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A variety of force field based simulations have been used to study the location and diffusion of benzene
adsorbed in a model zeolite HY (Si/At 2.43), namely: molecular docking; equilibrium and nonequilibrium
molecular dynamics; and Monte Carlo umbrella sampling. Multiple adsorption sites are found, with benzene
facially coordinated to one or two H(1) or H(2) protons in the supercage. Some slight adsorption onto the
12-membered ring windows is also observed, in accordance with infrared measurements. The minimum energy
path at low temperature proceeds via a creeping of the molecule along the zeolite wall between stable sites,
with an activation energy varying between 10 and 20 kJfdrhis type of creeping motion is observed

both for intracage and intercage diffusion. Cartwheel jumps between sites are seen to proceed with higher
activation energies of approximatively 30 kJ mbIMultiple paths from site to site open as the temperature
increases. This results in a strong temperature dependence of the potential of mean force in the zeolite cage,
as calculated by umbrella sampling. Nonequilibrium molecular dynamics simulations initialized at the transition
state between two states show that the molecules do not relax in a single final state but in a multiplicity of
states; only cage-to-cage jumps keep a sense, as a majority of molecules relax in the final cage. Due to the
multiplicity of possible cage-to-cage paths, the temperature dependence of the cage-to-cage rate constants is
deeply non-Arrhenius.

1. Introduction rates still need to be computed with ab initio methods, all rates
corresponding to physisorbed processes only require force field
based atomistic simulations. Consequently, if the diffusion
proceeds by jumps between sites where benzene is physisorbed,
force field based simulations would suffice to compute the actual
diffusion rates; however, if diffusion proceeds by proton-assisted
hopping processes between sites where benzene is chemisorbed,
then the diffusion rates also need to be computed using ab initio
methods. Contrarily to HSAPO3?;!81°no redistribution of the
protons upon benzene adsorption was observed id"HY¥ This
observation strongly suggests that the main diffusion mechanism
is due to the hopping between physisorbed sites.

The above-mentioned reasons clearly show the interest of
force field based determinations of the physisorption sites and
hopping rates of benzene in HY. In the present article, we will
present results of such calculations, for future use in a KMC
type simulationd3 A variety of different force field based
molecular modeling techniques have been applied, namely:
Folecular docking, equilibrium and nonequilibrium molecular
dynamics, constrained minimization along a “reaction path,”
and Monte Carlo umbrella sampling. We will show that a variety
of adsorption sites exist in HY, where benzene is facially
coordinated to one or two protons; that diffusion of benzene at
0 K proceeds via “creeping” along the zeolite wall between these
sites, even during the cage-to-cage jumps; that at higher
temperatures the existence of multiple pathways between the
sites prevents the calculation of any site-to-site rate coefficient,
so that the only meaningful motion on larger time scales is the
* Corresponding author Email: fjousse@scf.fundp.ac.be. cage-to-cage hop. . . . .

T Faculfes Universitaires Notre-Dame de la Paix. In the next section, we will review the experimental and
* University of Massachusetts. theoretical knowledge of benzene adsorption in HY, and detail

Many experimental and theoretical studies have focused on
benzene adsorbed into siliceous or cationic faujasite. We feel
that knowledge of these systems is, if not perfect, at least a
good way to completion. Force field based simulatiohss
well as Ising modefs13 have helped us to understand their
behavior. As an example, the theoretical prediction of the
activation energy of self-diffusivity of benzene in NaY was
experimentally confirmeld after publication of the simulation
results’

The situation is quite different with acidic faujasites. Indeed,
only a few studies ventured to investigate adsorption and
diffusion of benzene in HY by gravimetfy,neutron diffraction
and molecular mechanié&!’infrared spectroscopy;'° NMR20.21
or density functional theort It is quite clear that computational
studies of benzene in HY are much more complex than in
siliceous or even cationic faujasites. The mechanism of proton
transfer between the guest molecule and the host structure need
to be treated at the ab initio lev& put the same level of theory
cannot yet allow to compute the diffusivity of the guest
molecules in the structure. Jump diffusion models (JDM) or
kinetic Monte Carlo (KMC) approaches offer a way to overcome
this difficulty. Indeed, these techniques represent the diffusion
of the guest molecule as a series of random jumps between
definite adsorption site'$:2223 Proton transfer can easily be
included by adding other types of “virtual jumps” corresponding
to the actual chemisorption and reaction r&tes.If the latter
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the zeolite structure used in the study. The third section will be in the six-membered (6-T) ring, with a distance between the
dedicated to the computational methods considered: we will benzene center-of-mass (COM) and the proton of 3.40 A. This
describe the derivation of the force field and the techniques usedwas also concluded in HSAPO-37, both by IR spectrostopy
to determine the adsorption sites and compute the diffusion rates.and neutron diffractioA® But the assignment is reportedly quite

In a fourth section we will present the results of the calculation

and a relevant discussion, with comparison to relevant experi-

mental data.

2. HY Structure With and Without Sorbed Benzene

HY is a FAU-type zeolite with protons compensating some
or all the negative charges of the framewétkThere is no
particular ordering of the aluminum in the framework, apart
from Lowenstein’s rulé?’ in accordance to what is observed in
NaX and NaY28 The main question comes from the distribution
and location of the protons. The crystal structure from X-ray
diffraction only gives indirect evidence of the proton positiéhs.
Neutron diffraction studies allow us to locate them more
directly17:3031 |n all cases the protons were found to be
preferentially linked to O(3) and O(1), then to O(2), and finally

to O(4). The exact repartition between these sites depends o

the composition of the sample: Jirat al®® found 21.1+ 5.5
H(1), 30.94 7.0 H(3), and no H(2) or H(4) per unit cell; Czjzek
et al3! found 28.6+ 1.0 H(1), 15.0+ 1.0 H(3), 9.5+ 1.0 H(2)
and no H(4) per unit cell; Vitale et al.observed about 22 H(3),
13 H(1), 3 H(2), and 4 H(4). The latter group also notes that

the distribution of the protons remains unchanged upon adsorp-

tion of benzene. This is in contrast to what is observed in

HSAPO-37, which has the same faujasite structure: in this
aluminophosphate the protons are seen to redistribute over O(2

upon adsorption of benzeRg&Infrared spectroscopy confirms
the redistribution of the protons in HSAPO-37 but not in Y.

Infrared studies, beginning with Jacobs and Uytterhoeven in
197323 have shown that there are two bands corresponding to

O—H vibration in HY: a narrow high frequency (HF) band,

and a broad low frequency (LF) band. The usual explanation is

poor: based on similarities to what was observed in NaY the
refinement was performed with the benzene molecule con-
strained next to an H(2) proton. The IR spectra of benzene
sorbed in HY8 shows two components even at very low
concentration, suggesting an interaction with two types of
protons. Other very small bands were thought to belong to
molecules adsorbed in the 12-T ring windows. A DFT study of
benzene in interaction with an Al&)Hg cluster modeling an
acid site of H¥* showed that the van der Waals (vdW) complex
with a benzene molecule coordinated facially to the proton is
the most stable complex, at an equilibrium-BOM distance

of 3.22 A. Note, however, that cluster Hartregock calculations

of the adsorption of benzene on acid sites in silica*géhat

is, presenting terminal OH groups rather than bridging hy-
droxyls, led to two types of stable minimum energy sites: in
the most stable site, benzene is coordinated to two protons on
he same side, while in the second site, benzene is coordinated
facially to only one proton. It has been also shown by
multinuclear NMR experimert&*4that for benzene the H-bond
complex is more stable than the proton-transfer complex.

All these studies agree that the stable Hxenzene complex
is of physisorbed type, that is, H-bond or vdW complex. This
further justifies the present work, since it is likely that the
diffusion process will be due to vdW interactions also. The exact

pature of the adsorption site, however, is not so clear. It could

not be completely determined from neutron diffraction data,
most probably because of the large heterogeneity in the proton
location, and hence in the adsorption sites. Cluster DFT and
Hartree-Fock calculations suggest the existence of a stable
complex involving the facial interaction of benzene with either
one or two protong!

that protons linked to O(1) and O(2) point in the supercage and ~Some studies also investigated the activation energy for the
are responsible for the narrow HF component, while protons at Onset of mobility of benzene in HY. Sousa-Gafues et af®
0(3) and O(4) point inside the smaller sodalite cages, where used’H NMR to measure an activation energy of less than 10
H-bonding with the framework oxygens broadens the corres- kJ mol*at low temperature (216260 K) and of approximately

ponding infrared band; see, e.g., van Santen and Kdraed

25 kJ mot! at higher temperature (26@292 K), assigned to

references therein. Observations of the bending mode of thethe intracage and intercage mobilities, respectively. These

protons®® as well as computer simulations of the vibrational
frequencies?® seem in broad accordance with this view. Note
that Datka et a’38 proposed another explanation: the two
bands would be due to framework oxygen atoms in different
environments, namely Si(4Al), Si(3Al), Si(2Al), and Si(1Al).

This explanation is based on the observation of a single narrow

HF component in NaX(Si/AE 1), where there is also only
one type of environment Si(4Al). However, in a recent paper
by Sierka et al®? it is shown by mixed quantum/classical
simulations that although the acidity of the proton sites in HY
depends on the number of neighboring Al sites, it is not the
case for the infrared frequency or the NMR shift, which
invalidates the picture proposed earlier by Datka &t-&.
Barthomeuf and H&4! have studied the adsorption of
benzene in Na,HY(Si/A&= 2.43) by calorimetry and found that

energies are considerably lower than the activation energy
reported for the mobility of the proton in HY in the presence
of an adsorbed molecufé:61 kJ mott. Combined with the
nonredistribution of the protons upon adsorption of benzene,
this again justifies the neglect of chemical interaction.

In light of these data, we constructed a zeolite HY model
with a ratio of Si/Al= 2.43. The initial atomic crystallographic
positions were taken from the neutron diffraction data of Czjzek
et al3! The simulation cell consisted of a square box vethk
24.77 A, with 136 Si, 56 Al, 384 O, and 56 H. The aluminum
atoms were randomly distributed in the cell. 30 protons were
placed at H(1), 10 at H(2), 16 at H(3), and 0 at H(4), using the
following three rules: (i) protons are linked to an oxygen close
to an Al atom; (ii) no two hydroxyl groups can be linked to the
same silicon atom; (iii) no proton can be closer than 4.0 A from

the heat of adsorption decreases when increasing the numbeanother. Note that H(3) protons point inside the sodalite cages,

of protons: while in NgsY the heat of adsorption reaches 79
kJ mol™t, for a structure with 8.7 Na and 47.3 H per unit cell
the heat of adsorption decreases to about 70 kJnsthowing

and therefore have no importance as far as adsorption of benzene
in the supercages is concerned. The only accessible protons are
H(1) in the 4-T ring and H(2) in the 6-T ring. These rules do

that the interaction with the protons is less favorable than that not determine completely the position of the protons. To

with the sodium cations. In a neutron diffraction study of
benzene in HY, Vitale et df concluded that the benzene
molecule in its adsorption site is facially coordinated to the H(2)

investigate the influence of different proton distributions, three
different initial configurations were prepared. Each structure was
then minimized using MSI's Discover96 code with the force
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field cff91_czed'® Although the total energy of the structures TABLE 1: Atomic Charges and Lennard-Jones Parameters
differed by more than 400 kJ mdiwith this force field, itwas ~ Used to Model the Adsorption of Benzene in H¥

found that all three final configurations were broadly equivalent element charge element AleV.A8 BleV.Al2
as far as sorption of benzene is concerned. Indeed, the 40 Si 16 C—0z 2299 25 0221
accessible protons in any structure suffice to create a hetero- p| +1.2e H—0z 3.20 1563.1
geneity of the acidic sites larger than the difference between Oz —0.8e C—0Oa 25.57 29251.0
the structures. Therefore in what follows, only results for the 8&’51 —g-g: 2—82 132% lggﬁg
most stable of these structures are given. H (zeolite) 0% H—ob 5403 1045.9
ca —0.152 C—Hz 2.588 1299.3
H (benzené) +0.153 H—Hz 0.455 88.1

3. Computational Methods
aSee ref 3.

3.1. Benzene-Faujasite Force Field.A wide class of force  This relation should be verified for all andy, so that:
fields used to model adsorption in zeolites is referred to as the

“average T-site” model, based on the approach of Kiselev and q(Si) +2 Q(QZ) =0
co-workerst” In these models, all tetrahedral atoms are con- q(Al) + q(Si) + q(Na) + 4q(0a) = 0 2
sidered to be equivalent and the negative charge due to the Al g(Na)+ g(0Ga)— q(H) —q(Ob) = 0

content is spread uniformly over all framework oxygen atoms.

These force fields present the wonderful advantage of keepingThe above set of equations of course does not completely
perfect framework symmetry, irrespective of the Al content. determine the charges and several other assumptions have to
Recently such types of force field have been shown to yield be made. Based on ab initio calculations on clu8téf$2and
quantitative agreement for the heat of adsorption of chloroform periodic Hartree-Fock calculation® as well as experimental

in faujasite at any loadintf*° Auerbach and co-workers used measurements of the phonon mddew fitting of the X-ray

the same type of force field to study the adsorption and diffusion electron density maf#,we chose the atomic charge values listed
of benzene in NaX and also NaY showing good agreement with in Table 1. The magnitude of the charges in this set is
experiments at infinite dilutio But one can wonder if this  significantly lower than the Kramer-based chargadowever,
symmetry introduced mainly to simplify the analysis of the except for the Al atom, they are rather close to the atomic
simulation results does not hide artificially an underlying charges fitted to DFT calculations recently published by Blake
complexity. Indeed, to our knowledge no ordering of Al atoms et al85

in the framework has been found in faujasite with SifAlL, The benzenezeolite interactions are modeled using a simple
which implies at the molecular level a heterogeneity of the 6—12—1 potential between each guegeolite atom pair:
cationic or acidic site®? This heterogeneity prevails in proto-

nated zeolites, where acidic hydroxyls are located next to Al A; By g

sites. To study adsorption of benzene on HY, it is important to U= T e + 0 +— 3)
explore the effects from an “explicit AlI” model and an according ! fg Ny ig

force field.

i andJ referring to the guest and zeolite atoms, respectively,
and using for the Coulombic part the charges defined above.
The coefficientsAj; and B;; of the potential were assigned by

comparison of adsorption and diffusion simulations to experi-

The explicit Al force field derived by Henson and co-
workers2:5051pased on the charges of Kramer and co-work-
er$253proved not to reproduce adequately the cation dynamics

in faujasite3* which we feel comes from the overestimated D
difference of 1|e| between the charges of Al and Si in their ?entgl dagi‘ fc;i\!all(x, NZ‘,Y’ DAY, and H:'hA g_ombln_anofn?%ule
model. Indeed, this representation assumes a complete heterg2aed on Slaterkirkwood's expression of the dispersion foree

geneity of the T-sites without any spreading of the excess chargeWas 'u.sed to relate atomic parameters t(.) the'Lennard-Jones
coefficients. All relevant parameters are listed in Table 1. In

on the O atoms, which is contradicted by most ab initio I calculat th lite f K held fixed. Th
calculations of zeolitic chargé&56as well as electronegativity ~ &' calcuiations the zeolité framework was nheld fixed. The
internal potential function for benzene, as well as the benzene

equilibration method®’~>° These last methods show that atomic nteracti h : £3 Short
charges depend not only on nearest neighbors but also on nexpenzen_e interactions, are the same as In ret 5. short-range
nearest neighbors and atoms even farther away. To placemteragtlons were cut off at 12.0 A, while Ior_lg-rangt_a electrostatic
ourselves on the right middle ground between simplicity of the energ:jes and _for_cez \;verehcom_puttlad_ elthefr ;/lwtf_lblan Ewald
charge description and validity of the local environment, we procedure optimized for the simulation of fiexible guest
chose to define different chargagor O atoms between two Si molecules sorbed within a rigid host, or with the fast multipole
atoms (Oz), between an Si and an Al atom (Oa), and in a method”-%8as implemented in ref 7. All calculations involving

: : host-guest interactions were performed using the DIZZY code
hydroxyl group (Ob), thus following the philosophy of the force i
fi()-:{ld prgsgnteg l(Jy I-)IiII and Sau@rv?lgThe gerivatign)(/)f ourown  developed by Henson andgsubsequently modified in-house by
parameters allows to compare more easily with previous Auerbacrll and cof-worke?sfz lculati h
calculations in sodium faujasite€:”8Since this force field should 3.2. Theory of Rate Constant Calculations.The rate
be able to model NaX as well as NaY, dealuminated Y (DAY) constant for ajump from an |q|t|al siteto a f'rllal sitej can be
or HY, the chosen charges should be conserved whatever theexpressed within flux correlation theory &'
Si/Al ratio or the number of Na cations versus protons in the 1
structure. Writingp = n(Si)/n(Al) and y = n(Na)h(H), the k() = ~Z(0)5[r (0)]6;[r ()]0 (4)
charge neutrality of the framework implies: Xi
) wherey; is the equilibrium mole fraction of particles in the state
pd(Si) + q(Al) + ya(Na) + (1 — y)(a(H) + q(Ob)) + i, zthe coordinate perpendicular to the dividing surface bounding
(3+ y)g(Oa)+ 2(p — 1)q(0z)=0 (1) statei, z its time derivative,di[r] the Dirac delta function
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o[r—ri¥] with r¥ representing the boundary of stateand probabilities; and (v) nonequilibrium MD for the calculation
Oj[r] the standard step function whose value is 1 if the particle of the dynamic corrections to the rate constants.
is in statej and zero otherwise. The docking procedure used in this study is described in ref

This equation represents the flux of particles through the 3. A single molecule is put in the zeolite framework and given
boundary surface of stateat timet = 0 that are found in state  a random translational “kick,” followed by 1000 steps of high-
j at timet. If a particle “thermalizes” in the final stajethat is, temperature MD, wit a 1 fstime step; this starting structure is
if it loses the translational energy that allows the diffusion of then minimized. 300 initial configurations were analyzed. The
matter from site to sitek—(t) will tend to a plateau after a  minimization procedure locates minimum energy sites, that is,
certain time’! For benzene in NaY at 300 K, the plateau was stable adsorption sites at 0 K. However, there is no guarantee
found to be reached aftér~ 3 ps’ This value determines the thatall sites in the simulation cell are found. Furthermore, the
microscopically exact rate constant to be used in kinetic Monte sites may be bound by very low energy barriers, and therefore
Carlo (KMC) simulations of diffusion in zeolitgs.It has the be unstable sites even at very low temperature. Therefore in
property that it does not depend, in theory, on the choice of the each distinct site located by the docking procedure we run a 20
boundary surface of the states, although the accuracy of theps MD at 200 K to determine if it is a stable adsorption site at
calculation is strongly dependent. this temperature. If so the distance distribution with the closest

The transition state theory (TST) rate constant between two protons was calculated from the MD results. The low-frequency
neighboring site$ andj can be written using the same kind of vibrational density of states (VDOS) of the sorbed benzene was

notation: also calculated from the center of mass (COM) velocity
autocorrelation function in order to characterize the external
1 i 2374
szT: ;B(O)éi[r(O)]G)j[r(e)]D (5) benzene motions at each stable $ité:
' (t)-v(0)D

VDOS(0) = [ dt exp(~i2zco-t) (9)

wheree now represents a very short time: all trajectories leaving
sitei att = 0 in the direction of sitg will by definition be
found in sitej just afterward. As a consequence, half of all wherec is the speed of lightg the wavenumber counted in
trajectories are considered reactive, and eq 5 is strongly cm™*, andv the COM velocity. We should point out that since
dependent on the choice of the transition state. The rate constanprotons are fixed during the simulation we cannot observe the

3(0)v(0)OI

can be rewritten in the usual form: coupling between the hydroxyl vibrations and those of benzene.
We have shown that in the case of NaY, the coupling between
st 12T\ Y20 the cation and benzene can change the observed vibrational
= ~2\7m) Q (6) frequency by a factor of ca. 2.Thus we should consider the

peaks in the VDOS only as indicative of the benzene COM
motions in the different sites and not as quantitatively compa-
rable to experiment.

The constrained minimization procedure of ref 3 was then
applied to determine the MEP between the sites: at each step
along a path going from one site to another the benzene
molecular COM is constrained to stay in a plane perpendicular

whereQ¥ is the configurational partition function at the transition
state,Q; the one in the reactant statekg being Boltzmann
constant,T the temperature, anu the particle mas& The last
expression can be calculated from a Monte Carlo calculation
and allows us to write the exact rate constant as:

k_i(t) = TST o f.(t) @) to the path, and its position in the plane and internal degrees of
I —l 'l freedom are minimized. Note that this supposes that the reaction

herei ) . . coordinate is isomorphous to the position of the molecular COM,
w Ierem we have defined the so-called dynamic correction factorWhich is reasonable since we are interested in the transport of
as: matter inside the zeolite. We focused on determining the
mechanism of the cage-to-cage motion of benzene in HY by

f(D) = [2(0)5,[r (0)]16;[r (O] T ®) looking at a path beginning at a stable site in one supercage

! [2(0)o;[r (0)1©[r ()] and ending in another cage.

The TST rate constant calculated by eq 6 mainly depends on

This factor in turn can be calculated using short nonequilibrium the ratioQ*Q;, which can be related to a kind of potential of
molecular dynamics simulations, initialized at the transition state. mean forceF(2)® by defining a restricted partition function:
As can be seen from the theory, several steps are required to
finally attain the microscopically exact rate constants: (i) the Q(z) = j‘ dzo(z— 2) f drN expBE[Z ) =
sites, as well as their boundaries, should be defined and
characterized:; (i) the TST rate constants between the sites need exp— fF(2) (10)
to be evaluated; (iii) nonequilibrium molecular dynamics runs
allow the calculation of the flux correlation rates.

3.3. Simulation ProceduresA variety of force field based

whereE[Z,r\] is the energy of the configuration defined b,
so that the rate constant becomes:

computational techniques were used to model the adsorption k. T\1/2 _
of benzene in HY, namely: (i) molecular docking to find the T_§jT= 1( kg ) exp ﬁF(Zi) (11)
minimum energy sites of the sorbed molecules; (ii) equilibrium 2\ 7m fi exp— pF(2)dz

molecular dynamics (MD) at room temperature to investigate

the stability of the sites and the external motions of the sorbed Computing the TST rates is therefore equivalent to calculate
molecule; (iii) constrained minimization to find out the minimum  free energy differences. Numerous methods have been devel-
energy path (MEP) between some of the stable sites; (iv) Monte oped over the year$;”” and it is still an area of active
Carlo (MC) umbrella sampling to investigate the temperature researcH8-82In a previous publication about benzene in NaY
dependence of the transition state theory (TST) hopping we used the displacement vector method of Vétewmhich
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presents the advantage of requiring only two constrained MC
calculations, one in the initial state and one in the final state.
In the case of HY however, some difficulties arise due to the
heterogeneous distribution of the protons, so that the adsorption
sites are not symmetrical and well-defined paths leading from
one single site to another no longer exist. We chose instead the
simple implementation of the umbrella sampling meffod
presented in ref 76 as “self-consistent histogram window
sampling” (SCHWS).

The reaction path determined by constrained minimization
is cut into smaller slices, overlapping on one-third of their length
with the next interval. In each interval we calculate the
probability distribution (PD):

p() = — X0~ FF@ (12)

fjﬂaxdz' exp— BF(Z)

v

Figure 1. Examples of the four classes of minimum energy position
The complete distribution is then reconstructed from the PD in of benzene in the zeolite HY model with Si/Al 2.43, as determined

each interval using the procedure indicated in ref 76. A plot of Wwith the docking procedure using the DIZZY code with the in-house
F(2) = —ksT In p(2) can be interpreted as the constrained free force field detailed in the text. White balls represent zeolite protons.
energy profile along the reaction coordinate~or a perfectly 3.0

entropy-free, energy-driven reaction this plot would not display
any temperature dependence, indicating an Arrhenius depen-
dence for the rates; thus any temperature dependence can be E 20
related to the entropy change during the reaction. )

Depending on the MEP investigateal8 to 9 Apath was cut =
into 15 slices, thus building 0.8 to 1.0 A intervals. The PD in =107
each slice was calculated from®BIC steps at 200, 300, 400, 4 2H(1)
and 600 K. From the resulting profile we used two approxima- 0.0 . T?\/»—~7 _____
tions of Q; to compute the TST rate constant: (i) from direct 20 3.0 4.0 5.0 6.0
integration ofp(2) over the “initial state” basins; (ii) from a fit H - CoM distance /10"’ m
of F(2) = —kgT In p(2) around the bottom of the free energy Figure 2. Probability density distribution of the zeolite Kt-benzene
well by a quadratic functio®*(2) = Fo + k(z — 20)?, followed COM distance. Each curve is calculated from the average over a 20 ps
by integration over the fitted well: MD run at 200 K with a 1 fdime step in all distinct and stable sites

of the same class; results obtained using the DIZZY code with the
1[ 2K T\V2 in-house force field indicated in the text.
kST = E(ﬁ) exp— B(F(Z) — Fy) (13)

state, with initial velocities assigned from a MaxweBoltz-

The purpose of these two calculations is to estimate the ordermann distribution at the required temperature. All trajectories

of magnitude of the uncertainty d@ST by approximatingAK'sT were run for 5 ps, wh a 1 fstime step. We computed the
KTST — KIST) dynamic factor correcting the TST rate constants for the
1 2 .

probability to find the guest molecule at a particular site, and
also for the probability to find the molecule left and right of
the transition state. The uncertainty @) is estimated as the

In contrast to what was found in Na¥several different
minimum energy sites can be found for similar values of the
reaction coordinate; a converged MC at high temperature will X .
therefore sample all these sites. Although this is perfectly fine 95% confidence interval on the. average Valgs' TFSrTom eq 8 we
for adsorption studies, we need to be somewhat more cautious>®€ that the total uncertainty éris Aklk = AKT>/KT1+ Afff.
since we are interested in the dynamics of the sorbed mol-
ecule: indeed, our sampling should not allow the molecule to 4. Results and Discussion
cross unrealistically high energy barriers at a given temperature. i . )

The maximum size of the MC steps was therefore limited to 41 Adsorption Sites.From the molecular docking of 300
~0.3 A. The corresponding acceptance rate varied between 0.4MNitial benzene structures inside our HY model, we obtained
and 0.7, depending on temperature. Despite this restriction, we46 different minimized configurations; among these structures,
observed during the MC runs “multi-site” sampling. We have ©nly 30 remained stable during a 20 ps MD run at 200 K, while
verified that in most cases longer sampling improved the all others moved to another cataloged minimum energy position.
statistical accuracy but did not change the calculated averageBased on the local geometry of the site, they can be categorized
probabilities. Thus, the multisite sampling physically means that in four classes, noted H(1), H(2), 2H(1), and W. One example
at this temperature one average site exists encompassing multipléninimum energy configuration of each of the four classes is
0 K adsorption sites. An exception will be discussed in Section depicted in Figure 1. Figure 2 presents the relevant probability
4, density distribution of the zeolite protefbenzene COM

Following variational TST, transition states on the diffusion distance for each class (except W) calculated from the average
path can be defined as the positions for which the probability over all distinct sites in the class obtained by a 20 ps MD
of presence is minimum. Dynamic corrections were computed trajectory at 200 K, while Figure 3 presents the averaged low-
as the average over 2000 short nonequilibrium MD runs frequency vibrational density of states (VDOS) of the benzene
initialized from a MC sampling constrained at this transition COM in all classes.
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high-frequency stretching peak is observed on the VDOS, but
rather a long tail decaying at200 cnt!. The low-frequency
component of the spectrum peaked at even lower frequencies
than those of H(1) and H(2), showing that the translational
parallel motion in this longer supersite is less constrained. As
described in Section 2, no special care was taken to maximize
the distance between zeolite protons during the protonation
procedure, as long as they were more than 4 A apart. Thus the
number of such double hydroxyl groups might be overestimated
Wavenumber /em”' as compared to experimental structures.

Figure 3. Low-frequency vibrational density of states of the benzene ~ 4.1.4. W. W stands for a “window” site similar to what is
center of mass. Each curve is calculated from the average over a 20 pfound in NaY: the benzene molecule is framed by the 12-T
MD run at 200 K with a 1 fdime step in all distinct and stable sites  window and stabilized by zeolite €€benzene H interactions.

of the same class; results obtained using the DIZZY code with the oy one such stable site at 200 K was found, with an interaction
in-house force field indicated in the text. energy of —41.9 kJ mot!. The involved window is not a
particularly Al rich one, since it contains 4 Al and 8 Si atoms,
the average being 3.5 Al and 8.5 Si. Although this site remains
stable during the dynamics, its relatively high energy places it
among the less probable adsorption sites. This is corroborated
by its single occurrence among the stable sites. The VDOS in
this site shows a single component at very low frequency, in
accordance with what was observed in NaY for the sam€ site.

Neutron diffraction experimentsthat located the H(2) sites
"did not report the existence of a benzene site next to a H(1),
which we predict are the most stable sites. This might come
from the low symmetry of the H(1) protons in the zeolite cage,
as well as the existence of two adsorption sites involving these
protons: H(1) and 2H(1). Quantum mechanical calculafot?s
as well as infrared studié$1° however, suggest the existence
of such sites. A novelty here is the presence of 2H(1) sites, that
were theoretically postulated in silica g®sbut, to our
knowledge, never reported for Brgnsted acid sites in zeolites.
between—56.8 and—39.0 kJ mot. The H(2)-COM distance All parameter sets we tried, ho_w_ever, lead to sites of this type
is in general larger than for H(1): 3.4 d(H(2)—COM) < 4.0 when two H(1) protons are suff|C|_entIy _close. Note that we glso
A, because the H(2) proton protrudes much less from the O constructet_:l a first zeolite mo_del in which we aIIo_wed possible
frame than the H(1). A large part of the interaction stems Al—OH—Si—OH—AI groups; in this model and with the same
therefore from zeolite oxygerbenzene hydrogen interaction.  force field we could find close H(1) and H(2) protons that also
As a consequence, a slight correlation is found between theinduced an adsorption site for benzene similar to 2H(1); the
number of Oa versus Oz atoms closest to the benzene hydrogengiflueénce of the protons therefore predominates over that of the
and the interaction energy: the more Oa’s the larger the "€St of the framework. The finding of a less stabilized W site
magnitude of the interaction. Several other factors may however /SO agrees with IR measurements of very small bands thought
play a role, most notably the presence or absence of a H(1)t0 Pelong to benzene molecules in the 12-T rifg¥.The clear
proton nearby. The dynamic distribution of distances also shows Picture resulting from our calculations is that of a facially
a single narrow peak at 3.6 A, close to the distance of 3.4 A coordinated van der Waals complex between hydroxyl groups
deduced from neutron diffraction by Vitale eflalOn the VDOS at H(1) or H(2) and the benzene molecule. The interaction
a single broad high-frequency peak around 150 tshows energies do not seem to depend dlreptly on_the local geometry
that the H(2)-COM stretching is generally less tight than that Of this complex, but rather on the distribution of aluminum,
for H(1)—COM. The translational motions at lower frequencies, Protons, and Oa and Oz types of oxygen in the vicinity. It
on the other hand, show no difference with H(1). mduces_ a large heterogeneity of t_he interaction energies,

4.1.3. 2H(1). The benzene molecule is facially coordinated amounting to 20 kJ mof. Some sites were found over
to two H(1) protons, either in the same 12-T ring or in the same Unprotonated 4- and 6-T rings, similar to what has been observed
4-T ring. The distance between the two protons amounts to aboutin dealuminated ¥51%%these high energy sites, however, did

— H()

0 50 100 150

4.1.1. H(1). The benzene molecule is facially coordinated to
a H(1) proton in a 12-T ring window, with an interaction energy
at 0 K varying betweer-58.8 and—45.3 kJ mot?. The distance
between the benzene COM and the zeolite proton in the
minimized configuration varies between 2.4 and 3.3 A, depend-
ing on the environment. There is no clear correlation between
this distance and the interaction energy. The dynamic distribu-
tion of distances at 200 K presents three distinct peaks at 2.5
3.0, and 3.4 A, showing a rather tight binding between the proton
and adsorbed benzene. This is confirmed by the VDOS in site
H(1) which presents several peaks at quite high frequencies for
adsorbed molecules, that is, 150 and 200 tmorresponding
to the H-COM stretching. The presence of two peaks at lower
frequencies shows the existence of other types of translational
motions parallel to the zeolite wall.

4.1.2. H(2). The benzene molecule is facially coordinated to
a H(2) proton in a 6-T ring, with an interaction energy varying

4 A. The interaction energy varies betweef6.7 and—44.1
kJ mol %, that is, nearly identical to what was found for 1H(1).
The benzene 2H(HCOM distancest0 K varies between 2.7

not appear to be stable during the short 200 K MD runs.

4.2. Site-to-Site Dynamics4.2.1. Minimum Energy Paths
The docking procedure presented in the previous section located

and ~4.5 A; once again there is no correlation between the multiple sites for benzene adsorption in HY, with a large
zeolite O and benzene H distance and the interaction energy.heterogeneity of hostguest interaction energies. There is no a
During the MD simulation, we found that a molecule at a 2H(1) priori way to determine if a molecule can go from one site to
site could shift between a position where it lies closer to one any other without relaxing somewhere in between; the possible
proton or the other. This suggests the existence of rather low pathways are therefore too numerous to be studied extensively,
energy barriers between these equivalent positions; it creates and we need to focus on some selected ones. We chose to study
long “supersite” next to the protonated groups, materialized by a pathway starting at a 2H(1) site in a cage, crossing a window,
the long tail observed for the 2H@LLOM distribution in Figure and ending at a H(1) site in a neighboring cage. This path was
2. Since benzene is not linked to a single proton, no well-defined chosen arbitrarily to sample most site types (a H(2) proton being
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role in benzene diffusion at low temperatures. The window
crossing mechanism is completely different to what has been
postulated in NaX and Na¥€ Indeed, the benzene molecule
glides from a H(1) site on one side of the window to the other
side, in a sort of proton-assisted jump. Most probably, consid-
eration of the framework motions and especially of those of
the protons will reduce this already low energy barrier, by
allowing the host protons to follow the guest molecule. The 20
kJ mol* barrier observed for this motion makes the conven-
tional cage-to-cage jump throlng W site relatively unlikely,
since the energy of the latter stable site is equal to that of the
maximum of the barrier.

The calculated energy barriers are close to the ones measured
Figure 4. View of the successive positions of benzene along one at high temperatures B4 NMR:2° 25 kJ mot™. We also obtain
minimum energy path between two cages of HY, as calculated by the low energy barriers that could correlate with the 10 kJ Thol
constrained minimization procedure indicated in the text. White balls energy barrier found by the same group at low temperature. It
represent zeol_ite protons. All r_esul_ts were o_btained using the DIZZY geems that gliding along the walls between H(1), H(2), and
code with the in-house force field indicated in the text. 2H(1) sites constitutes the lowest energy pathways for benzene
diffusion in HY. The window crossing mechanism does not
appear to be any different from other site-to-site motions, and
has a rather low energy profile. At low temperatures, mass

W crossing

-1

iEj. -40 transport through HY therefore appears as though proceeding

< through creeping along the walls between nearby H(1), H(2),

& -50 ®- and 2H(1) sites, with energy barriers of approximately-26

g kJ molL. Since the accessible protons are rather numerous in
-60 the HY zeolite model (Si/Ak= 2.43) we are using, there should

not be any trapping of benzene at a position from which it cannot
Reaction Coordinate /40™°m move through this same creeping mechanism; in particular, the

Figure 5. Energy profiles of selected minimum energy paths of probability that a Windov_v_does not presef‘t any H(l) proton is
benzene in HY, as calculated by the constrained minimization procedure SMall S0 that the probability that all four windows in a cage are

using the DIZZY code with the in-house force field indicated in the Protonless is tiny. As the Si/Al ratio increases, the number of
text. Circles: path corresponding to Figure 4; squares: alternative path protons decreases and we would expect more and more trapping

going out of the same initial 2H(1) site. Lines are splines of the sites. As a consequence we expect the energy barrier for benzene
calculated points. transport to increase. Indeed, Sousa-Girez et af° report

ffor benzene in dealuminated Y an activation energy at high
temperature of 30 kJ mol, larger than in HY. Note however

5 10 15 20 25

close to the path), but no attention was paid to the energy o
the particular sites encountered along the path. Most probably, N
anofher choice of pathways would Ieagd to nl?JmericaIIy Eifferen%/ thatj;.ull et af _onIy report an activation energy of 10.2 kJ
results. We are confident, however, that the conclusions drawn mol™* in dealuminated Y.
from the analyses would remain unchanged. 4.2.2. Temperature Dependence of the Diffusion Pdthe
Figure 4 presents the minimum energy pathway (MEP) diffusion path studied presents three distinct jumps, that is,
calculated from successive constrained energy minimizationsintracage 2H(1)~ H(1) via cartwheel motion, intercage H(1)
in a plane along a path from one far end of a cage to the far — H(1) via a smooth glide over the window, and intracage H(1)
end of the next; the corresponding energy profile is presented — H(1) via reorientation. To study the influence of temperature
in Figure 5. For convenience, we have labeled some of the using self-consistent histogram window sampling (SCHWS) we
protons accessible to adsorbed benzene from A to H. The chose to cut the previous path in three distinct parts, each starting
molecule starts at a very deep 2H(1) site (F), goes through aat the minimum energy position in one of the site and ending
“cartwheel” jump to a H(1) site on the side of the 12-T window at the minimum energy position in the other. The three paths
(H), glides over the wall of the window to end next to the same were then smoothly merged at the minimum energy positions.
H(1) proton but on the other side of the window (H), and As aconsequence the constrained reaction coordinate is slightly
reorients toward another H(1) opening in another window (A). modified as compared to Figure 5. Results of the SCHWS are
The 2H(1)— H(1) jump proceeds with a high energy barrier presented in Figure 6, together with the minimum energy path
of more than 30 kJ mol, while the “gliding” jumps present  (MEP) already presented in Figure 5. A notable temperature
smaller barriers 0~20 kJ motl. There are two reasons for dependence of the plots indicates a strong influence of the
this high difference: first, the 2H(1) site investigated here is entropy on the molecular motions. The curves look quite
fortuitously deeper than the other sites; and second, the choserdifferent from the MEP. First, the energy of the minima seems
path constrains the benzene to move away from the protonto be very largely shifted toward higher energy as compared to
toward the center of a cage, which is very generally a high the deepest minimum, that is, the initial 2H(1) site. In fact this
energy site for small moleculé$,while in the other cases effect is an artifact of the calculation, due to the very low
benzene remains parallel to the wall. Indeed, in Figure 5 the stability of the 2H(1)— H(1) cartwheel jump. Indeed, the MC
MEP is also presented leading out of the same 2H(1) site (F) runs in the initial slices sample paths where benzene glides along
toward a H(1) site with the benzene molecule parallel to the the wall to another H(1) site; after several intervals these paths
wall; this path proceeds via a gliding motion with an energy are no longer accessible, and the MC runs then sample another
barrier of 20 kJ moil. It is therefore likely that the cartwheel  path next to the H(1) proton. This introduces a discontinuity in
jump evidenced by our simulation would not play any significant the sampling, shown by the apparent shift in Figure 6. In the
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Figure 7. Dynamic correction factof(t) for the window crossing
0 ‘ . . mechanism of benzene in zeolite HY. All curves are the average over
0 5 10 15 20 2000 nonequilibrium molecular dynamic trajectories, using the DIZZY
Constrained Reaction Coordinate /10" m code with the in-house force field indicated in the text.
Figure 6. Constrained free energy profile(z2 = ks T In[p(2)] of
benzene in zeolite HY, calculated using the SCHWS procedure and 1.0 i i K "
the DIZZY code with the in-house force field indicated in the text. 0.8 ]
The curves were translated so that the first minimumy &atA has the ) — 150K
same energy at all temperatures. Circles: results of the constrained o6 hivn I 300K .
minimization calculation presented in Figure 5; for readability, this -- 500K

curve was translated upward from the free energy curves. 04

following discussion, we will therefore neglect the 2H(1) site. 02

Second, other minima appear around 5, 11, and 18 A. The

Dynamical correction factor fiz)

.. . 0+t =
minimum & 5 A corresponds to the sampling of a H(2)H(1) 0 . , ‘ .
path instead of the 2H(1)> H(1) path, as discussed above. The 0 1 2 3 4 5
minimum at 11 A, on the other hand, becomes more and more Time /ps

apparent as the temperature increases; this comes from theigure 8. Dynamic correction factdit) for the 2H(1)— H(1) intracage
availability of another H(1) proton located at about 7.5 A on jump, with the molecule initially positioned at 6.5 A in Figure 6,
the other side of the window, both sites being sampled at the calculated as the average over 2000 nonequilibrium molecular dynamics
same time. The “hollowing” with increasing temperature can trajectories using the DIZZY code and the in-house force field presented
. . . . in the text.
be interpreted in the following way: at low temperatures, the
most probable path from the H(1) site in one cage to the next a useful measure of the zeolite protadvenzene attraction. In
cage will be by the gliding motion presented in Figure 4, which addition to the temperatures between 200 and 600 K already
indeed is the only one accessible at 0 K; when the temperaturestudied for the whole path, we computed the TST and CF rates
increases, another path is sampled, namely a jump across théor 150 and 800 K.
window to another H(1) proton, then from this new H(1) to the Figure 7 presents the dynamic correction fad{tr for the
final H(1) site on the other side of the original proton, or window crossing at three temperatures. Each curve is the average
alternatively to another proton in the cage. Both paths exist at of over ~2000 nonequilibrium molecular dynamics (MD)
the temperatures studied. When benzene leaves the window bytrajectories initialized from a MC run constrained around 10 A
the other H(1) proton other pathways for diffusion in the final along the modified reaction coordinate in Figure 6, and lasted
cage become available: these are the reasons for the appearander 5 ps with a 1 fdime step. The initial rise dft) is an artifact
of another minimum at-18 A. of the calculation, due to the fact that the transition state (TS)
4.2.3. Rate ConstantsThe existence of multiple pathways on which the MC run is performed has a certain width, for
for benzene diffusing in zeolite HY complicates the interpreta- practical purposes. The rapid initial decreas§®fis followed
tion of the self-consistent histogram window sampling (SCHWS) not exactly by a plateau but by a gently decreasing slope. As
results. Since even at low temperature (200 K) distinct sites atindicated in ref 22, the plateau value represents in fact an
0 K are merged into larger supersites sampled by the Monte exponential decrease dft), whose rate should be the rate
Carlo (MC) runs, we cannot give a simple interpretation of site- constant; therefore, the dynamic correction to be used is the
to-site rate constants to the probabilities extracted from Figure limiting value of this slope toward = 0.
6. Mass transport in HY however implies that benzene molecules As can be seen in Figure 7, the correction factor is only
go from one cage to another through a window. We will weakly temperature dependent, decreasing fredr8 at 600 K
therefore focus on calculating the rates for the window crossing, to ~0.5 at 150 K; the resulting effect therefore is to decrease
with transition state theory (TST) from eq 6, and with flux the activation energy for the window crossing, but only slightly.
correlation theory (CF). As indicated before, several different The correction factor is rather high: up to 0.8, showing that
sites can coexist on each side of the transition state. In thisthe choice of a reaction coordinate and of the TS is meaning-
context, it is not always meaningful to compute a site-to-site ful: a good percentage of the trajectories crossing the window
rate constant. However, TST rates are simply defined as theto the left (or to the right, respectively) will be found at any
flux of molecules crossing the transition state to the leftand to time t < 5 ps later on the left cage (or the right cage,
the right; a meaningful dynamic correction factor then is the respectively). This is in contrast to what is observed for intracage
probability to find the molecule left or right of the transition motions, such as the 2H(% H(1) with TS at 6.5 A in Figure
state after a certain time. We also defined molecules to be in 6. Indeed, the corresponding dynamic correction factor displayed
individual “sites” when the benzene COM is lessrihbA from in Figure 8 for three temperatures presents a very rapid initial
a proton. These sites are not exactly equivalent to the 0 K decrease, reaching zero in less than 0.5 ps for 150 K. This means
adsorption sites defined in Section 4.1. However, they provide that there is as much probability to find the molecule to the left
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Figure 10. Correlation function rate constants for the window crossing,
-04 from left to rightk, and from right to leftks calculated by egs 6, 8,
and 13. The lines indicates the mobility factor calculated from NMR
06 ‘ data by Sousa-Gqatbves et af°
0 2 43 o 6 8 TABLE 2: Activation Energies for the Window Crossing of
1T 10°K Benzene in Zeolite HY from Correlation Function Rate
Figure 9. Proportion of the nonequilibrium MD runs ending in a Constants Presented in Figure 10
particular sitea. = A, B, . . . Gindicated in Figure 4. temperature value
rate range (K) (kJ mol?)
or the right of the assumed TS after 0.5 ps whatever its original K, 150-600 K 13.24 0.8
direction. Since the chosen TS is a maximum of constrained ki 150-220 K 7.6+ 1.7
free energy it has a physical meaning as a position of low ki 200-300 K 32.8+3.1
probability to find the molecule. Therefore, the decrease to zero ki ) 260-600 K 138+ 4.1
means that the molecule does not relax in any of the sites to s gég:ggg'é %g
the left or the right of the TS even at this low temperature. ®

Figure 9 presents in more detail the sites in which the benzene 2k is the rate constant for a window crossing from the cage on the
molecules are found at the end of the 5 ps nonequilibrium MD €t of Figure 4, to the cage on the right of Figurekd the rate of the
runs. More precisely, the ordinate courilis,ZvTST, where window crossing from the right cage to the left cag&ee ref 20.
o= 1/NziN:1vi(0)-nc$i“(5 ps) is the average velocity of the
MD runs that end after 5 ps in sit@. v"ST being a positive
quantity, the positive values af,[Jindicate that the molecule
ends on the right-hand side of the window, and the negative
value on the left-hand side. The site labels correspond to Figure
4. We do not require here that the molecule relax in the site,
but only that it is found in it at the end of the 5 ps MD run.
Note also that, to simplify the figures, not all sites are indicated.
At 150 K, most of the MD runs end next to the three protons
labeled H, A, and B. These sites correspond to the original H(1)
site on the left-hand side of the window in Figure 4, and two
H(1) sites on the other side of the window. This is in agreement
with the finding that at this low temperature the SCHWS
procedure only samples the sites close to the minimum energy
path (MEP). As the temperature increases, a number of other
sites are populated. However, up to 400 K the same three proton%
close to the MEP remain the most attractive sites. The two A
and B protons are close to each other, so that above 150 K
they build a unique supersite which is shown by the coincidence
of the A and B curves in Figure 9. Above 400 K, all protons
become roughly equivalent.

Figure 10 presents the TST rate constants calculated for the
window crossing mechanism, both by direct integration and
using eq 13, as well as the dynamically corrected rftesThe
corresponding activation energies are summarized in Table 2.
The rate constant from the left cage to the right dageresents
a global Arrhenius dependence with temperature, with an The theoretical simulations relative to the adsorption and
activation energy of about 13.2 kJ mél Although the rate diffusion of benzene in zeolite HY presented in this article lead
constant for a jump from the right cage to the left cdge to a number of conclusions that can help to interpret some
decreases with increasing inverse temperature, its dependencexperimental data on this widely used system. Like all other
is not strictly linear. We can define roughly three temperature force field based simulations, the numerical results we obtain
domains: (i) below 200 K, (ii) between 200 and 300 K, and depend on the potential used. We parametrized a new force field
(iii) above 300 K. At high temperature, the activation energy, on experimental data for benzene adsorption and diffusion in
13.8 kJ mot?, is very close to that ok,. In the middle different zeolites of faujasite type. Through this parametrization
temperature range, the apparent activation energy is muchwe gained some insight into the influence of the parameters,
higher: 32.8 kJ motl. Finally at low temperature the activation and we are confident that the philosophy of our results would

energy ofk, decreases to only 7.6 kJ mél The reason for the
different behavior ok, as compared tk, can be found in Figure

6. Indeed the potential of mean force on the left-hand side of
the window presents the same profile, whatever the temperature.
On the right-hand side however, as indicated in Section 4.2.2.,
the profile changes as the temperature increases, reflecting the
opening of different pathways out of the window. The activation
energies we estimated are quite close to the experimental data
of Sousa-Gopalves et af? which also present a change around
260 K. While they attributed this change to intracage and
intercage mobility, our results suggest that it could be due to
multiple crossing pathways for the same type of cage-to-cage
motions. The large differences in activation energies, depending
on the pathway and on the temperature, indicate a large
eterogeneity of the rate constants. The influence of this
eterogeneity is rather difficult to quantify exactly. Indeed, if
we suppose that these activation energies are Gaussian distrib-
uted aroundgy with a varianceo?, we have that® kO~ v
exp(—pBEo) exp(—[20?/2); that is, the apparent average activation
energy deduced from measures of the rates will appear
somewhatarger than the average activation energy, especially
at low temperatures. This comes from the trapping of the
molecules in sites with high activation energies.

5. Conclusion
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