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Zeolite

A. Gédéon,"8 D. E. Favre, D. Reichert* J. MacNeil," and B. F. Chmelka*®

Department of Chemical Engineering, Warsity of California, Santa Barbara, California 93106, and
Fachbereich Physik, Martin-Luther Upersitd Halle-Wittenberg, 06108 Halle, Germany

Receied: March 18, 1999

Slow jump reorientation dynamics of benzene molecules adsorbed oiY &golite (Si/Al= 2.4) have been
investigated using solid-state nuclear magnetic resonance (NMR) spectroscopy. Multidimensional exchange
3C NMR technigues establish that the benzene jump angle distribution is broad and that multiple benzene
reorientation rates exist for site exchange among different local environments. Modettgofi'*’C NMR

line shapes yields an apparent activation energy ot32 kJ/mol and a preexponential factorlaf= 2 x

10°° s (+1/, decade) for the complicated molecular reorientation motions underlying benzene site-hopping
dynamics in Ag-Y zeolite.

Introduction

The dynamics of guest molecules adsorbed within the cavities
and channels of crystalline zeolite catalysts and adsorbents
strongly depend on the structure and chemical composition of
the zeolite, as well as on the molecular properties of the adsorbed
species. A variety of hostguest interactions are possible, such
as steric hindrance or an attractive interaction between an
extraframework cation in the zeolite and theelectrons of an
adsorbed aromatic moleculeThese hostguest interactions
affect the transport of adsorbed molecules; reported diffusion
coefficients for molecules adsorbed in zeolites span 12 orders
of magnitude, from 10?° to 108 m?s, depending on the
particular combination of zeolite structure, composition, tem-
perature, and adsorbate gugstDifferences in adsorption and
mass transport properties are exploited in separations processes
and to alter selectivities in zeolite-catalyzed reactiohislow-
ever, the molecular origins of these macroscopic properties have
generally been difficult to elucidate and are poorly understood.

In this respect, the application of exchange NMR methodologies -
can provide new insight into the molecular origins of guest Figure 1. Schematic diagram of a single supercage cavity of-Xg

transport properties’8 even in systems with appreciable zeolite containing benzene molecules adsorbed above drcatipn
disorder? such as AgY zeolite. located at an Sl cation site and at a window site. Additional adsorption

sites may also exist in this system, such as at SlII cation positions, one
of which is shown.

Silver-exchanged zeolites are useful catalysts for the epoxi-
dation of ethylene, and these zeolites also have interesting
electrical and optical propertié8.Silver cations can exhibit Because benzene interacts strongly with catiomeyaframe-
unusually strong interactions (through participation of silver's Work cations serve as the primary sites for benzene adsorbed
d-electrons) with certain adsorbed species, such as ethylene oPn faujasite-type zeolites (compared to window sites, which are
xenon (but apparent]y not benzeﬁé}? For examp|e, ethy|ene relatively unfavorable, see Figure l:E).ThUS, the locations of
adsorbs much more strongly on faujasite-type zeolites that areAg™ cations are important factors to the present study of benzene
silver-exchanged compared to those that are calcium-exchéiiged. reorientation geometries and dynamics on-Agzeolite. Silver
In contrast, the reverse situation applies for benzene, ashas been shown by X-ray diffraction to occupy Sl sites within
evidenced by the more rapid reorientation dynamics of benzenethe supercage cavitié$,as shown schematically in Figure 1.
on Ag-Y presented here, compared to benzene reorientationAdditionally, 2°Xe NMR results imply that a small number of

dynamics on CaLSX and Ca-Y zeolites*? Ag™ cations are located elsewhere in the supercage catdties.
While additional Ag cations are not observed in Ay
* To whom correspondence should be addressed. supercage cavities by powder X-ray diffraction, there is evidence
T University of California. _ for cations at SllI sites in AgX.'* Determining the location
" Martin-Luther UniversitaHalle-Wittenberg. of the Ag' cations is made more difficult by the tendency of

§ Permanent address: Laboratoire Chimie des Surfaces, UnivRieite . . .
et Marie Curie, CNRS-ESA 7069, 4, place Jussieu, 75252 Paris Cedex 05,the silver species to form clusters in these systems, a process
France. that can be mitigated by careful sample preparation to avoid
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reduction of Adg cations!41%>While the Ag" cations serve as A bulk loading of about two benzene molecules per supercage
the primary sites for benzene adsorption, less favorable siteswas subsequently introduced into each of the samples from bulbs
exist in the 12-ring windows connecting adjacent supercage that had been volumetrically loaded in a glovebox under a
cavities!® A further complication is that adsorption of benzene nitrogen atmosphere. The samples were then cooled with liquid
can perturb the positions of the extraframework catiGh4® nitrogen and flame-sealed in glass ampules, after which they
To assess the adsorption and transport properties of nanowere placed in an oven at 373 K for 12 h to distribute the
porous solids, such as the benzenefAXgsystem, a number of  benzene throughout each samffi@ne sample was loaded with
experimental techniques can be used to probe a wide range ofperdeuterated benzem#¢enriched at all six hydrogen sites),
complementary time scales. Incoherent quasi-elastic neutronand a second sample was loaded with ben2é@eenriched to
scattering measurements probe rapid 3@ 1078 s) molecular 99% at a single ring sit& The use of isotopically labeled
reorientation processééwhile the distortion of?H and 13C benzene, as opposed?te and!3C in natural abundance (0.015%
NMR line shapes are sensitive to slower time scales® 16 and 1.1%, respectively), was necessary to ensure sufficient signal
10% and 10°to 1073 s, respectively® Muon spin resonance intensity to obtain NMR spectra within reasonable measurement
has recently been employed by Roduner and co-wotkéns times. For the case dfC, enrichment at a single ring site,

probe reorientation time scales of F0to 107 s for radical instead of all six carbon sites, represents a compromise between
species adsorbed on zeolites. Modeling various NMR relaxation further enhancement of the NMR signal intensity and undesir-
processes, such as, Ty, or Ty, allows time scales from 18° able broadening dfC NMR signals due to homonucle®C—

to 104 s to be studied® though the interpretation of the 13C dipolar couplings.

relaxation times and line shapes requires a model of the MR Experiments. All 13C NMR experiments were per-
molecular motion that is generally nonunigtfeTo measure  formed on a Chemagnetics CMX-180 spectrometer operating
reorientation time scales and geometries in the ultraslow regime gt 45 3 MHz for3C and 180.1 MHz forlH. Magic-angle
(103to 1@ s) directly, exchange NMR techniques have recently spinning (MAS) spectra were acquired using 7.5-mm diameter
been ada}pted fpr zeolite/guest systtm3and are applled here.  zirconia PENCIL rotors with the samples spinninguat= 27
Two-dimensional (2D) exchangéC NMR and stimulated  » 1500 Hz at temperatures between 185 and 366 K. The
echo measuremedtsare used to quantify the distribution of  reported temperatures are corrected values based on calibrations
reorientation geometries and slow 1072 s) time scales for  ith methanol €311 K) and ethylene glycoX 311 K)23 The
ben;ene jump reorientation processes occurring or-Ag  spectra were recorded using high-power proton dipolar decou-
zeolite at low temperature<(193 K). Reduced three- (3D) and  pling (DD) with the one-pulse sequence shown in Figure 2a.
four-dimensional (4D) NMR techniques provide additional The13C 7/2-pulse length was és, and recycle delays ranged

details about the reorientation motions, including the relative fom 10 to 20 s. For each spectrum, 1024 complex points were
rates of small-angle versus large-angle reorientation motions, 5cquired with a dwell time of 3@s.

as well as the rate exchange of benzene molecules within the
observed reorientation rate distribution. At higher temperatures
(253-353 K), modeling of'3C magic-angle spinning (MAS)
and?H NMR line shapes is used to characterize more rapid
(1075 to 1073 s) reorientation dynamics. Benzene molecules
adsorbed on AgY zeolite participate in a diverse range of
reorientation processes, which result in a broad distribution of
site-hopping geometries and rates that can be quantified usin
these complementary techniques.

Static two-dimensional (2D) exchan#€ NMR spectra were
recorded in off-resonance mode using a standard cross-polariza-
tion (CP) pulse sequené&?*shown in Figure 2b. Transverse
13C magnetization was created by cross-polarization from nearby
protons and allowed to evolve under proton decoupling during
the evolution time;. The3C magnetization was subsequently
stored along the-axis by an/2-pulse, which initiated the mixing
Ytime t. Depending upon the phase of this fit3€ z/2-pulse,

the amplitude of either th&os1t;)or [$in(wat;)Ccomponent
was stored. Molecular reorientation motions can take place
during the mixing period, thereby altering the NMR frequencies.

Sample Preparation. Commercial NaY zeolite (Union 13C NMR signals were measured during the detection tigne
Carbide LZY52, Si/Al= 2.4) was successively ion-exchanged under conditions of dipolar decoupling, following the second
three timesn 1 M Ag(NQs) solution at room temperature, in  3C zr/2-pulse, which restorédC magnetization to the transverse
the dark and under reflux conditions for 12 h using 25 mL of plane. A refocusingr-pulse was used to create a Hahn echo in
solution/g of hydrated zeolite. After each ion exchange, the the detection period, to overcome the dead time of the receiver.
solution was filtered, and the solid was washed 10 times with A stimulated echo occurs at the tinig = t;. For the 2D
distilled water. The powder X-ray diffraction pattern of the Ag- exchange NMR experiment, a 2D data d€ts,to;tm) was
exchanged powder showed that the material possessed the sangenerated by repeating the experiment with incremented values
faujasite structure as the initial N& material, with no of the evolution timet; while keepingt, constant. Fourier
detectable features from impurity phases. The degree of silvertransformation with respect to the two timgsandt, yielded
ion-exchange was greater than 98%, as determined by elementathe two-dimensional exchange spectr8fwi,w;tm), which

Experimental Section

analysis. The?®Si MAS NMR spectrum of AgY product correlates the frequencies before and after the mixing time. A
confirmed that the material had a Si/Al ratio of 2.4. 32-scan phase cycle was used to suppress spectral artifacts,
After the samples were dehydrated under vacuutQ(3 arising mainly from signal contributions created by splattice

Pa) at room temperature, the samples were heated slowly (0.75elaxation during the mixing time. Spectra were acquired at
°C/min) to 573 K and exposed to oxygen gas at a pressure oftemperatures of 163, 183, and 193 K. Th-pulse lengths
400 Torr. The samples were then slowly heated to 673 K and for *H and*3C ranged between 4.5 and 4:8; CP contact times
maintained at this temperature f©h under oxygen, after which ~ of 10—12 ms were used, and recycle delays varied from 6 s
they were evacuated<(L0~3 Pa) at 673 K for at least 12 h. The (193 K) to 15 s (163 K). A typical delay time between the two
samples were then cooled to room temperature. The resultingpulses of the Hahn echo sequence in the detection period was
zeolite samples were white, indicating the absence of reduced70us. In the detection period, 128 complex points were acquired
silver clusters. with a dwell time of 15us; 40 points in 3Qts increments were
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1 extraction of reorientation time scales from static 2D exchange
H | DD spectra, on-resonance stimulated echoes tith t; = 50 us
(a) were acquired at temperatures of 153, 163, 173, 183, and 193
186 ”_ K. All 13C echo data were corrected foj felaxation, which
varied between 12 s (193 K) and 17 s (153 K).

Static three-dimensional (3DPlfference CCOrrelated ex-
change spectroscoffy(DICO) 13C NMR spectra were recorded
in on-resonance mode using the pulse sequence shown in Figure
2d. DICO!3C NMR spectra were acquired at a temperature of
. 193 K, with a first mixing timety, = 1000 ms and second
” t mixing timestyn, = 1, 10, 100, and 500 ms. The/2-pulse

2 lengths for'H and 13C were 4.5 and 4.&s, the CP contact

time was 10 ms, and the recycle delay was 6 s. Two separate
time-domain signals were acquired, each with a 32-scan phase

H |CP| DDI | DD l DD cycle given in ref 26. Fourier transformation and addition of

the signals resulted in a 2D spectrwg,ws;tmatmn) that is

DD
(© equivalent to a projection of a 3D exchange spectrum. A Hahn
13 t. Nt t. 1t t. Nt t echo was used to overcome the dead time of the receiver, with
¢ IEI ! ” maJ] 2" mb " 3” me ”ﬂ 4 a typical delay time between the two pulses of 138 In the
detection period, 64 complex points were acquired with a dwell
time of 50us; 35 points in 5Q:s increments were measured in
H |cp| DD| m DD the evolution period. Prior to Fourier transformation, both data
(d) arrays were zero-filled to dimensiong (=w1 — w2) x w3z =
128 x 128. The two data sets were combined to yield a 2D
8¢ t ” tma[l ty " fme] ﬂ ty projection of a 3D spectrum with a spectral width of 2 20
kHz in both thewy and ws dimensions.
Static?H NMR spectra were acquired using the solid-echo
(e) pulse sequence shown in Figure 2e to overcome the dead time
’H H_H_ of the spectrometer receiver. Measurements were performed on
a Chemagnetics CMX-500 spectrometer operating at 76.5 MHz
Figure 2. Schematic representations of the radio frequency (1) pulse for 2H, at temperatures between 293 and 368 K2H\x/2-
sequences used in this study. (a) The one-ptHSeNMR experiment pulse length of 3.Ls and a pre-echo delay of & were used.

with high-power proton dipolar decoupling (DD) during acquisition. .
(b) The cross-polarization (CP) pulse sequence for two-dimensional Recycle delays varied from 3 to 4 s. Normally 128 complex

(2D) exchangéC NMR and stimulated echo measurements. (c) The POiNts with a dwell time of Gus were acquired.
pulse sequence for reduced four-dimensional (4D) e&@oNMR Theorv and Methods

measurements. The NMR signal surviving the first stimulated echo at y

t = t1 undergoes a second stimulated echo at tigve ts. (d) The A brief introduction to the NMR experiments used in this
pulse sequence for the three-dimensional (3D) DIEG NMR study is provided below. For more background on these

experiment. Two-dimensional data sets are generated by incrementingtechniques the reader is referred to NMR texts. such as refs 21
the timest; andt, simultaneously, while keepinig, andtm, constant. and 24 ' '

(e) Solid-echo sequence for on-resonance acquisitioAHoNMR ) . . . .
spectra. Orientation Dependence of Anisotropic NMR Frequencies.

In the solid state, NMR frequencies depend on the orientations
measured in the evolution period. Prior to Fourier transforma- of molecules or molecular segments relative to the external
tion, the data array was zero-filled to dimensiong & w;) = magnetic fieldBo, due to the anisotropy of the nuclear spin
256 x 512 and Gaussian damping of 800 Hz was applied in interactions. These orientation-dependent interactions are de-
both dimensions. The final spectrum, with a spectral width of scribed by second-rank tensors. For the case of alsgirt/,

27 x 16.7 kHz in both dimensions, was obtained by cutting nucleus, such a33C, the anisotropy of the chemical shift
the 2D array to dimensions 128128 and discarding th&s of interaction leads to an angular dependence of the NMR
the 2D Fourier transform that contains either only baseling ( frequency given by
or the completely equivalent spectrum in the dimension. P

The time-domain signals for the 2D exchanf€ NMR ' () = 0o+ 5(3 co$ f— 1 —ysinfcos(@) (1)
spectra acquired in off-resonance modd at 193 K contain
stimulated echoes that provide information on molecular wherew;s, denotes the Larmor frequency including the isotropic
reorientation geometries. Time-domain stimulated echo signalschemical shift,d specifies the coupling strength, and the
were also acquired on-resonancevgb = 126 ppm afl = 193 asymmetry parametey represents the deviation from axial
K and using the pulse sequence shown in Figure 2b. To symmetry about the-axis of the coupling tensar. The polar
characterize time scales (or rates) for large-angle molecularanglesa and g describe the orientation of the magnetic field
reorientation motions (see belowt),= t, = 150 us was held B, in the principal axes system of the interaction tensofhe
fixed and the mixing time,, was varied. As a probe of the principal axes system for the generally dominating intra-
molecular reorientation rate distribution (see below), reduced molecular interactions is determined by the local symmetry of
4D echo signals were acquired using the pulse sequence showithe molecule in the vicinity of the nucleus under study. In the
in Figure 2c, witht; = t; = t3 = t, = 150 us held fixed, the CeHe/Ag—Y system, benzene molecules spin rapidly about their
mixing timestma = tme Set to 220 ms, anth, varied. In the 6-fold axes, anisotropically averaging the chemical shift tensor
reduced 4D echo pulse sequence, a Hahn echo was used tof each molecule and yielding C spectrum withy = 0.
overcome the dead time of the receiver. To complement the Therefore, only the angl@ between the-principal axis of the
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chemical shift tensor (directed, in the case of benzene, along
the 6-fold symmetry axis of the molecule perpendicular to the (a) fm= 1 me
ring plane) and the external magnetic field is relevant: | T=103%K

0(B) ~ 0= 0 = 530 f — 1) = 8P(cOsp) (2) .'

whereP,(cosp) is the second Legendre polynomial 2t NMR
(I = 1) the dominant interaction is between the electric field
gradient and the nuclear electric quadrupole moment. The
angular dependence of tel NMR frequency has the same
form as eqs 1 and 2, except for &™ sign in front of the
angular-dependent term, which accounts for the two transitions
of the spinl = 1 system.

Two-Dimensional Exchange NMR.Two-dimensional ex-
change NMRY24monitors changes in angular-dependent NMR
frequencies occurring on a time scale ranging from milliseconds

to a few seconds. This is achieved by monitoring frequencies Figure 3. Experimental 2D exchang¥C NMR spectra for a bulk

before and after a so-called mixing time, during which spin |oading of two adsorbed benzene molecules per—Xgzeolite
exchange and/or molecular reorientation motions can occur. Insupercage, acquired #it= 193 K using the pulse sequence shown in
practice, this is achieved by correlating the frequencies in the Figure 2b with different mixing timesn,. (a) tn = 1 ms: intensity
evolution ¢;) and detection tg) periods, which bracket the  exclusively along the spectrum diagonah(= w,) indicates that no
mixing time () as shown schematically in Figure 2b. For detectable exchange of benzene molecules among adsorption sites

T s . occurs on this time scale. (b) = 4 s: off-diagonal intensity indicates
characteristic time scales on the order of the mixing time for that orientation-depende®iC NMR frequencies change on this time

the process causing such frequency changes, and with thescgle The lack of a distinct elliptical feature indicates that the molecular

condition thatty, > ty, tz, NMR frequencies can be considered reorientation geometry among adsorption sites includes a broad

constant during the evolution and detection periods. Changesdistribution of angles. The spectra have been cutto212.5 kHz in

in the NMR frequencies manifest themselves as off-diagonal both dimensions.

intensity in a 2D exchange spectrifw1,w2;tm), which can be

regarded as a correlation map of the frequencies measured in

the evolution and detection periods; and w,, respectively,

and which parametrically depends on the mixing tigpeThe

two-dimensional spectrui®(w1,w;tm) represents a direct map-

ping of the joint probability density of finding a benzene

molecule in a certain orientation with respect to the external

magnetic field, and thus with a certain NMR frequenoy

QUring the evolution perioti, and after a Fime intervay, later, <cos((0)1 L O)Z)te \

finding the same benzene molecule with an NMR frequency

w> during the detection period. If NMR frequencies change 05 b .. e ,

on a time scale comparable tpor t, (in practice, faster than 0 30 60 90

ca. 1 ms), frequencies can no longer be considered constant

during the evolution and detection periods and analysis of the BS (deg rees)

data becomes more involvédThe upper limit for the mixing  Figure 4. Simulated*C NMR stimulated echo intensity and ti@

time ty, is established by spirlattice relaxation, which causes  correlation function calculated as functions of the molecular reorienta-

the magnetization to decay to equilibrium with a time constant tion anglefs, for a*3C chemical shift tensor correspondingdg, =

T, that is typically on the order of several second$d NMR. 126 ppm,6 = —122 ppm £-5.53 kHz at 4.2 T), angy = 0. The
Figure 3 dsplays 2D exchangic NR specta acqured st Srieed sioss, erstes ne st it b o

193 K for benzene adsorbed on AY zeolite, showing an o, frequency gxes i resultingﬂincz — EE;Z(COSm)therele i

inhomogeneously broadened line shape that reflects an isotropiGe second Legendre polynomial.

distribution of benzene molecular orientations. In Figure 3a all

spectral intensity is confined to the diagonah (= w») of the Figure 3b indicates that the reorientation angle distribution for

2D plane, indicating that NMR frequencies have not changed benzene molecules hopping among different adsorption sites is

during the course of théd, = 1 ms mixing time, and broad. This broad jump angle distribution and its effects on the

consequently affirming that no detectable molecular hopping associated benzene reorientation dynamics will be the object

or spin exchange has occurred among different adsorption sitesof further analysis below.

on this time scale. The situation is considerably different for  Orientational Autocorrelation Functions. While insights

the spectrum in Figure 3b, which was acquired under identical into the geometry of a slow molecular jump process(es) can be

conditions, except for the use of a longer mixing tinhg € obtained directly from a single static 2D exchange spectrum,

4000 ms). The spectrum in Figure 3b displays significant off- information on the time scales of such reorientation events

diagonal intensity due t6°C NMR frequency changes. If the  requires that a series of spectra or stimulated echoes be acquired

distribution of reorientation anglgss (the angles between the  as a function of the mixing time. Correlation functions represent

relative orientationg; and, of adsorbed molecules duririg a simple and convenient means for characterizing stochastic

andty, respectively) was narrow, a well-defined elliptical ridge processes, such as benzene hopping among adsorption sites

pattern (see Figure 6a) would be present in the 2D exchangeinside the cavities of a nanoporous zeolite crystallite. One

spectrunt.?1-28The absence of such a narrow elliptical ridge in experimentally accessible class of orientational autocorrelation

1

0.5 \

C,, <cos(((01 - o)z)te)>
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Figure 5. Experimental 3D DICO®C NMR spectra for benzene
adsorbed on AgY zeolite, acquired using the pulse sequence shown
in Figure 2d. Stacked plot (a) and contour plot (b) of the spectrum
acquired aff = 193 K and withtma = 1 s andtmp, = 1 ms. Significant
molecular reorientation has occurred durirg but nottms,, resulting

in asymmetry with respect to the difference frequengy= w1 — w-

= 0. This asymmetry can be quantified by taking the ratio of spectral
intensityG(x) along the dashed line at = —d/2. As the second mixing
time is increased to (¢, = 100 ms and (d)mp = 500 ms, the spectra
become more symmetric, reflecting a loss of correlation in molecular

orientations before and aftékp.

functions is given byCy (tm):721

C.(ty) = (2L + 1) (cos3(t=0)))P (cosB(t=t,)))T (3)

whereL = 2, 4, ... denotes the order of the corresponding
Legendre polynomiaP,(cos(3)). For L = 2, the decay of
Cy(tm) with increasing mixing time, is primarily sensitive to
large-angle motions. In the special casenpof 0 (an axially
symmetric interaction tensoif(ty) is proportional to the two-
time frequency averade1w-[{tm). Fory = 0, the orientational
autocorrelation functiorCy(t,) can be obtained directly from

2D exchangéH or 13C NMR spectra:

5 5
Cyt,) = §|Iblw2Eﬂtm) = [ [ dw, dw, S0t 00,

The experimental spectral intensi§wi,w-;tm) is integrated
numerically, weighted by the product of the frequency coordi-
nates of the individual points. Higher even-order correlation
functionsCy(tm) may be obtained by expressimy(cosj) in

terms ofPy(cosf) = w/d.2!

2D and 4D Echo Signals.The geometrical aspects of
molecular reorientation, particularly small-angle motions, can
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Figure 6. (a) Simulated 2D exchange spectrum calculated for a jump
motion between four identical and exactly tetrahedrally arranged sites
with tn > 7., i.e., conditions where full exchange prevails. The
corresponding reorientation angle distributi®@Bs;tm) is shown as an
inset. (b) The final-state structure factaft) at T = 298 K is plotted
together with simulated curves for exact tetrahedral jumps, jumps
between the caps of cones with opening angles varying frota 3¢°

in 5° increments around the axis of a tetrahedron, an isotropic
distribution, and the distribution resulting from a direct expansion of
the experimental spectrum shown in Figure 3b (dashed line). Molecular
exchange among tetrahedrally arranged cone caps wftto@éning
angles appears to provide a reasonable fit to the data. (c) Simulated
2D exchange spectrum and reorientation angle distribution (inset)
calculated for jumps between cone caps with @fening angles. This
simulated spectrum resembles more closely the experimental 2D
exchangeé3C NMR spectrum of Figure 3b than the simulation for an
exact tetrahedral jump process displayed in Figure 6a. (d) Simulated
2D exchange spectrum calculated via®ar€solution direct expansion

of the experimental spectrum shown in Figure 3b. The corresponding
reorientation angle distributioR(8s;tm) (weighting factors that yield

the best fit) is shown as an inset. Intensity contributions from medium
reorientation angles provide evidence for the participation of nontet-
rahedrally arranged adsorption sites in benzene reorientation dynamics.
Gaussian damping of 800 Hz was applied to each of the simulated
spectra, consistent with that used in processing the experimental spectra
in Figure 3.

be probed in detail by exploiting the stimulated echoes present
in 2D exchange time-domain dafa?212%n the pulse sequence
of Figure 2b, a stimulated echo is formed at titae= t, = {3
after the start of the detection period. The intensity of the echo
signals(t;=t;=te;tm) is reduced due td; and T, relaxation, with
molecular reorientation during the mixing time causing ad-
ditional echo signal decay.

The time scales of slow molecular reorientation motions can
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be characterized by following the decay of the stimulated echo  Three-Dimensional Difference Correlated Exchange Spec-
intensity with increasing mixing time for a particular value of troscopy. Despite their high information contents, series of 2D
te, after accounting for relaxation. Echo data for spectral patterns exchange spectra may nevertheless still not have sufficient
of different widths (differento values), but with interaction  resolution and sensitivity to yield an unambiguous kinetic
tensors having identical axial symmetrig3,(can be compared  description of the motions leading to a broad distribution of
directly by using the quantityted. The signals[@oste) reorientation angles. As an example, 2D exchaftgeNMR
cosate) CandSin(wate) sin(wate)Clare measured using the pulse  spectra of polystyrene above the glass transition can be fit
sequence in Figure 2b by adjusting the phase of#f2epulse equally well with two different models, one involving rotational
preceding the mixing timey, in two separate experiments; diffusion with a log-normal distribution of correlation times,
combining the two signals yieldstos(i — wy)te)] For and the other including large-angle juni3J.o aid in separating
sufficiently small values of. (<50 us for the present’C case multiple reorientation processes, the three-dimensional (3D)
with 6 = —5.53 kHz at 4.2 T), thésin(wite) sin(wate)Usignal difference correlated exchange spectroscopy (DICO) NMR
is proportional tddw,[{tm). In the case of an axially symmetric  experiment can be used, with accompanying measurement time
interaction tensor( = 0), the BSin(wite) sin(w2te)l signal requirements that are only slightly longer than for 2D exchange
acquired with a small value of. is also proportional to  spectr&® In particular, the DICO experiment (Figure 2d) can
Ca(tm).>° In general, the stimulated echo acts as a “filter”; by establish whether the orientations of molecules during the
varying te, the experiment becomes sensitive to different detection periods are correlated with their orientations during
reorientation geometriés.For small values of,, only large- an intermediate evolution time with respect to the dynamics
angle reorientations lead to changes in the NMR frequencies possible duringma2%° This is achieved by acquiring 2D spectra
that are sufficiently large to be detected. The echoes becomethat correlate frequency changes duripg (as monitored by

more sensitive to small-angle motions at larger valuds @ine difference frequenciemy = w1 — w-) with frequenciesws
method of probing large-angle motions is shown in Figure 4, (corresponding to molecular orientations) in the detection period.
which compares the echo signal intensity@ds(1 — wz)te)l] In a powder sample, large-angle reorientations dutjpgesult

for te = 150us and the correlation functioB(tm) for the case  in spectral intensity at both large and small valuesgfiwvhereas
where the normals to the aromatic planes of all benzene small-angle reorientations yield spectral intensity only at small
molecules reorient by the angh. The echo signal obtained  yajues ofwy.

whente = 150us is more sensitive to small-angle motions than |, i« possible to model stimulated echo data to quantify the
Ca(tm), with the result that small-angle motions that are slightly relative rates of small- and large- angle jumps for benzene
faster than the large-angle motions will cause the echo imenSityadsorbed on a zeolite, as shown by Isfort ef ahough this

to _?;:cay_n:ore qufmkl(;/_ tth%@i(tm)' f molecul entati i requires the use of a model in conjunction with data measured
€ existence ot a distribution of molecular reorientation rates ¢ 4, tions of the mixing timg, and echo timé.. The DICO

can be confirmed by a series of reduced 4D exchange NMR experiment, however, establishes whether the rates of small-

1,31 i _ i i i i X A .
tsr?eec'[{ﬁse ;’é 4u[;r?cn;eir?OFT?JI?eeggo'rsr:genfs’a;i?ggl;ec?mfi:]ngecho angle reorientation motions are faster, slower, or the same as
Si ngls are sgnsitive to mc?lecular .reorientation motions durin those associated with large-angle reorientation. Moreover, the
9 9 analysis does not require a model of the motion. When

L“;arz?gtg‘;‘cﬁgznzt (ijuermgg\?\./lH?;Voer\i/:r::[igurmgrébctglisr)fgc?;rsrlin significant molecular reorientation occurs predominantly during
9¢, 1€, y 9 9 the first mixing timetna of a DICO experiment, the spectrum

rapidly reorienting molecules and vice versa, will reduce the (Figure 5a-c) will be highly asymmetric in theys = w; — w»

. . . . — W1 —
4D echo intensity. Typlpally, th‘? signalBos{uite) COS(vale) dimension. When molecular orientations before and dfigr
COS{uste) COSEale)BNAISIN(Wate) SIN(5le) COS(uste) COSEate)L) are uncorrelated, the DICO spectrum will be symmetric with

with fo = 14 = 13 = f, = 1, are combined and corrected for respect to the sliceyq = 0. The degree of symmetry can be

relaxation effects to yielé codtmatmbtme = [€0S(w1 — w2)te) X . . .
S g L characterized bys(x), the ratio of the spectral intensities on
COS(ste)COs(ate)l) which is a reasonable approximation to opposite sites of the spectrum with respecito= 0, wherex

E“(tma’tmb’tm) = [00S((01 ~ w2)te)COS((3 — wa)te)L) Setlingtma = wg/d. In most cases, thes = —d/2 slice indicated by the

= tmc and dropping them from the list of argumeris(tm) is dotted lines in the contour plots of Figure-58 is suitable for

constant asyp is increased, provided all molecules reorient with analvsis. If small-anale mF())tions areg faster than large-andale

a single raté2 On the other hand, rate exchange caus€sy) . tiyn " the rati fgint nsitie§(9 will be larger at gm I 9

to decay. Such rate exchange can be quantified by invoking a ? 0 S’f (lef Ia 00 | ens t'e ; f a;hge a S" a |

rate memory paramet€y, which represents the average number values ofx. 1t large-angie motons are faster than smai-angie
motions, thenG(x) will be higher at large values of, while

of hops that a slow molecule executes before it “forgets” its ) . i
initial dynamic staté? Writing the relaxation-corrected 2D G(x) will be flat when small- and large-angle reorientations

signal[8os((v1 — w2)t) (BSFa(tm), Q can be quantified by fitting ~ °CCur With equal rates.

the data to the approximate analytical expres&on Intermediate Dynamic Regime.Molecular reorientations
with time scales shorter than about 2@ can be characterized

too by modeling the distortion and averaging effects of these
Faltmn) = Foltma T Q i + motions on NMR spectra of powder samples. In the fast regime,
t t where reorientation is rapid compared to the reciprocal coupling
[Fz(tma) — Fz(tma+ lb)] [Fz(tmc) — Fz(tmc + ﬂ’)] strength of the nuclear interaction §}/i.e., reorientation rates
Q Q are much faster than the width of the NMR line shape, motion
)
tmb results in an averaged interaction tensor that depends on the
1-F
2\o geometry of reorientation. For example, motionally averaged
Q
IH, 2H, and3C NMR line shapes®®3¢observed for benzene
As an alternative to eq 5, the dependencé sfmn) on Q can adsorbed on X-type zeolites are consistent with rapid rotation
be calculated more precisely by using the numerical method of benzene molecules about their 6-fold axes perpendicular to
described in ref 32a. their aromatic planes. Such rotational motion is similarly
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observed for benzene adsorbed on-Agzeolite, which yields

an averaged axially symmetrig & 0) 13C chemical shift tensor.
However, in the intermediate dynamic regime, where reori-

entation time scales are on the order a,lthe assumption

that NMR frequencies are constant during an echo pulse

longer be valid. In this case, molecular reorientation must be
considered explicitly during the various time periods of an NMR

experiment. This can be done by modeling the reorientation as

a stationary Markov proce¥scharacterized by an exchange
matrix IT, whose off-diagonal element$, represent exchange
probabilities (jump rates) from siten to site |. Solving an
appropriate system of kinetic equations typically results in
expressions for NMR time-domain signals with matrices in
exponential terms, which are normally evaluated numerically
via matrix diagonalization. The expressions given below neglect
relaxation effects, i.e., multiplication by exp{/T,), which can
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Results and Discussion

Geometry of Benzene Site-Hopping in AgY. The geom-
etry that underlies the site-hopping motions of benzene adsorbed
on Ag—Y zeolite is revealed by modeling 2D exchange spectra
and stimulated echo data in Figures 3 and 6, respectively. A

%road distribution of molecular reorientation angles is directly

observable in the experimental data, which can be probed in
more quantitative detail using model analyses. For example,
Figure 6a shows a simulated 2D exchange spectrum calculated
for a jump motion among four equivalent, tetrahedrally arranged
sites in the full exchange limit§ — ). The reorientation angle
distribution R(B3;tm) is shown as an inset. Foy = 0, this

distribution uniquely determines the 2D spectrum according
t021.39

S0ty = f?mdﬁs R(Bsitw) Sp,(w1,0,) 8

be easily included if necessary. Model calculations are evaluated

by comparing the fits of simulations to the experimental spectra.
In general, NMR line shapes alone do not provide sufficient
information to uniquely determine complicated motions that
involve distributions of molecular reorientation time scales and
geometries. However, 2D exchang€ NMR time-domain data

and spectra obtained at lower temperatures can be used to

constrain models for molecular reorientation occurring over
intermediate dynamic time scales.

Static Solid-EchdH NMR SpectraFor solid-echH NMR
spectra of systems with motional processes occurring in the

This integral represents the sum of the subspectra for each
reorientation angleSs,(w1,w2), weighted by factors(8s;tm)

for 0° < 83 < 18C°. Due to the equivalence of the spectra for
B3 and 180 — f33, integration is restricted to°0< 3 < 90°:

R(B3tw = R(Baty) + R(18C — fity) 9)

For a narrow reorientation angle distribution, the simulation
contains a clear elliptical off-diagonal ridge that is not observed
in the experimental spectrum of Figure 3b. The absence of a

intermediate dynamic regime, the times before and after the echowell-defined elliptical pattern in Figure 3b directly reflects a

pulse, tyre and tyosy respectively, are considered explicitly by
writing the contributions to the time-domain signak%&-27

g(tpreﬂtposg — e(n_lw)tp()s[ e(H+Iw)tp’ePl ©6)
wherew is a diagonal matrix of NMR frequencies at different
sites expressed in a common reference frame as a function o
the Euler angleso(,3,y), andP; represents the equilibrium site-
occupation probabilities. The total signal is obtained by integrat-
ing over all orientations using the Euler angleg,y) and then
summing the contributions @(tyre, tpos) from the different sites.
Magic-Angle Spinning®C NMR Spectraln the intermediate
dynamic regimel3C MAS spectra are affected by frequency
changes due to both sample spinning and molecular reorienta

tion. The appropriate system of kinetic equations can be solved

numerically3” Another approach is to calculate contributions
to the time-domain signal using a Fourier-like series expansion
in periodic frequency termsNgr!:38

g(t) = é

Integration over the Euler angles,(,y), followed by summa-
tion of the contributions from different sites, yields the total
time-domain signal. The Floquet Hamiltoni&fx is a super-
matrix composed o¥? submatrices, where molecules reorient
amongZ discrete sites. Th& submatrices along the diagonal
of Hg contain both isotropic and anisotropic contributions to
the NMR frequencies at each site, as well\sg terms and
the diagonal elements of the exchange matrix. The off-diagonal
submatrices ofHg express the off-diagonal elements of the
exchange matrix. Each submatrix ldf has dimension$\ by

N, with N varying from —oo to . In practice, each submatrix
is truncated; dimensions 13 by 13, correspondiny te —6 to
+6, were used for each submatrix in this study.

Z [e—IHFt N eleRth
N=—o00

@)

broad distribution of benzene jump reorientation angles among
adsorption sites in AgY zeolite.

The normalized NMR time-domain stimulated echo intensity
in the limit of t,, — oo, corrected for relaxation effects, is called
the final-state structure factdg,(te).2° It provides more detailed
insight on the broad reorientation angle distribution observed
1for benzene site-hopping in AgY. Figure 6b shows .(te)
obtained from 2D exchandéC time-domain data measured off-
resonance af = 193 K. Accompanying the experimental results
(filled circles) are simulations for several candidate models,
including exact tetrahedral jumps, jumps among tetrahedrally
arranged cone caps with different cone opening angles, a jump
distribution from a direct expansion of the spectrum in Figure
_3b (see below), and a completely isotropic distribution. For large
values ofte, the curve simulated for jumps between exact
tetrahedral positions approaches the limit 0.25. The experimen-
tally observed values fall well below this value and follow the
curves that were calculated for random jumps between cone
caps, whose opening angles are estimated to be not less than
15°. However, values for larger cone-opening angles overlap.
While the final-state structure factds(te) provides excellent
discrimination among various small deviations from exact
tetrahedral jumps, it is less sensitive to differences in models
with very broad distributions, i.e., cone-opening angles greater
than 20. However, an isotropic distribution, witR(53;tm—0)
= sin(Bs), yields values of«(ts) in Figure 6b that consistently
fall below the experimental points. The presence of the ridge-
like feature running along the diagonal in the experimental
spectrum in Figure 3b provides further evidence that an isotropic
distribution can be rejected. If the reorientation geometry were
isotropic, the diagonal ridge would disappeartas— .2

To differentiate among the various models that invoke large
cone-opening angles, the experimental exchatige NMR
spectrum in Figure 3b was compared with simulated spectra.
The closest fit, calculated with a cone-opening angle &f &0
shown in Figure 6c¢. Increasing the cone-opening angle causes
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the diagonal to broaden and eventually disappear, while smaller 1
cone-opening angles yield values lafte) that are too large

compared to the experimental values indicated in Figure 6b.

From the combined analyses of time-domain echoes and

simulations of an experimental 2D exchange spectrum, a cone- =<
opening angle between 1%nd 25 provides a reasonable G

description of the disorder associated with the distribution of
benzene jump angles. A cone-opening angle 6fli28 between
values obtained for two related benzene/zeolite systems. The
benzene/AgY reorientation angle distribution is about twice

H H 0.1 P S| Ll | 1 -
as.W|de as observed for benzene adsorbed orLGX zeolite 02 08 04 05 06 07 08 09 90
(Si/Al = 1.0) at the same loading (2 molecule/supercage, ref W,
7b) and about a factor of 1.3 more narrow than measured for X= 5

benzene on NaY zeolite (Si/Al = 2.85) near saturation i ) . o .
coveragé. However, small discrepancies between the experi- Figure 7. Semilog plot of intensity ratio§(x) obtained from 3D DICO
mental and simulated spectra are still noticeable for the cone- < NMR spectra of benzene/Agr with a fixed first mixing timetma

del. F le the di | of the simulated = 1 s, and different values for the second mixing titpe of 1 ms
cap model. For example, the diagonal of the simulate Spectl'um(ﬁlled circles), 10 ms (filled squares), 100 ms (open circles), and 500

in Figure 6c is not as well-defined and the off-diagonal patterns ms (open squares). Each data point represents an average of spectral
in the simulation are sharper compared to those features in theintensity from a 3x 3 grid of nine points on one side of the spectrum
experimental spectrum (Figure 3b). (wq > 0) ratioed to the average of nine points on the opposite side of

- - . . the spectrumdyq < 0). Fits of straight lines are intended as guides to
An alternative approach to characterizing the reorientation the eye, showing negative slopes, which establish that small-angle

angle distribution is a direct expansion of the experimental 2D ¢qientation motions are somewhat faster than large-angle reorienta-
exchange spectrum using a series of simulated subspectrajons. Data forx < 0.2 are not shown due to interference from spectral

Ss.(w1,02) for different discrete reorientation anglgs. This broadening of therq = w1 — w, = 0 feature, which reflect$C NMR
expansion is essentially a discrete version of eq 8 (refs 21 andfrequencies that were the same before and after the first mixing time
40) and results in a series of weighting fact®@s;tm), that tma Data forx > 1.0 corresponding to very large angle reorientations

are not included because of low signal intensity in the spectra far away

are constrained to be nonnegative. A direct expansion of thefrom 0y = 0.

spectrum in Figure 3b using 16 subspectrag0° in 6° steps)

is shown in Figure 6d. The largest weighting factor isffer=

72°, consistent with the tetrahedral and inverse tetrahedral
arrangement of Sl and window sites. However, intensity
contributions at medium reorientation angles, nanfgly: 36°,

48°, and 54, suggest the participation of additional adsorption
sites in benzene site-hopping processes. If Agtions are
located at other sites within the A supercages, these sites
are likely to be at positions of lower-symmetry than the SlI
sites and would be expected to give rise to a number of new
benzene reorientation angles. This is supported by simulations
of related systems, which reveal numerous discrete reorientation(.jmg|e motions, such as those calculated in ref 43, arise from a

geometries. For example, in the case of benzene adsorbed Ofyrocess that is independent of large-angle jumps. Finally, as
Na—X zeolite, molecular doc!)ﬂng calculatioftyield additional indicated by the simulated spectrum obtained via direct expan-
jump angles of 28 90°, 11T°, and 124 for reorientation of  gjon (Figure 6d), the overall arrangement of adsorption sites
benzene molecules from SlII cations to one of four possible may not be precisely tetrahedral. In the related benzere/Ca

SII adsorption sites within the same supercage. Furthermore,) gx system, where the arrangement of the benzene adsorption
the SllI cation perturbs the orientation of benzene adsorbed atgjies is tetrahedrdP:#4 the reorientation angle distribution is

the nearby window site, yielding reorientation angles of,11 significantly narrower.
103, 105, and 1206 for jump motions between a window and Additional insight into these benzene reorientation motions
nearby Sli sites (as well as 12for reorientation from awindow  (changes in the orientations of the aromatic ring normals) is
to an Slil site). Likewise, Ag cations located at sites other  yrgvided by examination of the stimulated echoes as a function
than Sli sites, yet still accessible to benzene adsorbed efYAg  of mixing time. If the rates of small-angle aromatic plane
zeolite, would introduce other reorientation angles. Furthermore, motions are much slower than those for large-angle site-hopping
such Ag cations, and perhaps even hydroxyl defects in the processes, correlation times at large and small valuesndf
Ag—Y zeolite framework, could cause an adjustment in the pe nearly identical. However, in the case of benzene reorienta-
angle at which a benzen.e molecule adsorbs at a nearby sitetion on Ag-Y zeolite, correlation times at large values tof
Unfortunately, the experimental spectrum of Figure 3b has gre shorter than at small valuestgfdata not shown), implying
insufficient resolution to pinpoint the location of additional that Sma"_ang|e motion rates are Comparab|e or |arger in
adsorption sites that likely participate in benzene reorientation magnitude than large-angle reorientation rates.
dynamic processes. Further support for this observation is provided by a series
Modeling the broad reorientation angle distribution, in the of four DICO 3C spectra, acquired &= 193 K with second
limit of a long mixing time, as tetrahedrally arranged cone caps mixing times oft, = 1, 10, 100, or 500 ms. Figure 7 shows a
also does not uniquely specify the kinetic processes leading toplot of the intensity ratio§(x) of the DICO spectra as a function
this distribution. There are several possibilities that could lead of x = wd/d. The relative spectral intensities abeut = w; —
to benzene reorientation geometries on-Agzeolite that are w2 = 0 (the ratio 0= G(X) < 1) provide information about
consistent with the long mixing time experimental 2D exchange orientational correlations and their dependence on the reorienta-

13C spectrum and stimulated echo data shown in Figures 3b
and 6b. One possibility is that molecules hopping among
tetrahedrally arranged adsorption sites execute only large-angle
jumps that are not exactly 109,5uch that upon return to the
original adsorption site (or another orientationally equivalent
site), the net reorientation angle is offset froth 8 second
possibility is that, due to attractive interactions among neighbor-
ing benzene molecules, small-angle adjustments occur when a
neighboring benzene molecule executes a large-angle hop
between two adsorption sité3A third possibility is that small-
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1 13C NMR frequency changes during the mixing time are due to
e k%% a single process, such as molecular reorientation among
0.8¢ equivalent and equally populated sit€%(t,) decays mono-
—_ » \ exponentially to a plateau value that contains information about
£ 0.6 ¥ the reorientation angle(s) and the number of participating
N i \( sites?>**More complicated behavior results if several inequiva-
o~ 0.4 lent processes contribute to the NMR frequency changes, as is
\k the case for the nonmonoexponential behavidC4gf,) shown
0.2 \R; in Figure 8. In the related benzene/€4 (Si/Al = 2.0) system,
Sl two site-hopping processes (intra- and intercage motions) have
0 0.001 6'01 ‘ 01 - “1 — 10 been separated and individually quantiffedHowever, the

number of motional processes occurring for benzene adsorbed
tm (S) on Ag—Y zeolite does not permit the individual molecular
motions to be disentangled. Nevertheless, @h¢.) data can

Figure 8. Semilog plot of the correlation functicy(t) versus mixing be fit with a general function, such as a stretched exponential

time t,, for benzene/Ag Y. Data acquired at 193 K (circles) and 183

K (squares) were obtained both from static 2D exchafieNMR (Figure 8)1647
spectra (filled symbols) andC stimulated echoes with= 50 us (open
symbols), showing excellent agreement between the two methods. The Cyt )= (1— Cg)ef(tmlro)d’ + Cozo (10)

shape of the decay () measured at 153 K using stimulated echoes
(open diamonds) more closely resembles a single exponential than the

higher-temperature data. This change in shape at low temperature isyhich provides general information on the overall geometries
consistent with the onset of spin diffusion, indicating that at 183 and zd time scales of the motions. The observed plateau values
193 K molecular reorientation is the dominant process contributing to . . . . ’
13C NMR frequency changes. C, ~ 0 are conssten_t with a site-hopping geometry corre-
sponding to reorientation among tetrahedrally arranged cone

tion anglesls, or analogously, the dependence of orientational Caps.
correlations onwg or the dimensionless quantiky= w4d. The Although the experimental data poir@s(tm) are insufficient
intensity ratiosG(x) for parts of the spectra at large values of to distinguish among and separately quantify the different rates
the difference frequencyy (large values o) are generally of 13C NMR frequency changes, the fit paramegeindicates
smaller than the ratio&(x) nearwq = 0, proving that small-  the width of the rate distribution, once the general form of the
angle motions of the aromatic ring normals are faster than large- distribution has been assumed. The form of the rate distribution
angle jump reorientations (see above). These results aremay be calculated using ref 47 or 48 or, because the rate
consistent with separate analyses and model calculatiott$ of ~ distribution is broad, it may be assumed to be Gaussian in the
stimulated echoes for benzene adsorbed onYaeolite, which logarithm of the reorientation raf@.The values ofro and ¢
showed that the rates of the small-angle motions were ap-from the fits are compiled in Table 1. The values ¢ffor
proximately 2 times faster than the rates of the large-angle jump T = 163 K are in the range 0-40.6 (0< ¢ < 1); for the mixing
motions? Furthermore, the ratio of small- and large-angle times used, these data are consistent with a log-normal distribu-
reorientation rates was independent of temperature, suggestindion with a full-width-half-maximum (fwhm) of about 1.9
that the observable small-angle motions are not due to andecades. The higher value ¢f= 0.73=+ 0.02 obtained at 153
independent stochastic processfshese results collectively K is consistent with the onset of spin diffusion, which is
indicate that small-angle adjustments as neighboring benzeneexpected to contribute a temperature-independent mono-
molecules hop likely provide a significant contribution to the exponential ¢ = 1) decay inCx(tm).”>?! The variation of
small-angle motions of benzene adsorbed on-Xgzeolite. Ca(tm) with temperature indicates that at higher temperatures,
Time Scales of Benzene Site-Hoppinglo investigate the ~ such as 183 K and above, the dominant process affecting
temperature dependence of site-hopping dynamics for benzeneCz(tm) is thermally activated molecular reorientation.
adsorbed on AgY zeolite, static 2D exchangéC, MAS 1°C, The nonexponential behaviop (= 1) of Cy(tm) reflects a
and static quadrupolar ecifsl NMR experiments were per-  distribution of benzene molecular reorientation rates oa-Xg
formed on Ag-Y samples containing on average two benzene zeolite. Proof of a rate distribution is established in Figure 9,
molecules per AgY supercage. Static 2D exchan§€ NMR which presents results from a reduced 4D NMR experiment
spectra were analyzed using the orientational autocorrelationthat measures the rate memory associated with the site-hopping
functionCy(ty), and the resulting nonexponential decay indicates motions of benzene molecules. Specifically, Figure 9 shows the
a distribution of molecular reorientation rates, as confirmed by decay of the normalized intensity, co{tmp), of the reduced 4D
reduced 4D echo NMR experiments (see below). 13C NMR echo signal corrected for relaxation effects, as a
Benzene jump reorientations among A&Il or window function of the duration of a second mixing tinig, (Figure
adsorption sites result in large-angle motions, while small-angle 2c). The decay of 4 codtmn) below a value of unity not only
reorientation motions (not necessarily involving site-hopping) proves the existence of a rate distribution, but also provides
also occur. As shown in Figure 4 and as previously discussed,evidence for rate exchange within the distribution as well; i.e.,
the correlation functiol€,(tm) is sensitive to large-angle motions  slowly reorienting molecules becoming rapidly reorienting
and less sensitive to small-angle motions, so @ét,) can be molecules and vice versa. The rate memory paran@tehe
used to analyze large-angle benzene site-hopping dynamics. Foaverage number of jumps a “slow” molecule executes before
example, Figure 8 shows the decay of the correlation function its reorientation rate becomes uncorrelated with its initial slow
Cy(tm), obtained from both 2D exchand# NMR spectra and rate, is quantified by using the decay of the 2D echo signal
stimulated echo data. While the valuesG{t,) obtained from F2(tm), also shown in Figure 9. For benzene adsorbed or¥Ag
2D exchange spectra and stimulated echo data are consistengeolite, the decay oF,co{tmp) IS consistent withQ = 1
the reduced measurement time requirements of the stimulatedcalculated using eq %. This indicates that slowly reorienting
echo technique permit many more points to be obtained. If the benzene molecules experience changes in site-hopping reori-
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TABLE 1: Results of Fitting Eq 10 to the Correlation Function Cy(t,,) Obtained from [Sin(wate) sin(wate)3C NMR Stimulated
Echo Data and 2D Exchangé3C NMR Spectra (Eq 4

13C NMR stimulated echoes 2D exchan§€ NMR spectra
T(K) 0 (s) ¢ c () ¢ c
153 1.924+ 0.05 0.73t 0.02 0.04+ 0.02
163 1.72+0.12 0.57+ 0.02 0.01+ 0.02 1.94+ 1.40 0.47+ 0.10 —0.084+0.20
173 1.09+ 0.05 0.58+ 0.02 0.04+ 0.02
183 0.67+£ 0.04 0.53+ 0.02 0.02+ 0.02 0.86+ 0.28 0.45+ 0.05 —0.084+ 0.09
193 0.33+0.02 0.43+ 0.02 0.01£ 0.02 0.32+0.03 0.41+ 0.03 —0.03+ 0.03

aThe reduced measurement time requirements of the stimulated echo experiment permit acquisition of more data points, which results in significantly
reduced measurement uncertainties compared to data obtained from the 2D exchange spectra.
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Figure 9. Plots of two-dimensionalFy(tn), open circles) and four-
dimensional F 4 co{tmp), filled circles) stimulated echC NMR signal
intensities acquired for benzene/AY at 193 K and withte = 150us,
corrected fol3C T, relaxation. A stretched exponential fit (see eq 10)
to Fy(tm) yields 7o = 0.23+ 0.01 s, = 0.40+ 0.02, and a plateau
value of 0.174+ 0.01. The decay oF4 co{tmp) below unity establishes
the existence of a distribution of molecular reorientation rates and rate
exchange between slowly and rapidly reorienting molecules. Application
of eq 5 toF4 codtmp) Yields a value of the rate memory parame(@r=

1. This indicates that slowly reorienting molecules adopt, after on
average one reorientation event, a new reorientation rate that is
uncorrelated with their initially slow rate. Curves calculated @~

2 andQ = « are shown for comparison.
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286 K 14000 s~

300 200 100 O
339K

entation rates typically after undergoing a single molecular jump.
The overall rate distribution probably arises because of the

. . . . . 300 200 00 O
existence of inequivalent benzene adsorption sites onYAg ppm
(Zjﬁ'foe“rteer,lt E)c():rglb(lgﬁggJ\;gzor?s?ezzﬁz?f?ezri?ﬁ nll:]rfl;:rcsflg?ger?ggne Figure 10. Variable-temperatyre experimental and simulated MXS

S Al . NMR spectra for a bulk loading of two adsorbed benzene molecules

molecules in different supercages). Inequivalent benzene ad-per Ag-Y zeolite supercage. The numerical values accompanying the
sorption sites, such as AgSII cation and window sites, are  simulated MASHC NMR spectra are the centers of a 1.9 decade fwhm
located near each other and are dispersed throughout th& Ag  log-normal rate distribution, which was varied to obtain the simulations.
crystallites. As a consequence, benzene exchange among such
inequivalent sites is anticipated to occur frequently. While spectra acquired at temperatures of 2286 K is characteristic
certain arrangements of adsorption sites or site blockage by otheiof the distribution of reorientation rates discussed above. At
adsorbed benzene molecules might lea@te 1,*251for most higher temperatures-(339 K), the chemical shift anisotropy is
cases the minimum rate memory is reasonable and expectedaveraged away by rapid molecular reorientation. The fwhm of

While slow benzene/AgY molecular reorientation rates the centerband peak in the spectrum acquired at 339 K is 550
(<10® s™1) were measured using exchange NMR techniques, Hz (reduced to 300 Hz at 366 K), reflecting nearly complete
more rapid rates of £8-10° s~1 can be quantified by modeling  averaging of the'3C chemical shift anisotropy under these
the distortion and averaging effects of these motions on MAS conditions.
13C NMR spectra. As shown in Figure 10, tHéC MAS As shown in Figure 10, simulated MAS spectra have been
spectrum acquired at 208 K shows a centerband peak with afit to the experimental MASC spectra acquired at the
fwhm of 100 Hz, located at the position of the isotropic chemical intermediate temperatures of 253, 278, and 286 K, as well as
shift (126+ 0.5 ppm), and a manifold of spinning sidebands at at 266, 298, and 312 K (not shown). The simulations used a
integer multiples of the spinning frequenaygr = 27 x 1500 model with twelve discrete sites arranged in three tetrahedra,
Hz. Spectra acquired at temperatures of 185 and 197 K arerotated by 0, 10°, and 20, respectively, to approximate the
identical to the MAS spectrum acquired at 208 K, which overall reorientation geometry measured using 2D exch&ije
indicates that molecular site-hopping rates are slower thdn 10 NMR (Figures 3 and 6). To fit the experimental MAS spectra,
s 1 at these temperatures. As the temperature is increased tsimulations were calculated using a single reorientatiorf¥ate
286 K, molecular reorientation broadens i€ MAS peaks. and then combined to yield log-normal rate distributions 1.9
The presence of sharp peaks overlaying broader features in thalecades fwhm. The center of this rate distribution on a
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333 K 67000 s Figure 12. Temperature dependence of the centers of the rate
distributions for reorientation motions undergone by benzene adsorbed
on Ag—Y zeolite. The summarized results were obtained by applying
a log-normal rate distribution model &1 NMR line shapes (open
triangles), 13C MAS line shapes (filled diamonds);, correlation
functions obtained from®C stimulated echoes (filled circles), and 2D

y exchangé3C NMR spectra (open squares). Experimental uncertainties
in the centers of the rate distributions are about the size of the data

120000 s
343 K points. The solid line in the diagram represents a fit okJa(&<R™ +
ksp) to the combined data, correspondinggo= 34 kJ/mol,ko = 2 x
10 s7%, andksp = 1.3 s'%, which parametrizes the net effects of all
large-angle site-hopping motions on the reorientation rate distribution.
A further test of the 12-site model and rate distribution at

50 0 50 higher temperatures is provided by fitting st&t#tNMR spectra.
368 K BecauséH NMR spectra of benzene adsorbed on-A¢zeolite
cover a significantly broader frequency range than th&r
counterparts, stattH NMR spectra are sensitive to more rapid
reorientation rates, Qo 1 s~L. Figure 11 compares simula-
tions to experimentadH spectra, acquired over the temperature
50 O 50 range 293-368 K with a 50us echo delay between the two
kHz st/2-pulses in Figure 2e. THeél simulations were obtained using

) ) ) . . the same model geometries and rate distributions as used for
Figure 11. Variable-temperature experimental and simulated stbttic the 13C MAS simulations (Figure 10) and included the effect

NMR spectra for a bulk loading of two adsorbed benzene molecules . . .
per Ag—Y zeolite supercage. The numerical values accompanying the of the 50us echo delay. ThéH simulations agree well with

simulated statiéH NMR spectra are the centers of a 1.9 decade fwhm the?H NMR data. As for the-*C analyses, the model used is a
log-normal rate distribution, which was varied to obtain the simula- reasonable approximation, though there are small discrepancies.
tions. The width of the central peak as well as in the intensities of
“valleys” between the central peak and the “horns” of thie
logarithmic scale was varied to adjust each fit, with the value powder patterns differ slightly between experimental and
used accompanying each respective simulated spectrum. Thesimulated spectra. The widths of the anisotropic line shapes
resulting simulated MAS®C NMR spectra in Figure 10 agree  determine the reorientation time scales of molecular reorientation
well with the experimental spectra. The slight discrepancies in that can be probed. The magnitude of ##& NMR interaction
line widths likely arise because the model does not precisely coupling strength is smalb(~ 5.5 kHz), while the?H NMR
represent the complex experimental reorientation geometry andspectrum is broaded (~ 66 kHz). Thus, thé3C NMR spectrum
rate distributions. While other rate distributions are also is averaged to a single line at 339 K, while thd NMR
consistent with the 2D exchan$®C NMR and stimulated echo  spectrum acquired at 343 K is distorted, but not yet completely
data, such as a distribution that is highly asymmetric on a averaged to a single line. Similar line shape analyses for probe
logarithmic scale, they typically lead to apparent activation species with anisotropic interaction strengths on the order of a
energies for benzene reorientation (see below) that differ by few MHz (e.g., muon spin resonafd®eare useful for even faster
only a few kJ/moP3 reorientation rates.

The absence of sidebands in the high-temperdf@eMAS In combination, the collective and mutually consistent
spectra indicates that the benzene reorientation geometry isanalyses of the static 2D exchan{€, MAS 13C, and static
highly symmetric. Reducing the symmetry of the model by 2H NMR results allow the apparent site-hopping kinetics of
removing one of the 12 sites results in the presence of residualbenzene molecules adsorbed on-A¢zeolite to be established.
sideband peaks even for very rapigd) reorientation rates, in  Fitting the log-normal rate distribution model to these data yields
contrast to the experimental spectra acquired at high temperaturethe Arrhenius plot in Figure 12. At low temperatufe € 163
The good fit between simulation and experiment at intermediate K), the data are consistent with the onset of temperature-
temperatures (253286 K) shows that the 12-site geometry and independent3C magnetization transfer via spin diffusion. The
1.9-decade-wide rate distribution are a good model approxima- temperature dependence of the centers of the rate distributions
tion of complicated benzene site-hopping dynamics or-Xg are fit with In(koe &/RT + ksp), yielding an apparent activation
zeolite. energy ofE, = 34 + 2 kJ/mol, a preexponential factor kf =
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coefficient ofksp = 1.3 & 0.2 s1. These values represent a of Figure 1. Support is gratefully acknowledged from the U.S.
convenient parametrization of the complicated benzene dynam-National Science Foundation under the Young Investigator
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benzene/AgY is comparable to activation energies predicted Forschungsgemeinschaft (RE 1025/6-1) and Fonds der Che-
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observed parametés = 2 x 10'° s71 reflects the complicated
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