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Reorientational and translational dynamics of benzene in zeolite NaY
as studied by one- and two-dimensional exchange spectroscopy
and static-field-gradient nuclear magnetic resonance a…
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One- and two-dimensional2H- and13C-NMR ~nuclear magnetic resonance! echo spectroscopy and
1H static field gradient NMR self-diffusion experiments have been used to study the reorientational
and translational dynamics of benzene molecules adsorbed on zeolite NaY as a function of loading.
Comparison of the data with model calculations establish that the elementary motional process of
the guest molecules is consistently identified as a jump process among well defined adsorption sites
inside a supercage and/or a jump between nearby supercages. In cases where the zeolite cavities
contain high loadings of guest molecules, each molecular jump is accompanied by concomitant
relaxation of the local environment. Molecular jump events between adsorption sites correspond to
the elementary processes from which long range translational diffusion evolves. ©2002 American
Institute of Physics.@DOI: 10.1063/1.1429646#
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I. INTRODUCTION

The dynamics of molecular guest species in zeolite ca
ties determine the properties of these materials when app
as catalysts, ion exchangers or molecular sieves.1–3 The
mechanisms of molecular mobility largely depend on b
topological restrictions of the pores and interactions w
charge balancing cationic adsorption sites associated with
zeolite framework. The present work, being a detailed ext
sion of a preceding letter,4 deals with the dynamics of ben
zene molecules adsorbed on the synthetic Faujasite-type
lite NaY.

A number of recent studies have employed solid-st
NMR spectroscopy to characterize complicated site-hopp
motions undergone by strongly adsorbed hydrocarbon m
ecules on zeolites.5–7 We have previously used2H two-
dimensional ~2D! exchange NMR experiments4 to study
slow dynamic processes of perdeuterated benzene mole
in NaY at virtually complete pore loading~5.1 molecules per
supercage!. Over the temperature range 250–270 K, the b
zene molecules were shown to undergo thermally activa
(Ea>40 kJ/mol) reorientational jumps among the~approxi-
mately! tetrahedrally arranged six-ring cation and twelv
ring window adsorption sites, the correlation times being

a!This paper is dedicated to Professor Hans Sillescu on his 65th birthd
b!Author to whom correspondence should be addressed. Electronic
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the order of a few milliseconds. Each such jump event
accompanied by essentially instantaneous relaxation of
near environment, resulting in small angle reorientations
molecules at neighboring adsorption sites. The benzene
namics were shown to be characterized by a distribution
motional correlation times, which is attributed to partial d
order of Na1 cation siting.

Most importantly, the connection between discrete m
lecular jump reorientation events and long range translatio
diffusion properties remains to be established. This is p
sued in the present paper by extending the measuremen
a wider temperature range, by reducing the concentratio
adsorbed benzene molecules, and by applying an enla
set of NMR techniques that are sensitive to local, as wel
mesoscopic, structures, and dynamics.

II. METHODS

A combination of complementary solid-state NMR tec
niques have been applied to probe and compare directly
nano- and mesoscopic guest transport properties of
benzene–NaY zeolite system. Specifically, the methods u
fall under four different categories of pulsed solid-state NM
experiments, namely~1! one-dimensional~1D! echo2H and
13C spectra;~2! 2D exchange2H and13C spectra;~3! 2D 2H
echo decay curves;~4! 1H diffusion measurements in a stat
magnetic-field gradient. Before summarizing these exp

.
il:
4 © 2002 American Institute of Physics
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ments, we describe how stochastic processes can be mo
and incorporated into functional forms that are suitable
the analysis of NMR data.

A. Stochastic processes

Following Sillescu,8 elementary molecular motional pro
cesses taking place in thermal equilibrium can be treate
stationary Markov processes. For instance, the reorienta
of a molecule from orientationV1 at a timet1 to V2 at time
t2 can be described by a conditional probability density~us-
ing the notation of van Kampen9!

P1u1~V2 ,t2uV1 ,t1!5P1u1~V2 ,tuV1,0!, ~1!

with t5t22t1 . All specific motional models are formulate
as discreteN site models~with possible orientationsV i , i
51¯N!, such that the transition probabilitiesPi j (t)
5P1u1(V i ,tuV j ,0) are found by solving a master equation

d

dt
Pi j ~ t !5 (

k51,kÞ i

N

$WikPk j~ t !2WkiPi j ~ t !%, ~2!

with the transition rateWi j . The termsWi j obey the detailed
balance condition,Wi j pj5Wji pi , with a time-independenta
priori probability pi for the occupation of sitei. If we define
the exchange matrixP by

P i j 5Wi j 2d i j (
k51,kÞ i

N

Wki , ~3!

the master equation@Eq. ~2!# simplifies to

d

dt
Pi j ~ t !5 (

k51

N

P ik~ t !Pk j~ t !, ~2a!

or, in matrix notation, usingP(t)5$Pi j (t)%

d

dt
P~ t !5PP~ t !. ~2b!

The solutionP(t) is related to the spectroscopic correlati
functions measured in 2D NMR, as shown below.

B. Reorientation models

As previously shown the benzene molecules are
pected to perform tetrahedral reorientational jumps wh
hopping from one adsorption site to a neighbori
position.4,5 The four molecular orientations, as represen
by the normal vectors of the benzene rings, can be cha
terized by a set of Euler anglesV15(0°,0°,0°), V2

5(0°,109°,0°), V35(120°,109°,0°), and V45(240°,
109°,0°). Jump exchange events that occur among these
entations are described by the rate matrix

P5S 23w w w w

w 23w w w

w w 23w w

w w w 23w

D . ~4!

From the three nonvanishing degenerate eigenvaluesL1,2,3

524w, we can deduce the correlation timetc5(4w)21.
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Because the four tetrahedrally arranged cation sites
related to the tetrahedrally arranged window sites by inv
sion at the cage center, a given orientationQ with respect to
the magnetic field direction cannot be distinguished fro
180°2Q ~see Sec. II D, below!. In this sense, ‘‘tetrahedra
jumps’’ imply the possibility that molecules will encounte
all ~cation and window! adsorption sites.

We will also consider ‘‘quasi-tetrahedral’’ jump model
where a large number of additional orientations in the vic
ity of the four tetrahedral orientations are assumed.10 Such
models serve to mimic orientational disorder in the benz
subsystem. Details will be discussed in the context of exp
mental results below.

C. Distribution of correlation times

Besides the above described orientational disorder in
benzene subsystem, structural disorder, e.g., due to a
equivalence of adsorption sites, is accompanied by a di
bution of motional correlation times.11 As will be shown be-
low, the parametrization of the experimental curves indica
that such a distribution is appropriate for the benzene–N
zeolite system. Here, we assume a logarithmic Gaussian
tribution

g~tc!} expF2
~ ln tc2 ln tmax!

2

2st
2 G , ~5!

with a width parameterst and a maximum attmax. The
mean correlation time~first moment!, ^tc&, is given by

^tc&5E
2`

`

tcg~tc!d ln tc5tmaxexp@ 3
2st

2#. ~6!

Because the functional form ofg(tc) cannot be explicitly
establisheda priori or from experiment, the assumed sha
represents a parametrization. On the other hand, the ch
of a log-Gaussian distribution is physically motivated: If th
temperature dependence oftc follows an Arrhenius type law,
tc;exp(Ea /RT), then a Gaussian distribution of potenti
wells will lead to a log-Gaussian distribution of correlatio
times.

D. Experiments

Solid-state1H, 2H, and13C NMR experiments were per
formed to obtain complementary information about the d
namic behavior of adsorbed benzene guest molecules f
the different nuclei.1H NMR measurements were conducte
in the presence of a strong static field gradient, which p
mits macroscopic benzene diffusivities to be determined
the case of2H NMR, the Larmor frequency,v0 , in the high-
field limit is given by v05vZ1vQ , wherevZ is the Zee-
man frequency, and the quadrupolar frequency,vQ

56d/2@(3 cos2 Q21)2h sin2 Q cos(2F)#. For the tempera-
tures used here, the benzene molecules undergo
(!1026 s) hexad axis rotational dynamics,5,12,13 so that the
residual quadrupolar coupling constantd52p 69 kHz, and
the asymmetry parameterh50. Under these circumstance
Q denotes the angle of the molecule normal axis relative
the applied magnetic field direction. In a powder, this lea
to the well-known Pake spectrum. In the case of13C NMR,
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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2186 J. Chem. Phys., Vol. 116, No. 5, 1 February 2002 Geil et al.
the resonance frequency is given by a similar express
v05vz(12s iso)1 1

2d@(3 cos2 Q21)2h sin2 Q cos(2F)#, ex-
cept that here,vZ is modified by the isotropic chemical shif
s iso, and the spectrum is asymmetric. At an applied field
4.23 Tesla, which corresponds to a13C Zeeman frequency o
45.3 MHz, the effective coupling constant for benzene m
ecules undergoing fast uniaxial rotation is found to bed52p
5.5 kHz andh50. Descriptions of the four specific NMR
experiments follow below:

1. One-dimensional (1D) 2H and 13C echo spectra

Following Greenfieldet al.,14 the time dependence of th
coupling tensors can be described by the general equati

d

dt
s~ t !5~ i v1P!s~ t !5As~ t !, ~7!

where the individual componentss i of s are attributed to
different molecular orientationsV i ( i 51¯N). The diagonal
matrix v contains the quadrupolar~or chemical shift! contri-
butionsv i5d/2 (3 cos2 Qi21), andP is the exchange matrix
defined in Eq.~3!. Solving Eq.~7! leads to the desired quan
tity, the powder averaged deuteron magnetization after
second pulse of the experimental 1D sequence~pulse!-t-
~pulse!

M ~ t !5^1T exp@A~ t2t!#exp@A* ~t!#s~0!&powder. ~8!

The powder average is calculated numerically following
algorithm of Aldermanet al.15 1D echo measurements yie
information about molecular jump rates that occur at f
quencies within the order of the effective coupling constand
and that are greater than the transverse relaxation rateT2

21.

2. Two-dimensional 2H and 13C (2D) exchange
spectra

Our treatment of 2D NMR spectroscopy is largely bas
upon that of Schmidt-Rohr and Spiess.16 The echo amplitude
of an idealized ‘‘stimulated echo’’ three-pulse sequen
(pulse)2t12(pulse)2t2(pulse)2t2 , is given by the fol-
lowing correlation function:

F~ t1 ,t2 ,t !5^e2 iv1t1e1 iv2t2&. ~9!

In this formulation,v1 is identified with the local frequency
at timet50 andv2 with that at a later timet. For a givenN
site model, this correlation function can be reformulated
terms of transition probabilitiesPi j (t). For example, in the
case of2H NMR, one obtains

F~ t1 ,t2 ,t !5 (
i , j 51

N

^exp@2 ivQ~u i !t1#

3exp@ ivQ~u j !t2#&powder pi Pji ~ t !. ~10!

Typically, Eq.~9! has also been expressed as a Fourier tra
form of a 2D exchange spectrumS(v1 ,v2 ,t) by

F~ t1 ,t2 ,t !5E S~v1 ,v2 ,t !e2 iv1t1e1 iv2t2dv1dv2 .

~11!

Here,S(v1 ,v2 ,t) is readily interpreted to be the joint prob
ability of finding in the ensemble the frequencyv1 at time
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n,

f

l-

e

e

-

d

,

n

s-

t50 andv2 at a later timet. 2D ‘‘exchange’’ spectroscopy is
widely used15,17 not only to gain insight into the time scale
but also into the geometries of the corresponding molec
reorientation processes. In the case of powder samples,
often encounters well-defined elliptical patterns in 2D e
change NMR spectra from which discrete jump angles
readily be determined. 2D exchange experiments extend
working regime to ultraslow molecular jumps with rates b
low the effective coupling constantd, the lower limit being
the longitudinal relaxation rateT1

21.

3. 2D 2H echo decay curves

Motivated by the formulation of the incoherent dynam
scattering functionSinc(Q,t) in quasielastic neutron scatte
ing, there is an alternative18 for representing and using Eq
~10!. Settingt15t25t implies that we detect the amplitud
of the stimulated echo only, thought still obtain the full in
formation on the molecular reorientation process. Fort@t,
in the case of2H NMR, one obtains

F~t,t !5^exp@2 i tvQ~0!#exp@ i tvQ~ t !#&, ~12!

which can be rewritten as10

F~t,t !5E
0

p

db Kb~t!R~b,t !. ~13!

Here

R~b,t !5 (
i , j 51

N

pi Pji ~ t !d~b2b i j !, ~14!

denotes the reorientation angle distribution at timet, with b i j

denoting the angle between orientationsV i and V j . The
integral kernelKb(t) contains information only on the phys
ics of the spectroscopic method and is thus independen
the motional process under investigation.Kb(t) acts as a
filter, rendering the experiment more or less sensitive to
ferent reorientation anglesb, according to the adjustable pa
rametert. Experimentally, it is worthwhile to measure th
t-dependence ofF(t,t) for a set oft-values. Here, we focus
on the normalized final state correlation

F`~t!5
F~t,t→`!

F~t,t→0!
, ~15!

which may be viewed from the perspective of quasielas
neutron scattering as a generalized elastic incoherent s
ture factor~EISF!. Finally, from inspection of Eq.~12! it can
be seen that

F~t,t !5^cos@tvQ~0!#cos@tvQ~ t !#&

1^sin@tvQ~0!#sin@tvQ~ t !#&

5Fcos~t,t !1Fsin~t,t !, ~16!

where both parts,Fcos and Fsin, can be measured indepen
dently by proper rf-pulse phasing.

4. Static-field-gradient (SFG) 1H NMR

Information on local reorientational dynamics obtain
from methods~1!–~3! can be correlated with long-range di
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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fusion data acquired using magnetic-field gradients to s
tially encode the 1H signals. In a sufficiently strong
magnetic-field gradient, the dominant dephasing mechan
arises from a spatially varying Larmor frequency

v@r~ t !#5gB@r~ t !#5gg•r~ t !, ~17!

whereg is the gyromagnetic ratio,g is the magnetic-field-
gradient vector, andr (t) is the ~possibly time dependent!
spin position vector. With Eq.~17!, the stimulated echo cor
relation function@Eq. ~12!# can be reformulated after replac
ing vQ by v@r (t)#. In the limit t@t, one can introduce the
‘‘generalized scattering vector’’Q5t g g17

F~t,t !5^e2 iQr~0!e1 iQr~ t !&. ~18!

For Fickian diffusion~i.e., a Gaussian diffusion propagato!,
one obtains

F~t,t !}e2Q2Dt. ~19!

Note that the experiment not only yields a diffusion coe
cient D, but also allows the spatial resolution to be selec
by adjustingQ. Experimental deviations from Eq.~19! Q-t-
dependence due to finite crystallite size effects can be im
tant in the NaY–benzene system and will be discussed
low.

III. EXPERIMENTAL DETAILS

Commercial binder-free zeolite NaY~Si:Al52.9; mean
crystallite diameter of~0.560.1! mm; Degussa, Frankfurt
Germany! was placed in thin-walled NMR glass tubes~outer
diameter 6 mm, length 20 mm!. The samples were heate
under vacuum (<1023 Pa) at 400 °C for about 20 h applyin
a standard heating program.19 After cooling to ambient tem-
perature, the zeolites were loaded with well defined amou
of the benzene isotopomers C6D6 ~Merck, Darmstadt, Ger-
many! or 13C12C5H6 ~Isotec, Miamisburg, USA! and subse-
quently sealed under vacuum. Compositions and descript
of the various samples are shown in Table I.

Solid-state NMR experiments were performed on th
different instruments:~a! The 2H NMR data were acquired
on a home-built spectrometer operating at a resonance
quency of v0/2p555 MHz (B058.5 T). High power rf-
pulses~p/2-pulse length'2.5ms! were used to ensure broa
band excitation. Receiver dead time effects in the 2D exp
ments were circumvented by using a five-pulse seque
with a 32-scan phase cycle.20 Temperature control wa
achieved using a flow cryostat with a long term stability
about60.2 K. ~b! The 13C NMR spectra were acquired on

TABLE I. Compositions and descriptions of the various benzene loa
NaY samples used in the experiments.

Sample #

Mean number of
benzene molecules

per supercage Description

1 1.0 99.9% perdeuterated C6D6

2 3.5 99.9% perdeuterated C6D6

3 3.5 13C12C5H6 99% 13C ‘‘single site’’
enriched C6H6

4 5.1 99.9% perdeuterated C6D6
Downloaded 06 Mar 2002 to 128.111.82.29. Redistribution subject to A
a-

m

d

r-
e-

ts

ns

e

e-

i-
ce

f

commercial ~Varian! spectrometer operating at 45.3 MH
(B054.2 T) using1H–13C cross polarization enhanceme
and dipolar decoupling during the evolution and detect
periods.~c! The 1H diffusion data were acquired on a sp
cialized home-built gradient NMR spectrometer. A key co
ponent of this spectrometer is an anti-Helmholtz-type sup
conducting magnet, which produces a magnetic field wit
~static! gradient of up to 200 T/m.21

IV. RESULTS AND DISCUSSION

A. 1D echo spectra

Figure 1~a! shows one-dimensional solid-echo2H NMR
spectra of the benzene–NaY system~5.1 molecules per su

FIG. 1. ~a! 2H echo NMR spectra of benzene adsorbed on NaY~5.1 mol-
ecules per supercage! at several temperatures. The pulse spacing was se
t520 ms. The experimental data are plotted as solid lines. Accompany
simulated spectra corresponding to the motional model~see text! are repre-
sented by the dotted plots.~b! 2H echo NMR spectrum as taken from~a! at
316 K. A fit with the tetrahedral jump model as defined by the rate ma
@Eq. ~4!#, i.e., with a single jump rate, is represented by the dashed p
while the dotted line represents a fit including a distribution of correlat
times @Eq. ~18!#. Best fit parameters:tmax53.9ms, st51.5 decades.

d
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percage! at several selected temperatures. At room temp
ture, the spectrum consists of a typical Pake pattern wit
splitting of Dn569 kHz, along with a superimposed narro
peak in the center. With increasing temperature, the cen
line exhibits a constant width and grows in intensity at t
expense of the broad spectrum, which also gradually chan
its shape.

The low temperature NMR powder patterns are typi
of benzene molecules performing rapid hexad axis reorie
tions ~as discussed in Sec. II D above!. The changes of the
spectral line shape at higher temperatures are consistent
additional reorientations of the sixfold symmetry axis, as
adsorbed benzene molecules jump among tetrahedrally
ranged cation and window sites. Figure 1~b! shows fits of the
316 K spectrum using such a tetrahedral jump model wit
single correlation time~dotted line! and a log-normal distri-
bution of correlation times@Eq. ~5!# covering a width ofst

51.5 decades~dashed line!. There is a nearly perfect agree
ment between the model and the data across a wide tem
ture range@Fig. 1~a!# demonstrating the appropriateness
the jump model.

Figure 2 shows 1D13C echo NMR spectra obtained a
several selected temperatures. The dashed lines again c
spond to simulated spectra of benzene molecules in r
hexad motion with additional tetrahedral jumps and a co
lation time distribution as before, though with a narrow
distribution of about 1.0 decade in width. Excellent agre
ment between simulation and experiment is observed fo
loadings studied in this work, supporting the tetrahedral m
lecular jump model. The mean correlation times evalua
from these fits~Fig. 7! will be discussed below.

FIG. 2. 13C echo NMR spectra of benzene adsorbed on NaY~3.5 molecules
per supercage!. The pulse spacing was 200ms. Solid lines: Experimenta
data; dashed lines: simulated spectrum for a tetrahedral jump model w
distribution of correlation times,st<1 decade.
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B. 2D echo spectra

Figure 3~a! shows the 2D exchange2H NMR spectrum
S(v1 ,v2 ,t) @Eq. ~11!# and Fig. 3~b! the corresponding con
tour plot obtained for benzene/NaY at 250 K containing 5

a

FIG. 3. ~a! 2D exchange2H NMR spectrum of benzene adsorbed on Na
zeolite~5.1 molecules per supercage! for a mixing time oftmix520 ms; ~b!
corresponding contour plot;~c! calculated contour plot for discrete well
defined tetrahedral jumps, and~d! for a Gaussian distribution of jump angle
with a full width at half maximumD56° around an exact tetrahedral ang
~109.5°!.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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adsorbed C6D6 molecules per supercage~sample #4!. As re-
ported previously,4 the spectrum can be reproduced using
tetrahedral jump model that leads to the elliptical patte
shown in Fig. 3~c!. However, comparison of the simulate
spectrum for the sharp tetrahedral jump motion with the
perimental spectrum@Fig. 3~b!# shows some intensity differ
ences, particularly alongside the diagonals near the cent
the 2D plots. A significantly better match to the experimen
spectrum is achieved by incorporating a distribution of reo
entation angles into the simulation. A Gaussian distribut
@full width at half maximum~FWHM! D56°# of reorienta-
tion angles about the tetrahedral angle was employed.
width is necessary to account for the intensity near the d
onal@Fig. 3~d!#. Omitting this distribution@Fig. 3~c!# leads to
sharper contours and poorer agreement with the experime
data.

Figure 4 shows experimental and simulated13C NMR
spectra of sample #3~3.5 13C12C5H6 ‘‘single site’’ enriched
benzene molecules per NaY supercage!. Again, the tetrahe-
dral jump model with a jump angle distribution@D516°, Fig.
4~d!# produces a better match to the experimental data t
the exact tetrahedral-jump model@Fig. 4~c!#. These results
provide consistent evidence for a distribution of molecu
jump angles in the fully~5.1 molecules per supercage! and
intermediate~3.5 molecules per supercage! loaded benzene–
NaY zeolite samples.

C. 2D echo decays

2D 2H echo time domain measurementsF(t,t) @Eqs.
~12!, ~13!, ~16!# provide a more quantitative basis for an
lyzing the molecular jump angle distributions. At the highe
loading ~5.1 benzene molecules per NaY supercage, sam
#4!, a distribution of jump angles has previously been est
lished with ~D55°–7° FWHM! about an exact tetrahedra
angle.4 Further, there is a distribution of correlation time
which can be described by a Kohlrausch exponent ofbK

FIG. 4. 2D exchange13C NMR spectra of benzene adsorbed on NaY zeo
~3.5 molecules per supercage! at 188 K. Mixing times were~a! 1 ms and~b!
300 ms. Simulated final-state spectra are shown for the sharp tetrah
jump model~c! and for a Gaussian distribution of jump angles withD516°
~FWHM! around an exact tetrahedral angle~d!.
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'0.7 or, equivalently, by a width parameter ofst'1 de-
cade. From thet-dependence of the mean correlation tim
^tc&, it has been proposed that small angle relaxations of
local environment of a benzene molecule occur just afte
tetrahedral jump event.

The jump angle and the correlation time distributio
both likely arise due to the dynamic disorder present in
benzene subsystem. This is substantiated by 2D echo d
data on NaY zeolite samples with different concentrations
adsorbed benzene. Both contributionsFcos(t,t) and Fsin(t,t)
to F(t,t) @Eq. ~16!# have been measured on sample #2~3.5
C6D6 per supercage! and Fcos(t,t) on sample #1~1.0 C6D6

per supercage!, with the geometry parametert varied be-
tween 1 and 100ms. As previously found,4 the time-
dependent2H decay curves reveal two regimes, one due
molecular motion and a second arising from spin-lattice
laxation. Parametrization with

Fcos/sin~t,t !5H A~t!expF2S t

tK~t! D
bK~t!G1B~t!J e2t/T1,

~20!

yields final-state correlations

F`
cos/sin~t!5

B~t!

A~t!1B~t!
, ~21!

which are shown in Fig. 5. The figure also contains cal
lated final-state curves modelled with perfect and distor
tetrahedral jumps. Distorted tetrahedral reorientations
modelled by a Gaussian broadening of the sharp contr
tions in the tetrahedral jump angle distribution. The plo
indicate that orientational disorder characterized by a Ga
ian width parameter ofD516° fits both samples best. A
lower benzene loadings, the reorientation angle distributi
are thus broader, indicating that the tetrahedral symmetr
the benzene adsorption sites is more distorted at lo
coverages. The stretching parametersbK(t) for samples #1
~1.0 C6D6 per supercage!, #2 ~3.5 C6D6 per supercage!, and
#4 ~5.1 C6D6 per supercage! have been shown4 to be inde-
pendent oft and equal to' 0.7. This corresponds to
Gaussian correlation time distribution width of about 1 d
cade, which is consistent with the 1D2H echo analyses dis
cussed above.

Turning to thet-dependence of the ‘‘Kohlrausch’’ time
constanttK ~Fig. 6!, a significantly different behavior is ob
served for sample #1~1.0 C6D6 per supercage!, compared to
samples with higher loadings, such as sample #2~3.5 C6D6

per supercage!, and #4~5.1 C6D6 per supercage!. This dif-
ference at low adsorbate concentrations is one of key res
of this work and will be discussed in detail below. As h
been pointed out in Ref. 18, the integral kernelKb(t) @see
Eq. ~13!# renders the experiment, at small values oft, highly
sensitive to large angle reorientations only and, at la
t-values, sensitive to small angle reorientations as well
quantitative fit to the experimental resultstK(t) for the
highly loaded sample #4~5.1 C6D6 per supercage! with a
model assuming two time constants,t1 for well-defined tet-
rahedral jumps, andt2 for concomitant small angle jumps
was performed and discussed in Ref. 4. The best fit w
obtained fort1 /t2>2, which was interpreted to arise from

ral
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small angle adjustments by approximately two adsor
molecules in response to a tetrahedral jump made by ano
molecule. This is further supported by the observation th
apart from a temperature-dependent scaling factor,tK(t) is
the same at all temperatures. It is not surprising thattK(t) is
essentially the same for both sample #2~3.5 C6D6 per super-
cage! and sample #4~5.1 C6D6 per supercage!, but different
for sample #1~1.0 C6D6 per supercage!. Sample #1 has on
average a single benzene molecule in each supercage,
lacking other neighboring adsorbed molecules in the sa
cage to relax. Experimentally, this is reflected by t
t-independence oftK .

By examining the temperature-dependence of the m

FIG. 5. Final-state values of the 2D2H echo decay curves:~a! F`
cos(t) and

~b! F`
sin(t) of sample #2~3.5 benzene molecules per NaY supercage! and~c!

F`
cos(t) of sample #1~1.0 molecules per supercage!. The experimental data

as obtained from the parametrization of Eqs.~20! and~21!, are indicated by
the symbol~d!. The curves are the result of model calculations for differe
values ofn, which parameterize the width of the jump angle distributio
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tional correlation timeŝtc&, Arrhenius-type activation ener
gies can be determined for the slow tetrahedral molec
jump processes. As far as the 2D echoes are concerned,
values have been assigned to the geometry param
t ~2H-NMR: t510 ms; 13C-NMR: t5160 ms!, which are
small enough to ensure that tetrahedral jumps dominate
decays. Figure 7, as discussed above, summarizes the c
lation time datâ tc& from the 1D NMR spectra and 2D ech
decays, discussed in Secs. IV A and IV B, respectively.

The figure clearly demonstrates the complementary co
bination of the two methods, which enlarges the dynam
range of the measurements up to almost five decades. O
the temperature range 170–350 K, all samples disp
Arrhenius behaviors, indicating that thermally activated m
lecular dynamic processes dominate in this tempera
regime. The highest and lowest loaded samples have bee
to purely Arrhenius functions,̂tc&

21 5t`
21 exp@2Ea /RT#,

whereEa is the apparent activation energy andt`
21 is the

corresponding pre-exponential factor. In the case of the
termediately loaded sample, 3.5 molecules per superc
lower temperatures were probed, revealing that^tc&(T) lev-
els off at reduced temperatures~below 160 K!. This is attrib-

t
.

FIG. 6. ‘‘Kohlrausch’’ time constantstK(t) measured for benzene adsorbe
on NaY zeolite at average bulk loadings of 1~sample #1! and 3.5~sample
#2! molecules per supercage, obtained by parametrization of the meas
stimulated echo decay curves with Eq.~20!.

FIG. 7. Mean motional correlation times of benzene molecules underg
tetrahedral jumps as a function of inverse temperature at different ben
loadings. 1.0 molecules per supercage:n—2H 1D echo,L—2H 2D echo
decay; 3.5 molecules per supercage:d—13C 1D echo,j—13C 2D echo
decay; 5.1 molecules per supercage:s—2H 1D echo,h—2H 2D echo
decay. The straight lines are Arrhenius fits to the data.
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uted to temperature-independent spin diffusion, which
previously been examined in detail for the benzene–Ca-L
zeolite system.5 This is further supported by the observatio
that in this regimebK tends to increase toward a value
unity. @Spin diffusion~SD!, which is due to pair-wise dipola
interactions, is relatively insensitive to disorder.# For the in-
termediately loaded sample, therefore, a temperat
independent spin diffusion ratetSD

21 has been added,^tc&
21

5t`
21 exp@2Ea /RT#1tSD

21, which yields the correspondin
best fit curve. Table II summarizes the fit parameters
results which will be discussed in more detail below.

D. Intracrystallite diffusion

Determining diffusivities of guest molecules in zeolit
with small crystallite dimensions~,1 mm! is usually diffi-
cult. This is because the magnetic-field gradients used
conventional pulsed-field-gradient~PFG! NMR methods are
often not strong enough to identify intracrystallite diffusio
Under such circumstances, PFG measurements may inc
contributions from intra- and intercrystallite diffusion. As
consequence, it is necessary to analyze the experime
data22 in terms of diffusion models, which include bounda
conditions at the crystallite surface.23–25 However, such re-
sults depend inherently on the adoption of a suitable mo
and thus issues of uniqueness remain.

An alternate approach is to use very high sta
magnetic-field gradients to allow smaller~,1 mm! molecular
displacements to be probed, so that only the intracrysta
contribution to diffusion is relevant.18 For sufficiently large
Q-values, the difficult-to-characterize boundary effects
come unimportant, such that Eq.~19! holds in an asymptotic
limit. In this case, the diffusion path lengths become sh
enough to measure intracrystallite translational diffusi
Here, this limit is approached, though not completely so,
established by static-field-gradient NMR measurements
formed over a wide range ofQ-values.

For intracrystallite Fickian diffusion andt@t, F(t,t)
would be given by Eq.~19!. Often, however, the condition
t@t cannot be fulfilled experimentally. In such cases, o
can overcome this limitation by introducing an effective d
fusion time,t12t/3 that leads to26

F~t,t !5exp@2g2g2t2D~ t12t/3!#. ~22!

Accounting for T1- and T2-relaxation, the stimulated ech
amplitudeM is related toF(t,t) via

M ~t,t !}F~t,t !e22t/T2e2t/T1. ~23!

TABLE II. Experimental activation energies and preexponential factors
tetrahedral jump processes undergone by benzene molecules adsorb
NaY zeolite at different loadings.

5.1 molecules per supercage Ea544.560.5 kJ/mol
t`5(4.660.8)310212 s

3.5 molecules per supercage Ea538.460.3 kJ/mol
t`5(0.7860.13)310212 s
tSD50.6860.04 s

1.0 molecules per supercage Ea538.864.2 kJ/mol
t`5(0.2260.10)310212 s
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Because of the notoriously low sensitivity of static-fiel
gradient NMR,27 diffusion measurements have been limit
to the protonated sample #3~3.5 13C12C5H6 benzene
molecules/supercage!. Figure 8 shows a typical benzene1H
NMR stimulated echo decay curve measured in a magne
field gradient of 175 T/m and its accompanying fit obtain
using Eqs.~22! and ~23!. The T1-parameter was measure
independently using a saturation recovery pulse sequenc
the gradient spectrometer. In this way, theQ-dependence of
the apparent diffusion coefficient at two different tempe
tures was determined, as shown in Fig. 9. In these exp
ments, theQ values have been adjusted by either varying
evolution time, t, within the range permitted by
T2-relaxation @e.g., T25920(20)ms at 450 K# and/or by
changing the gradient strength,g. The strong decrease of th
apparent diffusion coefficient with increasingQ reflects the
influence of the crystallite grain boundaries. From Fig.
alone it is not obvious how to deduce the intracrystall

FIG. 8. Stimulated echo decay of the1H NMR signal measured at 390 K fo
benzene–NaY~3.5 molecules per supercage, sample #3! at a resonance fre-
quency of 75 MHz in a static magnetic field gradient ofg5175 T/m ~evo-
lution time t5400 mm, corresponding toQ5t g g518.7mm21!. The data
were fitted using Eq.~23!.

FIG. 9. Apparent benzene diffusion coefficientsD(Q) measured for
benzene–NaY, 3.5 benzene molecules per supercage~sample #3! at 390 and
450 K and using different static field gradient strengths of 38 or 175 T
The diffusivities have been extracted from fits of the data using Eqs.~22!
and ~23!.
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diffusion coefficient quantitatively. TheD(Q) data level off
into a constant plateau value at aroundQ* >10mm21 which
corresponds to a crystallite size of~very roughly! 2p/Q*
>0.6mm, a value which is in reasonable consistency w
that known from scanning electron microscopy. In this sen
the data at the highestQ-values represent an estimate of t
upper bound for the intracrystallite diffusion coefficie
D(T).

E. Discussion: Diffusion and local dynamics

For establishing a unified picture that is consistent w
both the microscopic and mesoscopic data, the diffusion
efficientD can be traced back to elementary jump proces
which yield28,29

D5 1
6Wa2, ~24!

whereW is the mean jump rate of a benzene molecule fr
an adsorption site into the center of a neighboring superc
anda is the distance between neighboring supercages. F
structural data,a is known to be' 1.1 nm.30

Assuming thatW is proportional to the jump rate ob
served in local spectroscopy

W5~1/a!w, ~25!

and insertingw51/(4tc) @Eq. ~4!#, we can relateW and,
therefore,D to the experimental correlation timestc accord-
ing to

tc
215a24D/a2. ~26!

The proportionality factora depends on the jump mecha
nism. If the SII Na1 cations are the energetically favore
adsorption sites and jumps from a window to SII sites
governed by a low activation energy,31,32 then w5wSII→w

leads to a dominant rate relevant for diffusion withW
52w. ~The factor of 2 accounts for the fact that four wi
dow sites are accessible and the probability to jump from
window site into a neighboring supercage is 1/2.! In other
words,a51/2. Note that other jump mechanisms may lead
slightly different values ofa.

Under the above assumptions Eq.~26! allows the mea-
sured diffusion coefficients~as extrapolated from Fig. 9! to
be converted into elementary jump correlation times a
compared to those obtained from 1D and 2D NMR spectr
copy, Fig. 10. The solid line in Fig. 10, which represents
Arrhenius fit to the local jump rates~using the parameters o
Table II!, is extrapolated into the temperature range of
diffusion data. Despite the uncertainty in the diffusion da
the rates obtained from local spectroscopy measurem
look qualitatively consistent with the assumptions leading
Eqs. ~25! and ~26!. However, the fact that the extrapolate
local jump rates roughly agree with those obtained from d
fusion data should not be overinterpreted. Qualitatively, o
may conclude that the jumps observed in local spectrosc
might be the elementary processes responsible for long-ra
diffusion and that the low temperature activation energy p
sists up to the diffusion-dominated regime. However, fi
conclusions concerning the associated activation barr
cannot meaningfully be made, based on the two diffus
data points available.
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V. CONCLUSIONS

Application of complementary 1D and 2D solid-state2H
and13C NMR spectroscopy techniques leads to a consis
picture of the dynamics and transport properties of benz
molecules adsorbed on NaY zeolite. The exchange of b
zene molecules among the tetrahedrally arranged adsorp
sites results in reorientations of the molecular symme
axes, which are detected in the NMR experiment. The re
entation angles differ from an exact tetrahedral jump proce
due to site occupancy disorder in the guest system. This k
of orientational disorder is less pronounced at higher lo
ings. A detailed analysis of the data indicates that sm
angle reorientations accompany the tetrahedral jumps. Th
small angle jumps stem from a rapid adjustment of the o
entations of neighboring molecules adsorbed in close pr
imities to the molecule undergoing a tetrahedral jump eve
At a sufficiently low bulk loading~e.g., 1 molecule per su
percage!, no accompanying small-angle molecular reorien
tions are observed, consistent with the relatively low pro
ability of finding molecules near one another at lo
coverage. The 2D echo correlation functions decay nonex
nentially. This is interpreted in terms of a distribution
tetrahedral jump rates, which is observed in 1D NMR ec
line shapes as well.

Using strong static-magnetic-field gradients, we ha
been able to estimate limits for intracrystallite benzene s
diffusion. Comparisons of the diffusion coefficient~s! with
the local jump rate suggests a common origin of both
namic processes. Finally by using static-field gradients
almost 200 T/m, new experimental limits have been reac
in the effort to examine macroscopic intracrystallite transp
of guest hydrocarbon species. Yet, for the small~submicron!
NaY crystallites used in the present study, the diffusion
sults remain influenced by crystallite boundary effects a
intercrystallite contributions. While little more can be don
to extend the gradient NMR approach using current techn
ogy, there may be several ways to approach this challe
These include using larger crystallite sizes~.1 mm!, in com-
bination with strongly adsorbing guest molecules that diffu
slowly, and lower temperatures. Another possibility would
to use an approach that would enable largerQ values to be

FIG. 10. Elementary jump rates of benzene molecules adsorbed on
zeolite, 3.5 molecules per NaY supercage,~sample #3! obtained from static-
field-gradient NMR~j!, 13C 1D echo line shapes~d! and 13C 2D echo
decay curves~s!. The full curve results from a fit to the low-temperatu
data with parameters taken from Table II.
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reached, such as combining NMR and quasielastic neu
scattering methods. An alternative approach to the prob
might be based on an understanding of crystallite surf
effects themselves. A more detailed understanding of the
lecular dynamic and macroscopic diffusional processes
guest species in zeolites will require continued developm
of improved experimental and theoretical capabilities.33
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