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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

B. Geil?
Fachbereich Physik, TU Darmstadt, 64289 Darmstadt, Germany

O. Isfort
Fachbereich Physik, Universitdortmund, 44221 Dortmund, Germany

B. Boddenberg
Fachbereich Chemie, Universtt®ortmund, 44221 Dortmund, Germany

D. E. Favre and B. F. Chmelka
Department of Chemical Engineering, University of California, Santa Barbara, California 93106

F. Fujara
Fachbereich Physik, TU Darmstadt, 64289 Darmstadt, Germany

(Received 16 July 2001; accepted 31 October 2001

One- and two-dimensiondH- and**C-NMR (nuclear magnetic resonanascho spectroscopy and

H 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 evolve200®American

Institute of Physics.[DOI: 10.1063/1.1429646

I. INTRODUCTION the order of a few milliseconds. Each such jump event is
. . . .accompanied by essentially instantaneous relaxation of the
The dynamics of molecular guest species in zeolite cavi-

ties determine the properties of these materials when app”eraear environment, resulting in small angle reorientations of

as catalysts, ion exchangers or molecular siévesThe molecules at neighboring adsorption sites. The benzene dy-

mechanisms of molecular mobility largely depend on bothnamlcs were shown to be characterized by a distribution of

. - . : ... motional correlation times, which is attributed to partial dis-
topological restrictions of the pores and interactions with

charge balancing cationic adsorption sites associated with th%rder of Na cation siting.
9 9 b Most importantly, the connection between discrete mo-

zeolite framework. The present work, being a detailed exten;: : . . .
) . X ; lecular jump reorientation events and long range translational
sion of a preceding lettérdeals with the dynamics of ben- . " * . : . L
. o diffusion properties remains to be established. This is pur-
zene molecules adsorbed on the synthetic Faujasite-type zeo- . ;
lite NaY sue_d in the present paper by extendl_ng the measurem_ents to
' . . a wider temperature range, by reducing the concentration of
A number of recent studies have employed solid-state !
. . : . adsorbed benzene molecules, and by applying an enlarged
NMR spectroscopy to characterize complicated site-hoppin . i
. get of NMR techniques that are sensitive to local, as well as
motions undergone by strongly adsorbed hydrocarbon mol- : ;
5.7 . mesoscopic, structures, and dynamics.
ecules on zeolites.” We have previously usedH two-
dimensional (2D) exchange NMR experimedtso study
;Iow dynamic processes of perdeutergted benzene moleculgspeTHODS
in NaY at virtually complete pore loadin@.1 molecules per
supercage Over the temperature range 250—270 K, the ben- A combination of complementary solid-state NMR tech-
zene molecules were shown to undergo thermally activatediques have been applied to probe and compare directly the
(E,=40kJ/mol) reorientational jumps among ttapproxi-  nhano- and mesoscopic guest transport properties of the
mately tetrahedrally arranged six-ring cation and twelve-benzene—NaY zeolite system. Specifically, the methods used
ring window adsorption sites, the correlation times being offall under four different categories of pulsed solid-state NMR
experiments, namel{l) one-dimensional1D) echo?H and
13 13 2
3This paper is dedicated to Professor Hans Sillescu on his 65th birthday. C spectra(Z) 2D exchangéH and™C spectra(3) 2D °H

1 . . . .
YAuthor to whom correspondence should be addressed. Electronic mai@Cho de_cay curve$4_) H diffusion measur?mems Ina StatIC_
burkhard.geil@physik.tu-darmstadt.de magnetic-field gradient. Before summarizing these experi-
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ments, we describe how stochastic processes can be modeled Because the four tetrahedrally arranged cation sites are

and incorporated into functional forms that are suitable forrelated to the tetrahedrally arranged window sites by inver-

the analysis of NMR data. sion at the cage center, a given orientat®nvith respect to

the magnetic field direction cannot be distinguished from

180°—0 (see Sec. IID, beloy In this sense, “tetrahedral

jumps” imply the possibility that molecules will encounter
Following Sillescf elementary molecular motional pro- all (cation and windowadsorption sites.

cesses taking place in thermal equilibrium can be treated as We will also consider “quasi-tetrahedral” jump models,

stationary Markov processes. For instance, the reorientatiowhere a large number of additional orientations in the vicin-

of a molecule from orientatiof; at a timet, to ), at time ity of the four tetrahedral orientations are assurtfe8uch

t, can be described by a conditional probability density- ~ models serve to mimic orientational disorder in the benzene
ing the notation of van Kampén subsystem. Details will be discussed in the context of experi-

mental results below.
P1j1(22,t5]Q1,t1)=Py1(Q5,1{Q4,0), 1)

with t=t,—t;. All specific motional models are formulated C. Distribution of correlation times
as discreteN site models(with possible orientations);, i
=1---N), such that the transition probabilitie®;;(t)
=Py (Q; ,t|Qj,0) are found by solving a master equation

A. Stochastic processes

Besides the above described orientational disorder in the
benzene subsystem, structural disorder, e.g., due to a non-
equivalence of adsorption sites, is accompanied by a distri-

N bution of motional correlation time's.As will be shown be-
= k_%:(#i {WiPi(t) = Wi Pi; (D)}, (2)  low, the parametrization of the experimental curves indicates

that such a distribution is appropriate for the benzene—NaY
with the transition rat&V;; . The terms\;; obey the detailed zeolite system. Here, we assume a logarithmic Gaussian dis-
balance conditiony;;p;=W;;p; , with a time-independer& tribution
priori probability p; for the occupation of site If we define

the exchange matriki by g(r)o exp{ _ w , )
N 207
ITj; = Wj; — &;; 2 Wi, (3) with a width parametewr, and a maximum atr,,,. The
k=1k#i mean correlation timéfirst momeny, {7.), is given by
the master equatiofEq. (2)] simplifies to "
(1)= f chg(Tc)d In 7= Tmaxexnigo'i]- (6)

d N
apij(t):kgl i (1) Py (1), (23 5 , N
= ecause the functional form af(7.) cannot be explicitly
o, in matrix notation, usin(t)={P;(t)} established priori or fr.om.experiment, the assumed shapg
represents a parametrization. On the other hand, the choice
2b) of a log-Gaussian distribution is physically motivated: If the
temperature dependence®ffollows an Arrhenius type law,
T.~exXpE,/RT), then a Gaussian distribution of potential
wells will lead to a log-Gaussian distribution of correlation
times.

d
G PO=TIP(V).

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

B. Reorientation models D. Experiments

As previously shown the benzene molecules are ex- Solid-state'H, 2H, and*C NMR experiments were per-
pected to perform tetrahedral reorientational jumps whilformed to obtain complementary information about the dy-
hopping from one adsorption site to a neighboringnamic behavior of adsorbed benzene guest molecules from
position?® The four molecular orientations, as representedhe different nuclei'H NMR measurements were conducted
by the normal vectors of the benzene rings, can be charadn the presence of a strong static field gradient, which per-
terized by a set of Euler angle§;=(0°,0°,0°), Q,  mits macroscopic benzene diffusivities to be determined. In
=(0°,109°,0°), Q;=(120°,109°,0°), and Q,=(240°, the case ofH NMR, the Larmor frequencyy,, in the high-
109°,0°). Jump exchange events that occur among these ofield limit is given by wy=w;+ wq, Wherew; is the Zee-
entations are described by the rate matrix man frequency, and the quadrupolar frequenayg
=+ 6/2[ (3 cog ®—1)— ysir’ ® cos(2D)]. For the tempera-

—3w w w w tures used here, the benzene molecules undergo fast
w o —3w w w (<10 %s) hexad axis rotational dynamit$®>**so that the
1= W w  —-3w w | 4 residual quadrupolar coupling constaft27 69 kHz, and
w w W —3w the asymmetry parametey=0. Under these circumstances,

O denotes the angle of the molecule normal axis relative to
From the three nonvanishing degenerate eigenvaligs;  the applied magnetic field direction. In a powder, this leads
= —4w, we can deduce the correlation ting= (4w) 1. to the well-known Pake spectrum. In the caséd NMR,
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the resonance frequency is given by a similar expression,=0 andw, at a later timet. 2D “exchange” spectroscopy is
wo=w,(1—ise) + 36[ (3 coS O—1)— s’ O cos(2)], ex-  idely used>' not only to gain insight into the time scale,
cept that herey; is modified by the isotropic chemical shift, byt also into the geometries of the corresponding molecular
0iso, @and the spectrum is asymmetric. At an applied field ofregrientation processes. In the case of powder samples, one
4.23 Tesla, which corresponds td*& Zeeman frequency of often encounters well-defined elliptical patterns in 2D ex-
45.3 MHz, the effective coupling constant for benzene mo"change NMR spectra from which discrete jump angles can
ecules undergoing fast uniaxial rotation is found tods€7  readily be determined. 2D exchange experiments extend the
5.5 kHz and7=0. Descriptions of the four specific NMR \yorking regime to ultraslow molecular jumps with rates be-
experiments follow below: low the effective coupling constard, the lower limit being

T : -1
1. One-dimensional (1D) 2?H and 3C echo spectra the longitudinal relaxation raté, -.

Following Greenfielcet al,'* the time dependence of the 2H ocho d
coupling tensors can be described by the general equation®: 2P “H echo decay curves
d Motivated by the formulation of the incoherent dynamic
—o(t)=(io+I)o(t)=Ad(t), 7) §cattering functior&nc(Q_,t) in quasielast[c neutron gcatter—
dt ing, there is an alternativ@for representing and using Eq.
where the individual components; of o are attributed to  (10). Settingt; =t,= 7 implies that we detect the amplitude
different molecular Orientatior@i (| =1 ..N). The diagonal of the stimulated echo Only, thought still obtain the full in-
matrix  contains the quadrupolger chemical shift contri- ~ formation on the molecular reorientation process. e,
butionsw; = &/2 (3 co€ ®,—1), andIT is the exchange matrix in the case ofH NMR, one obtains
Qeﬂned in Eq(3). Solving Eq.(7) leads to the Qes!red quan- F(r,t)=(exd —irwo(0)Jexi rwg(t)]), (12)
tity, the powder averaged deuteron magnetization after the )
second pulse of the experimental 1D sequefmaise-~  Which can be rewritten a8

(pulse m
F(r0= | Ta8 KRB0, 13
M(t) =(1" exg A(t—7)]exd A* (7)]10(0))powcer- ~ (8) 0 g
The powder average is calculated numerically following theHere
algorithm of Aldermaret al!® 1D echo measurements yield N
information about molecular jump rates that occur at fre- R(B,t)= E P (1) 8(B—Bi) (14)
quencies within the order of the effective coupling cons#nt O =S TR e

and that are greater than the transverse relaxatmnTgﬁe denotes the reorientation angle distribution at timeith 3;;

denoting the angle between orientatiofls and ;. The
2. Two-dimensional ?H and *3C (2D) exchange integral kerneK z(7) contains information only on the phys-
spectra ics of the spectroscopic method and is thus independent on
Our treatment of 2D NMR spectroscopy is largely basedhe motional process under investigatidf(7) acts as a
upon that of Schmidt-Rohr and Spié§sThe echo amplitude filter, rendering the experiment more or less sensitive to dif-
of an idealized “stimulated echo” three-pulse sequenceferent reorientation angles, according to the adjustable pa-
(pulse)-t,— (pulse)-t—(pulse)-t,, is given by the fol- rameterr. Experimentally, it is worthwhile to measure the

lowing correlation function: t-dependence df (7,t) for a set ofr-values. Here, we focus
ot iont on the normalized final state correlation
F(tl,tz,t):<e “1 le “2 2>. (9)
. . o o . F(r,t—o)
In this formulation,w; is identified with the local frequency FolT)= ——m—, (15
F(7,t—0)

at timet=0 andw, with that at a later time&. For a givenN
site model, this correlation function can be reformulated inwhich may be viewed from the perspective of quasielastic
terms of transition probabilitie®;;(t). For example, in the neutron scattering as a generalized elastic incoherent struc-

case o’H NMR, one obtains ture factor(EISP. Finally, from inspection of E¢(12) it can
N be seen that
F(tl,tz,t)=ij2:l (exd —iwq(0i)ty] F(7,t)=(cog Tw(0)]cog Toq(t)])
, +(si 0)]si t
XeXFI'wQ( ej)t2]>powder Pi Pji(t)- (10) <SIr[TwQ( -)]SII’[TO)Q( )]>
Typically, Eq.(9) has also been expressed as a Fourier trans- =R ) +F(7,), (16)
form of a 2D exchange spectru8{w,,w;,t) by where both partsE©® and FS", can be measured indepen-

_ _ dently by proper rf-pulse phasing.

F(tl ,t2 ,t) = j S(wl yWo ,t)ef""ltleﬂ‘“?tZdwldwz .

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

Here,S(wq,w5,t) is readily interpreted to be the joint prob- Information on local reorientational dynamics obtained
ability of finding in the ensemble the frequeney at time  from methodg1)—(3) can be correlated with long-range dif-
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TABLE |. Compositions and descriptions of the various benzene loaded
NaY samples used in the experiments.

(a)

Mean number of
benzene molecules

Sample # per supercage Description
346 K
1 1.0 99.9% perdeuterated; 0y
2 35 99.9% perdeuterated;Qg
3 3.5 13C12CHg 99% 1°C “single site”
enriched GHg
4 5.1 99.9% perdeuterated;D; 325 K

fusion data acquired using magnetic-field gradients to spa-
tially encode theH signals. In a sufficiently strong
magnetic-field gradient, the dominant dephasing mechanism
arises from a spatially varying Larmor frequency

316 K

wlr(t)]=yB[r(t)]=»g-r(t), 17 T e 298K
where vy is the gyromagnetic raticg is the magnetic-field- -80-60-40-20 12H20 40 60 80
gradient vector, and(t) is the (possibly time dependent v/ kHz
spin position vector. With Eq.17), the stimulated echo cor- b
relation functionEq. (12)] can be reformulated after replac- ( )

ing wg by w[r(t)]. In the limitt>7, one can introduce the
“generalized scattering vectorQ=ryg'’

F(r,t)=(e Q0+t (18)

For Fickian diffusion(i.e., a Gaussian diffusion propagator
one obtains

F(rt)oce Pt (19

Note that the experiment not only yields a diffusion coeffi-
cient D, but also allows the spatial resolution to be selected
by adjustingQ. Experimental deviations from E¢l9) Q-t-
dependence due to finite crystallite size effects can be impor-

tant in the NaY—benzene system and will be discussed be- -80-60-40-20 0 20 40 60 80
low. v/ kHz

FIG. 1. (a) ?H echo NMR spectra of benzene adsorbed on N&Y mol-
ecules per supercagat several temperatures. The pulse spacing was set to

Commercial binder-free zeolite NalSi:Al=2.9; mean =20 us. The experimental data are plotted as solid lines. Accompanying
’ o simulated spectra corresponding to the motional mésket text are repre-

crystallite diameter 0f(0.5+0.1) um; Degussa, Frankfurt, sented by the dotted plot) 2H echo NMR spectrum as taken frof@ at
Germany was placed in thin-walled NMR glass tub@siter 316 K. A fit with the tetrahedral jump model as defined by the rate matrix
diameter 6 mm, length 20 mmThe samples were heated [Eq. (4], i.e., with a single jump rate, is represented by the dashed plot,
under Vacuumi(é 1073 Pa) at 400 °C for about 20 h applying v_vhlle the dotted line r_epresents a fit mEIudlng a dlistrlbutlon of correlation
a standard heating prograiAfter cooling to ambient tem- times[Eq. (18] Best fit parameterstny=3.9,15, ,=1.5 decades.
perature, the zeolites were loaded with well defined amounts
of the benzene isotopomers@; (Merck, Darmstadt, Ger- commercial (Varian) spectrometer operating at 45.3 MHz
many or 3C*CsHg (Isotec, Miamisburg, USAand subse-  (B,=4.2T) using*H-3C cross polarization enhancement
quently sealed under vacuum. Compositions and descriptiongnd dipolar decoupling during the evolution and detection
of the various samples are shown in Table I. periods.(c) The *H diffusion data were acquired on a spe-
Solid-state NMR experiments were performed on threecialized home-built gradient NMR spectrometer. A key com-
different instruments(a) The ?H NMR data were acquired ponent of this spectrometer is an anti-Helmholtz-type super-
on a home-built spectrometer operating at a resonance fregonducting magnet, which produces a magnetic field with a
quency of wp/2r=55MHz (B,=8.5T). High power rf- (statig gradient of up to 200 T/rR
pulses(w/2-pulse length=2.5 us) were used to ensure broad
band excitation. Receiver dead time effects in the 2D experity. RESULTS AND DISCUSSION
ments were circumvented by using a five-pulse sequen
with a 32-scan phase cyct®. Temperature control was
achieved using a flow cryostat with a long term stability of Figure Xa) shows one-dimensional solid-echid NMR
about=0.2 K. (b) The 13C NMR spectra were acquired on a spectra of the benzene—NaY systéBnl molecules per su-

IIl. EXPERIMENTAL DETAILS

c
E_ 1D echo spectra
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(a)

255 K ~oors

245K

240K

235 K==~

231K

226 K

0.0 5.0 10.0 150
v/ kHz

FIG. 2. 13C echo NMR spectra of benzene adsorbed on K&% molecules

per supercage The pulse spacing was 2Q@s. Solid lines: Experimental
data; dashed lines: simulated spectrum for a tetrahedral jump model with a
distribution of correlation timesy, <1 decade.

percage at several selected temperatures. At room tempera-
ture, the spectrum consists of a typical Pake pattern with a
splitting of Av=69 kHz, along with a superimposed narrow
peak in the center. With increasing temperature, the central
line exhibits a constant width and grows in intensity at the
expense of the broad spectrum, which also gradually changes
its shape.

The low temperature NMR powder patterns are typical
of benzene molecules performing rapid hexad axis reorienta-
tions (as discussed in Sec. IID abgv&he changes of the
spectral line shape at higher temperatures are consistent with
additional reorientations of the sixfold symmetry axis, as the
adsorbed benzene molecules jump among tetrahedrally ar-
ranged cation and window sites. Figur@)lshows fits of the
316 K spectrum using such a tetrahedral jump model with a
single correlation timédotted ling and a log-normal distri-
bution of correlation time$Eq. (5)] covering a width ofo,
= 1.5 decadesgdashed ling There is a nearly perfect agree-
ment between the model and the data across a wide tempera-

ture range[Flg. 1(a)] demonStratlng the appropriateness 01EFIG. 3. (a) 2D exchang€H NMR spectrum of benzene adsorbed on NaY

the jump model. zeolite (5.1 molecules per supercader a mixing time oft ;=20 ms; (b)
Figure 2 shows 10°C echo NMR spectra obtained at corresponding contour plotc) calculated contour plot for discrete well-

several selected temperatures. The dashed lines again corpefined tetrahedral jumps, afd) for a Gaussian distribution of jump angles

. . with a full width at half maximumA=6° around an exact tetrahedral angle

spond to simulated spectra of benzene molecules in rapi 09.59,

hexad motion with additional tetrahedral jumps and a corre-

lation time distribution as before, though with a narrower

distribution of about 1.0 decade in width. Excellent agree-

ment between simulation and experiment is observed for aff- 2D €cho spectra

loadings studied in this work, supporting the tetrahedral mo-  Figure 3a) shows the 2D exchangdd NMR spectrum

lecular jump model. The mean correlation times evaluate®(w;,w-,t) [Eq. (11)] and Fig. 3b) the corresponding con-

from these fitgFig. 7) will be discussed below. tour plot obtained for benzene/NaY at 250 K containing 5.1
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@ ®) @ ~0.7 or, equivalently, by a width parameter ef~1 de-

cade. From ther-dependence of the mean correlation time
(7¢), it has been proposed that small angle relaxations of the
local environment of a benzene molecule occur just after a
tetrahedral jump event.

The jump angle and the correlation time distributions
both likely arise due to the dynamic disorder present in the
benzene subsystem. This is substantiated by 2D echo decay
data on NaY zeolite samples with different concentrations of
adsorbed benzene. Both contributidd®Yr,t) and FS"(rt)
to F(7,t) [Eq. (16)] have been measured on sample(85
CgDg per supercageand F¢°Y7,t) on sample #1(1.0 GDg
per supercage with the geometry parameter varied be-
tween 1 and 100us. As previously found, the time-
dependentH decay curves reveal two regimes, one due to
molecular motion and a second arising from spin-lattice re-

laxation. Parametrization with
FIG. 4. 2D exchang&C NMR spectra of benzene adsorbed on NaY zeolite t B (")
(3.5 molecules per supercage 188 K. Mixing times weréa) 1 ms andb) FCOS/S"( mt)=1{A(r)exg —
300 ms. Simulated final-state spectra are shown for the sharp tetrahedral ! «(7)
jump model(c) and for a Gaussian distribution of jump angles witk 16° (20)
(FWHM) around an exact tetrahedral angt.

yields final-state correlations

adsorbed gDg molecules per supercageample #4. As re- [Fcos/sin ) — B(7) (21)
ported previously, the spectrum can be reproduced using a * A(7)+B(7)’
tetrahedral jump model that leads to the elliptical pattern

shown in Fig. &). However, comparison of the simulated Swhich are shown in Fig. 5. The figure also contains calcu-

lated final-state curves modelled with perfect and distorted

Szﬁf::r:?a:cosr tcetnsjrr]leiirip t:zg;‘zgﬂléug%gq?;'tzzsﬁ'th dgprzr_ex'tetrahedral jumps. Distorted tetrahedral reorientations are
P P 9. y n?odelled by a Gaussian broadening of the sharp contribu-

ences, particularly alongside the diagonals near the center O0ns in the tetrahedral jump angle distribution. The plots

the 2D plots. A significantly better match to the eXper'rnem"'f“indicate that orientational disorder characterized by a Gauss-

spectrum is achieved by incorporating a distribution of reori- o width parameter oA=16° fits both samples best. At
entation angles into the simulation. A Gaussian dIStrIbUtlor‘|ower benzene loadings, the reorientation angle distributions

[full width at half maximum(FWHM) A=6°] of reorienta- are thus broader, indicating that the tetrahedral symmetry of

thn apgles about the tetrahedral angle was employed. .ﬂ‘ﬁ‘le benzene adsorption sites is more distorted at lower
width is necessary to account for the intensity near the diag-

onal[Fig. 3(d)]. Omitting this distributiorjFig. 3(c)] leads to coverages. The stretching parametgi7) for samples #1
harper contours and poorer agreement with the experiment 0 GDs per supercage#2 (3.5 GDs per supercageand
Zatap urs P 9 wi xper 4 (5.1 GDg per supercagehave been showirto be inde-

. . . pendent ofr and equal to~0.7. This corresponds to a
Ft|gur? 4 Sholws# exSp%(l:T%ltgl z‘:‘m_d sllmglaﬁéd N'\r/]le Gaussian correlation time distribution width of about 1 de-
spectra of sample #@. sHe SIiNgle Site enriche cade, which is consistent with the 1Bl echo analyses dis-
benzene molecules per NaY superdageain, the tetrahe- cussed above
dral jump mode! with a jump angle distributigd=16°, Fig. Turning to therdependence of the “Kohlrausch” time
4(d)] produces a better match to the experimental data tha . P . L )
the exact tetrahedral-jump modgfig. 4c)]. These results E'onstantTK (Fig. 6), a significantly different behavior is ob

i . ! oo served for sample #(1.0 GDg per supercagecompared to
provide consistent evidence for a distribution of molecular ple #(L.0 CDs p P ge b

jump angles in the fully5.1 molecules per supercagend samples with higher loadings, such as samplé3#d GDs

. ? per supercage and #4(5.1 GDg per supercage This dif-
|ntermed|f':1te(3.5 molecules per supercageaded benzene— ference at low adsorbate concentrations is one of key results
NaY zeolite samples.

of this work and will be discussed in detail below. As has
been pointed out in Ref. 18, the integral kerkg)(r) [see
Eq. (13)] renders the experiment, at small valuesrdfighly

2D ?H echo time domain measuremerfi§r,t) [Eqs. sensitive to large angle reorientations only and, at large
(12), (13), (16)] provide a more quantitative basis for ana- ~values, sensitive to small angle reorientations as well. A
lyzing the molecular jump angle distributions. At the highestquantitative fit to the experimental resulig(7) for the
loading (5.1 benzene molecules per NaY supercage, sampleighly loaded sample #45.1 GDg per supercagewith a
#4), a distribution of jump angles has previously been estabmodel assuming two time constants, for well-defined tet-
lished with (A=5°-7° FWHM) about an exact tetrahedral rahedral jumps, and, for concomitant small angle jumps,
angle? Further, there is a distribution of correlation times was performed and discussed in Ref. 4. The best fit was
which can be described by a Kohlrausch exponenBpf obtained forr,/7,=2, which was interpreted to arise from

C. 2D echo decays
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FIG. 5. Final-state values of the 2tH echo decay curvesga) F&°Y7) and
(b) FS"(7) of sample #23.5 benzene molecules per NaY supergael (c)
FSY7) of sample #1(1.0 molecules per supercag&he experimental data,
as obtained from the parametrization of E@0) and(21), are indicated by

the symbol(®). The curves are the result of model calculations for different
values ofA, which parameterize the width of the jump angle distributions.

small angle adjustments by approximately two adsorbed
molecules in response to a tetrahedral jump made by another
molecule. This is further supported by the observation that,

apart from a temperature-dependent scaling faetgf7) is
the same at all temperatures. It is not surprising thdt) is
essentially the same for both sample(5 G,Dg per super-
cage and sample #45.1 GDg per supercagebut different
for sample #1(1.0 G;Dg per supercage Sample #1 has on

Geil et al.

3.5/sc , 197 K
1.0/sc , 206 K

%w :

£ ; ;
& ¢ $
R SUF TSRS

%@m@m@mmmmmm@qj[ﬁ@@mm@

[on

0 20 40 60 80
T [ps]

100

FIG. 6. “Kohlrausch” time constantsy(7) measured for benzene adsorbed
on NaY zeolite at average bulk loadings ofsample #1 and 3.5(sample

#2) molecules per supercage, obtained by parametrization of the measured
stimulated echo decay curves with Eg0).

tional correlation timeg.), Arrhenius-type activation ener-
gies can be determined for the slow tetrahedral molecular
jump processes. As far as the 2D echoes are concerned, fixed
values have been assigned to the geometry parameter
7 (H-NMR: 7=10 us; 3C-NMR: =160 us), which are
small enough to ensure that tetrahedral jumps dominate the
decays. Figure 7, as discussed above, summarizes the corre-
lation time datg 7.) from the 1D NMR spectra and 2D echo
decays, discussed in Secs. IV A and IV B, respectively.

The figure clearly demonstrates the complementary com-
bination of the two methods, which enlarges the dynamic
range of the measurements up to almost five decades. Over
the temperature range 170-350 K, all samples display
Arrhenius behaviors, indicating that thermally activated mo-
lecular dynamic processes dominate in this temperature
regime. The highest and lowest loaded samples have been fit
to purely Arrhenius functions(7.) " = 7. * exp[ —E,/RT],
where E, is the apparent activation energy ang® is the
corresponding pre-exponential factor. In the case of the in-
termediately loaded sample, 3.5 molecules per supercage,
lower temperatures were probed, revealing tha}(T) lev-
els off at reduced temperatur@zlow 160 K. This is attrib-

6 7 8
1000/T [K]

average a single benzene molecule in each supercage, thElS. 7. Mean motional correlation times of benzene molecules undergoing
lacking other neighboring adsorbed molecules in the samigtrahedral jumps as a function of inverse temperature at different benzene

cage to relax. Experimentally, this is reflected by the

rindependence ofy .

loadings. 1.0 molecules per supercage—2H 1D echo, > —2H 2D echo
decay; 3.5 molecules per superca@e—°C 1D echo,M—*3C 2D echo
decay; 5.1 molecules per supercage:—2H 1D echo,[J—2H 2D echo

By examining the temperature-dependence of the moedecay. The straight lines are Arrhenius fits to the data.
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TABLE Il. Experimental activation energies and preexponential factors for 1.0 e — — e
tetrahedral jump processes undergone by benzene molecules adsorbed on i 1
NaY zeolite at different loadings.

5.1 molecules per supercage E,=44.5+0.5 kJ/mol
7,,=(4.6+0.8)x10 25

3.5 molecules per supercage E,=38.4+0.3 kd/mol g H
7,,=(0.78£0.13)x 10 25 ~. 05
rsp=0.68+0.04 5 FEN|

1.0 molecules per supercage E,=38.8+4.2 kJ/mol =
7,=(0.22£0.10)x 10~ 12s =

00}
uted to temperature-independent spin diffusion, which has S S I —
. . . . 10 2 5 10 2 5 10 2 5
previously been examined in detail for the benzene—Ca-LSX
zeolite systen.This is further supported by the observation t/s

the.lt n th.ls r?glm.eBK tends FO Increase tovx{ardl a Via'“e of FIG. 8. Stimulated echo decay of thd NMR signal measured at 390 K for
.Umty- [Spm dllffu3|on_(SD),_wh|ch.|{s due tq pair-wise d'p.0|ar benzene—NaY3.5 molecules per supercage, samplg a3 resonance fre-
interactions, is relatively insensitive to disordefor the in-  quency of 75 MHz in a static magnetic field gradientgef 175 T/m (evo-
termediately loaded sample, therefore, a temperaturdution time7=400um, corresponding tQ =7y g=18.7um*). The data
: : : - —1 -1 were fitted using Eq(23).

independent spin diffusion ratey has been addedr,)

=7, ex{ —E./RT]+ 753, which vyields the corresponding
best fit curve. Table Il summarizes the fit parameters an

results which will be discussed in more detail below. %ecause of the notoriously low sensitivity of static-field-

gradient NMR?’ diffusion measurements have been limited
D. Intracrystallite diffusion to the protonated sample #83.5 3C'?C.Hy; benzene
molecules/supercapeFigure 8 shows a typical benzehi
NMR stimulated echo decay curve measured in a magnetic-
H’eld gradient of 175 T/m and its accompanying fit obtained
using Egs.(22) and (23). The T;-parameter was measured
independently using a saturation recovery pulse sequence in
(5%6 gradient spectrometer. In this way, Qealependence of
the apparent diffusion coefficient at two different tempera-
fiyres was determined, as shown in Fig. 9. In these experi-
ments, theQ values have been adjusted by either varying the
evolution time, 7, within the range permitted by
sults depend inherently on the adoption of a suitable modeTZ'rel"’.lxat'on [e.g.,. T,=920(20)us at 450 K and/or by
changing the gradient strengt, The strong decrease of the

and thus issues of uniqueness remain. t diffusi ficient with | . flects th
An alternate approach is to use very high staticAPParent difiusion coetncient wi increasigg reflects the

magnetic-field gradients to allow smaller1 um) molecular lnfluen.cel of the crystallite grain boundaries.. From Fig.. 9
displacements to be probed, so that only the intracrystallitéllone it is not obvious how to deduce the intracrystallite
contribution to diffusion is relevartf For sufficiently large

Q-values, the difficult-to-characterize boundary effects be- I ———

Determining diffusivities of guest molecules in zeolites
with small crystallite dimensioné<1 um) is usually diffi-
cult. This is because the magnetic-field gradients used i
conventional pulsed-field-gradiefPFG NMR methods are
often not strong enough to identify intracrystallite diffusion.
Under such circumstances, PFG measurements may inclu
contributions from intra- and intercrystallite diffusion. As a
consequence, it is necessary to analyze the experimen
dat&? in terms of diffusion models, which include boundary
conditions at the crystallite surfaé&.2°> However, such re-

come unimportant, such that Ed.9) holds in an asymptotic St © 390K,38T/m |
limit. In this case, the diffusion path lengths become short 2 | hd jggﬁ;ﬁ%m ]
enough to measure intracrystallite translational diffusion. ~ 10%tg® B 450K, 175 T/m 1
Here, this limit is approached, though not completely so, as «* s b = ]
established by static-field-gradient NMR measurements per- = I o i
formed over a wide range @-values. < o
For intracrystallite Fickian diffusion ante> 7, F(7,t) a 10 E % ol B 3
would be given by Eq(19). Often, however, the condition 5 ®@p®@ # ]
t> 7 cannot be fulfilled experimentally. In such cases, one . . ® T 1
can overcome this limitation by introducing an effective dif- .
fusion time,t+27/3 that leads t& 107, 5 10 15 2 925
F(r,t)=exd — y2g2r2D(t+27/3)]. (22 Q/pm

FIG. 9. Apparent benzene diffusion coefficienBs(Q) measured for

Accounting fOl’Tl- and T2-relaxat|on, the stimulated echo benzene—NaY, 3.5 benzene molecules per supelsag®ple #3at 390 and

amplitudeM is related toF(7,t) via 450 K and using different static field gradient strengths of 38 or 175 T/m.
The diffusivities have been extracted from fits of the data using E&283.
M(7,t)cF(7,t)e 27Tee U1, (23)  and(23.
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diffusion coefficient quantitatively. ThB (Q) data level off
into a constant plateau value at aro@8=10xm™* which
corresponds to a crystallite size 6fery roughly 27/Q*
=0.6um, a value which is in reasonable consistency with
that known from scanning electron microscopy. In this sense,
the data at the higheQ-values represent an estimate of the
upper bound for the intracrystallite diffusion coefficient
D(T).

E. Discussion: Diffusion and local dynamics N ! | ‘
2 3 4 5 6 7

For establishing a unified picture that is consistent with 1000 K/T
both the microscopic and mesoscopic data, the diffusion co-

efficientD can be traced back to elementary jump processegéolite, 3.5 molecules per NaY supercagample #3obtained from static-

IG. 10. Elementary jump rates of benzene molecules adsorbed on NaY

; ; 8,29
which yield? field-gradient NMR(H), 3C 1D echo line shape&®) and 13C 2D echo
1 5 decay curvegO). The full curve results from a fit to the low-temperature
D=gwa’, (24) data with parameters taken from Table II.

whereW is the mean jump rate of a benzene molecule from
an adsorption site into the center of a neighboring supercage
anda is the distance between neighboring supercages. Froty CONCLUSIONS
structural dataa is known to be~ 1.1 nm*®

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

Application of complementary 1D and 2D solid-staké
and*3C NMR spectroscopy techniques leads to a consistent
picture of the dynamics and transport properties of benzene

W= (la)w, (25)  molecules adsorbed on NaY zeolite. The exchange of ben-

zene molecules among the tetrahedrally arranged adsorption
and insertingw=1/(47;) [Eq. (4)], we can relatéW and,  sjtes results in reorientations of the molecular symmetry
therefore,D to the experimental correlation timeg accord-  axes, which are detected in the NMR experiment. The reori-
Ing to entation angles differ from an exact tetrahedral jump process,

7_;1= 24D/ a2 (26) due tlo site.occup{:mcy dislorder in the guest system. This kind

of orientational disorder is less pronounced at higher load-
The proportionality factore depends on the jump mecha- ings. A detailed analysis of the data indicates that small-
nism. If the SIl N& cations are the energetically favored angle reorientations accompany the tetrahedral jumps. These
adsorption sites and jumps from a window to Sl sites aresmall angle jumps stem from a rapid adjustment of the ori-
governed by a low activation enerdfy?? thenw=wg, .,,  entations of neighboring molecules adsorbed in close prox-
leads to a dominant rate relevant for diffusion witN  imities to the molecule undergoing a tetrahedral jump event.
=2w. (The factor of 2 accounts for the fact that four win- At a sufficiently low bulk loading(e.g., 1 molecule per su-
dow sites are accessible and the probability to jump from gercage, no accompanying small-angle molecular reorienta-
window site into a neighboring supercage is LA2 other tions are observed, consistent with the relatively low prob-
words,a=1/2. Note that other jump mechanisms may lead toability of finding molecules near one another at low
slightly different values otx. coverage. The 2D echo correlation functions decay nonexpo-

Under the above assumptions Eg6) allows the mea- nentially. This is interpreted in terms of a distribution of
sured diffusion coefficient§as extrapolated from Fig.)30  tetrahedral jump rates, which is observed in 1D NMR echo
be converted into elementary jump correlation times andine shapes as well.
compared to those obtained from 1D and 2D NMR spectros-  Using strong static-magnetic-field gradients, we have
copy, Fig. 10. The solid line in Fig. 10, which represents thebeen able to estimate limits for intracrystallite benzene self
Arrhenius fit to the local jump ratgsising the parameters of diffusion. Comparisons of the diffusion coefficiés)t with
Table Il), is extrapolated into the temperature range of thehe local jump rate suggests a common origin of both dy-
diffusion data. Despite the uncertainty in the diffusion datanamic processes. Finally by using static-field gradients of
the rates obtained from local spectroscopy measuremengmost 200 T/m, new experimental limits have been reached
look qualitatively consistent with the assumptions leading tdn the effort to examine macroscopic intracrystallite transport
Egs. (25 and (26). However, the fact that the extrapolated of guest hydrocarbon species. Yet, for the sni@libmicron
local jump rates roughly agree with those obtained from dif-NaY crystallites used in the present study, the diffusion re-
fusion data should not be overinterpreted. Qualitatively, onesults remain influenced by crystallite boundary effects and
may conclude that the jumps observed in local spectroscopiytercrystallite contributions. While little more can be done
might be the elementary processes responsible for long-range extend the gradient NMR approach using current technol-
diffusion and that the low temperature activation energy perogy, there may be several ways to approach this challenge.
sists up to the diffusion-dominated regime. However, firmThese include using larger crystallite sizesl um), in com-
conclusions concerning the associated activation barriersination with strongly adsorbing guest molecules that diffuse
cannot meaningfully be made, based on the two diffusiorslowly, and lower temperatures. Another possibility would be
data points available. to use an approach that would enable lar@evalues to be
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