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Direct Measurement of Intercage Hopping in Strongly Adsorbing Guest-Zeolite Systems
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Solid-state exchang®C NMR has been used to measure directly disciatercage hopping of
strongly adsorbed molecules on a nanoporous zeolite. Such intercage motions represent the molecular
transport events that are central to macroscopic diffusion of guest molecules through zeolite pore spaces.
Apparent activation energies of 73 afél kJ/mol have been measured for intra- and intercage hopping,
respectively, of benzene molecules on Ca-Y zeolite. Exchange NMR measurements at 338 to 368 K
yield benzene self-diffusion coefficients from®~'°—107'®* m?/s, values which are well below the
range of diffusivities accessible from other equilibrium techniques. [S0031-9007(98)07933-2]

PACS numbers: 66.30.—h

The transport of adsorbed molecules inside the caviRef. [8]) on highly ordered Ca-LSX zeolite. Apparent
ties of porous solids has often been described as “raractivation energies of66 *= 6 kJ/mol were observed
dom walks” constrained by the geometries of the poregor benzene jump reorientations, primarily among?Ca
[1]. However, identifying and quantifying the elemen- adsorption sites within single supercages; however, intra-
tary motional processes that govern molecular transpodnd intercage motions could not be distinguished due to
and ultimately macroscopic diffusion of guest moleculesthe highly symmetric arrangement of the adsorption sites.
in heterogeneous porous materials can be extremely diffRecent exchangéH NMR results for benzene adsorbed
cult. Experimental measurements are challenged by then Na-Y have measured an apparent activation energy of
existence of several distinct pathways for diffusion that40 = 2 kJ/mol for benzene site hopping in the limit of
must be disentangled. To this end, we have applied solidull loading (5 moleculegsupercage), under conditions
state exchangé’C nuclear magnetic resonance (NMR) where both intra- and intercage processes are expected to
spectroscopy methods to probe directly and uniquely theccur; the different processes, however, were not distin-
molecular origins of such transport behaviors for benzenguished, but characterized together by a one-decade-wide
molecules adsorbed on crystalline Ca-Y zeolite. Theséog-normal distribution of correlation times [9]. Here
results represent direct measurements of the moleculave present direct measurements of intercage hopping by
hopping events that are responsible for the macroscopitrongly adsorbed molecules in a large-pore zeolite, from
diffusion of strongly adsorbed molecules on a three dimenwhich motional correlation times are determined, and very
sionally ordered nanoporous host. low macroscopic intracrystallite diffusion coefficients are

While a variety of powerful experimental and computa-calculated.
tional techniques has been demonstrated for characterizing Zeolite Ca-Y contains a network of supercage cavi-
rapid motions of weakly adsorbed molecules on porousies arranged on a diamond lattice and connected by
solids [1-3], measurements of molecular reorientation~7.4-A-diameter window apertures [10]. The crystalline
geometries and dynamics of strongly adsorbed speciesuminosilicate structure contains charge-compensating
have been more elusive. For example, detailed meeca™ cations, the number and siting of which depend
surements of mean translational jump lengths and rapidn the silicon-to-aluminum rati@Si/Al) of the anionic
(10712-10"%s) molecular reorientations are accessibleframework. The extra-framework cations occupy distinct
using incoherent quasielastic neutron scattering (IQNSpositions associated with Al sites inside the dehydrated
techniques [2]. By comparison, solid-state exchangeeolite cavities and represent energetically preferred sites
NMR methods [4] provide direct and unambiguous meangor adsorption of molecular guest species. Each supercage
of monitoring slow(1073-10?s) molecular reorientation of Ca-Y zeolite(Si/Al = 2.0) is expected to have on av-
events via changes in orientation-dependent NMR freerage two of the four so-callest; sites occupied by Ca
guencies. Such methods have been applied to the studyptions [11]. Benzene adsorption occurs preferentially on
of geometries and time scales of molecular reorientationthe S;; cations, and a second, less favorable adsorption
in polymers [4]. They have also been used to quantifysite exists at the center of the window#’) connecting
the hopping of weakly adsorbdd H,4; = —25 kJ/mol;  two adjacent supercages [11,12]. The f6ursites within
Ref. [5]) *°Xe atoms among different cavities of Ma each supercage are arranged tetrahedrally; inverting the
zeolite [6]. In previous work [7], we have used exchangetetrahedron gives the arrangement of the four windows
13C NMR to study intracage hopping dynamics of benzeneonnecting adjacent supercages, two of which are shown
molecules strongly adsorbedAH,qs = —134 kJ/mol;  in Fig. 1.
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Benzene molecules adsorbed on Ca-Y zeolite rotatbom each other by the sample spinning frequency. In the
rapidly about their sixfold axes, rendering the orientationEIS pulse sequence [16], these sidebands are suppressed
dependence of’C NMR frequencies axially symmetric by applying the so-called total-suppression-of-spinning-
[7]. Changes in the orientations of such adsorbed guestidebands sequence [17]. This is followed by a variable
molecules are manifested by frequency changes that areixing time, during which exchange processes may oc-
measurable ovel0—3-10? s time scales using exchange cur that cause suppressed sidebands to reappear. Impor-
NMR techniques [4]. In particular, for dynamic processesantly, the intensities of the reintroduced sidebands depend
in this slow regime, static 2D exchange NMR allows on the kinetics and number of sites participating in the ex-
molecular reorientation geometries to be determined prezhange processes, as discussed below. Correlation times
cisely. For example, static 2D exchang€ NMR spec- for such exchange processes are subsequently obtained by
tra (not shown here [13]) of benzene on Ca-Y zeolitefitting kinetic expressions to the ratio of the intensities of
acquired over a range of temperatures (258—348 K) esall sideband peaks to the total spectral intengttyS(z,,),
tablish that the benzene molecules reorient among discretes a function of the mixing time [15]. In conjunction with
adsorption sites through mean angle§bfor 109° = 3°  the static 2D exchange data, which provide direct and un-
[14]. The reorientation of benzene molecules betweemmbiguous evidence for jump-type reorientation motions
two Syp cations in the same Ca-Y supercage is essentiallgnd their geometries, the resulting EIS-measured correla-
equivalent to hopping between two vertices of a tetrahetion times can be assigned to specific molecular processes
dron, a process that is consistent with the reorientatiomith high degrees of confidence [7,15].
angle geometry observed in the static 2D exchange spec- At different temperatures,*C EIS spectra reveal that
tra. However, hopping to or from window sites is alsobenzene molecules adsorbed on Ca-Y zeolite display sig-
consistent with the observed ° or 109° reorientation an- nificantly different motional behaviors. These data are
gles, so that four potential elementary hopping processesompiled in Fig. 2, which shows sideband-to-total inten-
must be considered (Fig. 1y;;—S11, Sii—W, W—Sy1,  sity ratios RE1S(z,,) for two series of EIS spectra ac-
andW—W jumps. quired atT = 298 and 368 K, for a sample containing

Whereas the time scale of slow molecular jump motion€.5 molecules of adsorbed benzene per Ca-Y supercage.
can be measured from a series of static 2D exchange spdeer discrete exchange processes occurring among equiva-
tra, in practice substantially higher sensitivity and precisiorlent sites with a single reorientation geometry, EIS side-
are achieved under conditions of magic-angle spinnindpand intensities increase monoexponentially according to
using exchange-induced sidebands (Bf§)NMR [7,15].  REIS(1,,) = Rs.(1 — e~ '»/7), wherer,, is the experimen-

The EIS technique requires slow spinning of the sampléally known mixing time,r is the correlation time, anfl.

at an angle inclined4.74° with respect to the static mag- is the full-exchange (fe) limit oRE!'S(z,, — ) [15]. A

netic field, which incompletely averages the chemical shifimonoexponential fit t& £15(z,,) measured at 298 K yields

anisotropy. This yields a spectrum with a centerbandh correlation time of = 0.81 = 0.08 s (= 75; see below)

peak at the position of the isotropiéC chemical shift andR;. = 0.36 = 0.03. The value ofR;. depends on the

and a manifold of spinning sidebands that are separatezthemical shift tensor, sample spinning frequency, reorien-

tation angle(s), and the number of exchanging sites [15],

e the latter of which is the only unknown. Thus, the number

— “ of nondegenerate [14] exchanging sites can be extracted

FIG. 1. Schematic diagram of two Ca-Y zeolite supercages,
which contain an average of twy; Ca&" cations each (dark
spheres) that serve as primary adsorption sites for benzene 0
molecules, as indicated. Actual cation positions among the

four possibleSy; sites in each cage (unpopulated sites are

indicated by the white spheres) are generally uncorrelatedlG. 2. Semilog plot of sideband-to-total intensity ratios,
among different supercages [11]. Three elementary hoppin®®'S(z,,), measured from EIS®C NMR spectra at 298 K
processes are indicated: hopping from Shecation adsorption  (filled circles) and 368 K (open circles). The solid lines are
site to anotherS;; cation site within the same supercage monoexponential (298 K) or biexponential (368 K) fits to the
(St1—S11), from anSy; site to a window site separating adjacent respective data. Data cannot be acquired for longer mixing
supercagessS(;—W), and from a window site to affj; site  times due to spin-lattic€T;) relaxation. Experimental details
(W—S811). are described elsewhere [7].
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unambiguously from the EIS analysis. At 298 K (and be- Figure 3 shows an Arrhenius plot of the reciprocal
low) [13], Rt = 0.36 reflects the exchange between two supercage residence tinér, (open circles) and intracage
sites that differ in orientations by an angle 1f9° [15];  exchange rate coefficieh (filled circles) compiled from

the associated correlation time at 298 K will consequentlymono- and biexponential fits t6C EIS resultsRE'S(z,,)

be designatea,. Compared with the two-site geometry, measured over the temperature range 258 to 368 K. The
exchange among all four vertices of a tetrahedron yieldsolid line through the open circles in Fig. 3 is an Arrhenius
a value ofRy. that is a factor of 1.5 times larger [15], fit to the reciprocal average supercage residence time,
i.e.,Rr. = 0.54. Intracage exchange between adjacgnt In(1/74), which yields a prefactor oky = 4 x 10! s7!
adsorption sites in Ca-Y yields the two-site geometry ob{=1 decad¢ and an apparent activation energy Kf =
served at 298 K, where the intraca§ig—S; rate coeffi- 76 + 8 kJ/mol. The prefactork, is reasonable for an
cient is given byk, = 1/(27,). effective intercageS;—S1; hop via a window site [19],

At T = 368 K, benzene dynamics are measured thatnd the activation energy is, as expected, greater than
correspond to the exchange of benzene molecules betweéor the faster predominantly intracage dynamics measured
different Ca-Y supercages. Such intercage motions aris®r benzene adsorbed on Ca-LSX zeolife, = 66 kJ/
primarily from benzene hopping from afy; site via a mol) [7].
window to anothesSy; site in an adjacent supercage cavity Using the correlation times,, and 74 and Eq. (2),
(Sii—W—S11). A key observation is that intracage and the intracageS;;—Sy; exchange rate coefficieri, has
intercage hopping processes are characterized by differebeen calculated and is shown in Fig. 3 (filled circles).
kinetics and different numbers of participating sites [18].The Arrhenius plot fork, shows two distinct regions that
Although both processes involve benzene reorientatiosorrespond to contributions from two different processes,
through a tetrahedral angle, the intracage process involvestemperature-independent one below 298 K and a ther-
exchange between, on average, two equivalgptsites, mally activated process abo®8 K. The temperature-
while the intercage process effectively samples all fouindependent exchange is due to magnetization transfer via
vertices of a tetrahedron. Consequently, the mixing-timespin diffusion [20] amond?C nuclei in benzene molecules
dependence of theF13(z,,) ratios at 368 K can be modeled that may or may not hop among different adsorption
using a four-site exchange matrix given by sites. Previous measurements [7] have shown that spin
diffusion and hopping among adsorption sites are inde-

—ka k_ 2ka Ck ki ok i“ i“ pendent processes, so that the measured exchange rate
k2 2 . v % 4 ” k4 ,  coefficientk, is the sum of separate contributions from
4 4 2 4 2 molecular hoppingk, exp(—E,/RT), and spin diffusion,
ky ky ko —ky — 2k4

ksp. The solid line through the filled circles in Fig. 3 is a
(1) fit to In(k2) = In[koexp(—E./RT) + ksp], which yields
where k, is the rate coefficient fointracage S;;—S;; ko = 4 X 10'! s7! (=1 decadg E, = 73 = 7 kJ/mol,
exchange, and, is the effective rate coefficient for an
intercageS;;—W—S11 benzene hopping process. Solving
the accompanying kinetic equations for stationary Markov
processes [4] leads to the relation,

(s

R¢e _ _
REIS(l‘m) = Tf (3 — D¢ 2(katka)tn _ e 4‘k4t/n), (2&) =~
0.54 =4
= ? (3 - e tmlTaa _ 8_1111/7—4)’ (2b) j“

where the average supercage residence time is identical to
the correlation timer, = 1/(4ky4), the rate coefficient for
intracageS|;—S1; exchange ig; = 1/(2124) — 1/(474), : '3.2' '3.4' : A
and the known [7,15] full-exchange four-site linkt. = ' ' T 1000 (K1) ’ '
0.54 has been imposed to constrain the biexponential
fit. Fitting the RE'S(z,,) ratios measured at 368 K in FIG. 3. Arrhenius plots of the intracage exchange rate
Fig. 2 to Eq. (2b) yields,4 = 0.027 = 0.005 s [whereas coefficientk, (filled circles) and reciprocal supercage residence

'_1 2k. — 0.029 24 d T 0_18.+ 0.04 = time 1/74 (open circles) for benzene jump reorientation
7 = 1/(2ky) = 0. _S] and7y = 0.16 = 0.04s. FOI'  qotions on Ca-Y zeolite. Two processes can be clearly
the low benzene Iqadm_gs used here and the p_reference f@kntified as contributing ta,: temperature-independent spin
benzene forS; cation sites [11,12,19], adsorption at the diffusion which dominates below 298 K, and hopping of
window sites is short lived relative to the time scales ofbenzene molecules between’Ca; cations sites, an activated
the EIS measurements. We have established the role 8f0¢€ss which dominates abovd8 K. The filled circles
the window sites in the intercage benzene transport proce&e, fit with Inlka) = Inlko exp(~ Eo/RT) + kspl. A single

. - 9 : . p p §§ralght line is obtained for the (b/74) data, reflecting motion

by measuring the additional kinetic barrier they introduce petween different supercages; the open circles are fit with
as reflected by,. In(1/74) = In[ko exp(—E,/RT)].
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