 The higherk values arise from an increased total num-
ciency of the liquid solvent. Besides the static effects modiygy of (neb crossings and from a slightly higher percentage
fying the relative energies of the reactive species mentioneg nonrecrossing events. The increase in the rate constants
above, the better matching between the masses of @@  shows the non-negligible influence of the guest-host interac-
of heavy xenon-like solute species could also favor the reagjons in this process and confirms that the high recrossing
tion through more effective collisions compared to the twoprohanility observed for this system may be connected to the
silicates. weak intermolecular coupling. More work is needed to as-
Another point emerging from Table | is that TST con- sess the exact nature of its action, which cannot easily be
siderably overestimates the rate constants in all cés@s associated with the effects discussed so far. For example the
krsTs are always 2—4 times larger than the “true” con- structural properties, such as the distributions in the cavities,
stantg. This is due to a high recrossing probability, which considerably change when the attractive guest-host forces are
leads to a decrease ktompared tdrst. Many recrossings modified and the considerations made above may be no more
may arise when the coupling to the environment is low, inyglid.
particular with a not too high reaction barrier: the reaction  Finally we tested the effect of lowering the force con-
coordinate, after crossing the barrier, retains most of its eXstant for theA-B interaction to one-half of its previous value.
cess energy, and quickly recrosses the transition state aftghis corresponds to a “loosely bound” complex in which
having visited the products side for a short time 4,,).  the A-B distance may reach higher values to 7.5 A. The
We see in Table Ikfourth column that the percentage of rate constants, for the runs wit,=3kgT, are reported in
nonrecrossingTST) transitions increases with greater barrier Table V. Compared to the previous rates there is obviously a
heights in all environments, and the last column shows thatet decrease as the reactants are on average farther from each
the mean number of crossings per single event is a decreagther. ZK4 gives rise to the more marked decre@s80%)
ing function of the barrier height. Then a higher barrier cor-followed by silicalite(—50%) and CC} (—30%. It is inter-
rectly leads to a lower recrossing probability, but the ten-esting to note that the further increase in the difference be-
dency to recross the barrier results rather high in all casesveen the rates in the two silicates is not due to a different
accounted for. In the present case the reactive complegistribution of theA-B distances: as in the previous runs the
A-C-Bpossesses only a few internal degrees of freedom ovetistributions in silicalite and ZK4 are identical. The overall
which the reaction coordinate may distribute its excess engend is unchanged with respect to the previous runs with
ergy; thus, in absence of a strong coupling between thesé,=3kgT: Kzka)<K(siicaiite)™ K(ccia), Showing that the gen-
non-reactive degrees of freedom and the bath, a great part efal features observed for this process are not heavily sensi-
the excess activation energy is likely to flow again into thetive to theinternal (as opposed to thexternal or intermo-
reaction coordinatbeforebeing transferred to the solvent. If lecular) parameters adopted, in particular to the choice of a
the number of internal degrees of freedom that can equipartightly bound” complex. Actually, only if we loosened the
tition energy with the reaction coordinate on the time scaleA-B bond at the point that a C&molecule could easily slip
of the crossing is highdtike, for example, in the isomeriza- between the heavy atonfwhich would requireA-B separa-
tion of a polyatomic moleculethen the dissipation could be tions of almost 10 Awe would obtain considerably different
more efficient even at very low coupling with the rates in the liquid solvent. But in such case the dynamics of
solvent??=44 the transfer would significantly differ from the process stud-
In order to investigate the effect of the coupling to theied so far: the reactants might considerably separate from
external bath, two more 20 ns simulations in silicalite andeach other and their relative diffusion would affect the rates.
ZK4, with Vo=3kgT, were performed with a three times Moreover such simulations would require very long MD
deeper minimum for the interaction between the zeolite anduns in order to observe a fair number of transitions and the
the two heavy bodies; all the other parameters were left unapplication of the present method is no more suitable.

26.2 16.6 26.7
Krst 96 80.9 105.3
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CONCLUDING REMARKS calite framework together with the hindering of the transfer
e/vhen the complex is located in the ZK4 windows seem to be

environments on the model of an activated transfer reactio}"je main structural effects determining the observed behav-

proposed by Allen and Schofield. The triatomic model pro-°" The short range of the intermolecular forces results in the

vides a convenient description of the microscopic dynamic?art'c'pat'on of a small number of oxygen atoms to the re-

of breaking and formation of bonds, yet most of the relevanfCllVe Process. This was shown by calculating the work done

correlations are intrinsically present. The fact that the reac?” the ”'a“’!“'c complex_ by each_ zeollte_oxygen in the in-
rval following the barrier crossing, which by symmetry

tant are always kept close to the reaction distance throug}f_ ibility of the MD traiectorias ivalent to th
harmonic restoring forces facilitates not only the simulation (time-reversibility of the rajectorigss equivalent to the

but also the analysis of the reactive paths in such environ22Mer climbing step. Both p03|t!ve and negative work IS
ments. done on the reagents and there is a large compensation be-

It has been shown that useful information concerning thdween atoms depositing energy in the reactive complex and

dynamics and the kinetics of activated transfer processes i (Oms removing energy from it, The total work done by the
zeolites can be obtained from a standard correlation funciV° zeo.lltes IS s!mllgr a_nd negative, as the energy flux after
tions analysis applied to classical equilibrium molecular dy-the barr'|er crossing 1S dlrected.from the trlgtomlg complex to
namics trajectories, as long as the energy barrier separatiﬁ € envwonment. However a dn‘ferent_ _effl(_:lency is shown by
e few “active” oxygen atoms of silicalite and ZK4, the

reactants and products is not too high. The small size of th . .
light C particle compared to the heavié+B ones mainly atter doing a smaller amount of work than the corresponding
ones of silicalite; this point may play an important role in

reduces the problem to the interaction of #heB substrate determining. th e diff b d | i
with the environment. The diffusional constraints imposedsgafé?'nmg € rate diierences observed on fonger time

on the relativeA-B motion further emphasize the importance
of the coupling between these masses and their surroundings.
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