Diffusion and vibrational relaxation of a diatomic molecule in the pore
network of a pure silica zeolite: A molecular dynamics study
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The vibrational relaxation and the diffusion of diatomic molecules in the zeolite silicalite have been
studied through molecular dynamics simulations in the microcanonical statistical ensemble. The
adopted model accounts for the vibrations of the framework and sorbed atoms using a harmonic
potential for the silicalite and a Morse potential for the diatomic molecule. The results show that the
framework favors the relaxation of diatomics oscillating at frequencies near to its characteristic
vibrational frequencies, leading in such cases to lower relaxation times and to an increasing in the
energy exchangepker collision The diffusion of a two-site oscillating molecule representing ethane
has been also investigated; the diffusion coefficient and the heat of adsorption agree very well with
the experimental data. Arrhenius parameters for the diffusion have been calculated, and some
insights into the diffusion mechanism have been obtained from log—log plots and by inspection of
the distribution of the ethane molecules in the silicalite channels. Therefore the simplified model
adopted seems to adequately describe the diffusive motion and the guest—host energy exchanges,
and it could be useful in order to study simple bimolecular reactions in zeolited 995 American
Institute of Physicg.S0021-960606)51436-4

INTRODUCTION energy barriers to diffusion compared to methane, and the
framework vibrations, which can lower these barriers, could
Zeolites are crystalline microporous aluminosilicates,naye more important effects. In the present paper we study
with internal cavities and channels of molecular dimensionsine giffusion of ethane in silicalite; ethane is modeled by two
this peculiarity leads to a large number of applications inponded LJ sites, where the bond is represented by a Morse
catalytic and separation process. The knowledge of the progsotential function, and framework vibrations are reproduced
erties of the sorbed molecules in a specific zeolite is essentig), 5 three-dimensional network of harmonic springs which
for the understanding and the optimization of such processegonnect nearest neighbors. We will show that this simplified
Geometric effects like pore size and pore shape along withhodel can well reproduce the main experimental properties
interconnectivity and tortuosity are among the relevant papf ethane in silicalite, also providing some informations
rameters necessary to account for diffusion and energy trangnout the diffusion mechanism.
fer in confined regions. In recent years computer simulations  The guest—host energy exchanges can also have impor-
provided a powerful and versatile tool of exploring the be-tant effects in catalytic process, e.g., in the thermal activation
havior of guest molecules in zeolité$4olecular dynamics® o reagents and in the stabilization of excited reaction prod-
(MD) experiments produce a detailed description of the timg,cts. Our interest is in the latter case; we investigate the
evolution of the simulated system, giving access to botRjiprational relaxation of a diatomic oscillator in the silicalite
structural and dynamigtime-dependeitproperties. host, changing its frequency in the range 180—1050m
In most MD studies the zeolite framework is considered; g the range covered by the IR bands of silicalite which are
to be rigid, i.e., the atoms are held fixed in their equilibriumenroduced by our model. In this way we will show the ex-
positions. This assumption reduces the number of interagstence and the extent of coupling effects between the inter-
tions to evaluate in the force loop of the MD computer code g vibrations of the diatomic and the silicalite modes.
then leading to a decrease in computer time, but, among the
others, has a shortcoming; the sorbates diffuse in a static
environment without the possibility of exchanging energyrye MopEL
with the zeolite framework. Simulations with a vibrating lat-
tice showed that the framework can act as an effective “heat  Silicalite is the dealuminated form of synthetic zeolite
bath” for the sorbates; at any time their velocities are ther-ZSM-5; simulations are often carried out on silicalite be-
malized to a Boltzmann distribution through a continuouscause it is isostructural with ZSM-5, but contains no charge-
energy exchange with the lattice atofnEhis fact can have balancing ions; therefore the long-range Coulombic interac-
some effects on the diffusion and other properties of thdions are absent, and the calculations are simplified. We
guest species; until now MD studies on this topic haverepresented silicalite crystal structure, according to x-ray dif-
mainly concerned with adsorbed Lennard-Jotiel spheres, fractions studie$? in the Pnma space grouprthorhombig,
representing methane or xenbi.The effects of framework with unit cell lattice parametera=20.022 A,b=19.899 A,
vibrations should be greater on nonspherical sorbates larger=13.383 A. The silicalite structure is characterized by two
than methane. These species move in a potential with highgypes of channels, see Fig. 1, whose kinetic diameter is about
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ics we change the bond frequency by changihdor ethane
Bis fixed to 1.8408 A, corresponding to its C—C stretching

I e R SCEE S Rt S frequency of 945 cm'.
‘ The Lennard-Jone&l2-6) potential is used to describe
11 11 both the site to site interactions and the site to _frame_vvork
JS N B i o MU oxygens interactions; as in the most of the MD simulations,
TN I B el < we assume that the Si atoms are well shielded by the larger
[ RAQUUS RN RN CIGU E Er § oxygen atoms, so that their interactions with the host species
2 are not accounted for directly. We adopted the site to site LJ
I : 15 Lo .
N = SN - N N parameters obtained by Jorgen?ml. fqr liquid ethane;
P SNy LN P e R 0=3.775 A ande=0.867 kJ mol’. The site-to-oxygen LJ
~N— et I el 0 Ay& parameters are=3.461 A ande=0.811 kJ mol*, which, in
I s (CEOEEEEL Pt N previous simulation$,provided an adequate description of
| | methane—silicalite interaction, and are consequently fairly
v a = 20022 A suitable for describingCH3)—O interactions.

/ X ETHANE DIFFUSION
4

Simulations were carried out with eight ethane mol-
FIG. 1. A schematic representation of the pore network of silicalite. Theecules, which were initially arranged in the sinusoidal and
straight and sinu_soidal channel systems are directed along &mel x di- straight channels. The system was thermalized, by scaling
rections, respectively. the atoms velocities, for 400 ps. This long equilibration time
was due to the slow thermalization of ethane molecules. Af-
ter that, the “production run” was started; we found that
5.5 A; the straight channels run parallel to thedirection,  very long trajectory3 ng were needed in order to achieve a
and the average direction of the sinusoidal channeds is  good statistical description of the diffusive process. The cen-
For MD simulations, the simulation box consisted of two ter of mass coordinates and velocities of ethane molecules
crystallographic cells superimposed alangesulting in 576  \vere stored every 32 fs.
framework atoms(192 Si and 384 @ periodic boundary A first test of the model used was the calculation of the
conditions were applied. Simulations were carried out in theneat of adsorption, defined as
microcanonical(NVE) ensemble; the time step was 1 fs,
leading to energy fluctuations lower than 0.1%. The equa- H=(Ugn) +(Uge) —RT, 2
tions of motion W?Trfl integrated using a modified version of
the Verlet algorithm:* The harmonic model for the silicalite )
framework is described in detail in Refs. 12 and 13; Onlye?erggé:&& E;heazv;aor?g;ritth gogtgavr\]; gggﬁgin en
interactions between first neighbors Si—O and O-0O are ac- gg5 kJ mot® mggood agreement with the experimental
counted for, through quadratic functions of the dlsplacemen&ata at 300 K, which converge to a vaifief —31 kJ mol L,

from a given equilibrium distance. No other contacts are in- Figure 2 illustrates the time evolution of the mean square

cluded and the initial topology of the framework bonds is | MSD K fi
retained during the MD simulation. This model satlsfactorllydISp acementMSD) at 303 K, as defined by

reproduces the main structural and dynamical features of sili- 1 No N

calite, natrolite and zeolite A; the simulated IR spectrum  Ar?(t) :N_ 2 2 Iri(to+t) —ri(to)|?, 3
agrees fairly well with the experimental bands, so that frame- o=11=1

work vibrations are well representétiEthane and the di- where ther;’s are the center-of-mass coordinates of ethane
atomic molecules used in the simulations are modeled bynholecules, and the average is olemolecules andN, time
two LJ interaction sites; the intramolecular potential is of theorigins. The channel structure of silicalite leads to the anisot-

where (Ugp) is the average ethane—framework interaction

Morse form ropy of the diffusion process; ethane diffuse roughly twice as
U(r)=D[1-e Br~T07]2, (1) fast in they direction as in thex direction, while the motion
in the z direction is almost negligible; there are not channels
where pointing towardsz, and ethane can diffuse in this direction
= only covering alternate segments of straight and sinusoidal
B=1/ w=27Cy. channels, which seldom happens. This is evident from Fig. 2,

in which the total MSD and his components are plotted.
w is the reduced mass; the bond energy and the equilibrium  Two other simulations at 403 K and 495 K were carried
bond length are 351.381 kJ mdland 1.536 A, obtained out; the resulting total MSD’s are collected in Fig. 3.
from spectroscopic data for ethane; the mass of each site is We used the Einstein equation in order to obtain diffu-
15.024 amu, i.e., the mass of a methyl group; for the diatomsion coefficients from the slope of the MSD curves
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TABLE |. Ethane diffusion coefficients.

~ 2000
= 1800 [ D/10°° D,/10°° D,/10°° D,/10°°
o g T (K) (m?s™Y (m?s™Y (m?s™Y (m?s™}
S 1600 |
T g 303 45 40 8.8 0.8
£ 1400 b 403 7.9 7.3 15, 15
vV 1200 [ 495 10.4 10.7 18.7 1.8
1000 £
800 -
600 & ) ficient alongy is therefore due both to an higher pre-
: exponential factor and to a lower activation energy than in
400 the other directions; thE,’s alongy andz are rather similar,
200 and the very slow diffusion alongis essentially due to the
0 betirr T e small pre-exponential factor. The Einstein equation is valid
0 40 80 120 160 200 240 280 320 on a long time scale only; in order to obtain informations

t (ps) about the diffusive motion at short times, logarithmic plots
of MSD turn out to be very helpfuf Plotting on logarithmic
FIG. 2. Mean square displacement for ethane in silicalite at 303 K; totaiscale both logMSD) and logt), every linear region of the
(=), and componentg (——-), x (---), andz (). resulting plot denotes a distinct diffusive regime, represented
by a power law likey=Ax*; e.g., the Einstein diffusive re-
2 gime is described by a straight line of slope 1. Then it is
D=lim Ar(t) ) (4)  Possible to obtain the characteristic time and space length of
tow O every regime, and to draw some conclusion about the diffu-

In Table | the calculated values, obtained with a linear fittingfé%gr?éz??ﬁgimarénCllzég'rlg :rr::aetlaogd?srtlit:cljtmr:eg:crﬁezt' ?rct))?r’nKOI?o

of the curves in the region between 80 and 240 ps are shown ; . .
The calculated value 33 at 303 K is 4.5510-° n?z s in about 0.2 ps, the straight line has slope 2, corresponding to

ood agreement with the experimental value at the Samgewtonian dynamicR=vt; above 5 ps, the straight line has
g 9 P Slope 1, corresponding to the Einstenian regiRfe= 6Dt.

;ebn;Eg?;rleoing]za;}hﬁ_hzaﬁﬁhfgﬂ?g Ic?{F?thi?Zhgvvr\]/lsCh Igetween the two zones, the curve is not linear, representing
) P 9: the transition(changing the slope from 2 to) 1o the Ein-

that etham_a dn‘fusmr_] 's an activated process, i.e., it fonowssteinian regime. The first regime could be identified with a
the Arrhenius equation,

“quasifree” motion of the molecule, which moves in the
D=Dg exp —E,/RT), (5) almost constant potential at the bottom of the adsorption
well; this motion is interrupted by the collisions with the
channel walls, or with the other molecules. This is evidenced
the center of mass velocity autocorrelation functiBiy.
which becomes negative after about 0.2 ps, showing that,
on average, every molecule reverse its direction of motion

whereDy, is called the preexponential factdg, is the acti-
vation energyR is the gas constant, and is the tempera-
ture. The obtained activation energies and pre-exponenti%y
factors are reported in Table Il. The highest diffusion coef-

« 2000
ot £ ,
~ 1800 - o -183
oL F . = 5
S 1600 - / 184
I £ F
= 1400 L -185 |
= £ / -7 E
V1200 F S 186 [
1000 | S 8.7 F
800 £ o 1838 |
600 - - E
3 - -189 |
400 — e F
E ot -19
200 7 L f
0 Fi . . -191
0 40 80 120 160 200 240 280 320 19.2 E T
t (ps) 2 22242628 3 32343638 4
1000/T
FIG. 3. Total mean square displacement for ethane in silicalite at 303 K
(—), 403 K (——-) and 495 K(---). FIG. 4. Arrhenius plot for ethane in silicalite.
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TABLE Il. Arrhenius pre-exponential factors and activation energies for A 1
ethane diffusion in silicalite. =
3 08
—9 (2 o1 1 feury
Dy107° (m*s™ ) E, (kJmol™*) \5 0.6
tot 39 5.4 0.4
X 48.6 6.3 :
y 63.8 5.0 0.2 |
z 6.5 5.1 o /\/
-0.2 —\/
04 F
after that time. The average distance covered by the molecule -0.6 —
in the transition regime is about 5 A; after that, the Einstein 08 L
diffusion occurs. In order to further understand the diffusive E
mechanisms, the distribution function of ethane molecules in 1 0 05 1 15 2 25 3 35 4 45 5

the silicalite channels was calculated; through inverse trans-
lation operations the stored coordinates were reported in the
unitary cell; this cell was divided in 4040X27 small cubes _ _ _ o
(side=0.500 55 A, and we calculated how many configura- FI?t. 6.t%ggtir—of—mass velocity autocorrelation function for ethane in sili-
tions placed the center-of-mass of an ethane molecule ine o '

each cube. Figure 7 shows the projection of such distribution

in theyz plane, ak=0, representing the straight channel; thedistances between adjacent channel intersections so in the

gxpandgd regions at a}bowt=5 andy=15 are the intersec- above proposed model a molecule jumps between adjacent
tions with the sinusoidal channels. The molecules spend} el intersections

most of the time in the regions near the middle of the chan- If we use the same relation in order to calculat@vith
nels, which appear to be the preferred adsorption sites, ar|9=4 5510 ° m?s ! andl =10 A), we obtain a mean resi-

some time near the channel intersections. This finding WaSance time of 36.6 ps, corresponding to an effective jump

already. evigenced _by Junet al. using Monte Carlo frequency of 2.7%10 5% at 300 K. However, following
calculations.” According to the “random walk” model, We 0" resiits of our simulations, the jumps should occur be-

attempted to describe the diffusive motion of ethane in S”i'tween the preferred positions, which are located near the
calite as a sequence of activated jumps between these Sit(?‘ﬁiddle of the channels, while the channel intersections

t(ps)

Qaro et al™” obtained a value of about 10 A using the rela- switch the trajectories of the molecules to a channel or an-
tion other in a nearly random way. In conclusion our data show a
D=1%6r7 (6)  much more complex diffusive behavior from the one as-

sumed by the jump diffusion model. We therefore tentatively
divide the diffusive process in three stages corresponding to
three different time scales:

between the diffusion coefficie®®, the jump length, and
the mean residence time This value is of the order of the

3 p—.
N/R 10 E °$ B
s |
t -
= 10%
e " ol
v [
¥ i
- 10
1=
- L
10 &
g 2 -
P N I R R RN Y P Y P PR U S NP
10 2 10 -1 1 10 102 103 0 2 4 6 8 10 12 14 16 18
log t y(A)

FIG. 7. Center-of-mass distribution function in tlye plane atx=0, for
ethane in silicalite at 303 K.

FIG. 5. Logg—log, plot of mean square displacement vs tiffegarithmic
scalg for ethane in silicalite at 303 K.
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(i) The molecule moves freely for a very short time in

the center of channel; ”'; 600 [
(i)  The molecule oscillates around a site before jumping E

to a closer intersection; < 500 |
(i) The Einstein diffusive regime begins after about 5 ps, S

consisting in activated jumps of length atb&uA be- 400

tween the favored adsorption sites in the middle of the

channels and the channel intersections. 300

In a recent paper, Dumoet al,?° studied the same topic i

with a rigid framework model accounting for the full flex- 200
ibility and geometry of ethane. They obtained a diffusion i
coefficient of 5.%10 ° m?s™? for the same conditions as 100 |
ours; their larger difference from experimental value could :
be due to the short trajectory carried 042 p9, which leads 0= ' {6 T
to worse statistics, but the effect of the vibrating framework vy

on the diffusive motion of ethane could also be important.

FIG. 8. Harmonic to Morse potential transition; dotted line represents the
harmonic potential used in the equilibration run; continuous line represents
the Morse potential.

VIBRATIONAL RELAXATION

Relaxation and diffusion of excited molecules in re-
stricted geometries has been the subject of a variety of ex-
perimental and theoretical studi®sSimple models have N PP
been proposed in order to explain the rich phenomenolog yerall kinetic temperature, and SO .|t is inefficient for the
indicated by the experimental observations. They attempt t ingle molecule. Once the equilibrium was reached, we

capture the basic geometrical and chemical characteristic é:‘hanged the harmonic potential to the Morse form, wilh a

the studied systems by using an idealized representation lue d_e_pendlng on the fre_quency chosen, W.'thO.Ut changing
pores. In this paper our goal will be to apply a numericalthe positions and the velocities of the two oscillating masses.

simulation technique in the realm of materials largely used in-ljhIS corre_spor_1d to a sprt .Of vertical transition which gives
rise to a vibrational excitation, whose extent depends on the

the industrial plants. The dynamics of the reaction in con- : - 9 e
ggValue, i.e., on the position of the “harmonic” curve com-

h is st ly infl the int ti o
densed phases is strongly influenced by the interactions b%)ared to the “Morse” curvgwhich is centered at,=1.536

tween the reacting systefneagents and produgtsand the . . . .
g systemmeag P 8 A). In this way the rotational and translational energies of the

solvent, which can act on the relative diffusion and on the lecul intain th | hed after th ilibrati
thermal activation of the reactive species, on the overcoming‘0 ecule maintain the values reached arter the equitioration

(and the recrossingf the activation barrier, and on the sta- | = In order to compare the results at different frequencies,
bilization of excited products. Some previous MD n eat_:h simulation run we adjl.JSt.ed ﬁgvalu_e S0, when the
simulation€22® have been directed to examine the roletransmon happened, the “excitation” potential energy would

played by the solvent in simple reactions, while in otherbe always about 230 kJ mdl This is a high value, but well

cases the vibrational relaxation of excited spedi&shas
been taken into account. We studied the vibrational relax-
ation of one diatomic molecule in the silicalite; this specie
does not represent any real molecule, but it can be regarded
as a “probe” inserted in the silicalite cavities in order to
obtain informations about energy exchanges and coupling
effects between the framework and an oscillator of variable
frequency. The method followed for bringing the oscillator
in a vibrationally excited state is a modification of that used
by Ohmine? and is illustrated in Fig. 8. In the equilibration
run the intramolecular potential of the sorbed molecule was
harmonic

U(r)=1/2K(r —rep?, (7)

where the force constarkt was 2700 kJ mol* A~2 corre-
sponding to the force constant of a C—C béh@he equili-
bration run(at T=290 K) lasted 75 ps; we applied a double
scaling of the velocities at each step; the first on each atom,
the second on the molecule only. This turned out to be nec-
essary because it was very difficult to thermalize the mol g 9. Evolution of the bond length in the first 10 ps for the 341°&m
ecule only through the first scaling, which depends on thescilator (averaged over 40 trajectorjes

r(A)
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'g 225 | ?E, 225
3_ 200 : 200
£ 175 ~
= : E 175 |
150 | = -
125 © 150
100 125
75 - 100 [
50 75 [
25 [ .
c 50
0 0 1 2 3 4 5 6 7 8 9 10 25 E
t(ps) 0 : ‘
0 1 2 3 4 5 6 7 8 9 10
FIG. 10. Evolution of the internal energy in the first 10 ps for the 341tm
oscillator (averaged over 40 trajectorjes t (ps)

FIG. 11. Internal energies of the oscillatapper curve and of the frame-
work (lower curve, averaged over all the Si and O atprfer the 227 cm?

below the dissociation limit~350 kJ mol'!, as stated be- k
oscillator.

fore). After that, the relaxation of the oscillator was fol-
lowed, observing the time evolution of some properties, like

the bond lengtfiFig. 9). We examined 11 different frequen- paif relaxation time one cannot wait for the molecule to
cies; for each frequency, we carried out 40 simulations startreach the equilibrium, and computation times turn to be
ing with different initial conditions, and we averaged the shortened. In Fig. 11 the above-mentioned internal energies
obtained results. One obtains different initial conditions byfoy the 227 cm® oscillator are illustrated: thig , value is 0.6
switching on the transition at different times after the end ofps_ The results are also shown in Table Ill. Assuming that the
the equilibration run; in this view, the method followed hase|axation rate decreases exponentially with the frequency
the advantage of providing these “excited” initial conditions (35 gbserved by Holian in Ref. p4if we plot the natural
in a simple and equilibrated manner, because with this ki”(éogarithm ofty, vs the wave number, we should obtain a
of transition we do not change the bond length neither theyaight line. We can see in Fig. 12 that all the points stay on
velocities. . _ ~_a straight line, except for the four points from 341 to 614
The oscillator internal energy, i.e., the sum of the kineticcy=1. This anomalous behavior can be due to the coupling
and the Morse potential energy, turns out to be the best proRgith the vibrational modes of the framework. Indeed, the IR
erty to follow in order to estimate the relaxation rate; it doesspectrum of silicalite reproduced by our modeshows a
not oscillate as strongly as the bond length, or the potentiahyge band in that region, corresponding to collective vibra-
energy(Fig. 10, so that fitting operations are easier. It would tjons of Si and O atoms, and, therefore, the relaxation rate of
have tziten su_ﬂable to fit curves like Flg. 10 with exponen_tlal%pecieS oscillating in the same frequency range appears to
like e ™, taking theb value as estimate of the relaxation jncrease. Moreover, it seems that similar effects are absent in

few picoseconds, like in Fig. 1Qincreasing the oscillation

frequency leads to very long relaxation timésme hun-
dreds of picoseconds for the 1045 choscillatod. Follow-  TABLE lll. Half-relaxation times.
ing the 40 trajectoriesfor each frequengyfor such a long

time would have required too much computer time, then we Fr(i?nlﬁ;'cy (tS’SZ)
used a different parameter to characterize the relaxation rate,
i.e., thehalf-relaxation timé® as defined by ;gg 8-2«7
AE(ty,)=3AE(t=0), 8 341 0.34
where AE is the difference between the oscillator internal ;‘Sg S;ZS
energy and the energy of a generic framework atom. This 557 2.14
last value was obtained by averaging the total kinetic energy 614 9.84
of Si and O atoms, plus the potential energy O—O and Si-O, 829 62.3
over the total number of framework atoms; it rises very 1332 Ei'.g
slowly, because the framework receives the energy excess of  1g45 244.8

only one sorbed molecule. Through the calculation of the
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TABLE IV. Average duration, number, and energy of the collisions.

a T

:ﬂ . Collision Exchanged

- 6 Frequency Duration Total collision  number with energy
5 : (cm™b (fs)2 numbeP Ve 16 (kJ mol 4P

. 180 56.4 2215 4.9 11.7

4 b 227 56.1 206.4 4.6 9.0

F 300 54.6 203.1 5.6 8.4

3 F 341 52.9 216.7 5.7 10.8

F 420 48.6 2254 5.3 114

2 L 500 42.3 262.3 5.1 105

F 557 39.5 273.5 4.4 9.8

1E 614 374 260.9 3.3 7.8

F 720 35.1 240.2 1.6 4.8

0 o 829 33.3 237.3 1.1 3.8

[ 945 315 233.8 0.2 2.2

-1 E 1000 29.7 245.9 0.3 2.2

L 1045 29.9 280 0.4 2.6
_23...|.‘,.|....|....|...l|.... 1136 28.2 282.9 0.25 2.6

0 200 400 600 800 1000 1200 1227 27.5 243.1 0.16 16

1300 26.9 291.7 0.2 1.6

frequency (cm™) 1400 25.9 272.6 0.13 1.3

1500 24.8 266.8 0.03 11

FIG. 12. Logarithm of the half-relaxation time vs wave number; the full 3averaged over all the collisions in a trajectory, and over 40 trajectory
circles represents the points that have not been included in the linear fittinglasting 10 ps each.

bAveraged over 40 trajectory lasting 10 ps each.

band (Si—O stretching modgsin order to further examine o\ frequencies, what moves the oscillating mass away from
this topic and to better understand the energy exchangge collision is no longer the internal vibration, but the over-

mechanisms, we studied in detail the collisions between thg|| translational motion of the molecule, whose center-of-
oscillator and the framework. A collision was defined as theyass oscillates in the potential well of the adsorption site.
situation in which an oscillator site and an oxygen atomTthe period of this motion is lower than that of low-frequency

comes so close that the interaction potential energy was posjipration, and leads to shorter collisions. The total number of
tive. Then this energy rises up to a maximfp, and fi-  collisions does not have a well-defined trend, while much
nally decreases becoming again negative. The duration of thggre interesting is the behavior of the exchanged energy in
collision is the total time in which the potential energy is ipe time between the beginning and the potential peak of a
positive. We carried out some simulations at different fre'collision; we normalized this energy by dividing it by the

quenciesthe same as before, and also for other values, exsorresponding duration, so as to obtain an estimate of energy
tending the range to 1500 ¢, evaluating

(i) the average duration of a collision;

(i)  the average number of collisions in the first 10 ps 5 65
after the transition; = 60

(i)  the average number of collisions with potential peak .&
Vma>16 kJ mol'l, again in the first 10 ps after the g 55
transition; <=

(iv) the energy lost on average by the oscillator between 50
the beginning of the collision and the potential peak. 45

We must notice that binary collisions are rare in con-
densed phase systems; therefore the oscillator is exchanging 40
energy with several oxygen atoms, and we cannot say that

L B L L L L B L L L BRI LR

the measured energy is tle@ergy exchanged in a collision 35

It is only an average of the total energy lost by the oscillator 30

in the above-mentioned time. The results are shown in Table

IV. The average duration of a collision is illustrated in Fig. 25

13; it decreases in a very regular way with the increasing e
frequencies, being close to the oscillator period, except for 20 0 200 400 600 800 1000 1200 1400 1600
the low frequencies collisions, which are shorter than the

correspondent period. At high and intermediate frequencies, frequency (em™)

an oscillating mass remains at a repulsive distance from an
oxygen atom until the restoring force “withdraws™ it. At FIG. 13. Average duration of a collision in the first 10 ps after the transition.
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calite can stabilize vibrationally excited species, extracting
from it the energy excess, in a picosecond time scale. We
argue that the observed effects will be much more evidenced
when increasing the molecular complexity of the adsorbed
species because there will exist lower-frequency modes that
are more easily excited. We stress that the uselasgsical
mechanics for drawing these conclusions and, in general, for
studying the dynamics of microscopic systems like the one
considered in this paper, where tlgpiantum mechanics
should be applied, deserve some comments. For translational
motion, it is well known that the classical mechanics yields
good approximations of the quantum results, as far as energy
barriers are low and light aton{ke the hydrogen isotopgs
are not involved, and this is true for ethane in silicalite. As
free rotations are lacking in the considered system, all other
T motions have a vibrational or oscillatory character. If they
0 200 400 600 800 1000 1200 1400 1600 are harmonic, there are simple correspondence rules relating
1 the classical frequencies and amplitudes to the quantum en-
frequency (cm™) ergy levels and amplitudes, respectively. If anharmonic mo-
tions are present, songasually small corrections should be
FIG. 14. Energy amount lost by the oscillator per time unit. applied?” The transfer of energy from a vibrationally excited
molecule is a quantum phenomenon, being more probable

. . : . when the energy level gaps of the molecule are equal or
exchanged for time unit, at the different frequencies, reporteg1 g9y gap d
8

280

240

AE (J mol''fs™)

200

160

LA LA L LA B B N B

120

80

[rTrr T

40

s X rger but close to those of the framework. For harmonic
in Fig. 14. There are two peaks, superimposed to the gener g

q hich hi ds to the two IR af cillators, the energy level gaps are proportional to the fre-
ecrease, which roughly corresponds to the two arorez uency, and the quantum energy transfer corresponds to the
mentioned bands. These peaks could be due to coupling e

. ) . . R lassical resonance between oscillators, where the maximum
fects with the vibrational modes; the main coupling is in the

s L X energy transfer rate occurs when the frequencies of the os-
range 300-600 cif, and it is also observable in the lower cillators are the same. The dependence of the energy transfer

half-relaxation times; a less evident, but significant, coupIingrate on frequency is not so different in quantum and in clas-
IS in the 1000 cri” zone, corresponding 1o Si—O stretching sical mechanics, so that, even if oscillators in real systems

modes. The framework appears to act in favor of the reIaxbften are not exactly harmonic, from the above consider-

ation of species oscillating at frequencies close to its charac?ftions it appears reasonable to use classical MD as a guide-

ten:;tlc freocl]uenmes% th{ﬁu%_h an |r_1tcrease in the amount %ine for the study of energy transfer phenomena like the ones
exchanged energy for the ime unit. which are described in this paper. A development of the

Finally, we observed that also the collision number with o o se ¢ \ork is the study of simple bimolecular reactions in
Vmae>16 kJ mol ™ increases in the aforementioned “reso- zeolites, which is in progress

nant” frequency ranges; therefore the “strong” collisions,
although very rardfrom almost 0 to 2% of the total num-
bern, could play some role in the observed coupling phenomACKNOWLEDGMENTS
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