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Constrained energy minimization, equilibrium and nonequilibrium molecular dynamics calculations, and
constrained Monte Carlo simulations were used to determine the influence of the coupling between benzene
adsorbed in a NaY zeolite model (Si/Al 2) and the framework vibrations on benzene site-to-site dynamics.
Benzene at an;Ssite is strongly coupled to the nearby Na(ll) cation, resulting in a decrease of the external
vibrational frequency of the center-of-mass of benzene away from this cation by 80espite this coupling,
framework vibrations have remarkably little influence on the site-to-site rate constants of benzene. Although
with a fixed framework no dissipation of the excess kinetic energy of the adsorbed molecule can take place
and thus no thermalization to equilibrium, energy redistribution from the translational motion of benzene into
the internal degrees of freedom of the flexible molecule is seen to provide a good thermalization.

Introduction

Intracrystalline self-diffusion of guest molecules in zeolites
can be accurately reproduced by kinetic Monte Caflor jump
diffusion®” models, as well as lattice gad® or Ising models!
Increasingly, these models are being used to study the long-
time transport properties of always more complex and chal-
lenging systems with great success and sometimes even
predictive potential? Such is the approach applied to the
diffusion of benzene in faujasite by Auerbach et al. in a series
of recent paper>12-18

At the heart of the kinetic Monte Carlo method (KMC) are
both the lattice of sites on which diffusion takes place and the
rate constants for the jumps between these sites. Several methods
for characterizing the sites and calculating the rates can be
employed, from the more approximate to the more accdrite.

The existence of two types of adsorption sites for benzene Figure 1. View at the atomic level of the two adsorption sites of
in zeolite NaY has been experimentally eviderf€e¥ and benzene in zeolite NaY: W (for window) in the 12-T ring window
confirmed by a number of theoretical calculatidg®$t37 so between two supercages angrar the Na(ll) cation schematized by
that this well-established behavior need not be further discusseda dark sphere.

In t_he S. site_, the benzene molecule is coordin_ated to a Na(ll) faujasitic zeolites such as Na- and Ca%,HY and USY?29:39
cation in a six-membered ring (6-T), whereas in the shallower or H- and NaSAPO-37. and ENEP:40.41

W site (W for window), benzene lies in the plane of a 12-T ! '
ring between two supercages with its hydrogens coordinated to
the oxygens of the framework window; this is claimed to be an
effect of “molecular recognition” between the host zeolite frame
and the guest molecufé28 Figure 1 presents a view at the
atomic level of a supercage of NaY with benzene adsorbed in
the two sites: W and;S It should be noted that the two same
sites have been observed, or claimed to be observed, for othe

It is much more difficult to determine the rate constants for
the jump between the adsorption sites. In their early studies,
Auerbach et al. used rates derived from the minimum energy
path (MEP) linking two sites, using an Arrhenius dependence
with temperaturé:>13-15 The prefactors for all rates were set
to the usually accepted value of#@~1. Since all MEPs exhibit
large energy barriers (at least 16 kJ mipland since different
'MEPs have very different energies, for reasonable temperatures
the magnitude of the rates is clearly controlled by the size of

:E;’Cr[ﬁfsgﬁ}ﬂt‘egs"’i‘t‘;?gg ,\'f(;;'r‘:‘_i:s;ﬁssjs%s;;&”dp-ac'be- the energy part of the diffusion barrier, thus validating this
* Department of Chemistry, University of Massachusetts. simple model. Although this approach proved quite successful,
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HY, and USY2® showed that the difference between prefactors characterized by the rate constants for the jumps between the
for the § — Sy — W jumps in HY and USY could reach 3  sites, that is, $— Sy, S — W, W — S, and W— W. The
orders of magnitude, thus shifting partly the control of the calculations presented here therefore aim at determining these
magnitude of the rate from the energy to the entropy. This ex- rates. We used two methods: a harmonic model to estimate
perimental observation motivated the calculation of exact rate the rates from simple energy minimization and equilibrium MD
constants for the diffusion of benzene in faujasite. In a first (EMD), and CFT to determine exactly the rates using MC and
paper, devoted to establishing the methods and initiating the nonequilibrium MD (NEMD). For both methods, we present a
actual comparisoff, we presented rate constants calculated with comparison of the results obtained with fixed and flexible
transition-state theory (TST) and correlation function theory frameworks.
(CFT) for the diffusion of benzene in NaY at infinite dilution. In addition to these simulations, we determine the dissipation
Besides justifying the method of rate calculation for a non- of the excess translational kinetic energy (TKE) of the adsorbed
spherical molecule, a number of interesting points resulted from molecule in its final site after the jump. Indeed, the speed with
this study. First, we showed that the energetically defavored W which this energy dissipates controls the probability for multisite
site is favored by the explicit inclusion of the entropy. jumps“6-59 As shown in ref 34, this probability is very small
Consequently, the prefactor for the W S, jump becomes 1 for benzene in NaY, due to the high energy barriers between
order of magnitude smaller than itg S- W counterpart. Second,  the sites £40 kJ mot?) as compared tksT at the temperature
the prefactor for the W— W jump is again almost 1 order of  considered (156500 K). However, since the final reservoir for
magnitude smaller, due to the instability (and therefore high this energy is the zeolite framework, it is likely that inclusion
improbability) of the W— W path itself. These results clearly  of framework vibrations will change the speed of the dissipation.
justify the application of the methods to the other systems USY |, the next section, we outline the simulation methodology
or HY_, where even Ia_rger differences are expected from the ;sed in this study and the precise improvements made to
experimental observatiod8. accommodate flexible or partially flexible framework calcula-
The study presented in ref 34, however, left out two important tions. The results are presented and discussed in Section IlI. A
aspects of the molecular motions that are likely to change the short conclusion is given in Section IV,
rate constants. Indeed, to reduce the effective number of degrees
_of freedom t_o_i_nclude in the calculation, we neglected b_oth the | simulation Methodology
internal flexibility of the benzene molecule and the motions of
the zeolite framework. Since the jumps between sites themselves We estimate the rate constants for site-to-site jumps from
originate from thermal activation by the framework, we expect equilibrium molecular dynamics simulations (EMD) and energy
the overall effect of the coupling between the framework minimizations using a harmonic model and from nonequilibrium
vibrations, the intramolecular degrees of freedom and the molecular dynamics simulations (NEMD) and Monte Carlo
external motions of the benzene molecule to be rather important.(MC) calculations using correlation function theory (CFT).
Furthermore, the excess kinetic energy of the jumping molecules Translational kinetic energy (TKE) dissipation is also determined
after the jump can only dissipate in the zeolite frame if frame- from EMD and NEMD simulations. The potential energy surface
work motions are included. In recent computational studies of for the intramolecular interactions, the zeolite motions, and the
benzene in NaY, with a different force field, Mosell et3&p” zeolite-guest interactions have been described in previous
showed that neglecting the framework vibrations do not change publications?® and will not be detailed here. All calculations
qualitatively, and even quantitatively, the rate constants deter-were performed using a model of zeolite NaY with a Si/Al ratio
mined from the potential of mean force. This finding is rather of 2.0. Long-range Coulombic interactions were computed using
surprising in view of the arguments presented above. Since thethe Ewald summation method. The simulation cell consisted of
rate calculation from the potential of mean force averages all 652 particles, i.e., 640 zeolite atoms and 12 benzene atoms,
effects, the authors did not present any detail or explanation asbuilding a cubic block with a 24.5 A side, under periodic
to why the framework vibrations have so little effect. Hence, boundary conditions.
we feel that this issue should be addressed more deeply. 1. Rate Constants from an Harmonic Model.Eor suf-
Framework vibrations have been very often neglected in ficiently low temperature and sufficiently high energy barriers,
Monte Carlo (MC) or molecular dynamics (MD) studies of the interaction energy between a guest molecule at a stable
sorbate molecules in zeolites. The heat bath provided by theadsorption sité and the zeolite framework can be approximated
framework has often been replaced by a suitable thermostat inby a harmonic potential well. Then, the transition-state theory
MD simulations. The more direct coupling between the lattice (TST) rate constant for a jump between this initial siend a
and the sorbed molecules is usually considered of secondaryfinal site f separated by an energy barri®E;; takes the form:
importance. However, it is well-known that some phonon modes

of the framework (especially when containing exchangeable cat- . D i
ions) are close to the frequency of the external motions of the RSN S x exp(—pAE;) (1)
guest molecules within the zeolite (between 0 and 200%¢m HVD

for a physically sorbed molecul#lt is, therefore, hard to pre-

dict in general the effect of the coupling between the molecule wherew| represents the vibrational frequency of the molecule
and the framework in MD simulations. For systems that do not glong the reaction coordinate at the initial s[thyo the product
present large energy barriers between the adsorption sites, Sucif its vibrations perpendicular to the reaction coordinate, with
as small alkanes in all-Si ZeOliteS, Only a little influence has the Superscripitindicating the initial site and the superscript I
been observetf “¢ A recent discussion on this subject can be the transition state, and = 1ksT whereks is Boltzmann'’s
found in a review article by Demontis and Suffritfi. constant andl the temperature_ Supposing that the “perpen-
As already mentioned, transport of benzene in NaY occurs dicular” vibrations do not change between the initial statad
via jumps between the two types of adsorption sites: W and the transition state, then the site-to-site rate constant takes the
Sy (cfr. Figure 1). Therefore, the diffusion of benzene is following simple form:
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TST

it ~ vy exp(—pAEy) 2
where we recognize an Arrhenius law with temperature depen-
dence given byE; and prefactor byw,. The vibrational
frequencies can be accessed using EMD simulations, by
calculating the vibrational density of state (VDOS) of the
benzene center-of-mass (CoM). The VDOS is the Fourier

Transform of the velocity autocorrelation function (VACH):

[ (t)-v(0)

VACF() = OO

®)

wherev is the velocity of the benzene CoM.

Several MD simulations were performed during 200 ps in
the microcanonicall, V, E) ensemble using a fixed time-step
of 1 fs. Two runs were initialized from the minimum energy
configuration of benzene at an, Site and two others at a W
site, either with fixed or with flexible frameworks. The velocities
were initialized from a Maxwet-Boltzmann distribution at 600
K, resulting after equilibration of the energy to a temperature
close to 300 K.

The energy barrieAE; between the initial and final sites
can be estimated using constrained energy minimization: the
CoM of the benzene molecule is constrained by an external
harmonic potential to lie on a plane perpendicular to the axis
linking the two minimum energy positions; a number (typically
10) of random insertions and subsequent minimizations are
performed to locate the absolute minimum consistent with the
constraint. This procedure is repeated at intervals=0f2 A
along the axis joining the two sites. Figure 2 presents the
benzene minimum energy path (MEP) for ap-S S jump,
determined using this procedure.

In the case of a flexible zeolite framework, it is necessary to
fix the position of at least two atoms in the framework, in order
to prevent the zeolite to “follow” the guest molecule to its
constrained position. Therefore, we fixed the position of 8 silicon
atoms of the lattice, chosen near the vertices of the simulation
cell. Comparison of the results of the harmonic model between
fixed and flexible frameworks allows us to determine exactly
the coupling between the guest molecule and the zeolite lattice.

2. Rate Constants from Correlation Function Theory.The

CFT rate constants were calculated using the approach formu-

lated by Voter and Dol following a theory presented by
Chandler?® A detailed description of the methods and of our
current implementation can be found in ref 34. In the following,
we therefore only briefly outline the method of calculation.

The rate constant for a jump between an initial sitend a
final sitef is calculated as the product of two terms:

(I

T—S»fT x fir(t) (4)

where kS| is the transition-state theory (TST) rate constant
andfi(t) is the so-called dynamical correction factor:
TST 1‘(@) 1/2Q¢ (5)
T 2\am/ Q
[Z(0)3,[r (0)1O(r (1T
i) = o o (6)
[Z(0)5;[r (0)]Or (e)]U

In eq 5,Q% is the partition function of the benzene molecule at
the transition stateQ; is its partition function in the initial state
i, kg denotes Boltzmann’s constarit,is the temperature, and
m is the molecular mass. TST is a static approximation,
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Figure 2. View at the atomic level of the minimum energy path of
benzene between two, Sites in zeolite NaY, as determined using
constrained energy minimization with a fixed framework. The benzene
molecule at the transition state between the two sites is drawn in a
darker shade.

assuming that all molecules crossing the dividing surface
between the initial and final states in the direction of the final
state are reactive.

In eq 6, ¢ represents the benzene CoM coordinate perpen-
dicular to the dividing surface bounding statand¢ its time
derivative,oi[r] represents the Dirac delta functidfir — rii],
andO{[r] denotes the standard step function, whose value is 1
if the particle is in final statef and zero otherwise. The
denominator of eq 6 represents the equivalent of the TST rate
constant of eq 5, cast in CFT form: the TST rate is the flux of
molecules crossing the transition state at time 0 that are found
in the reactant state after a very short timeThe dynamical
correction factor corrects for possible shortcomings of the TST
rates by only counting those molecules that are found in the
final site after a certain time

The TST rate constanig > were evaluated using Voter's
displacement vector meth&éiin this method, the ratio of the
partition function between two regions of spa&eand B is

computed as

Qe _ IMy[Ve(r +d) — VAR
Qa IMg[VA(r —d) — V()13

()

where Mg(AE) = min(1, exptpBAE)) designs the usual
Metropolis sampling function in the canonical ensemble @énd
is adisplacementectorlinking the two regionsA andB. The
term Mg[Ve(r + d) — Va(r)]LA(Mg[Va(r — d) — Vg(r)]8,
respectively) in eq 7 is simply the MC average over sta(B,
respectively) that a fictitious move from to B (B to A,
respectively) with the displacement vectbshould be accepted.

Equation 7 can be used to determine the ratio of the partition
functionsQ*Q; of eq 5 by setting

Qi
o~ "Q, (®)
with
_JV(r) r e statei
Vall) = {oo r O statei ©)
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V() relrf—nr*+1]
o rO[rf—nrt+y

VE(r) = (10)

@ Flexible framework|
O Fixed framework

where 5 represents a very small width associated with the
transition state, set to 0.2 A in the practical implementation,
andr* denotes the coordinates of the dividing surface.

In ref 34, only 2x 10°P MC steps were needed to determine
accurately the TST rates for a rigid molecule and a fixed
framework. Accounting for the molecule internal flexibility,
however, increases the number of degrees of freedom from 6
to 36, so that it is necessary to perform at least 30° MC
steps in order to get a converged result. Including the motions
of all the atoms composing the zeolite framework would lead 0 :
to a prohibitive computing time. Therefore, and in light of the 1.0 20 %0 4.0 50
constrained energy minimization and MD studies reported in __ ~ Reaction Coordinate
the next sections, we limited our TST study of the framework Z'%‘(J)’nesf’réi'::g rzn?ﬁ:'r;ei;gteigﬁe;%gtigcgné”S;‘-;’%’ , ﬁtﬁog(g‘étZigom
mobility to the sodium cations. Each attempted MC move g i amework, using DIZZ¥ with the force field of Auerbach
becomes the combination of a number of moves: the benzeneg 514 The reaction coordinate is defined as the projection of the benzene
CoM is translated by a random amount, within small limits center-of-mass onto the, S~ S, path. Lines are guidelines for the
(typically 0.1 A); the molecule is rotated, also by a very small eyes.
amount; if we are to include the internal mobility of the benzene
atoms, a number of these atoms are randomly chosen at eachuns, each of them lasting only the time necessary to reach a
step and a translation attempted within very small limits stable state; details of the implementation can be found in ref
(typically 0.01 A); and if we include the motion of the sodium  34.
cations, some of the cations chosen as mobile are moved. The 3. Kinetic Energy Dissipation.NEMD runs can also be used
number of atoms to move, and the maximum allowed displace- to follow the dissipation of the excess kinetic enekypf the
ment for each type of atom, are set depending on the temper-sorbed molecule after it completed its jump by directly
ature, so that the total acceptance ratio remains close to 0.5computing the thermal average Kft) as the molecule ther-
The simulations were typically performed between 150 and 600 malizes in the final site. A number of initial conditions for the
K. sorbed molecule near the transition state between two stable

Equation 7 can also be used directly to compute the chemicalsites are prepared, and MD trajectories are run from these initial
equilibrium constant%(S;, — W) between the two stable conditions for a total time of 20 ps, in the microcanonical
adsorption sites. Since there are twice mojeskes than W ensemble with a 1-fs time-step. The starting positions are taken
ones, the chemical equilibrium constant can be defined as  from an MC run constrained next to the transition state, whereas

starting velocities are assigned randomly within a Maxwell
o 1 QW) Boltzmann distribution at the required temperature. Positioning
K (S — W)= EK(SM — W)= TS) (11) the molecule next to the transition state between two sites gives
: an excess initial potential energy that eventually results in an
. ) increase of the equilibrium temperature of the system. When

The dynamical correction factor of eq 6 can be computed by 4| 652 atoms of the zeolitebenzene model are mobile, the
a canonical average over NEMD runs originating in the (emperature increase does not exceed 3 K, whereas when they
transition staté?°3 The MC sampling in the transition state 5o fixed, it reaches 120 K. This makes a direct comparison

provides initial molecular positions; the atomic velocities are patween fixed- and flexible-framework results somewhat more
set according to a MaxwetiBoltzmann distribution at the  jitficult to interpret.

Energy (kJ.mol™)

desired temperature. At a given timeet us note asx(t) the Since 20-ps MD runs with flexible framework require much

set of the initialN trajectories that are in the final product state. 1,41 computing time than with fixed frame, the thermal

Then the numerator in eq 6 becomes averages were computed over only 10 different trajectories. To
limit statistical fluctuations, only the temperature of 100 K is

(12) presented here. To allow a direct comparison, fixed-framework
results are also computed as the average over 10 trajectories
initialized at 100 K.

. 1 .
[Z(0)o[r(O)edr(O]0=— » &(0)

ieS(t)

Since TST assumes that all trajectories with initial velocity

£(0) positive are reactive, the denominator of eq 6 is eval- _ ) o
uated as 1. Zeolite—Benzene Coupling at the Initial Site.The NaY—

benzene minimum energy path (MEP) were computed with a
. 1 . fixed or flexible framework for both the,S— S, and § — W
[Z(0)O,[r (0)]1Or ()] = — ¢(0) (13) jumps. Figure 3 presents the MEP for the-S S, jump. The
i1£0)>0 reaction coordinate in Figure 3 corresponds to the projection
along the § — S path of the center-of-mass (CoM) of the
The CFT rate constants were calculated for fixed framework benzene molecule; its only purpose is to conveniently label the
and rigid benzene, for fixed framework and flexible benzene, points. Although the flexible-framework MEP, for a given value
and for flexible benzene and one movable cation (located closeof the reaction coordinate, is consistently lower than the fixed-
to the benzene). In all cases, the dynamical correction factorsframework one, the total energy difference between the maxi-
were computed as the average over 2000 independent NEMDmum and minimum interaction energy seems roughly un-

Ill. Results and Discussion
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Figure 4. NaY zeolite-benzene interaction energy, as computed from Figure 5. Low-frequency vibrational density of states of the cation
a constrained minimization along thg S- Sy path, with fixed and Na605 of zeolite NaY in the absence of any sorbed molecule, calculated

flexible framework, using DIZZ¥° with the force field of Auerbach ~ from a 200-ps MD run at 300 K, using the DIZZY cdfevith the
et al# Unlike Figure 3, the reaction coordinate is defined here as the force field of Auerbach et &l.
distance between the Na(ll) cation in the 6-T ring close to the original

S, site and the benzene center-of-mass. Lines are guidelines for the 0.0030 d .
eyes. ~— Without benzene
0.0025 + - - With benzene in S, site
changed. Since we did not try to locate precisely the exact @
transition state on the path, this energy difference should be 5 400 | f
taken as only indicative of the energy barrier. Still, these first & i
simulations show that the energetic part of the more complete 5 0.0015 L H
rate constant calculation using a flexible framework is probably < H )
not very different of that of the previous fixed-frame computa- & 0.0010 L i "
tion 34 5 L
The curvature of the two MEPs near the minimum energy = 0.0005 | |
position exhibits a major difference. However, since the ’ U/ L
“reaction coordinate” is only a label and therefore somewhat 0.0000 T s Ly N
artificial, this observation might be misleading. Indeed, in Figure 0 100 200 300 400
4 we also present the NaYbenzene interaction energy along Wave number (cm”™)

the MEP but plotted against the distance between the Na(ll) gigyre 6. Low-frequency vibrational density of states of the cation
cation in the 6-T ring and the CoM of the benzene molecule. Na605 of zeolite NaY when only this ion is allowed to move, calculated
With this choice of axis, the fixed and flexible lattice curves from a 200-ps MD run at 300 K using the DIZZY cdfiand the force
overlap almost exactly, except for the highest energy point. At field of Auerbach et at.
the § site, the interaction energy mostly originates from the
interaction between the cation and the benzene. The curves insodium cations. Since the coupling is expected to be strongest
Figure 3 reflect that the Na(ll) cation “follows” the benzene between the benzene molecule at ans8e and the nearby
molecule as it moves away. This suggests that the coupling Na(ll) cation (noted afterwards as Na605, corresponding to its
between the cation and the external motions of benzene mightnumbering in the zeolite model), we focus on the vibrational
be important. Indeed, the external vibrations of the benzene CoMdensity of states (VDOS) of this Na605 ion and of the COM of
in NaY at the $ site were found to lie between 20 and 100 the benzene molecule calculated: (i) with fixed framework, (ii)
cm 134 The frequency of the translational motions of afNa  with only the Na605 ion (and the sorbed molecule) moving,
cation in an § site is between 100 and 200 ciaccording to and (iii) with a full flexible framework.
far-IR experiments and simulatioPsTherefore, a large coupling Figure 5 presents the low-frequency VDOS of the Na605 ion
is expected to show up. On the other hand, the rest of the NaY in the bare zeolite (i.e., without benzene) in the cases this ion
frame seems not to have a large influence, which suggests thais embedded in a fixed and fully flexible framework. When only
the coupling might be accurately reproduced by considering the this ion is allowed to relax, its VDOS is made up of two distinct
motions of the Na(ll) cation alone. delta-peaks at 145 and 180 chwhich can be considered as
The MEP for the $— W jump leads to the same conclusion the “natural” vibrational frequencies of the Na(ll) ion at an S
as for the § — S, one: the energy barrier with the flexible site. Coupling with the framework phonons is seen to complicate
NaY framework is very slightly lower than in the fixed- the spectrum: instead of two well-separated peaks, we observe
framework case (3 kJ mot at the most), but the position of a complex mountain chain stretching approximately between
the transition state appears to be unchanged. 100 and 200 cmt. This frequency range is in good agreement
As we have seen in Section I, relatively short molecular with experimental and other theoretical datdt is therefore
dynamics (MD) simulations of about 200 ps at 300 K can be much simpler, in a first step, to analyze the coupling between
used to extract the frequencies of the external motions of the Na" cation in the 6-T ring and the benzene molecule at the
benzene at a given site of the zeolite, whereas computing theS; site in the case where only one ion is allowed to relax. We
self-diffusion coefficient for this system would require a begin this analysis with Figure 6, where we compare the VDOS
prohibitive amount of computing time. The benzene frequencies of the Na605 cation with and without adsorbed benzene. One
are very sensitive to the coupling between the guest molecularsees clearly that the vibrational frequencies of this cation are
motions and both the zeolite phonons and the motions of the strongly affected by the presence of the benzene molecule at
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Figure 7. Low-frequency vibrational density of states of the cation Figure 9. Low-frequency vibrational density of states of the center-
Na605 of zeolite NaY when the complete framework is allowed to of-mass of benzene at an Site of zeolite NaY, calculated from a
move, calculated from a 200-ps MD run at 300 K using the DIZZY 200-ps MD run at 300 K using the DIZZY coffeand the force field

codé® and the force field of Auerbach et 4l.
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between the host framework and the guest molecule does not
affect the vibrations of the benzene CoM, which sits on a high
symmetry axis. This observation in turn suggests that the most
probable coupling will occur between the window breathing
mode of the zeolite and the ring-opening mode of the benzene
molecule.

On the other hand, inclusion of the framework vibrations
completely changes the motions of benzene at thsit®, as
can be seen in Figure 9. Whereas the LF peak remains roughly
unaffected, the HF peak shifts from90 cnt! for a fixed
framework to~60 cnT! when the motions of the Na605
cation are included and further down 4650 cnt! for a fully
flexible framework. This denotes a strong coupling between the
vibration of the Na605 cation and the motion “away from the
cation” of the benzene CoM. This strong coupling has been

Figure 8. Low-frequency vibrational density of states of the center- gteq already in Figure 6, which displays the VDOS of this
g‘;TAaSSrSL Z?“;ggiaugngtfhg éleggtf ?;eéa%ﬂcﬁzt?:régoweﬁjz&& Na605 cation. The upward shift of the vibrational frequency of
Auerbach et af. this cation is counterbalanced by the strong downward shift of
the benzene CoM vibration. We now can also discuss the
an § site, shifting them more than 50 crhtoward higher small peak a&50 cnt? in Figure 6, indicating the mixing of
wavenumbers. A general broadening of the bands due to thethe vibrational frequencies of the Na605 cation and of the
coupling can also be observed. The same observations can béenzene CoM. Most of the coupling seems to come from the
made when the complete flexibility of the NaY framework is Na605 cation. In this light, the further 10 cfshift that is
included, as shown in Figure 7. Clearly, we observe the sameobserved when a fully flexible framework is considered is
upward shift of the Na(ll) vibrational frequencies upon adsorp- more probably due to the change of the vibrational frequencies
tion of benzene as in Figure 6. Figure 7 also presents the VDOSof the Na605 cation, as a consequence of its interaction with
of the Na605 cation when benzene is adsorbed in the nearesthe rest of the zeolite framework rather than by any direct
W site. In this case, no shift is observed, showing the absencecoupling between benzene and the zeolite. A comparison
of coupling between this Nacation and the sorbed molecule between the calculated benzene CoM frequencies and the LF
in a W site. spectrum of the H atoms in benzene adsorbed on NaY measured

The VDOS of the benzene CoM when benzene is located atby inelastic neutron spectroscéfyshows that the computed
a W or § site of NaY is presented in Figures 8 and 9, frequencies are too high when framework motions are left out
respectively, for both fixed and flexible frameworks. Figure 9 of the calculation. The decrease due to the coupling makes the
also displays the VDOS of benzene when all the framework frequencies of these vibrations more comparable to the experi-
atoms but the Na605 cation are kept fixed. mental ones.

The VDOS of the benzene CoM in NaY has already been  The above observations demonstrate the existence of a strong
described in ref 34 in the fixed-framework case. In the W site, coupling between the vibrations of the benzene CoM at;an S
we observe only two broad bands at low frequency (82 site with the Na(ll) cation located in the neighboring 6-T ring.
and 32 cmil, whereas in the Ssite, a double band at very LF,  There is, however, no evidence of a coupling between the
~15 cnr, is followed by a high-frequency (HF) peak @00 motions of the benzene CoM a W site and the framework.
cm~L. This last peak is attributed to the vibration of the molecule Furthermore, the frequency shift of the HF motion of the
away from the cation and hence cannot be found in the W site benzene CoM at an;Ssite is almost identical when only the
of NaY. coupling with the Na(ll) cation is considered or when the whole

One sees in Figure 8 that going from a fixed to a flexible flexible framework is included, the difference being attributable
framework does not change significantly the vibrations of the to the secondary coupling between the cation and the framework.
benzene CoM in the W site. This means that the coupling Therefore, it is expected that the inclusion of the framework
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Figure 10. Average total kinetic energy of a benzene molecule starting Figyre 11. Average translational kinetic energy of a benzene molecule
at timet = 0 with a kinetic energy corresponding to 100 K nextto the  giarting at timet = 0 with a kinetic energy corresponding to 100 K
transition state between two stable Nay Sites, computed as the et o the transition state between two stable Na¥igs, computed

average over 10 NEMD trajectories using the DIZZY cdeith the as the average over 10 NEMD trajectories using the DIZZY &de
force field of Auerbach et af.with either a fixed or flexible framework, with the force field of Auerbach et al.with either a fixed or flexible

and autocorrelation function of the total kinetic energy of benzene, famework.
calculated during a single equilibrium MD run in a stabjes8e, with
a flexible framework. theorem state that the return to equilibrium of any quamity
proportional to its equilibrium fluctuatior®$:° A(t) O [A(0)-
motions will mainly, if not uniquely, affect the benzene CoM  A(t)l In Figure 10, we also present the autocorrelation function
motions at the $site, but not at the W site, through coupling of the benzene total KE during a 20-ps equilibrium MD run at
with the motions of the Na(ll) cation. a stable $ site. This autocorrelation function, indeed, presents
In the harmonic approximation, the transition-state theory the same behavior as the direct measure of the energy dissipa-
(TST) rate constants are proportional to the frequency of the tion, with a similar time constant.
motion of benzene along the reaction coordinate between the Figure 11 presents the translational KE of a benzene molecule
zeolite sites. Therefore, we expect that inclusion of the during the same NEMD runs as in Figure 10. With flexible
framework vibrations will significantly change the TST pre- framework, we observe the same behavior as in Figure 10, that
factors for all jumps leaving an;Ssite but will not affect the is, sharp initial increase followed by energy dissipation with a
jumps out & a W site. Since the vibration frequency atthe S  time constant o5 ps. With fixed framework, however, the
site decreasesthe effect should be an entropic favoring of the KE behaves differently: indeed, we now have the same type
Sy site. We will see in the Section 111.3 that thisnetthe case. of energy dissipation as for the flexible framework, with an
2. Kinetic Energy Dissipation.A benzene molecule jumping  identical time constant ot5 ps. This dissipation is due to the
over the energy barrier between two zeolite sites gains an excessedistribution of the translational KE of benzene into its internal
translational kinetic energy (KE) as it falls down the barrier degrees of freedom. That this redistribution has the same time
into the final site. This excess energy then dissipates, and theconstant as the energy dissipation into the framework shows
molecule thermalizes in the final site. Note that it is the thatthey probably have the same cause: collisions between the
translationalKE of the benzene CoM rather than the total KE guest molecule and the framework, which speeds up energy
that allows the jump. We can distinguish in general three redistribution.
processes contributing to the energy dissipation, that is, It is clear that the energy dissipation of benzene in its final
redistribution of the excess KE into (i) the zeolitic framework; site after a jump is quite different when framework vibrations
(ii) other sorbed molecules; and (iii) the molecule’s internal are included. The site-to-site dynamics of benzene, however,
degrees of freedom. Whereas the first two processes havedepends mainly on the translational KE. This translational
already been studied in the case of spherical Lennard-Jonesnergy dissipates by redistribution into the internal degrees of
adsorbates in zeolité8 the influence of redistribution of the  freedom of the flexible benzene molecule with the correct time
energy into the internal vibrational modes of the guest molecule constant, even when framework vibrations are not included. This
has not been studied yet, to the best of our knowledge. suggests that NEMD runs with fixed framework capture
Therefore, we focus on this process by considering only infinite correctly the site-to-site dynamics of benzene adsorbed in NaY.
dilution. Figure 10 presents the evolution of the total KE of a Indeed, it was shown in ref 34 that the dynamical correction
benzene molecule, computed as the average over 20 NEMDfactor to the equilibrium constant reaches a plateau in less than
runs initialized close to the transition state, both with fixed and 2 ps. In this short time, the total temperature difference between
flexible frameworks, at the temperature of 100 K. In both cases, fixed and flexible framework cases has not reached the
the total KE initially increases strongly, as the molecule falls catastrophic value it takes after the system returns to equilibrium.
down the energy barrier; the oscillating behavior afterwards Note that the conclusion reached here might not hold for an
represents the alternate shift of the total energy between potentiabtomic adsorbate.
and kinetic components. With flexible frame, the KE then 3. Guest Molecule Jump RatesThe rate constants and
decreases exponentially down to the equilibrium temperature, chemical equilibrium constants presented in ref 34 were
with a time constant of5 ps. Since our simulations are per- calculated not only with a fixed framework but also for a rigid
formed with only one benzene molecule, no exchange with other benzene molecule. The influence of the benzene internal
molecules can take place, and the dissipation is therefore exclu-flexibility on the chemical equilibrium constants and on the jump
sively due to the exchange with the zeolite framework, which rates will be discussed in this section, together with the influence
acts as a thermal bath. When the framework is held rigid, no of the framework vibrations.
dissipation is observed and the KE stabilizes at a higher value. The MD study presented in the previous section has shown
Linear response theory and the fluctuatiatissipation that the coupling between benzene and the NaY zeolite
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14 . " Including the benzene internal flexibility in the calculation
® Rigid benzene ~ does not change qualitatively the picture obtained with a rigid
w2l X o Flexible benzen [ 1 molecule. There is no apparent change in the activation energy.
> %E :mmng Nag05 T At low temperature, the prefactor does not show any statistically
10t a moving 1 significant deviation from the rigid benzene case. Only at high
8_ % 'y temperature do we observe a deviation, as the favoring of the
% st %= % T W site noted before is enhanced by the internal vibrations of
N iI L the benzene molecule. In the simplest harmonic approximation
g 6 r [ T 1 to the molecular entropy, the partition function is proportional
o X2 Oy L to the product of the inverse of the molecule harmonic
¥ 4t E 1 frequencies. Since there is not likely to be any coupling between
the benzene internal vibrational modes and the Na(ll) cation,
5.000 0.003 0.006 0.000 0.012 due to the large difference in the frequencies, the larger favoring

1 when molecular flexibility is included then means that the
1/T (Kelvin ) . .

_ _ o internal modes of benzene have a higher frequency at the S
Flgu're 12. Chemical equilibrium constant of benzene betweean'ﬂ __site than at the W one. Indeed, benzene at thsit8 is slightly

W sites of NaY, compensated for the apparent Arrhenius behavior: bent, so that the corresponding frequencies are tightened, as

(S — W) x exp(27.6 kJ molYksT), calculated using Voter's . .
displacement vector method implemented within the DIZZY €béad compared to the W site where the symmetry retains the shape

the force field of Auerbach et d filled circles, rigid benzene, fixed of the free benzene molecule.

framework; open squares, flexible benzene, fixed framework; crosses,  Crosses in Figure 12 correspond to the results of the
flgxible benze_ne, fixed framework_except for the Na605 cation; filled calculation when the motions of the Na605 cation (i.e., close
triangles, flexible benzene, all cations are allowed to move. to the benzene molecule in the Site) are accounted for. The
curve built from these crosses seems slightly shifted by one or
two units along the vertical axis, as compared to the curve
representing the simulation with flexible benzene but fixed
Na605 cation (open squares). This shift represents again an
entropic favoring of the W site as compared to thesie. This
contradicts the trends observed in the molecular dynamics
simulations presented in Section Ill.1. Indeed, the benzene CoM
vibration becomes sloppier when the cation motions are
included, thus suggesting that th€ would decrease. The
opposite observation indicates that the simple harmonic model
fails to give an adequate behavior of benzene at arsite.
Indeed, the conclusion drawn from the MD data was based on
observing the motions of the benzene center-of-mass only; we
have noted in section 1ll.1, however, that in the constrained
minimization the N& cation follows the benzene molecule
during its jump. Thus, the adequate system to consider, rather
than the benzene molecule alone, is the complex formed by
this cation and the molecule; at the W site, it would consist of
the “free” molecule at the W site on one hand, and the uncoupled
Na(ll) cation on the other. The harmonic model in this case
suggests that the chemical equilibrium constant should be in
factunchangedvhether the cation motions are included or not.

framework originates mostly from the coupling with the Na(ll)
cation. The first approximation to a flexible framework rate
constant calculation is naturally to include only the motions of
the particular N& cation next to the Ssite we are exploring.

In a second approximation, we considered the motion of all
Nat cations in the zeolite.

The chemical equilibrium constants are calculated directly
in one run using Voter's displacement vector metPbahereas
the rate constants require the additional computation of the
dynamical correction factdf.52In the next subsection, we first
analyze the effects of the benzene and zeolite flexibility on the
chemical equilibrium constants.

Figure 12 presents the chemical equilibrium constants cal-
culated from Voter's displacement vector method in four
cases: rigid benzene and fixed zeolite framework (filled circles);
flexible benzene and fixed framework (open squares); flexible
benzene with movable Na605 cation (crosses); and flexible
benzene with all Na cation movable (filled triangles)? in
Figure 12 has been multiplied by exp(27.6 kJ mbkT) to
compensate for the apparent Arrhenius behavior of the chemical
equilibrium constant in the fixed framework/rigid benzene case

(see Figure 6 of ref 34 for a more complete picture). Note that Indeed, the chemical equilibrium constant calculation shows,

the error bars grow larger as the number of degrees of freedom h
considered in the calculation increases, reflecting the Iarger.r"j‘therthem the expected decrease‘diy a factor of 2, a slight

statistical uncertainties. The error bars are particularlyimportantIncrease of approxmately one unit Th'.s ob;ervatlon really
at low temperature, due to the smaller fraction of attempted shows thallt the meanlngful reaction coordinate in the case of an
displacements that actually contribute to the total average in S — W jump involves both the benzene moleciad the

the Voter's displacement vector method. Na(ll) cation. ) ) . )

The dependence with temperature «8fhas already been As was ex_pectgd from Sectl_on 1.1, including the motion o_f
discussed for the fixed NaY zeolite/rigid benzene calculation the other cations in the simulation does not change the chemical
in ref 34: an Arrhenius behavior over the whole range of equilibrium constant.
temperatures was observed, with an activation energya The jump rate constants were computed in two steps: a
kJ mol. When the data are compensated for this Arrhenius transition-state theory-like calculation using Voter’s displace-
behavior, as in Figure 12, we observe finer details of the ment vector method and a dynamical correction factor calcula-
temperature dependence. At low temperature, the preexponentiation with our personal implementation of Chandler’s ideas. In
factor is roughly constant and equatg to 5, showing thatthe  general, an Arrhenius behavior was noted over the whole range
W site is entropically favored as compared to thes@e. As of temperatures studied, that is, 25800 K. An example of
the temperature increases so de&sreaching~9 at 600 K, the temperature dependence of the rate constants can be found
showing that the W site is more and more favored with respect in Figure 9 of ref 34. Only rates for thg;S~ S, S| — W, and
to the § site. The origin of this favoring is probably to be found W — S, jumps were computed with flexible benzene and
in the smaller vibrational frequency of the benzene CoM at the movable cations: indeed, it was found in ref 34 that the- W
W site. W path is very unstable and thus requires very long calculations
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TABLE 1: Activation Energies and Arrhenius Prefactors of the Rate Constants for the Jumps Between Sand W Sites of
Benzene in Zeolite NaY, Calculated Using the Correlation Function Procedure

activation energy (kJ mot) Arrhenius prefactors (3)

Si— S S —W W—S Si — S Si—W wW—S
rigid benzene/fixed framework 36:80.3 44.4+ 0.1 16.4+ 0.3 0.83x 10% 0.80x 101 1.06 x 10%?
flexible benzene/fixed framework 36:50.4 44,24+ 0.4 15.9+ 0.3 1.15x 1013 1.38x 101 1.13x 102
flexible benzene/movable Na605 35:80.7 42.6+ 0.3 14.6+ 0.5 1.25x 1013 0.70x 103 0.64 x 10%

to be estimated; therefore, considering additional degrees ofinclusion of the motions of all ions did not change significantly

freedom would lead to a prohibitive computing time. either the activation energy or the prefactors of the transition-
Table 1 summarizes the activation energies and prefactorsstate theory rates. This is consistent with what was observed

calculated from a linear fit of Ik as a function of 17, for fixed for the chemical equilibrium constants and demonstrates the

benzene and rigid zeolite framework, flexible benzene with rigid small effect of the other cations on the benzene molecule both

framework, and flexible benzene and movable Na605 cation. at the stable sites and at the transition states.

In the case of the,;S— W jump, we also included a study with

all Nat ions allowed to relax. The simulations presented in the 1V. Conclusion

previous sections suggested that the effect of these additional The diffusion of benzene in zeolite NaY occurs via activated

degrees of freedom would probably be negligible, except in 15ns hetween the two types of stable adsorption sites, nated S
computing time, and therefore these calculations were not 54w, |na previous stud¥,we computed exact rate constants
performed for all jumps. Note that the activation energies come o the jumps of benzene in a NaY zeolite model (SitAl2)

with error bars that reflect the uncertainties of the linear p ¢ without accounting either for the internal flexibility of the

regression; these error bars therefore assume true Arrheniugyenzene molecule or of the zeolite framework. In the present
behavior over the whole range of temperature. A slight deviation paper, we have performed atomistic simulations on benzene

from true Arrhenius behavior results in slightly larger error bars g4rpeqd in the same NaY zeolite model. in order determine and
but also in much larger uncertainties on the prefactors. gynjain the influence of these two types of motions on the
Therefore, the prefactors given in Table 1 are more indicative dynamics of the guest molecule.
of an order of magnitude, rather than of an exact value. Constrained energy minimizations using the DIZZY code with
Including the benzene internal mobility in the rate constant the forcefield of Auerbach et 4lwere used to determine the
calculations results in a slight lowering of the activation energies minimum energy path (MEP) between two sites, both for a fixed
for all the jumps considered. This lowering, however, is and flexible zeolite framework. The energy barriers for both
statistically insignificant, since the error bars overlap in all cases. the §, — S, and § — W jumps were hardly affected by the
The order of magnitude of the prefactors clearly does not framework mobility. A large coupling appears between the
change. We note an increase of the prefactors with temperaturena(il) cation located in the 6-T ring near the benzene molecule

for both the § — S and § — W jumps, in accordance with
the chemical equilibrium constant calculations.

Including the motions of the Na605 cation close to the
benzene molecule at an, Site does not change significantly
the activation energy for the;S— S jump. On the other hand,
there is a slight but significant lowering (about 1.5 kJ mipl
of both the § — W and the W— S, activation energies. That

at an § site and the benzene itself.

Nonequilibrium molecular dynamics (EMD) simulations
initiated with the benzene molecule at a given site were
performed to extract the frequencies of the motions of the
benzene center-of-mass (CoM), both with fixed and flexible
framewaorks; in the harmonic model, the Arrhenius prefactor of
the jump rates is directly proportional to the frequency of the

the change in the energetics of the guest dynamics is so smallmotion along the reaction coordinate. These studies confirm the
is consistent with the MEP calculations presented in Section very large coupling between the Na(ll) cation and the benzene
l1l.1. The order of magnitude of the prefactors again does not molecule at an $site, as the frequencies of the cation and of

change. However, while there is clearly no influence on the S
— S rate constant, we note a decrease of both the-SW
and W— S, prefactors. That the;S— S, rate remains unaf-

the benzene CoM motions are shifted by 50 émoward higher
and smaller wavenumbers, respectively. The mobility of the rest
of the framework, however, does not greatly influence the

fected by the inclusion of the Na605 motions indicates that the motions of benzene at the, Site. In the W site, it seems that
transition state between two sites is affected in the same waythere are no differences between the external motions of the
as the § site itself; the decrease of both W S, and § — W benzene molecule with a fixed or flexible framework. These
activation energies and prefactors indicates that in this case,observations suggest that it is necessary to include the motion
the influence of the Na605 motions is different at the transition of the Na(ll) cation in order to achieve an accurate description
state and at the stable sites. It was found in ref 34 that bpth S of the jump rates involving benzene at ap $te. They also
— W and § — S, jumps presented the same prefactors; this suggest that the coupling between the benzene molecule and
finding agreed with the harmonic model, where the pre- the rest of the framework is of secondary importance.
factors are controlled by the same vibration “away from the  The energy dissipation of benzene in the final site after it
cation” of the benzene CoM, if the perpendicular vibrations are completed its jump was studied by a direct monitoring of the
the same at both transition states. Including the vibration of the kinetic energy (KE) of benzene during NEMD simulations that
Na605 cation lifts the equivalence between the two transition were started next to the transition state between two sites. The
states. total KE dissipates exponentially into the framework with a time
We did not perform the complete correlation function constant of~5 ps. When framework vibrations are left out of
computations with all Nacations moving but limited ourselves  the calculation, no dissipation of the total KE can take place.
to the TST calculations; these, indeed, have been shown to giveHowever, the translational KE is seen to redistribute into the
a good first approximation to the exact (i.e., correlation function internal vibrations of the benzene molecule, with the same 5-ps
theory) rate constaritsfor benzene in NaY. In all cases studied, rate constant whether the framework is fixed or flexible. Since
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it is the translational KE that governs site-to-site jumps, we the local zeolite modes on the final rates, but the MD simulations
expect that MD simulations with a fixed framework will give  suggest that it would be small.
adequate site-to-site dynamics.

Finally, transition-state theory (TST) and correlation function
theory (CFT) calculations were performed using the methodol-
ogy established in ref 34, to determine the chemical equilibrium
constant®(S;, — W) between the two stable adsorption sites
and the corresponding jump ratds,; — S), k(S) — W), and
k(W — S). Due to the increase in computing time for the Monte
Carlo simulations with the increasing number of degrees of
freedom, the rates and chemical equilibrium constants were not
calculated with complete flexibility of the framework, but were
limited to 4 cases: with a fixed framework and a rigid benzene
molecule; V\_nth a f|>_<ed framework and a fle_X|bIe benze_ne References and Notes
molecule; with a flexible benzene and one mobile Na(ll) cation o o
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