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We have performed molecular dynamics (MD) simulations of zeoljigest systems driven by microwaves
(MW), to study how energy is distributed in these systems as a function of guest loading. Expanding on a
previously published communication [Blanco, C.; Auerbach, SIMim. Chem. So2002 124, 6250.], we

have found that MW-driven MD with the Andersen thermostat gives robust steady states, while MW-driven
MD with the Nose-Hoover chain thermostat does not. We studied MW-driven zeolites NaY, DAY and
silicalite, as well as benzene and/or methanol in DAY or silicalite. DAY and silicalite exhibit little MW
heating, while NaY gives strong MW heating primarily through the Na cations, whose kinetic energy was
found to equilibrate on picosecond time scales. Zeolitenzene systems show minimal MW heating, while
zeolite—-methanol systems exhibit significant MW heating with steady-state temperatures increasing linearly
with methanol loading. MW-driven equimolar mixtures of benzene and methanol at low to medium loadings
in DAY or silicalite obey Tmethanol™ Toenzene™ Tzeolite SUggesting that MW heating of binary mixtures in
zeolites can produce novel effects. However, MW-driven MD at higher loadings shoviBthato~ Tbenzene

> TLeolte SUQQesting that closely related MW sorption studies can produce markedly different results viz.
athermal effects.

I. Introduction heating. Adsorption in porous materials is typically simulated
using the grand canonical Monte Carlo approach, which assumes
that the hostguest system is in thermal and chemical equilib-
rium with a bath of energy and guest molecuie¥’ Despite

the fact that thermalization is rapid on the MW time scéle,
we believe that MW-driven systems must first be considered
in nonequilibrium states, by the simple fact that they are driven
by external fields. We therefore begin by abandoning the
assumption of thermal equilibrium, thereby precluding the use
of Monte Carlo methods as typically written.

The ansatzof our approach is to retain the concept of a
temperature function. The system can deviate from thermal
equilibrium by this temperature function depending upon space,
time, and/or chemical identity. Such a concept is, of course,
not new. Many equilibrium MD simulations track temperature
as a function of time by dividing the time-dependent total kinetic
energy bydks/2, whered is the (extensive) number of degrees
of freedom in the system ang is Boltzmann’s constant. For
either thermostated systems or isolated systems that are suf-
ficiently large, the temperature fluctuations so obtained are small
enough to give a reasonable sampling of the canonical ensemble.
However, if such a system were driven by a MW field, the
corresponding MD simulation would exhibit MW heating.

Simulating the dynamics of zeolitgguest systems driven by
MWs requires several approximations to yield tractable calcula-
tions. In particular, we make the classical dipole approximation
for the interaction between matter and light. We further
approximate that the zeolitgguest dipole moment can be
represented by fixed point charges on all atoms in the system.
This approximation is reasonable because of the large mismatch
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* Department of Chemistry. associated with electronic polarizabilities of silicates¢ 10
* Department of Chemical Engineering. s71).1% Such a formulation requires force fields that attribute

Zeolites are nanoporous crystalline alumino-silicates with a
rich variety of interesting properties and industrial applicatfons.
The structural and chemical versatility offered by zeolites
strongly suggests that other applications lie ahead for these
materials. Over the past few years, a flurry of recent interest
has emerged in studying adsorptihjon exchangé, and
reactioi?€in zeolites, as well as growth of zeolite€ and other
oxides!®t! all driven by microwave (MW) radiatio® For
example, Turner et &have recently studied the effects of MW
heating on a binary mixture of cyclohexane and methanol
adsorbed in siliceous zeolites FAU and MFI. They found that
the effect on sorption selectivity from conventional heating can
be reversed by applying MW radiation. Despite this significant
research activity, there remains disagreement whether MW-
driven systems really behave in ways that are qualitatively
different from conventionally heated systefi$:4 This dis-
agreement is fueled, in part, by the lack of a fundamental,
atomistic picture for such MW-driven systems. We seek such
a fundamental picture by applying novel nonequilibrium mo-
lecular dynamics (MD) techniques to explore energy distribu-
tions in MW-driven zeolite-guest systems. In this article, we
elaborate on a previously published communicadfiemowing
that athermal energy distributions can indeed be produced in
MW-driven zeolite-guest systems.

In the present work, we focus on modeling the MW-driven
sorption experiments of Conner and co-workeiig, which
sorption selectivities of cyclohexane-methanol mixtures in
zeolites were reversed from that obtained with conventional
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partial charges to all atoms in the system. Toward this end, our competitive adsorption in MW-driven zeolites. Like NaY, DAY
philosophy has been to account for electrostatics regardless ofis a FAU-type zeolite; unlike NaY, DAY ideally has no Al in

whether we consider a siliceous zeolite or a cation-containing
aluminosilicate?® All the force fields we have developtdt24
can thus be used within this formulation.

We show below that MW-driven MD with the Andersen
thermostat gives robust steady states, while MW-driven MD
with the Nose-Hoover chain thermostat does not. We studied
MW-driven zeolites NaY, DAY and silicalite, as well as benzene
and/or methanol in DAY or silicalite. In general, we explore a

the framework and hence no Nans to balance charge. Zeolite
DAY contains 192 Si atoms and 384 @oms bridging pairs
of Si atoms, in a cubic unit cell with a lattice parameter of 24.3

A_30

On the other hand, silicalite is an MFI-type zeolite containing
no Al or Na, just Si and @atoms. Silicalite has an orthorhombic
unit cell with lattice parameters = 20.0 A,b = 19.9 A, and
¢ = 13.4 A3LIn our calculations, a sufficiently large simulation

variety of circumstances under which athermal energy distribu- 1,5y js made of 1x 1 x 2 unit cells, in thex, y, andz directions,
tions can be produced. We also identify mechanisms through yegpectively. This simulation cell has a total of 192 Si atoms

which these athermal energy distributions might appear ther-
malized under certain experimental conditions.

The remainder of this article is organized as follows: Sec. Il
outlines the methodology we use, including a new zeolite-
methanol force field. Section Il provides results and discussion
of MW-driven MD of bare zeolites and zeolitgguest systems,
and section IV offers a summary of our findings as well as
concluding remarks.

II. Methodology

Here we describe a series of molecular dynamics (MD)
simulations on various zeolites and zeotliguest systems, to
determine their energy distributions when heated either with
MW or with conventional heating techniques. We modeled NaY,
DAY, and silicalite zeolites: three industrially important zeolites
with different topologies and charge densities. We considered

and 384 Qatoms, making it denser than DAY by a factor of
ca. 1.33. Silicalite’s pore space involves straight channels
intersected by zigzag channels of 557 A in diameter. Small-

to medium-sized molecules can diffuse through these channels,
although not as freely as in DAY. In fact, it is believed that
molecules such as benzene are favorably adsorbed in the channel
intersections at lower loadings, whereas at higher loadings they
also populate the straight and zigzag chanfels.

By using such periodic models, we may slightly underestimate

the dielectric permittivities, and hence the heating rates of these
materials, because our use of periodic boundary conditions
ignores crystallite termination by polar silanol groups{SH).
In general, each zeolite simulation cell with 576 framework
atoms (Si, Al and O) is denoted the basic cell. All simulations
reported below were performed by fixing the simulation-cell
volume and the numbers of each type of particle.

benzene and methanol as adsorbates: two molecules with B potential Energy Surface.The potential energy has the

different polarities, and hence with different dielectric permit-
tivities. For convenience and brevity, we often refer to the
systems under study as “zeolitguest systems,” even though

some of the systems we explore are bare zeolites. In what
follows, we describe the basic models, potential energy functions

and MD simulations studied below.
A. Zeolite—Guest Models. Zeolite NaY, an FAU-type

zeolite, was chosen to represent the high-charge host. We studie

NaY with a Si:Al ratio of 2.0, corresponding to a unit cell
containing 128 Si and 64 Al atoms, and requiring 64 Na ions
to balance charge. The Al atoms are randomly distributed within
the framework while obeying lwenstein’'s empirical rule,
which forbids AF-O—AI linkages. The unit cell also contains
128 O atoms bridging Si and Al atoms (denoteg),@nd 256

O atoms bridging two Si atoms (denoted)OAs with our
previously published alumino-silicate modélthese oxygens
have distinct properties because of their different chemical
environments. Each unit cell of NaY is cubic with a lattice
parameter of 24.7 &% In our calculations below, we explore
system-size effects by performing MD on simulation cells
containing one and four NaY unit cells.

following form:
V=V, +Vg+ V,5+ Vg Q)

whereVz, Vg, Vze, andVge are the potential energy functions
representing zeolite flexibility, guest flexibility, zeolitgjuest

d’pteractions, and guesguest intermolecular interactions, re-

spectively. With the exception dfg, which is taken to be a
valence-bond function (vide infra), each of the potential
functions involves electrostatic energies and short-range inter-
actions. The electrostatic contribution is calculated using Ewald
sums over fixed partial charges. The fixed point charge
approximation is reasonable in the present context because of
the large frequency mismatch between typical MW frequencies,
and frequencies associated with electronic polarizabilities of
oxide materials. Regarding short-range potentijscontains

the Buckingham (exp-6) potential, whi\éc andVgs contain

the Lennard-Jones (15) potential.

We adopt the precise form fdrz outlined in ref 22, with
framework-atom charges and other parameters reported in refs

Zeolite NaY contains cages separated by windows of about 21 and 23. We specify the remaining potential terms by setting

7.5 A in diameter, large enough to allow the sorption and
diffusion of relatively large molecules such as xylenes and long-
chain hydrocarbon®:2” This microporous material is particu-
larly interesting because many of its Naounterions show
greater mobility than that of the framework atoms. Such mobility

G = M and/or B for methanol or benzene, respectively. In the
case where both methanol and benzene are adsorbed in the
zeolite, we have théWG = Vg + Vu, Vzc = Vzg + Vzum, and

Vee = Ve + Vum + Vewm. In the present study, we employ the
same valence-bond potential for benzevig, used previously

allows the system to generate significant instantaneous dipoleby us?? However, we report herein a new valence-bond force

moments, which efficiently interact with external electromag-
netic fields. In fact, experimental evidence shows that MW
radiation can melt NaY zeolit:2°

For the low charge limit we studied two materials with
different topologies: dealuminated Y zeolite (DAY) and sili-

field for methanol, which we describe in detail below. The
zeolite-benzene interactioVzg, is built using the form reported

in ref 22, with benzene charges and Lennard-Jones parameters
from ref 22, and with zeolite charges from ref 21. The Lennard-
Jones parameters Mgg and Vv are taken from the CVFF

calite zeolite. We chose these two high silica zeolites becauseforce field3 those inVey are derived using the Lorentz

they were studied by Turner et @in their experiments on

Berthelot mixing rules® We are thus left to determine the partial
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TABLE 1: Partial Charges for Methanol

Blanco and Auerbach

TABLE 3: Zeolite —Methanol Lennard-Jones Parameters

species partial charge species €j (meV) ai (A)
H2 +0.225 O—H? 5.116 3.006
o —0.431 0-0 5.820 3.665
C +0.021 Oo-C 5.906 3.840
HP +0.062 O—HP 3.878 3.325

2 Hydroxyl hydrogen®? Average over all methyl hydrogen charges.

TABLE 2: Intramolecular Potential Parameters for
Methanol
Quadratic Bond: 1/Ru(r — ro)?
bond Kp (eV/IA2) ro (A)
O—H 45.38 0.945
Cc-0O 34.32 1.425
C—H 27.80 1.094
Quadratic Angle: 1/R,(0 — 60)?
angle Ka (eViradf) 6o (degrees)
C—O—H 5.60 108.32
H—-C-0O 5.50 106.90
H—-C—H 4.40 108.38
Torsion Angle: Ki(1 + aco¢)
torsion K: (meV) o p
H—C—0O—H 7.62 +1.0 3.0

charges on methanol for calculati?Miy, Vmm, and Vew, the
short-range parameters 1@y, and the valence-bond parameters
for V.

1. Partial ChargesIn addition to playing an important role
in determining potential energies in our zeotiguest model,
the electric charge distribution also controls energy transfer from
the MW field (vide infra)®* Because we model the charge
distribution via fixed point charges, we must take care in

choosing these partial charges. As discussed above, the ben-

zené? and zeolité! partial charges are taken from previous

publications. The benzene charges were extracted from MNDO

calculations of Bull et al®® the zeolite charges were fitted to
infrared (IR) spectra by analyzing dipole autocorrelation func-
tions?! Although a variety of partial charge sets for methanol
can be found in the literatur@;®6-37dipole moments computed
with these charge sets differ from the experimental value of
1.71 D338 To model more accurately the charge distribution
of methanol, we performed electronic structure calculations to

aHydroxo hydrogen in methandl.Methyl hydrogen in methanol.

experimental structural data for methanol, are summarized in
the Supporting Information.

2. Short-Range ParameteM/e now discuss construction of
Vu and the short-range portion ofzy. Whereas zeolite
flexibility, zeolite—guest, and guesiguest interactions are
modeled almost exclusively via through-space, two-body in-
teractions, guest molecule flexibility is described with two-body
bond stretches, three-body angle bends, and four-body torsional
potentials. A particularly important torsional mode, for example,
is methanol’s hindered rotation, which is due to the hydroxo-
hydrogen spinning around the-© axis384142For consistency
with our valence-bond model of benzene, we assume\that
takes the form:

1
Vy = Z;Kb(r —r*+ Y K0 —6)*+

bond angles

Z K1+ a cospe) (2)

torsions

Parameters were obtained by fitting to our oaminitio datg
to millimeter-wave spectroscofiy*3and to electron diffraction
dat#? for methanol. The resulting parameters are shown in Table
2. We checked the accuracy of the new potential by comparing
the simulated IR spectrum with methanol's gas-phase IR
spectrunm’41 finding extremely good agreement.

The zeolite-methanol interaction potentialzy takes the
following standard form:

a9, 0|2
VZMZZ% — (|| |
iezjem| T Fij Fj

wheregq; andg; are the partial charges on zeolite and methanol
atoms, respectively, ande;, o5} are the Lennard-Jones
parameters. Initial values df;j, o3} were obtained from the
CVFF force field? these values were adjusted by trial-and-
error to fit heats of adsorptidfr” and diffusion constant&+@

®3)

estimate its partial charges as well as other structural parametersof methanol in DAY and silicalite. The resulting values of

Table 1 shows methanol's partial charges obtained by
performing ab initio calculations at the QCISD level of theory
using the 6-311+G(2d,2p) basis set, which is accessible within
the GAUSSIAN98 program suifé. This combination of basis
set and level of theory is sufficient to converge methanol’s

{ei, 0y} for zeolite-methanol interactions are shown in Table
3.

C. MD Simulations. All MD simulations were performed
with our in-house program DIZZY? In all cases, all atoms in
the simulation were allowed to evolve dynamically during the

ground-state energy, geometry and charge distribution to reason-entire MD run. Periodic boundary conditions were enforced via
able accuracy. The partial charges in Tablel were extracted bythe minimum image conventid§.Short-range interactions were

Mulliken population analysi4? Although the results of this

cutoff and shifted at either 9 or 12 A, when modeling MFbr

procedure can depend on the basis set, we found that the chargeBAU-type zeolites, respectively. All MD simulations were
are reasonably insensitive to changes in the basis set as long amitiated from energy-minimized zeoliteguest structures, which

it is sufficiently complete. To check the validity of the new

were obtained by our simulated annealing procedure called MD-

partial charge set we computed methanol’'s average dipole DOCKER?2223 Such an initial condition allows us to target

moment from a gas-phase MD simulation, finding 1:#0.06
D, in remarkably good agreement with the experimental value.

particular temperatures with or without a thermostat (vide infra),
by exploiting the nearly harmonic nature of zeoliguest

We also tested methanol’'s partial charges by comparing the systems. Indeed, nearly half the initial kinetic energy pools into
simulated IR spectrum (Fourier transform of the gas-phase potential energy, on average.

dipole autocorrelation function) with the corresponding experi-
mental IR spectrum, finding good agreemerftt The computed
IR spectrum, as well as a report comparing simulated and

We employed the velocity Verlet algorithm to integrate
Newton’s equations with a time step of 1 fs. Total simulation
times were at least 100 ps, and often considerably longer. A
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100 ps MD simulation of a system containing ca. 700 particles
(one unit cell) required 72 CPU hours (3 CPU days) on a 1
GHz Pentium Il processor running Linux with 512 MB RAM.

A corresponding MD simulation with four unit cells required
18 CPU days on the same machine, indicating a mildly supra-
linear scaling of CPU time with system size.

To simulate the dynamics of zeolitguest systems driven
by MWs, we make the classical dipole approximation for the
interaction between matter and light. That is, the zeseljfaest
Hamiltonian is augmented by a term of the fofipE;, where
4yt is the time-dependent zeolitguest dipole moment, ard
is the MW electric field. We assume that the MW field points
along thez-axis, and is homogeneous in space because its
wavelength is huge compared to typical MD length scales. We
consider a monochromatic electric field of the foEn= E-2
[cost)], whereE is the MW field strength and is the MW

J. Phys. Chem. B, Vol. 107, No. 11, 2003493

We then applied a thermostat based on the model of Bohm
and Gross$>°% subsequently popularized by Ander$érhis
approach, now known as the Andersen thermostat, replaces the
three-dimensional velocities of randomly selected atoms at
random times, with those from appropriate Maxwdloltzmann
distributions. These replacements model the effect of collisions
assuming instantaneous energy transfer with carrier gas patrticles.
The velocity replacements of different particles are assumed to
be uncorrelated, occurring at random times chosen from a
Poisson distribution. We implemented Andersen’s thermostat
in DIZZY by specifying two parameters in addition to the target
temperature:r, the average time between velocity replacements,
andn, the number of particles influenced at each replacement.
With regard to this latter parameter, we note that in contrast
with the Nose-Hoover approach, the Andersen thermostat
allows explicit control over the number of particles influenced

frequency. As discussed above, we further approximate that theat each time step. In practice, the ratio of Andersen parameters

zeolite—guest dipole moment can be represented by fixed point
charges on all atoms in the system.

Given these approximations, Hamilton’s equations of motion
become:

dr; B
& = m (4)
wherer; andp; are the three-dimensional position and momen-
tum of particlei, respectivelym andg; are its mass and charge,
andV = V(f, T, ..., Tn) IS the zeolite-guest potential energy
function described above. The additional electrostatic force in
eq 4, namelygi-E;, attempts to push charged particles to the
left or right along thez-axis, depending upon the sign of the

vibrations of zeolite atoms, vibrations, and translations of

exchangeable cations in a zeolite, and of course, the field can
excite external vibrations and librations of guest molecules in

zeolites.

Various values of the MW field strength were considered:
Bare zeolites (NaY, silicalite and DAY) were exposed to field
strengths in the ranges 0:40.45, 0.1-1.8, and 0.£2.4 V/A,
respectively. In each case, the upper limit indicates the value
at which the system undergoes uncontrollable runaway heating.
As expected, the trend:Ena(NaY) < Enafsilicalite) <
EmaDAY) anticorrelates with the dielectric permittivities
measured experimentally for these zeolté%For consistency,
the field strength was set to 1.5 V/A for all MD simulations of
guests adsorbed in siliceous zeolites. Weasébd three values
that fall in the blue end of the MW spectrum, namely, %4
1019, 9.4 x 104, and 9.4x 10'2s™1, to explore how changing
the MW frequency influences the dynamical properties of MW-
driven zeolite-guest systems.

To compare with experiments under steady-state conditions,
which are produced by using a carrier gas such agHee
introduced a thermostat to simulate the cooling that occurs when
carrier gas particles collide with MW-heated zeotitguest
particles on the inflow side. Initially, we used the Neséoover
chain approach of Martyna et #:52 implemented according
to Jang and Voff#5 with a chain of four thermostats.
Surprisingly, as we show below, we could not find thermostat
parameters that produce robust steady states. For a remarkabl

7/n is sufficient to distinguish one Andersen thermostat from
another.

As we show below, the Andersen thermostat yields steady
states that are reasonably robust to changes in thermostat
parameters. While stochastic velocity-replacement likely reflects
the microscopic dynamics of cooling in this system, the final
steady states we obtain do depend on the nature of the
thermostat. To explore this issue more fully, we plan in future
work to consider other thermostats, explicit He collisions, and
the relevant energy balances between system and thermostat.

To explore how changing the system influences MW heating
properties, we define a time-dependent system tempeidit)e
obtained by properly normalizing the total system kinetic energy
at each MD time stedT(t)[Ican be calculated with or without
the perturbations of the field and the thermostat. To distinguish

®etween energy distributions in equilibrium systems from those

in MW-driven, steady-state systems, we also define steady-state
temperatures for each atom type in the system, denbt&,
wherei labels the atom type. These were obtained by exploiting
the empirical fact from our computer simulations that, even in
the MW-driven MD (MWMD) simulations, all velocity distri-
butions remained Gaussian. We thus extracted effective tem-
peratures for each atom type by appropriately normalizing the
steady-state kinetic energy summed over all atoms of a given
type. A system was deemed to be thermal when all atom types
have the same temperature within statistical precision; athermal
systems are those where different atom types exhibit statistically
different temperatures.

To avoid unphysical energy drifts during MWMD simula-
tions, we equilibrated the system for 5 ps before applying the
MW field. The thermostat temperature for all thermostated
simulations was set to 300 K.

I1l. Results and Discussion

We performed equilibrium MD (EMD) and MWMD simula-
tions of bare zeolites, of single-component guest phases in
zeolites, and of binary mixtures in zeolites. We begin by
discussing EMD and MWMD simulations of bare NaY, DAY
and silicalite. We then introduce Andersen’s thermostat to model
steady states in these zeolites; below we detail the results for
NaY. We then discuss simulations of either benzene or methanol
pdsorbed in DAY or silicalite; we considered loadings of 1, 2,

broad range of thermostat masses, we observed no MW heatingt, 8, and 16 molecules per basic cell for each zeelifgest

at all. When we adjusted the NosEoover chain parameters
to produce milder thermostats, the system exhibited marked

system. Finally, we study equimolar mixtures of methanol and
benzene in DAY and in silicalite, considering loadings of 1:1,

instability. We postulate that this behavior arises because the2:2, 4:4, 8:8, and 16:16 molecules of benzene:methanol per basic

Nose-Hoover thermostat influences all atoms at each step.

cell of DAY and silicalite. From these simulations, we determine
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the MW field effect by comparing thermal energy distributions
to those at steady state, and by simulating the relaxation
dynamics from steady state to equilibrium.

A. Equilibrium MD. We performed EMD simulations on
most of the zeolite guest systems studied below to establish
baselines of equilibrium behavior, and also to explore the
accuracy of the new zeolitanethanol force field detailed above.
Regarding the latter, we calculated MD-averaged energies of
methanol adsorption in both DAY and silicalite, as functions
of methanol loading for comparison with experimental héats.

For a simulation cell withn guest molecules adsorbed, the
constant-volume molar adsorption enetyyaqsis given by

®)

AU 4= [V, [+ (IV,0+ nV,O]/n
where V4[] V,[] and W are the average potential energies

of the zeolite-guest system, the bare zeolite, and the gas-phas

guest, respectively, all averaged at the same temperature. Fo

comparison with constant-pressure adsorption heats, we requir
the molar adsorption enthalpHags= AUags+ A(PV)ads Which
we estimate by ignoring the partial molar volume of the
adsorbed phase, and by assuming that the external methan
vapor is ideal. These approximations givAHaqs = AUags —
RT. The constant-pressure heat of adsorptigris simply the
negative ofAHags

To facilitate detailed comparisons with experimental heats
at 300 K, we fitted the loading dependenceggds (kJ mol1)
to a first-order virial expansion in the density of adsorbed
methanol,p (mmol methanol per gram zeolite), according to
Oads = qf;gs+ bp. For methanol in silicalite, Thamm reported
g9, = 43 kJ mot! and b = 4.0%5 whereas our 300 K
simulations givqufj)sz 42.4 kJ mot! andb = 4.3, in quite
good agreement. For methanol in DAY, Izmailova et al. reported
g9, = 45 kJ mot? and b = 0.05%7 indicating a very flat

e
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Figure 1. Heating of bare zeolites with different MW strengths, using
MW frequency 9.4x 10 s™%: (a) NaY, (b) silicalite, and (c) DAY.

external field, due mainly to the higher mobility of the ions
compared with that of the framework atoms, which allows larger
fluctuations of the instantaneous dipole moment distributed
hroughout the zeolite. This is consistent with the runaway
conditions observed experimentally when applying MWs to
zeolites without using a carrier g&&2° To test whether these
junaway-heating patterns result from unstable integration of
Newton’s equation at high temperatures, we ran additional
simulations with smaller time steps (data not shown) finding
essentially the same heating patterns as in Figure 1. As a further
check of the integrator, we performed EMD simulations of
Na—Y at 2000 K with a 1 fstime step. Even at this high
temperature the integrator gives very good energy conservation.
These results show that the heating patterns in Figure 1 do not
result from unstable integration, but rather from the absorption
of microwave energy.

Statistical analysis and molecular graphics provide insights
into the different microscopic motions that produce linear and
exponential heating. In particular, the linear heating regime is
characteristic of Na vibrations being excited, while exponential

loading dependence, which is perhaps not surprising in the largerheating occurs when Na translations become significant. These

pores of FAU-type zeolites. Our simulations giqgj)sz 40.0

kJ mol! andb = —0.47, thereby underestimating the zero-
loading heat by about 11%. In qualitative agreement with
experiment, we predict a rather flat loading dependence.far
however, while Izmailova et al. find thaggsincreases slowly
with loading, we find that,gs decreases slowly with loading.
The discrepancy in the sign bffor methanol in DAY is rather
small, amounting to only a couple kJ mélfor the loadings

two heating regimes are thus characterizedgomlitatively
differentmean square displacements for Na cations (data not
shown), even when these two regime&rlap significantlyin
temperature. It is possible that while some experimentalists
sample the linear regime, others sample the exponential regime,
suggesting why there is a difference of opinion over whether
MWs can strongly influence zeolite systems.

Our simulations predict that DAY and silicalite exhibit

we consider. We thus find reasonable agreement betweenrelatively slow MW heating. As discussed above, we may

simulated and experimental adsorption heats for methanol in
silicalite and DAY zeolites.

The comparisons above test the new force field’s ability to
reproduce the balance between zesliteethanol and methanel

underestimate the heating rates of these materials, because our
use of periodic boundary conditions ignores crystallite termina-
tion by polar silanol groups (SiOH). Nonetheless, for a given

MW field strength and heating time, we predict the traidy

methanol interactions at stable binding sites. To benchmark the> Tgjicaite > Toay, Which agrees qualitatively with experiment.

new force field’s performance away from stable binding sites,

The fact that silicalite heats more rapidly than does DAY

we have calculated the temperature dependencies of methanotorrelates well with their relative densities.

self-diffusion coefficients in DAY and silicalite. Unfortunately,
we could not find experimental activation energies for com-
parison. To prompt new self-diffusion measurements, we report
our calculated activation energieg;t= 13.9 and 18.4 kJ mot

for methanol in DAY and silicalite, respectively.

B. MWMD of Bare Zeolites. In Figure 1 we show the time-
dependent temperatur®(t)for the three different zeolites under
various field strengths, in all cases without a thermostat. We
observe that two distinct heating regimes can be identified:
linear heating for weak fields and exponential heating for strong
fields. The former is characteristic of the siliceous zeolites over

In other simulations (data not shown), we explored how
changing the MW frequency influences heating rates in NaY,
DAY and silicalite. For a given field strength, we found that
NaY heats more rapidly and more strongly when increasing the
MW frequency. For example, the MW field strength where
linear heating changes to exponential heating is in the range
0.25-0.30 V/A for o = 9.4 x 10! s71. Increasing the MW
frequency by a factor of 10 decreases this transition field strength
to 0.1-0.2 V/A. We also found that by increasingto 9.4 x
102 s71, DAY and silicalite exhibited the linear to exponential
heating transition for MW fields in the range £0.0 V/A.

a large range of external field strengths. The presence of NaBecause of the simplicity of our model for energy absorption

cations in NaY zeolite produces strong coupling with the

and zeolite charge distributions, these results merely predict
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. (a) Results from thermostat maskes 50 and 15000 amu with MW

E = 0.45 V/A: no MW heating is observed. (b) Results from M&\= 0.90 and 0.95 V/A withM, = 15000 amu: gives dynamical instability.

qualitative trends, not quantitative details. Because most MW
experiments fix the frequency and vary power, we fix the MW
frequency ato = 9.4 x 101 s~ for all the calculations reported
below.

C. Thermostated MWMD of NaY. To model steady-state
zeolite-guest systems heated by MWs and cooled by a carrier
gas, we performed thermostated MWMD simulations. Figure
2a,b summarize our findings with the Nesdoover chain
thermostat by plotting the temperature of NaY as a function of
time. The two simulations shown in Figure 2a involre= 0.45
V/A, the field strength that produces the most rapid runaway
heating in Figure 1. Figure 2a shows that no MW heating is
observed for a remarkably wide range of maddesf the first
Nose-Hoover chain particle, fronvlp = 50 to 15000 amu. As
expected, we do see temperature fluctuations increase over thi
range fromT= 299.0+ 0.2 K to 299.5+ 8.2 K, respectively,
but no heating is seen. The temperature fluctuations in Figure
2a are comparable to those obtained without the MW field (data
not shown). For this range of thermostat masses, th€ Nose
Hoover chain thermostat is clearly dominating over this MW
field. We found that larger values &, (e.g., 20000 amu) give
rise to unstable trajectories.

To force the issue, we increased the MW field strength to
0.90-0.95 V/A and set the first NéseHoover chain mass to
Mo = 15,000 amu. The resulting temperature profiles are shown
in Figure 2b. WherE = 0.90 V/A, the system is clearly driven
by both the field and the thermostat. However, the temperature
statistics during the ruriT(0= 306.7+ 12.4 K, indicate that
even for this extremely strong field, no net MW heating has
occurred. When increasing the field strengtiEte= 0.95 V/A,

1000
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O 400
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200
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Figure 3. MWMD simulations of NaY with the Andersen thermostat,
using /n (fs/particle) values of: (a) 0.5, (b) 7, (c) 10, (d) 12, and

ée) 0o,

thermostat parameters. Most of the simulations reported below
involve replacing the three-dimensional velocity of one atom
every 10 fs (on average), corresponding to replacing all
velocities approximately every 7 ps (on average). While
stochastic velocity-replacement likely reflects the microscopic
dynamics of cooling in this system, the final steady states we
obtain do depend on the nature of the thermostat. To explore
this issue more fully, we plan in future work to consider other
thermostats, explicit He collisions, and the relevant energy
balances between system and thermostat.

We have found that the steady states displayed in Figure 3
are dynamically stable for rather long times, much longer than
100 ps. Despite their stability, the temperature fluctuations in
Figure 3 appear relatively large. To determine the extent to
which the size of our simulation cell influences steady-state

the simulation became unstable before 100 ps as shown in Figureemperature fluctuations, we performed thermostated MWMD
2b. These results prompted us to explore the properties of otherof NaY comparing temperature profiles from simulation cells

thermostats.

The temperature profiles resulting from MWMD with the
Andersen thermostat are shown in Figure 3. These simulations
fixed E = 0.3 V/A, while the Andersen parametem (fs/
particle) was varied over the range 0.5¢pwith lower values
of 7/n giving stronger thermostats. Indeed, profile (a) in Figure
3 shows that MWMD withe/n = 0.5 fs/particle yields no MW
heating, with temperature statistics @f1= 301.1+ 7.3 K.
Obviously,7/n = o means no thermostat at all; runaway heating
is thus observed in profile (e). Intermediate values/af= 7,

10, and 12 fs/particle give steady states as shown in profiles
(b), (c), and (d), respectively, with temperature statistics of 395.8
+ 25.5,412.4+ 14.4, and 390.6- 22.3 K. These three steady
states involve “temperatures” that are statistically identical,
indicating that (as advertised above) the Andersen thermostat

containing 1= 13 and 4= 2%2 basic cells. The thermostat
parameter in these simulations, shown in Figure 4/ns= 7
fs/particle; while the MW strengths are (&)= 0.30 V/A and
(b) E=0.25 V/A. The gray and black profiles were calculated
using 1 and 4 basic cells, respectively. These simulations show
two expected and reassuring qualitative trends. First, the average
steady-state temperature increases with MW field strength.
Second, for a given field strength, the distribution of temper-
atures narrows with increasing system size. We thus expect
macroscopic systems to display essentially constant steady-state
temperature profiles; that is precisely what is observed experi-
mentally by Turner et al. in Figures 4 and 5 of ref 2.
Quantitatively, the temperature statistics from profiles (a) are
(M= 372.8+ 17.7 and 377.1% 9.2 K for 1 and 4 basic cells,
respectively; likewise for (b) we obtaiafll]= 317.1+ 13.8

yields steady states that are reasonably robust to changes irand 319.2+ 4.9 K. These results suggest that, although the
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Figure 4. Dependence of steady-state temperature fluctuations with
system size for NaY usingn = 7 fs/particle, with (a)E = 0.30 V/A,

and (B)E = 0.25 V/A. Figure 6. Relaxation of effective Na temperature from MW-driven

430 ' ; ' . . steady states, initially prepared usifig= 0.4 V/A andt/n = 10 fs/
particle. Inset shows convergence of the exponential decay constant
vs the number of MD runs.

o---¢ MW-driven

9 420 b o—o Equilibrium ]

° L. thermostat. In previous work, we have shown that the zeolite
§ | ] framework serves as an excellent natural heat bath in standard
g 410 1 NVE dynamics® We then recorded the total kinetic energy of
8 - . the Na atoms as a function of time. When properly normalized
E, 400 - i this yields a time-dependent effective Na temperature, which

we averaged over the independent MD runs.

As an aside, we note that this process is formally similar to
390 " . ! . " the gedankerexperiment underlying the standard fluctuation
dissipation theorertf except for one important distinction. The
standard derivation of the fluctuatiewlissipation theorem

Particle i

Figure 5. Energy distributions in NaY at (a) thermal equilibrium (400 ; ; P
K) and (b) MW-driven steady state wifd = 0.30 V/A andz/n = 10 considers the average relaxation from an equilibrium state of a

fs/particle. Qand Q are oxygen atoms bridging Si and Al atoms, and Perturbed Hamiltonian, to another equilibrium state of an
two Si atoms, respectively. unperturbed Hamiltonia®®. Like the Na dynamics we study
below, relaxation treated by the fluctuatiedissipation theorem
temperature dispersions vary with system size, the averagearises from turning off a perturbation. However, unlike the
steady-state temperatures are statistically independent of systenstandard fluctuationdissipation theorem, we consider equilibra-
size for the sizes we consider here. Based on these results, théion from a nonequilibrium steady state. It remains an interesting
calculations reported below are based, for computational ef- and technologically important field of statistical physics to
ficiency, on single basic cells for all materials studied. characterize relaxation from steady states by appropriately
With no MW field we simulate equilibrium states, whereas generalizing the fluctuationdissipation theorem; see, e.g., refs
with both MWs and the thermostat we simulate steady states.60—64.
Here we address the question of whether such systems, with Figure 6 shows the decay of the effective Na temperature,
both equilibrium and steady-state temperatures, have qualita-obtained by averaging the relaxation of 80 independent MD
tively similar energy distributions. These energy distributions simulations. The temperature decay can be fitted to a single
are shown in Figure 5 for NaY at ca. 400 K. At equilibrium, all exponential; we constrain the fit to agree with the initial
atoms in the system are at the same temperature, as expectedemperature extracted from the steady-state analysis (cf. Figure
In contrast, when NaY is exposed to MW energy, the effective 5). The convergence of the exponential decay time constant,
steady-state temperature of Na atoms is considerably higher thamwith respect to the number of averaged MD runs, is shown inset
that for the rest of the framework, indicating an athermal energy in Figure 6. The converged time constant is found to be
distribution. This athermal effect arises because, even thoughapproximately 0.85 ps, which translates to about 40%crhis
the Na ions continuously dissipate energy into the framework, falls below the populated regions (100 th< » < 300 cnt?l)
the dissipation is not efficient enough in our simulations to of the vibrational densities of states (VDOS) for Na cations in
completely thermalize the absorbed energy. NaY, calculated previously by Jaramillo and Auerbach using
The persistence of an athermal energy distribution in Figure the present force fielét However, these previous VDOS
5 prompted us to determine the rate of energy dissipation from calculations were performed with the Y framework held fixed,
the Na cations to the NaY framework. Although the precise which tends to blue-shift cation vibratioR%.As such, we
values of such energy transfer rates can depend on the initialperformed new VDOS calculations for the present study
Na and framework steady-state temperatures, and hence on thallowing for Y framework flexibility. For various Na cation
MW and thermostat parameters, here we seek a typical orderlocations in NaY (data not shown), we found that the red ends
of magnitude. To obtain this, we prepared several macroscopi-of the VDOSs do indeed move to lower wavenumbers when
cally identical but microscopically independent steady states allowing the framework to flex, but none moves as low as 40
such as that shown in Figure 5, except witl= 0.4 V/A. We cm L. Because the VDOS provides information about local,
then evolved these systems with the MW field and thermostat single-particle vibrations, these results suggest that the Na
both turned off, to observe the unperturbed relaxation dynamics. relaxation observed above is controlled by collective motions
We turned the thermostat off because we wanted to avoid theof strongly coupled Na atoms. If indeed this is so, it remains
possibility of contaminating the Na dynamics by the Andersen surprising that the relaxation can be fitted to a single exponential.
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W 77T T However, a binary mixture might exhibit efficient energy
I transfer between the guests, suggesting that it might be unlikely
g 370 to maintain different guests at different steady-state temperatures.
o E. Zeolite—Guest MWMD with Benzene and Methanol.
% 350 To address this issue, we modeled several loadings of methanol-
3 330 benzene equimolar mixtures in DAY and $|I|_callte. T_o ensure
é‘ that the results for_ each loading are statlstlcally rellablg,_\_/ve
© 310 performed.seve_ral independent runs from very d|.ffere.nt initial
I guest configurations. Results were accepted only if various runs
o00 b v v gave qualitatively identical energy distributions; error bars were
()} 4 8 12 16 extracted from the various independent runs assuming a 95%
Loading (molecules / unit cell) confidence interval. In Figure 8a,b we detail results for DAY

Figure 7. Loading dependence of steady-state temperatures from zeolite; qualitatively similar results were obtained for binary
MWMD of (a) methanol in silicalite, (b) methanol in DAY, (c) benzene  mixtures in silicalite (data discussed below but not shown). For
in silicalite, and (d) benzene in DAY. All simulations were performed comparison, both Figure 8a,b show equilibrium results (16:16-
with E = 1.5 V/A andv/n = 10 fs/particle. eq) for 16:16 benzene:methanol molecules per basic cell. In both
Figure 8a,bn:n-mw indicates MWMD results fon:n benzene:
methanol per basic cell. The regions in the graph represent (from
left to right) zeolite atoms, benzene atoms, methanol atoms, and
centers-of-mass of benzene and methanol, respectively.

For loadings of 1:1 and 4:4 benzene:methanol per basic cell,
Figure 8a shows statistically different temperatures for each
component satisfyin@methanor> Tbenzene™ Tzeolite At these low

- R S loadings, methanol dissipates energy to benzene too inefficiently
longer than the equilibration time, which is 0. s for the ca: . ) .
g quilibratio © 0.85p case to thermalize the system. Figure 8b shows that different steady-

above, then the system will have ample opportunity to equili- tate t t b intained f loadi 88
brate after each new steady state is created, producing thegae emperatures can beé maintained even for a loading of o.
enzene:methanol per basic cell. This result is remarkable

appearance of conventional heating. This may provide another . . e
clue why some researchers find no athermal behavior from MW- b(_acause at this loading, each DAY cage is f|||_ed (on a"er?‘g‘?)
with one benzene and one methanol, suggesting the possibility

driven zeolites. T Y
D. Zeolite—Guest MWMD with Benzene or Methanol. of therr_nalllzaulon through such proximity. However, such
Having now predicted that nonequilibrium energy distributions thermahzgﬂon Is not ;een. ]
can be created in bare, MW-driven zeolites, we now explore ~ Increasing the loading to 16:16 benzene:methanol per basic
the behavior of MW-driven zeoliteguest systems. We first ~ Cell produces a system with an average of two benzenes and
consider single-component adsorbed phases of either benzen8v0 methanols per DAY cage; these MWMD temperatures are
or methanol in the siliceous zeolites, DAY, or silicalite. In each Shown in Figure 8b 16:16-mw. Although this system is clearly
of the four resulting Zeolit.eguest SystemS, we apply a MW not at equﬂlbl'lum, energy transfer between the benzene and
field with E = 1.5 V/A and a thermostat with/n = 10 fs/ methanol phases is much more efficient, as evidenced by the
particle. As found previously (cf. Figure 1), the siliceous zeolites Statistical equivalence of their center-of-mass temperatures,
do not exhibit appreciable MW heating. However, the guest Bcom and Mcow in Figure 8D, respectively. Figure 8b 16:16-
phases present another Story_ mw a|SO pI’OVideS the fiI’St examp|e Of OVerlap betWeen the
We show in Figure 7 the steady-state, total system temper- atomic temperatures of benzene and methanol, another signal
atures of methanol (a,b) and benzene (c,d) in DAY and silicalite of enhanced energy transfer. The steady-state temperatures of
as a function of guest loading. Several qualitative findings are the 16:16-mw case satisf¥imethanol ~ Thenzene> Tzeolte The
observed. First, the zeolitdenzene systems do not show much Sensitivity of these energy distributions on guest loading may
MW heating, because benzene lacks a permanent dipole momenguggest yet another reason some researchers find interesting MW
in its gas-phase equilibrium geometry. On the other hand, the effects while others do not.
zeolite—-methanol systems do exhibit significant MW heating Quialitatively similar results were obtained for energy distri-
because of methanol's permanent dipole moment (1.73 D). butions of MW-driven benzeremethanol mixtures in silicalite,
Second, the extent of MW-heating in the zeotitaethanol as a function of guest loading (all wita= 1.5 V/A andz/n =
systems is roughly proportional to the loading of methanol, 10 fs/particle). This concurrence might seem surprising when
because increasing this loading increases the density of dipolarconsidering the very different framework structures of FAU-
absorbers in the system. The temperatures in Figure 7a,b refleceand MFI-type zeolites. To explain this, we recall that our
an average over zeolite temperatures (3880 K) and methanol  silicalite simulation cell is comprised of two silicalite unit cells,
temperatures (456550 K). Third, the MW heating results are  each of which contains four channel intersections, thus totaling
roughly independent of the framework type between FAU- and eight intersections in the simulation cell. Our MW-driven MD
MFI-type zeolites, presumably because of the lack of special simulations of 1:1, 2:2, 4:4, and 8:8 benzene:methanol in
adsorption sites in either system. silicalite generally involve benzenes in intersections and metha-
Overall, these results establish the fact that MW-driven nols in channels, in agreement with other adsorption simulations
zeolite—guest systems can be maintained at different temper- showing that benzene occupies MFI intersections when pos-
atures of zeolite and guest phases. As with the NaY case, thissible3? This partitioning makes energy transfer between the
can be rationalized based on inefficient energy transfer betweenbenzene and methanol phases very inefficient. These loadings
zeolite and guest, presumably because of the frequency mis-thus sustain strong MW-driven athermal energy distributions,
match between zeolite framework vibrations (5A@00 cnr1)85.66 with typical center-of-mass temperatures of 37A5 and 440
and guest molecule external vibrations {800 cnt1).58:67 + 15 K for benzene and methanol, respectively. However,

In future work, we will explore how relaxation dynamics in
MW-driven zeolite-guest systems are influenced by cation-
frame, zeolite-guest and guestguest energy transfer processes.
As a practical matter, we note that MW radiation is often
applied with a “duty cycle” to avoid overheating, where the
field is cycled back and forth between being on for some time,
and off for another time. If the off-time is comparable to or
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Figure 8. Energy distributions of benzene:methanol binary mixtures in DEY=(1.5 V/A andt/n = 10 fs/particle in all MWMD runs). For
comparison, both graphs (a) and (b) show equilibrium results (16:16-eq) for 16:16 benzene:methanol molecules per basic cell. In both (a) and (b),
n:n-mw indicates MWMD results fon:n benzene:methanol per basic cell. The regions in the graphs represent (from left to right) zeolite atoms,
benzene atoms, methanol atoms, and centers-of-mass of benzene and methanol, respectively.

MWMD of 16:16 benzene:methanol in silicalite shows that chain thermostat suffers from instability. MW-driven steady
energy transfer between benzene and methanol is more facilestates for NaY revealed that Na cations remain much hotter than
than that at lower loadings in this system, with steady-state the zeolite framework, indicating the possibility of strongly
temperatures of 425 15 and 450+ 10 K for benzene and  athermal energy distributions. Relaxation simulations on NaY
methanol, respectively. At this highest loading, benzenes arereached equilibrium on picosecond time scales, indicating that
forced to occupy channels alongside methanol molecules, hencesuitable MW duty cycles can thermalize these nonequilibrium
facilitating energy transfer. energy distributions.

We find it interesting that for 16:16 benzene:methanol in Our MWMD simulations of guests in DAY or silicalite show
DAY, center-of-mass thermalization between the two guest minimal MW heating in zeolite-benzene systems, but also show
phases is essentially complete; while for 16:16 benzene:methanokignificant MW heating in zeolite-methanol systems, with
in silicalite, this thermalization is still incomplete. One might steady-state temperatures increasing linearly with methanol
expect the opposite, because 16:16 benzene:methanol in Si|ica|it¢oading. MWMD simulations on equimolar mixtures of benzene
is more tightly packed than that in DAY. One possible and methanol in DAY or silicalite exhibit two interesting
explanation is that the MFI channel structure allows for quasi- regimes. For low to medium loadings of benzene and methanol,
one-dimensional energy transfer complexes, while FAU super- yp to one molecule each of benzene and methanol per cage, we
cages allow for fully three-dimensional communication of found statistically different temperatures for each component,
energy. More work is needed to understand the precise mech-satisfyingTmethano? Thenzene™ Tzeolie This result is remarkable
anisms of thermalization in these MW-driven zeoliuest  pecause thermalization might be expected from intracage

systems. benzene-methanol interactions. Our results predict that, at this
) loading, such interactions are too weak to thermalize the benzene
IV. Summary and Concluding Remarks and methanol phases. However, at twice this loading (two

molecules each of benzene and methanol per cage), we found
Tmethanol™ Thenzene™ Tzeolita SUgQeSting that closely related MW

guest systems with either conventional heat or MW radiation, sorption studies can produce markedly different results viz.
motivated by recent MW sorption studies by Turner et Ehe athermal effects.

purpose of our study is to determine how energy is distributed ~We thus predict that MW heating of binary mixtures in
in MW-driven zeolite-guest systems as compared with iso- Zzeolites can produce effects that are qualitatively different from
thermal systems, and how these energy distributions arethose obtained with conventional heating. Heating an equilib-
influenced by the loading of guest molecules inside the zeolite. "lum binary mixture of methanol and cyclohexane in DAY
We paid particular attention to using thermostats in MWMD to Would desorb more cyclohexane because of its higher heat of
produce experimentally relevant steady states. We studied theddsorption. However, MW heating the same system, leading to
MW heating of zeolites with different Si:Al ratios and topolo-  the energy distribution in Figure 8b 8:8-mw, would desorb more
gies: NaY, DAY, and silicalite. We then performed MWMD  methanol because of its higher dipole moment. Our simulations
simulations on zeoliteguest systems with benzene and/or have thus provided the first atomistically detailed picture of
methanol in silicalite or DAY. In general, we found a variety MW-driven zeolite-guest systems. By examining how MWs
of circumstances under which athermal energy distributions canand effluent gases conspire to create novel energy distributions
be produced. We also identified mechanisms through which between a zeolite and its guests, we have a first glimpse how
these athermal energy distributions might appear thermalizednonequilibrium adsorption can be tailored to provide novel and
under certain experimental conditions. possibly energy-efficient separations.

We found that the siliceous zeolites, DAY and silicalite, In future work, we will consider other thermostats, explicit
exhibit relatively little MW heating, while NaY gives much  He collisions, and the relevant energy balances between system
stronger MW heating because of its relatively mobile Na cations. and thermostat. We will also explore how relaxation dynamics
We observed that MWMD with the Andersen thermostat gives are influenced by cationframe, zeolite-guest, and guesguest
robust steady states, while MWMD with the Neddoover energy transfer processes. Finally, we will address whether such

We have performed equilibrium MD- and MW-driven MD
(MWMD) simulations to study heating of zeolites and zeotite
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athermal conditions and reversed desorption selectivities persist (28) Ayappa, K. G.Rev. Chem. Eng1997, 13, 1.

for mixtures flowing through zeolite membranes.
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