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We have performed equilibrium and nonequilibrium molecular dynamics simulations to study how microwave
(MW)-heated zeolite systems relax to thermal equilibrium. We have simulated the relaxation of both ionic
and dipolar phases in FAU-type zeolites, finding biexponential relaxation in all cases studied. Fast-decay
times were uniformly below 1 ps, while slow-decay times were found to be as long as 14 ps. Fast-decay
times increase with an increase in the initial temperature difference between MW-heated ions/dipoles and the
equilibrium system. Slow-decay times were found to be relatively insensitive to the details of the MW-
heated nonequilibrium state. Velocity, force, and orientational correlation functions, calculated at equilibrium
to explore the natural dynamics of energy transfer, decay well before 1 ps and show little evidence of
biexponential decay. In contrast, kinetic energy correlation functions show strong biexponential behavior
with slow-decay times as long as 14 ps. We suggest a two-step mechanism involving initial, efficient energy
transfer mediated by strongly anharmonic zeelgeest forces, followed by a slower process mediated by
weakly anharmonic couplings among normal modes of the zeolite framework. In addition to elucidating
relaxation from MW-heated states, we expect that these studies will shed light on energy transfer in other
contexts, such as adsorption and reaction in zeolites, which often involve significant heat release.

I. Introduction we applied MD in the present study to follow IVR of MW-
heated zeolites. We find below that MW-heated zeolites require
on the order of 10 ps for complete relaxation to equilibrium.
This process is surprisingly slow compared to the conventional
IVR discussed above.

Zeolites are nanoporous, crystalline aluminosilicates with a
rich variety of interesting properties and industrial applications.
The structural and chemical versatility offered by zeolites
strongly suggests that other applications lie ahead for these ) - ) o ) )
materials. Over the past few years, a flurry of recent interest ~ NSights into the physical origin of this relatively slow

has emerged in studying adsorptishjon exchangé, and relaxation can be sought from the fluctuatiedissipation
reactiot8in zeolites, as well as growth of zeolife®® and other ~ theorem, which states that nonequilibrium disturbances decay

oxides!!12all driven by microwave (MW) radiatiot?4Despite in the same way as do correlations between spontaneous
this significant research activity, there remains disagreement fluctuations at equilibriuni*?® Although the fluctuatior-
whether MW-driven zeolites really behave in ways that are dissipation theorem is strictly only valid in the limit of small
qualitatively different from conventionally heated systeft ~ nonequilibrium disturbances, it provides useful insights for
This disagreement is fueled in part by the lack of a fundamental, Systems relatively far from equilibrium as well. For example,
atomistic picture of energy transfer in such systems. In this the fluctuatior-dissipation theorem accurately describes equili-
article, we have applied equilibrium and nonequilibrium mo- bration (i.e., diffusion) from a step concentration proffte.
lecular dynamics (MD) to study how MW-heated zeolites relax APPIying the fluctuation-dissipation theorem requires the
to thermal equilibrium. identification of a microscopic quantity whose average is
Over the last few decades, pioneering studies on energyproportional to the macroscopic variable exhibiting relaxation.
transfet” and bond-selective chemistfy have found that In the present case, the relevant microscopic quantity is the total
intramolecular vibrational relaxation (IVR) typically occurs on ~ kinetic energy of the ionic or dipolar phase adsorbed in a zeolite.
subpicosecond time scales, making it difficult to exploit We find below that the standard equilibrium correlation func-
transient, nonstatistical energy distributions. This general notion tions of velocity, force, and orientation bear little resemblance
has led many researchers to surmise that applying MW radiationt0 relaxation of MW-heated zeolites. In contrast, we show that
to zeolites will yield an expensive form of conventional heating. the kinetic energy correlation function captures both qualitative
In previous work, we have performed nonequilibrium MD and quantitative aspects of relaxation of MW-heated zeolites.
simulations on MW-heated zeolites, finding a variety of = We have simulated the relaxation of both ionic and dipolar
circumstances under which athermal energy distributions canphases in FAU-type zeolites, finding biexponential relaxation
be produced?-2! Inspired by the IVR studies mentioned above, with slow-decay times as long as 14 ps. Kinetic energy
correlation functions calculated at equilibrium show strong
* To whom correspondence should be addressed. E-mail: auerbach@biexponential behavior with slow-decay times in good agreement
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nicities at longer times. In addition to elucidating relaxation from simulations were performed to follow the dynamics of equilibra-

MW-heated states, we expect that these studies will shed lighttion and to calculate equilibrium correlation functions in an

on energy transfer in other contexts, such as adsorption andeffort to elucidate the time scales of relaxation dynamics.

reaction in zeolites, which often involve significant heat release. ~ MW-driven steady states were simulated via NEMD by
The remainder of this article is organized as follows: In applying an external MW field accordingfo?!

section Il, we outline the simulation methods used in the present

study, in section Ill, we discuss the results of our equilibrium dr, p, dp NV .

and nonequilibrium simulations, and in section 1V, we offer E:ﬁ ot = a7 + gk 2

concluding remarks.

Il. Methods whereT; andpi are the three-dimensional (3D) position and
) ) . ) ) ) momentum of particlé, respectivelym and g are its mass
In this section we describe various MD simulations performed g, charge, and/ = V(F1T», ...Fn) is the zeolite+ guest
on thc; FAU-type zeolites: NaY and siliceous FAU {Si  potential energy function described above. All zeolite and guest
FAU).>> We simulated a bare NaY zeolite, where the exchange- atoms are allowed to move in our simulations. The additional
_able_ Na ions are strong MW absorbers, and we studied methanolectrostatic force in eq 2, namelyE;, attempts to push charged
in Si—FAU, where methanol is expected to strongly absorb MW particles to the left or right along theaxis, depending upon

radiation. In what follows, we describe the models, potential the sign of the charge and the phase of the electric field. Such

surfaces, and MD simulations. _ . forces can excite vibrations of zeolite atoms and can excite
A. Zeolite Models. We have studied two different models  external vibrations and librations of guest molecules in zeolites.
of zeolites: NaY and StFAU. For the NaY system, we have Steady states were obtained from MW-driven systems using

chosen a Si:Al ratio of 2.0; this configuration corresponds t0 @ the Andersen thermost#twhich replaces the 3D velocities of
unit cell containing 128 Si and 64 Al atoms, which requires 64 randomly selected atoms at random times with those extracted
Na® ions to balance the charg&The Al atoms are randomly  from Maxwell-Boltzmann distributions, as discussed in our
distributed within the framework in accordance with Lowen-  revious workl®-21 All zeolite and guest atoms are subjected
stein's e.mplrlcal rule, Wh'Ch fob'dS AIO—AI "nkageS- The to random velocity replacement at random times. The Andersen
unit cell is completed by including 128, @toms, which bridge  thermostat has been implemented by specifying three param-
Si and Al, and 256 ©atoms to build S+O—Si bridges. The  eers: the target temperature, the number of atoms to be replaced
cubic unit cell obtained has a lattice parameter of 2£7ahd 4t 4 time, and the average time between replacements. Target
a window aperture of about 7.5 A. The Nions show high  temperatures for the simulations below were set to 200 and 300
mobility when compared with framework atoms, thus allowing  k for both zeolite systems. Actual steady-state temperatures
the N ions to be strongly excited by MW fields. exceed a given target temperature because of MW heating.
We have also simulated methanol adsorbed irFAU The MW field intensity was chosen to be suffiently high to
zeolite, modeled with a single unit cell containing 192 Si atoms gpserve a significant response in a reasonable time scale. The
and 384 Qatoms with a fixed lattice parameter of 24-_3275‘- field strengths we used were 0.3 and 1.8 V/A for NaY and for
The methanol loading was set to 32 molecules per unit cell (4 ethanol in SHFAU, respectively, both with a frequency of
molecules per supercage). This relatively high loading ensures— 1 5 1011 Hz. The systems were equilibrated for 5 ps before
sufficient statistics in the relaxation and correlation simulations applying the MW field and the thermostat. After turning on the
discussed below. For both zeolite systems, short-range interaCxyternal field and thermostat, we evolved the systems for 100
tions were cutoff at 12.0 A. Standard periodic boundary ps to reach robust steady states.
conditions were implemented via the minimum image conven- * Therma| relaxation simulations of NaY and methanol ia Si
tion and Ewald summatiorf8. _ _ FAU were performed by monitoring subsystem temperatures
B. Potential Energy Surface.The potential energy function o< 5 function of time. For NaY, we monitored the overall
used in the present simulations was reported previously by UStemperature of Na cationdy,) and that of the NaY system
in ref 20. We refer the reader to this article for details on the (Tnay). For methanol in SHFAU, we tracked the overall center-
potential function and its parameters. In general, the function ¢ 1555 temperature of adsorbed methari®ig)(and that of
has the form the whole systemTeau-met). Initial conditions for thermal
relaxation simulations were extracted from MW-driven steady
V=Vz + Vi + Vou + Vi 1) states. Thermal relaxation simulations were performed by
running MD without the MW field and without the Andersen
where Vz controls zeolite vibrationsyy controls methanol thermostat. As such, relaxation simulations are simply NVE MD

intramolecular vibrations, andzy and Vyu are the zeolite simulations started from MW-heated initial conditions. We
methanol and methanemethanol intermolecular interactions, omitted the thermostat because our simulations include the
respectively. Electrostatic contributions Y&, Vzu, and Vuwu dynamics of zeolite frameworks, which act as effective heat

are calculated using fixed point charges and Ewald summations.baths at equilibrium. Including a thermostat during relaxation
Short-ranged contributions %6, are modeled with the Buck- is thus unnecessary and, further, can artificially influence the
ingham (exp-6) form, and folzy and Vuyw we used the kinetics of thermalization.
Lennard-Jones (£26) form. ForVy, we used our valence bond Subsystem temperature profiles from individual relaxation
form reported in ref 20. simulations were found to exhibit significant noise. To generate
C. Molecular Dynamics Simulations. We have used our  statistically significant relaxation signals, 100 identical runs were
program DIZZY?® to perform two different types of MD averaged from initial conditions extracted from steady states.
simulations: nonequilibrium molecular dynamics (NEMD) and We found that recognizable relaxation signals could only be
equilibrium molecular dynamics (EMD). The NEMD simula- obtained by averaging over MD runs initiated from time points
tions were performed to produce MW-driven steady states ascorresponding to nodes of the MW field. This phase locking
initial conditions to follow relaxation to equilibrium. The EMD  could likely be avoided by considering much larger system sizes,
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allowing averages over many more Na cations or methanol ' ' '
molecules. However, such simulations are computationally s | (FAU-Methanol) MW Fleld Strength = 1.8 V/A .
prohibitive and are likely unnecessary. This is because phase- Thermostat Target Temp = 300 K
locked averages involve negligible molecular correlations since
the time period of our MW field is relatively long (ca. 6.7 ps). w14
Relaxation signals so obtained were fitted to single-exponential X

. . Thermostat Target Temp = 200 K
and double-exponential decay functions. In general, we found £ 200 .

that single-exponential fits were unacceptable, while double-
exponential functions fitted the relaxation data quite accurately.

Temperatu
&
[=]

(NaY) MW Field Strength = 0.3 V/A
Inspired by the fluctuationdissipation theorer®® we per-

I Thermostat Targei :EEE =300 K
formed EMD on NaY and on methanolfSFAU to calculate = \

equilibrium correlation functions in an effort to elucidate the 2202
natural relaxation dynamics of these systems. For iNaaY, 100 Thermostat Target Temp = 200 K
we calculated velocity and zeolitgyuest force autocorrelation o 0.5 1 15

functions. For methanol in SIFAU, we calculated velocity and Time [ns]

zeolite—guest force autocorrelation functions for methanol’s Figure 1. Steady states for methanol/SfAU and for NaY at

center-of-mass, as well as the orientational correlation function i?/tzrfnostat temperatures 200 and 300 K. MW field strengths are 1.8
. . or methanol in SEFAU and 0.3 V/A for NaY. Average steady-

of methanol's C-O bond axis. In general, we found that all  giate temperatures are shown.

these correlation functions decay much too rapidly to account

for the relaxation kinetics reported below. Also, these correlation i j j

functions showed little evidence of biexponential behavior. We snob

then calculated kinetic energy autocorrelation functions for Na GES} a) Time Constants T,=0.85 ps T,=6.1 ps

and for methanol’s center-of-mass, because kinetic energy is cﬁlB "' =

the microscopic variable corresponding to the subsystem tem- '@'QQD

perature considered in relaxation simulations. All these equi- @Ulvﬁa—ﬁwaao.am

librium correlation functions were computed in the standard
fashion?® averaging dynamics from single, long EMD runs
lasting longer than 1.0 ns. We attempted to fit the resulting
kinetic energy correlation functions to single-exponential and
double-exponential functions. As with the relaxation signals,
single-exponential fits were found to be unsatisfactory, while 248

&

Temperature [K]

<0

N ; O\
double-exponential fits showed good accuracy. Time scales from (9?52 b) Time Constants T,=0.45ps T,=5.34 ps
relaxation simulations and kinetic energy autocorrelation func- ‘G.Q_Q_Qo
tions are discussed below. ‘G'O'ove-o-o-o.@.eo_g.o_g_@ N
230
lll. Results and Discussion 0 1 5 3 n . 5
Time [ps]

Here we present results of MW-driven MD simulations of
NaY zeolite and methanol in SFAU zeolite, both under Figure 2. Thermal relaxation of Na in NaY from two different MW-
athermal steady-state conditions. Next we present the resultseated ﬁteady states. Bottom relaxation is flrom the St‘fady Shtate using

; ; ) . L - .. 200 K thermostat target temperature; top relaxation is from the 300 K
of relaxation simulations, probing the equilibration dynamics target temperature. Circles/lines are Na/Y-framework temperatures from
of MW-heated athermal states of NaY and methaneiFAU. MD; dashed lines are biexponential fits to Na temperatures.

Finally, we discuss several equilibrium correlation functions of

these zeolite systems to eluciate the natural dynamics of computed subsystem temperatuiBg for Na in NaY, and
equilibration. Tueth for methanol in SEFAU, shown in Figures 2 and 3,

A. Microwave-Driven Steady States.Steady-state temper-  respectively. In general, these relaxation curves are found to
ature profiles for NaY and methanol/SFAU are shown in  exhibit biexponential decay; this is most obvious in the top of
Figure 1. When thermostating at 200 K, MW-heated NaY Figure 3.
reaches a steady-state temperature of 220 K, while thermostating The Na temperatur@y, relaxes from 248 K to a final
at 300 K yields a MW-heated steady state at 338 K. In both equilibrium value of 230 K (Figure 2) starting from the NaY
cases, the steady states exhibit robust dynamical stability forsteady state at 220 K (Figure 1). (We note that the system
well over the 1.5 ns shown in Figure 1. These two steady statesequilibrates to a temperature (230 K) higher than the steady-
were produced to explore whether equilibration time scales state temperature (220 K) because the MW-heated potential
depend on details of the initially prepared nonequilibrium states. energy has a higher effective temperature than that of the kinetic
We explored the same question for methanetSAU by energy, as shown in our previous wé#.The two time scales
producing two different steady states for that system. When extracted from the biexponential fit to this relaxation process
thermostating at 200 and 300 K, MW-heated methanelF3iU are 0.45 and 5.34 ps. The NaY steady state at 338 K gives Na
reaches steady-state temperatures of 351 and 449 K, respecelaxation from 370 to 347 K, with time scales 0.85 and 6.10
tively. Steady states of methanolGtAU also show robust  ps. Here we observe a weak trend toward increasing relaxation
dynamical stability. times with an increase in the initial temperature difference

B. Relaxation to Equilibrium. The temperatures in Figure between Na and the equilibrium system. We also find that the
1 reflect the total kinetic energies in each system. These shorter time scale appears more sensitive to the details of the
guantities do not reveal the fact that Na is relatively hot in MW- steady state, almost doubling from the lower temperature
heated NaY and that methanol is relatively hot when MW-heated relaxation to the higher temperature one. In contrast, the longer
in Si—FAU.2° To follow the equilibration of these systems, we time scale increases by only 14%.
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Figure 5. Equilibrium force and velocity correlation functions for
methanol center-of-mass in-SrAU.
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Figure 3. Thermal relaxation of methanol in SFAU from two
different MW-heated steady states. Bottom relaxation is from the steady
state using 200 K thermostat target temperature; top relaxation is from g

the 300 K target temperature. Circles/lines are methaneF8U -%
temperatures from MD; dashed lines are biexponential fits to methanol g
temperatures. 2 Na KECF Double Ex
. . . £ 05 | p. Decay |
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Figure 6. Equilibrium kinetic energy correlation function (circles) and
biexponential fit (dashed line) for Na in NaY zeolite.

Correlation Functions

Time Constant T, =0.020 ps

0 0.1 Tlm‘;z[ps] 0.3 0.4 fu_nctions for the cent_er-of-_mas_s of methanol at equilibrium_ in

Si—FAU. These functions likewise decay well before 1 ps with

_Figure 4. Equilibrium force and velocity correlation functions for Na  |ittle evidence of biexponential decay. We thus find no evidence

in Nay. for the relatively slow biexponential behavior in these equilib-
rium correlation functions.

Methanol cools from 422 to 343 K (79 K drop) with time Some insight into this can be gleaned from the fluctuation
scales 0.80 and 14.2 ps (Figure 3) starting from the methanol/ yisqination theorem, which states that nonequilibrium distur-

Si—FAU steady state at 351 K (Figure 1). Methanol in_the_449 bances decay in the same way as do correlations between
K steady state cools from 505 to 433 K (_72 K drop) with time spontaneous fluctuations at equilibrida?3 Applying the
scales 0.31 and 13.1 ps. For methanol irSAU, we see & g0 ation-dissipation theorem requires the identification of
weak trend toward increasing relaxation times with an increase microscopic quantity whose average is proportional to the
in the initial temperature difference between methanol and the macroscopic quantity exhibiting nonequilibrium relaxation. The

equilibrium system, as was found above for Na in NaY. We nicroscopic quantity that correspondsTia is the total kinetic
also observe for met.hanoIFSFAU that the shorter time scale energy of Na atoms in NaY and that foyen is the total kinetic
appears more sensitive to the details of the steady state, as Wa8nergy of methanols in SIFAU. These ideas can be expressed

found above for Na in NaY. mathematically according to
In general, the slow-decay times;-6 ps for NaY and 13

14 ps for methanol/SiFAU, are surprisingly long time scales AT(t)  OK(0)K(H)O
for thermal relaxation. Below we discuss possible mechanisms AT(0) - [BK(0)OK(0)DI ®3)
explaining these equilibration dynamics.

C. Equilibrium Correlation Functions. We calculated Figure 6 shows the kinetic energy autocorrelation function for
several equilibrium correlation functions to explore whether the Na at equilibrium in NaY at 300 K. This function shows clear
relatively slow biexponential decay, found during relaxation to biexponential decay, with a slow-decay time of 1.4 ps. Figure
equilibrium, can be found at equilibrium as well. Figure 4 shows 7 shows the same correlation function for methanol inFSAU
velocity and force autocorrelation functions for Na in NaY. at 300 K, also showing clear biexponential behavior with a slow-
These functions decay well before 1 ps and show little evidence decay time of 9.2 ps. Tables 1 and 2 summarize the relaxation
of biexponential decay. Figure 5 shows the same correlation times and kinetic energy correlation function decay times for
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Figure 7. Equilibrium kinetic energy correlation function (circles) and
biexponential fit (dashed line) for methanol in-FtAU zeolite.

TABLE 1: Biexponential Decay Times for Na in NaY
Zeolite

relaxation of Na from Na kinetic energy

thermostat MW steady states correlation function

temp (K) 71 (ps) 72 (ps) 71 (ps) 72 (ps)
200 0.45 5.34 0.017 1.24
300 0.85 6.1 0.019 1.4

TABLE 2: Biexponential Decay Times for Methanol in
Si—FAU Zeolite

relaxation of MeOH from

MeOH kinetic energy

thermostat MW steady states correlation function
temp (K) 71 (PS) 72 (PS) 71 (pS) 72 (PS)
200 0.81 14.2 0.12 13.6
300 0.31 13.1 0.10 9.2

NaY and methanol/SiFAU, respectively. These show quite

broad agreement, especially between the slow-decay times fo

methanol in S-FAU as obtained from relaxation and equilib-
rium calculations.

The fact that the decay of the kinetic energy correlation

r
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by weakly anharmonic couplings among normal modes of the
zeolite framework. This hypothesis will be tested in a forthcom-
ing publication.

IV. Concluding Remarks

We have performed equilibrium and nonequilibrium molec-
ular dynamics simulations to study how MW-heated zeolite
systems relax to thermal equilibrium. We have simulated the
relaxation of both ionic and dipolar phases in FAU-type zeolites,
finding biexponential relaxation in all cases studied. Fast-decay
times are uniformly below 1 ps, while slow-decay times can be
as long as 14 ps. Fast-decay times increase with an increase in
the initial temperature difference between MW-heated ions/
dipoles and the equilibrium system. Slow-decay times are
relatively insensitive to the details of the MW-heated nonequi-
librium state. Velocity, force, and orientational correlation
functions, calculated at equilibrium to explore the natural
dynamics of energy transfer, decay well before 1 ps and show
little evidence of biexponential decay. In contrast, kinetic energy
correlation functions show strong biexponential behavior with
slow-decay times as long as 14 ps. We suggest a two-step
mechanism of energy transfer involving initial, efficient energy
transfer mediated by strongly anharmonic zeelgeest forces
and followed by a slower process mediated by weakly anhar-
monic couplings among normal modes of the zeolite framework.

These simulations provide atomistic insights into the relax-
ation of MW-heated systems. This should help experimentalists
determine when to expect MW-heated zeolites to exhibit novel
athermal phenomena on microscopic length and time scales. In
addition, the subject of energy transfer in zeolites goes beyond
MW-heating experiments. For example, adsorption and reaction
in zeolites often involve significant heat release. Our finding
of biexponential relaxation mediated by zeotfiguest and
zeolite-zeolite forces may elucidate energy transfer during
adsorption and reaction in zeolites as well.
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