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ABSTRACT: Deuteron NMR relaxation methods including double quantum filtered (DQF) spectral analyses were
examined to study the dynamics of benzene molecules adsorbed in faujasite-type zeolite. To describe the dynamics
of benzene molecules, a modified cone model involving in-plane rotation, wobbling motion and the characteristic
order parameter was applied. The characteristic order parameter describes the intracage restricted reorientation for a
single-site adsorption. For multiple-site adsorption such as in NaY, the site-to-site hopping processes result in cage
disorder and yield a small characteristic order parameter. The wobbling motion is induced by the diffusive motion and
therefore the correlation time of wobbling motion may be invoked to estimate the self-diffusion coefficient of benzene
adsorbed in NaY, DAY, USY and NaX. Comparisons with kinetic Monte Carlo calculation, pulsed field gradient
measurement, and other NMR relaxation studies are discussed. Copgyri#89 John Wiley & Sons, Ltd.
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INTRODUCTION most faujasite-type zeolites are not yet available because
of the difficulty in measuring the self-diffusion coefficient
Intracrystalline adsorption dynamics and cage-to-cage for benzene in zeolite powder with small crystallites.
molecular diffusion have been studied extensively by In the present series of deuteron NMR relaxation stud-
several different experimental techniqie$.A detailed  ies, double quantum filtered (DQF) spectral analysis was
knowledge of intracrystalline diffusions of adsorbate in Used to investigate the adsorption of perdeuterated ben-
zeolite system is essential in understanding the catalyticzene in USY, DAY and Na¥:** The validity of using
and separation properties in these systems. The behavioPQF spectral analysis depends on the deuteron resid-
of benzene in faujasite-type zeolite has been investigatedual quadrupolar interaction, which in turn accounts for
both theoretically and experimentally in order to provide the non-vanishing interaction of benzene molecules on
an understanding of the interactions and the molecularadsorption sites. By leaving out the overall reorientation
dynamics that take place between the zeolite framework of the whole molecule, the cone model of Brainard and
and benzene moleculés’ A description of the theoretical ~Szabo is modified to facilitate the calculation of the time-
backgroud of the NMR analysis of adsorption systems hascorrelation function of the adsorbed benzene moletule.
been given by Pfeifer and co-workérRecently, Schaefer  In this model, the wobbling motion with an order param-
et al. used two-dimensional (2D) exchang€ NMR tech- eter is included to describe the restricted reorientational
niques to study intracage hopping dynammics of benzenemotion on adsorption sites. A characteristic order param-
molecules strongly adsorbed on highly ordered Ca-LSX eter is introduced to take into account the cage disorder
zeolite? Isfort et al. employed®H 2D NMR spectra and  due to site-to-site hopping. For a simple site adsorption
2D echo time-domain decay profiles to obtain the relevant such as in USY, since there is lack of site-to-site hopping,
correlation function directly for the adsorption of ben- alarger characteristic order parameter may be expected in
zene on NaY. Solid-state'*C NMR exchange measure- this system. For multiple-site adsorption such as in Nay,
ments of intercage hopping by strongly adsorbed benzenethe site-to-site hopping processes result in cage disorder
molecules in Ca-Y give the motional correlation times and and yield a small characteristic order paraméter.
intracrystallite diffusion coefficient¥. However, exper- A kinetic modeling study by the Monte Carlo method
imental verifications of these prediction for benzene in suggests that measuring benzene orientation randomiza-
tion (BOR) in NaY can provide important informa-
. ) ] tion related to cage-to-cage molecular diffusférin the
T;xgﬁsgﬁlcgfgff i, Tamy, Department of Chemistry, National 1, rasent work, the application of the modified cone model
E-mail: nmra@po.iams.sinica.edu.tw to site-to-site hopping and wobbling motion processes is

T Dedicated to Professor Dr Dr Harry Pfeifer on the occasion of his essentially similar to the BOR model used by Auerbach
70th birthday. < . . .
Contract/grant sponsorNational Science Council of the Republic of and Metiu-° In early part of the orientation correlation
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was found to be associated with the site-to-site hopping the detailed balancing of the exchange process demands
process. The long-time behavior of the orientational cor- that P k;, = Pk,;, where we define?, and P, as the

relation function may be correlated with thg process in

total populations in sitef and sites, respectively. In

the present model since the wobbling motion is induced by Eqn (2), the relaxation rate constants for single and double
the barriers of zeolite framework in the course of benzene quantum coherences (expressed by the first subscript of

diffusion through the cage. Furthermore, the long-time R) with different sitesa(a

s or f) are given by

BOR rate is identified as the rate of cage-to-cage motions.R}, = C*(3J3 +5J{ + 2J5) and R, = C*(3J3 +J{ +

In the light of these obvious connection between the long-

time orientation randomization and the wobbling motion

concerning cage-to-cage diffusion, it was the purpose of coupling constantsy,/2r

2J%), where we haveC’ (3/160)x;? and C*
(3/160)x,% and x; and x, are defined as the quadrupolar
€’Qqs/h and x,/27 =

this work to establish an approach from more complete ¢2Qq,/h for fast and slow motion sites, respectively.

NMR relaxation studies to estimate the self-diffusion coef-

J: and J/ are the spectral density functions, defined

ficient of benzene in faujasite-type zeolites. The results of below for reorientational relaxation of benzene molecules
DQF spectral analysis for benzene in NaX are discussed.in f and s sites, respectively. The contribution of the
A comparison with previous relaxation studies and pulsed asymmetry parameter (= 0.041) of the electric field

field gradient (PFG) NMR measurements is also provided.

FORMULATION OF THEORY

Two-site exchange model with residual
quadrupolar interaction

The adsorption interaction of perdeuterated benzene in
zeolite may in turn be related to a residual quadrupolar

interactionw, of deuterium nuclei due to local order. The
Hamiltonian of this interaction is given By

H = wqy[l? — 1(I + 1)] L
wherew,, = wq(3cos 6 — 1)/2 is the residual quadrupo-
lar interaction in the laboratory frartfeand I, is the z
component of the spin operator with= 1 for deuterium
nuclei. 6 is the angle between the local symmetry axis of

gradienteq to the coupling constant is neglectéd//
andJ: are the spectral density functions defined below for
reorientational relaxation of benzene molecules iand

s sites, respectively. Analogous simulations of the spectra
have been described elsewh&rén the calculation ofr';,

the time evolution of the longitudinal components follows

the rate equatidfi
f
O1p
s )
ks } L’lo}

E Uifo _ _RIO_kfs

dr [030] ks
where R], and R, are the longitudinal relaxation rates
for site f and sites, respectively, as defined b,
2C4(JT 4+ 4J%).

ks
_Rio —

Residual quadrupolar interaction in the
adsorptive process

the quadrupolar interaction tensor and the Zeeman field. The position with maximumw,, denoted bywg,, may
A model with two-site exchange between a fast motion be defined as the benzene molecule adsorbed in the

site, denoted by, and a slow motion site, denoted by
is assumed in general. The(or f) site accounts for the

adsorption (or non-adsorption) state of benzene in fau-

jasite zeolites. An isotropic distribution df is applied

adsorption site with maximum strength of interaction.
Moreover, the motion associated withy, involves in-
plane motion around the hexad axis only and there is
no wobbling motion of the ring normal. Thus, from both

to approximate the situation of the random orientational the experimental evidence and the symmetry arguments

distribution of zeolite crystals in a powder sample.

resulting from the fast internal motion around the hexad

DQF spectra are conventionally measured using theaxis, the quadrupolar interaction of perdeuterated ben-

pulse sequence/2—t—n/2-8—m/2—t (acq.), where is

the creation time for double quantum (DQ) coherence.

zene molecules in this case reduces to half of the value
obtained for rigid stationary benzetfeHence we take

The effect of this pulse sequence for spin-1 nuclei in a wgm = 1/2wq, Wherewy, = 3/4x. We observe a powder

heterogeneous system can be found elsewfételhe
evolution of related transverse componestsando,; at

pattern in the?H NMR spectrum for low-loading zeo-
lite NaY at 130K!? The edge splittingAv of the NaY

sites f ands, expressed by the superscripts, is needed in sample is 69 kHz, which implies a quadrupolar coupling
the calculation of DQ coherence and the observable by constanty/2z of 184kHz. This result agrees with that

following the rate equation

ol —R{y — kys 0 ksf 0 ol
d o | 0 —Rjy — kg 0 ksy o
dr 011 kgs 0 —Ryy — ks —iwge o
o3 0 kys —iwgy  —Ry—kyl Loy,

@
where the residual quadrupolar interaction existssin
sites only andk,,(k,;) is the microscopic rate constant
for transfer from site f(s) to site s(f). In addition,

Copyrightd 1999 John Wiley & Sons, Ltd.

of Pfeifer and co-workeP8 and Gladder and co-workérs

and suggests that immobile benzene is undergoing only
in-plane rotation. However, a solid pattern with a central
peak appeared ifH NMR spectra for the USY sample
measured at 135 and 150'KThe appearance of a central
peak may suggest that a slow exchange process still exists
at these temperatures. From these two measurements the
same 67 kHz edge splittings in the USY sample are
obtained. According to the above results, we may take an
average valuev,, = 68kHz or x,/2r = 181kHz as the

Magn. Reson. Chen37, S84—-S92 (1999)
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maximum valugvq, in our calculation for all of the fauja-
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evaluated agDyy) = SDgg (9) and (D) = (D), Dso (0),

site samples. Moreover, the quadrupolar coupling constantwhere axial symmetry of the adsorption interaction and

at the fast site may be estimated fqyDg in liquid crystal
phase /2 is estimated to be 183 kHZ Therefore, one
may takey,/2r ~ x,/2r = 181kHz in our calculation.

Spectral density function for benzene in fast
motion sites

In order to match the central peak widths of the DQF
spectra, the motional narrowing conditions are required
for t;, which is defined as the tumbling correlation times
of benzene in ary site. Hence we havé/ ~ 2t,. The

site distribution is assumed. To evaluate &), term

in terms of S, an isotropic distribution within a cone
angle 8 with the director is invoked. Brainard and Szabo
obtainedS = cosB(1+ cosp)/2. This yields (Diy)s =
(S/8)[28S — 7(1 + 85)/2 4+ 1]. Hence with this model,
one may evaluate the spectral density functions forssite
Furthermore, it should be noted thatand r,, are used

in an averaged sense, i.e. their magnitudes remain the
same irrespective of the variation®&along the adsorption
coordinates at a given temperature.

simulated results are insensitive to these two values asprder parameter and residual quadrupolar

long as their magnitudes are kept smaller than'€)

Spectral density function for benzene in slow
motion sites

The spectral density functions for sit@vith consideration
of residual quadrupolar interaction are defined®by

, 10 18
To=Jo (1 + (D) + = (Dgg) — 5<D5%>2>
, 5 12
Ji=0 <1+ 5 (Do) — = (Dgo ) )

) 10 3
=15 (1— = {D6) + 5 (Deo )

where D) are the Wigner rotation matrix elements with
the orientation relative to the laboratory frame, ang
means taking the average over the coordinates of in-
plane and wobbling motions. For multiple adsorption
sites, additional averaging over the motion of site-to-
site hopping is performed. The cone model of Brainard
and Szab¥ is invoked but with minor modification to
consider the residual interaction and hence to facilitate
the calculation of the spectral density functiofisof the
adsorbed benzene molecule. It is giver*8Y

3
i =2¢-52
‘]ﬂ {4

3
S(1-8?
+4( )

4D,
(4D1)?(neo)?

4D, + 2D, /(1 — §?)
[4Di + 2Dy, /(1 — $?)]? + (nwo)?

6Dy /(1 - 5% }

[6Dw/(1 = §?)]? + (nawo)?
where wy is the Larmor frequency of deuterium nuclei.
It is convenient to define the correlation times for the
internal (i) rotation and the wobbling (w) motion as
1, = 1/4D; and 1, = 1/6D,,, respectively. The wobbling
motion is assumed to be within a cone with the director
normal to the adsorption site. The distribution of the cone
may be expressed by an order paramétgiven by S =
(D)y,, where the average over all the motions is defined
in the frames of an adsorption site. With this model
the second and third terms in Eqn (4) may be readily

1 2
+5(1— 5% (5)

Copyrightd 1999 John Wiley & Sons, Ltd.

interaction

Since both the§ andw, parameters share the same degree
of randomness after averaging by the same wobbling
motion, one may relate to the residual quadrupolar
anisotropywq by S = wq/wgm. Furthermore, the adsor-
bate distribution function may be expressed in termS.of
with the definitionS, = wq./wqm as the characteristic order
parameter. It is noted that there is a difference in adsorbate
population along the adsorption coordinate as a conse-
guence of exchange and migration of the adsorbate among
various sites in the supercage. Considering the jump dif-
fusion and the trapping nature of benzene molecule on
to the adsorption site in faujasite, a probability distribu-
tion may be represented suitably in an exponential form
f(wg) = Nexp(—wq/wq), WhereN is a normalization
factor andw,. characterizes a correlation frequency for
resident sites in the, space'? Beyond this value, the pop-
ulation of adsorbate molecules decreases significantly. It
should be noted that all the calculated results are averaged
over the adsorbate distribution. The pictorial represen-
tation of the exchange betweefi and s sites and the
restricted motion along the adsorption coordinate may be
found in a previous papét.

For faujasite, with merely a single site in the supercage,
the average over the adsorption coordinates with the help
of f(wq) represents the thermal kinetic origin of the
adsorption process mentioned previously. Singés the
result after averaging over all the motions concerned,
the effectivew, represents an average over site-to-site
hopping for multiple-site adsorptidhTherefore, with the
site-to-site hopping process, one may expect a small
effective residual quadrupolar interaction and thus a small
w. (or S;) value in the system of symmetrically averaged
adsorption sites. The tetrahedrally arrangedSNaites in
the NaY system is the case studied in the present work.

Estimation of the self-diffusion coefficient

The estimation of self-diffusion coefficients may be made
with the relationD = (I2)/6t,, where(l?) is the average
distance between the adsorption sites in two adjacent cage
and , is the correlation time for intercage hopping. As
an estimate/ = 11A, the distance between the centers

Magn. Reson. Chen37, S84—-S92 (1999)
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of two supercages. In accordance with the kinetic Monte and DQF spectra with proper phase cycling. DQF spectra

Carlo (KMC) calculatiorf® the long-term BOR ratekgop,
in NaY is controlled by cage-to-cage motion. Considering

were measured conventionally using the pulse sequence
w/2-t—m/2-8—m/2— (acq.)tt1>2! Since there is no field-

the residence time on site to be much longer than the flight dependent effect, the DQF spectra were displayed at

time of a hop, we havisor = keage IN terms of the present
model one obtainggor = 1/7,. SinCekcage = 1/, the
self-diffusion coefficient of benzene may be calculated
from

(1?)

D= —
61,

(6)

EXPERIMENTAL

The NaX (13X, Si:Al= 1.2) used was supplied and
characterized by Union Carbide Danbury, CT, USA. The
adsorbate material, (D5, was purchased from Merck
(Darmstadt, Germany). With a minimum purity of 99.5%,
no further purification process was used.

76.78 MHz only. The temperature was controlled to within
+0.1°C and was calibrated using a methanol reference.
There are errors of approximately 10% associated with
T, and linewidth measurements, respectively.

RESULTS

Figures 1 and 2 show the experimental DQF spectra
together with their corresponding simulation for low- and
high-loading NaX samples, respectively, over a range of
temperatures at 76.78 MHz. The parameters used in the
simulation of DQF spectra, in fittin@, and in linewidth
analysis are listed in Table 1. The calculated and exper-

One small giass ball Containing the required amount imental T4 values and linewidths are listed in Table 2
of CsDs was sealed and then admitted to the upper part for comparison. Moreover, the details of simulation, fit-

of the sample tube with glass-wool separating it from
the zeolite in the lower part of the tube. The sample
was dehydrated under a fOPa vacuum at 673K for

ting algorithm and the results for NaY, DAY and USY
system may be found in previous pap&é.In Table 3,
we only list the values of. and 1, values for benzene

at least 12 h. After cooling, the tube was sealed, leaving in USY, DAY and NaY in order to discuss the effects
the dried zeolite and the {D¢-carrying ball in the tube.  Of the site-to-site hopping ofic and the diffusion-related
The GDs-carrying ball was then broken by shaking the wobbling motion. A small characteristic order parame-
tube. The lower part of the sample tube was chilled in ter S. (or residual interactiony) is found for a fauja-
liquid N,. The section of the NMR tube containing the site with more symmetrically arranged multi-adsorption
loaded zeolite powder was sealed and separated fromsites in the same cage such as in NaY. The effects are
the upper part containing the rest of the glass capillary also reflected in the DQF spectra recorded for benzene
ball. Subsequently, the sample was kept at 353K for adsorbed in NaX frameworks. The spectra show less wig-
12h to ensure a homogeneous distribution of adsorbategling in the shoulder than for DAY and USY and thus
on the zeolite. The reproducibility of relaxation data was one may obtain a small. value:* The magnitude o,
checked to examine whether equilibrium was reached in and 7; obtained in NaX are much smaller than those in

all supercages over a period of 5months. The preparationNaY. It is found that in NaX ther; value is almost inde-

of high- and low-loading samples for NaY (Si:Ax
2.4), DAY (Si:Al = 15) and USY (Si:Al= 40) has
been described in previous papé&r®. The loadings of

pendent of loading. Thk,, values are larger in NaX than
in NaY owing to a larger diffusivity in the former sys-
tem. Also, in NaX systems the correlation timg of the

CsDs (molecules per supercage) in various samples arewobbling motion in low-loading samples is significantly

as follows: for low-loading samples NaY 0.5, DAY 0.8,
USY 0.5, NaX 0.6 and for high-loading samples NaY 3.0,
DAY 3.9, USY 3.2, NaxX 3.8.

The 2H NMR measurements were performed on
Bruker MSL-500 and MSL-300 spectrometers operating
at 76.78MHz (11.75T) and 46.07MHz (7.05T),
respectively. For transverse relaxation studies,
linewidths Av,,, were measured as the full width at half-

smaller than that of high-loading samples. This may be
due to the fact that the,SNa" in NaX may enhance the
mutual hindrance of the molecules and hence reduce the
benzene mobility? Nevertheless, negligible differences
in 7, with variation of loading are found in NaY, DAY
and USY. In those systems, additional benzene molecules

the are less affected by the interaction with weak adsorp-

tion sites. Further, this effect is counterbalanced by the

height from the single-pulse experiment. The magnetic mutual hindrance of the benzene molecules in the same
inhomogeneity was estimated by comparing the Hahn cage as loading increases. Hence, as listed in Table 5,
spin-echo and linewidth measurement of liquisDg The the self-diffusion coefficients remain almost unchanged.
magnetic inhomogeneity was found to account for less The Arrhenius parameters of the obtained self-diffusion
than 5Hz of the observed line width at half-height in the coefficients for different loadings and faujasite-type zeo-
spectra. The longitudinal relaxation measurements werelites are the same as shown in Table 4 for wobbling
obtained using the inversion—recovery pulse sequence.motion. Moreover, it is worth noting that equlibrium and
The 2H T, and linewidth measurements were performed non-equilibrium methods, including quasi-elastic neutron
on Bruker MSL-500 and MSL-300 spectrometers scattering® zero length colum@® piezometrié* and
operating at 76.78 MHz (11.75 T) and 46.07 MHz (7.05T), gravimetric measurement¥, give diffusion coefficients

respectively, with ar/2 pulse length of about 1. A
delay of at least B, was allowed between scans for thg

Copyrightd 1999 John Wiley & Sons, Ltd.

of the order of 106%%-10°m?s™! at 458K for benzene
adsorbed on NaX.

Magn. Reson. Chen37, S84—-S92 (1999)
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Figure 1. Experimental (left) and simulated (right) 2H DQF spectra of the NaX low-loading sample at various temperatures.
The four DQF spectra from left to right were obtained with DQ creation times of 40, 160, 280 and 400 ps, respectively.
The spectral width is +£40 kHz.

DISCUSSION these systems, one may expect that the benzene possesses
larger diffusivities with smaller activation energies in USY

Auerbachet al. examined intracage and interacge benzene and DAY than in NaY and NaX.

mobility in NaX (Si: Al = 1.0) and NaY (Si: Al= 2.0) 4

Their calculations indicate that the activation energy from

PFG NMR is correlated with the site-to-window acti- Comparison with benzene orientation

vation energies. Comparing the estimated self-diffusion randomization scheme

coefficients in NaX with those from PFG NMR, the

result yields satisfactory agreement. The Arrhenius analy- If the S, adsorption sites are perfectly tetrahedrally

ses for self-diffusion coefficients from PFG NMR in NaX arranged and the benzene mobility is in the limit of fast

(Si: Al = 1.2) yield an activation energy of 21 kJ meél site-to-site hopping, one may obtain full orientation ran-

at a loading between 1.8 and 3.8 and an activation energydomization with a simple exponential decay. This is the

of 28kJmot? at a loading of 4.9 and 5.3, while present case that DQF spectra may not be observed. Otherwise,

work yields 19 kJmol* at 0.6 loading and 29 kJ mdl at as demonstrated by Auerbach and Métidhe orienta-

3.8 loading. tion randomization may yield a fast decay at the initial
For benzene in DAY and USY, it is believed that the time due to the incomplete averaging in the site-to-site

hydroxyl aluminum sites act as the adsorption sites. Therehopping processes. Then, in the time correlation func-

are about 12 and 4.8 hydroxyl aluminum sites per unit cell tion of the benzene orientation, it is followed by a much

of DAY and USY, respectively. However, one cannot be slower decay® The decay rate of the latter process may be

sure whether the locations of the hydroxyls are in the invoked in the calculation of the self-diffusion coefficient

supercage or in the sodalite cage. Consequently, there ardollowed by D = %kgor(/?). The results agree well with

less than 1.5 and 0.6 hydrox| aluminum sites per supercagethe self-diffusion coefficients calculated from Eqgn (6) with

in DAY and USY, respectively. Owing to a small number the measured, in NaY at a loading of 0.5 and 3.0, and the

of benzene sites and a weaker adsorption interaction incorresponding activation energies are 25 and 20 k3ol

Copyrightd 1999 John Wiley & Sons, Ltd. Magn. Reson. Chen37, S84—-S92 (1999)
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Figure 2. Experimental (left) and simulated (right) ?H DQF spectra of the NaX high-loading sample at various
temperatures. The four DQF spectra from left to right were obtained with DQ creation times of 40, 160, 280 and

400 ps, respectively. The spectral width is +40 kHz.

Table 1. The parameters used in the fitting of Ty, linewidth and the simulation of double

quantum filtered spectra for NaX samples

Loading Temp. T Tw ks x 1072

(molecules/supercage) (K) P2 s2 (ns) (ns) (shH?
0.6 230 0.40 0.10 43+1 300+10 230
250 0.33 0.14 32+1 110+5 206

270 0.27 0.20 15+1 50+ 3 169

290 0.25 025 12+1 36+2 208

310 0.24 0.67 11+1 2442 240

3.8 250 0.35 0.2 32+3 450+ 50 140
290 0.15 0.13 12+1 70+ 30 250

298 0.14 0.13 9+1 40+ 30 290

310 0.13 0.09 8+1 33+30 1900

210% erroris expectedn k/,, 5% errorin P, and20% errorin S..

respectively,comparedwith a value of 35kJmol~* from

KMC calculation!® For benzenein NaX, we predictan

activationenegy of 19kJmol! at 0.6 loading compared
with anactivationenegy of 15kJmol-! obtainedrom the

BOR rate#

Following the KMC study, it is found that benzene
adsorbedon the NaX S, site is by 7kJmol! lessstable
than on the S, site in NaY but the adsorptionstrength
on window sites remainsunchanged. Also, the study
showsthat S, andS,, havesimilar binding enegieswith
benzeneln Table4, the activationenegy of diffusionin
NaX obtainedin presentwork appearso be 6kJmol?
smallerthanthatin NaY.

Copyright 1999 JohnWiley & Sons,Ltd.

Significance of previous T, and T, relaxation
studies

The enhancemenof the benzenediffusivity from NaY
to NaX is dueto attractiveinteractionsof S, sitesover-
lapping thosefrom an adjacentS; site, making benzene
mobility in NaX moreenepetically favorable.As pointed
out by Auerbachet al., the agreementbetweenNMR
relaxationdataandthe PFGNMR measurementsf ben-
zenein NaX providesinterestinginsights* It is supposed
that only the intracage reorientationaldiffusion could
accountfor the motionalrelaxationin the T', processFur-
thermore the additionalNa* ions at S, sitesaffect both

Magn. ResonChem.37, S84-S92 (1999)
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Table 2. Experimental and calculated 2H T; and linewidthin NaX samples measured at various temperatures and two
resonance fields

T1 (msf Avyp (Hz)?
Loading Temperature 46.07 MHz 76.78 MHz 46.07 MHz 76.78 MHz
(molecules/supercage) °C Calc. Exp. Calc. Exp. Calc. Exp. Calc. Exp.
0.6 230 51 51 99 100 2300 2200 2100 2127
250 40 41 84 86 1551 1518 1540 1621
270 32 36 72 68 1176 1076 1294 1220
290 30 34 73 67 1000 1100 1152 1119
310 29 34 70 65 900 955 1020 1037
3.8 250 50 57 134 111 2210 2398 2560 2825
290 30 35 74 72 700 690 720 760
298 25 30 57 58 520 620 500 580
310 23 25 48 50 420 480 400 450
aA 10% error is expected in all values.
Table 3. S. and 7, parameters used in the fitting of T;, Table 4. Activation energy E, and Arrhenius prefacters A
linewidth and DQF spectra for faujasite samples''-12 of the wobbling motion for benzene in NaY, DAY, USY
and NaX samples
Loading
Zeolite (molecules/  Temperature Tw Loading
(Si:Al) supercage) °© S8 (ns) (molecules/ A Eq, Temperature
i 1
NaY 06 290 004 35820 Zeolite supercage) 19) (kJmol )  range (K)
(2.4) 310 0.02 22& 30 NaY 0.5 74+ 0.3 x 1010 2542 290-350
330 0.02 120t 10 3.0 124+0.6 x 10"°° 20+ 4 290-330
350 0.02 60t 5 DAY 0.8 18+01x10° 84038 210-330
3.0 290 0.04 30& 20 usy 0.5 68+ 0.1 x 100 154+ 0.7 210-330
310 0.02 216Gt 25 3.2 93+0.2x 10° 10+0.8 210-290
330 0.02 11Gt 15 NaX 0.6 714+02x 100 1942 210-310
DAY 0.8 210 0.9 50+ 4 3.8 254+ 0.1x 102 29+ 2 210-310
(15) 250 0.5 20t 2
290 0.3 131
330 0.3 10+ 1 _
39 210 0.9 10 2 rate. Therefore, the agreement in some way reflects the
250 0.3 10+ 3 slower mode of motional process. As shown in Table 5,
290 0.3 10+ 3 the self-diffusion coefficients of benzene estimated from
usy 0.5 210 1.1 7&5 T, measurements in NaY and NaX agree quantitatively
(40) 250 14 16t 2 with our result’** The motional correlation time obtained
290 17 [CE from T, relaxation studies to estimate the self-diffusion
330 5.0 45+3 coefficient may be correlated with thg process of wob-
32 210 0.2 40k 5 bling motion in terms of the present model with a snfall
250 03 142 9 Pres e’
290 03 8t 3 value. However, the self-diffusion coefficient of benzene

estimated fromT’; measurement in NaY and ZDDAY
A 20% error is expected ifi; values. may reflect the effects from the fast motional mode such
as the site-to-site hopping or/and the internal rotation
rather than from the slow mode of the wobbling motion.
intercage and intracage hopping activation energies andThe estimated self-diffusion coefficient is about one order
make them approximately equal. This explains why the of magnitude larger than the value estimated fr@n
diffusion coefficients obtained from NMR relaxation data studies’*®
agree remarkably well with those from PFG NMR for Owing to a small number of benzene sites and a weaker
benzene in NaX. Furthermore, the results from the KMC adsorption interaction in USY and DAY, one may expect
studies in NaY suggest that estimates of the diffusion from a smallz, in USY and DAY. Particularly in USY, there is
the reorientational correlation time deduced frémand lack of sites for intracage hopping. It is obvious that the
T, studies is inappropriate since its time-scale is believed significance of the, process is related to the site-to-cage
to be correlated with the orientational randomization. The hopping only. An analogous argument is also valid for the
self-diffusion coefficient obtained should not agree with ZDDAY system. Therefore, the correlation time calculated
the PFG NMR results. However, the time-scale fr@m from T, accounts for the process of internal rotation only
fitting in NaY is of the order of 16’ s, which is about one  and, consequently, the self-diffusion coefficient obtained
order of magnitude slower than the site-to-site hopping loses its physical ground.
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Table 5. Self-diffusion coefficient (D) obtained from DQF
spectral analysis and other methods at 298 K

CONCLUSION

We have presented a more complete relaxation study to

Zeolite (;%?:éﬂ?es/ D ensure the evaluation of the correlation time of wobbling
(Si- Al supercage) (s ) Method motion in order to estimate the self-diffusion coefficient of
i benzene in faujastie-type zeolites. Comparisons with pre-
11 3d H
. . 1 .
NaX (1.2) 11 1x 100 PFG vious T,, T, and PFG NMR measurements were made
Nax (1.2) 1.8 3x 1(TE PEGZZ Discussions of the validity of estimation from such studies
NaX (1.2) 1 1x 1012 T3 3d were also given in terms of the motional modes involved
NaX (1.2) 3.6 < 107" Png in spin relaxations. DQF spectral analysis in conjunction
ma§ (1'? 3;88 15X ign EF F with the usual relaxation studies may be a better combina-
NZX El'zg 06 7§ 1012 DSF tion of NMR methods for characterizing the dynamics in
' ' s , the zeolite system. This study forms part of a continuing
NaY (2.7) 1 8x 10"~ Tz series of studies of NMR methods for the investigation of
NaY (2.7) 1 Ix 1012 Tg4 diffusion and adsorption in porous materials.
NaY (1.7) 1 4x 10 T2
NaY (3) 5x 10713 KMC*4e
Nay (2.4) 0.5 7x 1071 DQF Acknowledgment
NaY (2.4) 3.0 8x 10713 DQF
11 Financial support from the National Science Council of the Republic
DAY (15)a 0.8 2x 1011 DQF of China under Grant No. NSC 88-2113-M-002-00 to this project is
DAY (15) 3.9 2x 10 DQF gratefully acknowledged.
USY (40) 0.9 2x 1071 T
USY (40) 0.9 1x 10712 T
USY (40) 0.5 3x 1071 DQF
USY (407 3.2 3x 10711 DQF 1. H. Lechert,Catal. Rev. Sci. Engl4, 1 (1976).
2. R. Eckmana and A. J. Vegd, Am. Chem. Sod.05 4841 (1983).
aExtrapo|ated value. 3. D. Barthomeuf,Catal. Rev.38, 521 (1996)
4. (a) C. Saravanan and S. M. Auerbadh,Chem. Phys107, 8120

Comparison with 2H NMR exchange experiments

Isfort et al. used?H NMR exchange experiments to study
the reorientational dynamics of benzene molecules at
full occupancy of the supercages of Na&¥experimen-

tal 2D echo time-domain decay profiles were obtained.
Comparison with model calculation gives evidence for
tetrahedral-like jumps associated with the small-angle
‘reorientation’ motion for benzene molecules in the neigh-
borhood. The small-angle reorientation ofDg is inter-

preted to be due to instantaneous relaxations after the 8.

hopping of neighboring molecules in the supercages.
Although both the wobbling motion described here and
the small-angle reorientation found by Isfat al. result

in small-angle reorientation for benzene molecules on {4
adsorption sites, the former is related tQg—-SV hop-
ping whereas the latter is associated withr-S, hopping.

physical origins of the above two processes, one may
decouple these two processes. Even without intracage, .
tetrahedral jumps between adjacent sites, e.g. in the
USY samples, the wobbling motion still exists and it
is associated with intercage diffusion. However, in the
case of benzene adsorbed on C&X exchange-induced
sideband (EIS) NMR indicates the very slow diffusion
process which yields self-diffusion coefficients of the
order of 108-10m?s™? over the temperature range
338-368 K The existence of a slower motional mode
may account for the discrepancy in the diffusion coeffi-
cients observed.
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