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Abstract: The locations of Li and Na cations in dehydrated chabazite were studied by neutron powder
diffraction, ’Li and 23Na magic-angle spinning (MAS) nuclear magnetic resonance (NMR) spectroscopy, and
ZNa multiple quantum MAS (MQMAS) NMR spectroscopy. Neutron powder diffraction data were collected
on lithium chabazite (space grou3m, a = 9.3357(5) A,a = 93.482(4}, Ryp = 5.83%,R, = 4.65%,y2 =

1.24) and on a mixed lithium sodium chabazite (space gr&8m, a = 9.3385(5) A,a = 93.382(4}, Ryp =
5.94%,R, = 4.83%,y? = 1.27). Both neutron diffraction antL.i MAS reveal lithium chabazite to have two
cationic sites: one at the six-ring window of the hexagonal prism (Sll) and one in the supercage at the four-
ring window of the hexagonal prism (SlI1). Mixed lithiursodium chabazites reveal strong evidence of selective
occupancy accompanied by concomitant rearrangement effects. While the introduction of sodium into lithium
chabazite reduces occupation primarily at the SlII site, a decrease of the Sl site lithium cation population is
also observed at sodium levels above 24%. At low sodium content, sodium cations occupy a site in the eight-
ring window of the channel (SIl). At sodium content around 70% and higher, sodium cations also reside at
the SlI sites vacated by the lithium cations. The increased population of SlI sites'big Masociated with a
marked increase in the lattice constant. The implications of the observed site preferences for noncryogenic air
separation are discussed.

Introduction characterization of the cation siteéDespite this interest, little
d information exists on the structures of lithium-containing

nitrogen from air have been developed since the 1970s and havechaba;ites -and the site prgferences of extraframework cations.
led to a cost-effective process for this important separdtion. _Zeolites in the chabazite structural family have a three-
These methods utilize adsorbents that exhibit an equilibrium dimensional channel system which contain pores made from
or kinetic selectivity for one gas over the other. In the vacuum @n eight-membered ring of oxygen atoms. The channel structure
swing adsorption (VSA) process, absorbents that have nitrogen'®Sults from the connection of hexagonal prisms by four-
selectivity under equilibrium conditions are used. Lithium- Membered ring units. Cation sites in dehydrated and hydrated
containing zeolites have demonstrated good performance in sucHorms of natural chabazite have been previously studied and
processes. Li-LSX, Li-X, and Li-Y, all members of the faujasite the resulting catlon sites chgractenz%d? From previous work
family, are common gas sorbents and have been previouslythree general cation positions are I§n0w to exist: one at the
studie® > In addition to the faujasites, lithium-containing center of the prism, one at the six-ring window of the prism,
chabazites have also demonstrated effective nitrogen sorption@nd one at the eight-ring window (Figure 1). With a pore size
characteristics, making them potentially useful in VSA pro- of 3.8 A, chabazite is a useful material for separations .deallng
cessed. The separation effects are attributed to a strong with the passage of small molecules such aad light olefins.
electrostatic field gradient created by the lithium catibifr to perform better in nitrogen sorption than other forms of

these reasons, recent work has been devoted to the structursfhabazite, the lithium form does not have as great a hydrother-
mal stability as chabazites with cations of larger radius or higher

charge. Mixed cation forms of chabazite, containing both lithium

Methods for the noncryogenic separation of oxygen an
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constants in an unambiguous way. The two-dimensional nature

1! of the experiment often enables a line shape deconvolution of

the different sites based on quadrupolar coupling and isotropic

’/'3 * 4 chemical shift, particularly in materials in which severe overlap
of second-order quadrupolar line shapes exists.

The characterization of the local cation environment and the
possible site preferences in mixed lithiseodium chabazites
are the subject of this study. Taking advantage of the benefits

S of both neutron powder diffraction and high resolution solid
e state NMR, chabazite samples with varying ratios of sodium
Sy and lithium cations are studied. Powder neutron diffraction data
were collected for a fully lithiated sample and a mixed
® SI composition (58% Li, 42% NaJLi MAS, 23Na MAS, and®Na
MQMAS NMR spectra were collected for a wider range of
Figure 1. Representation of the extraframework cation positions in sodium/lithium ratios. Our results demonstrate that the cations
the hexagonal prism, Sl, the six-ring window, SllI, and the eight-ring in these mixed-akali chabazites exhibit definite site prefer-
window, SlII, of chabazite. The positions of the four unique oxygen ences: lithium cations prefer coordination at the six-ring window
atoms in the asymmetric unit are designated by atom number. of the hexagonal prism, while sodium cations are preferentially

directed toward the eight-ring window site.

required while retaining lithium’s superior adsorption proper-
ties! In these mixed forms of chabazite, and other zeolites for Experimental Section
that matter, the possibility exists for selective siting of the cations
in the various positions. Accessibility of these extraframework  Sample Preparation. The potassium form of chabazite was syn-
cations will affect the sorption properties of the zeolite, and thesized from the decomposition of the acid form of zeolite Y. The

hence, manipulation of the site preferences of the cations cansodium form of zeolite ¥ was ion-exchanged i 1 M NHCI
’ P p aqueous solution using a solution-to-zeolite ratio of 50 mL/g in four

facili.tate fine-tpning of the adsorption prope.rties. Selgctive siting exchange cycles. The ammonium form was calcined at°@ air
in mixed alkali LSX has recently been studied for this purpose. o produce the acid form. The acid form of zeolite Y was then mixed
The challenge of characterizing extraframework cations in with 6 M KOH and Ludox (LS-30) and placed in a 9& oven for 7
zeolites becomes more difficult when more than one cation days®® The resulting potassium chabazite was collected by filtration.
serves to balance the negative charge of the zeolite framework. The as-synthesized zeolite was ion-exchanged to the sodium form
The occupancy of crystallographic positions can become too Usig 1 M NaCl aqueous solution at a solution-to-zeolite ratio of 50
small to be measured accurately through powder diffraction. In ML/d in eight to 10 exchange cycles each lasting8th in duration.
addition, lighter cations such as lithium and sodium become Subsequently the lithium form of chabazite was produced from eight

difficul | ith X hods. Whil d to ten ion-exchange cycles each-& h in duration usig 1 M LiCl
Ificult to locate with X-ray methods. lle neutron powder aqueous solutions at 10€ using the same solution-to-zeolite ratio.

diffraction, with its high sensitivity to light elements, has become  agter each ion-exchange the sample was collected via filtration and
the standard method for the crystallography of lithium-contain- subsequently washed with deionized water usir@ 2imes the ion-

ing zeolites, it encounters limitations for sparsely populated sites exchange volume. Mixed alkali forms of chabazite were produced by
such as those that may be present in mixed cation samplesijon-exchanging stoichiometric amounts of the appropriate chloride with
However, solid-state nuclear magnetic resonance providesthe conjugate 100% form of chabazite using only one exchange cycle.

valuable complementary and quantitative information on the The actual cation ratios produced were verified through elemental
siting of extraframework cations in zeolites analysis using inductively coupled plasma (ICP) spectroscopy and are
) listed in Supporting Information. No significant cation deficiencies are

Past applications of botfLi and *Na MAS NMR experi-  eyident within the error of the method. Eight samples were produced
ments to zeolites have been able to identify distinct cation having the following lithium-to-sodium ratios: 100% Li, 86% Li:14%
environments with varying degrees of resolution, despite the Na, 76% Li:24% Na, 61% Li:39% Na, 58% Li:42% Na, 20% Li:80%
limited chemical shift ranges for the cationic forms of both Na, 9% Li:91% Na, 100% Na. The silicon-to-aluminum ratio for the
nuclei. In 7Li MAS NMR of faujasites, typically weakly precursor zeolite and various samples after ion-exchange was deter-
coordinated noncage lithium cations (such as at the SliI site) Mined to be 2.4 through both ICP aff$i NMR spectroscopy. Al the
have a lower resonance frequency than lithium coordinated in 28°lit¢ samples were dehydrated under vacuum (> Torr) at 500
hexagonal prisms or six-ings?Na MAS NMR, too, can C and subsequently stored in an argon drybox where all samples were

" ish . . h packed into MAS rotors for NMR experiments’Al MAS NMR
distinguish between cation environments, but the trends are no[experiments were carried out on the dehydrated samples; no octahedral

always as clearly resolved as fbi NMR. The line shapes of  ajuminum species were observed. Samples used in neutron diffraction
Na signals are broadened due to coupling of the large were transferred to a helium drybox for loading into vanadium canisters.
quadrupolar moment of sodium with the local electric field Powder Diffraction. Neutron powder diffraction data on a 100%
gradient of the cation environment. The broadening of the line Li chabazite zeolite, a 58% Li:42% Na chabazite zeolite, and a 100%
shapes can make identification of individual sites difficult, and Na chabazite were collected at 295 K with a neutron wavelength of
analysis becomes dependent on line shape simulation and fitting2-083 A between 8and 150 in 26 on the BT1 diffractometer at the
routines. While a hindrance for one-dimensional MAS experi- Nfa:ihona?l I'lnslt_i:ﬁ_tetogsfngarqts andd'l't?]chnqlogg ('ﬁ‘('SI’T)-the s_ttructures
: - H H ; ; (o) € Tully lithiated chabazite an € mixed-alkall chabazite were
Eineepnetf\,d;hgn ?Le:tlggafllilyc/jm?’r:ae(tjrlsrgf It?:lusgt?(l)r;]get:\ﬁrcljlgﬁesnhtae?rf d refined using the Rietveld meth&dvith the GSAS suite of progranis.
provides an independent means of characterizing the cation sit€ (13) Frydman, L.; Harwood, J. 9. Am. Chem. S0d.995 117, 5367
in addition to the chemical shift information. The recently 5368.
developed multiple-quantum magic-angle spinning (MQMAS) 1191)25"769‘1‘“&‘(2'7’;7; Harwood, J. S.; Frydman, 1. Am. Chem. S0d.995
technique:®*#which serves to produce isotropic spectra, allows ™" (15) Bourgogne, M.; Guth, J.-L.; Wey, R., U.S. Patent 4,503,024, 1985.
for the determination of the nuclear electric quadrupolar coupling  (16) Rietveld, H. M.J. Appl. Crystallogr.1969 2, 65.
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Table 1. Lattice Constants and Volumes of the Unit Cells for
Lithium Chabazite, Mixed SodiumLithium Chabazite, and Sodium
Chabazite Samples

volume
sample a(h) a (deg.) (A3 source
100% LiCHA  9.3357(5) 93.482(4) 808.7(7) neutron
76% Li: 9.3369 (15) 93.452 (1) 809.1(4) X-ray
24% Na CHA
589% Li: 9.3385(5) 93.382(4) 809.7(6) neutron
42% Na CHA
20% Li: 9.3423 (41) 92.694 (1) 812.4(11) X-ray
80% Na CHA
9% Li: 9.3536 (33) 92.731(1) 815.2(9) X-ray
91% Na CHA
100% Na CHA  9.3716 (10) 92.643 (1) 820.2(3) neutron

A pseudo-Voigt profile functioff with a Finger-Cox-Jephcoat asym-
metry correctiof was used to model the peaks. The background was
fitted using a shifted-Chebyshev function. The diffraction data were
refined in theR3m space group, using the rhombohedral setting, and
the preliminary positions of the framework atoms were taken from the
structure of dehydrated calcium chabaZifene silicon and aluminum

atoms were set to reside at the same crystallographic positions using

occupancy ratios based on elemental analysig®idNMR. The cation

positions were determined using difference Fourier maps. The therma
parameters for the framework atoms were refined and those for the.
extraframework cations were refined when possible and otherwise were

fixed according to literature valué€® The thermal parameters for the
different lithium cations were constrained to be the same when
refinement was possible. The diffraction data for the pure sodium
chabazite was analyzed using the Le Bail methad obtain lattice
constants for the unit cell (Table 1). A full refinement of the structure

was not possible due to the presence to two phases, one monoclinict
and one rhombohedral, which caused the data collected to be under-

determined.
X-ray diffraction patterns were collected on three mixed-alkali

samples: 76% Li:24% Na chabazite, 20% Li:80% Na chabazite, and

9% Li:91% Na chabazite at 295 K with a Scintag PAD-V powder
diffractometer (45 kV, 35 mA) using Cudl and Ko2 radiation. The

diffraction pattern for the samples was analyzed using a cell constant

determination routine provided with the Scintag software (Table 1).
NMR Spectroscopy.’Li and 2Na NMR experiments were per-
formed on a Bruker Avance DSX-500 spectrometer Withand 2Na

resonance frequencies of 194.37 and 132.29 MHz respectively. For both

MAS and MQMAS experiments, a Bruker 4 mm high-speed MAS
probe modified for providing extra-high;Bield amplitudes was used.

One-dimensionalLi MAS spectra were acquired with a pulse length
of 1.0 us at a nutation frequency of 56 kHz for LiCl (aqueous). The
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Figure 2. A schematic depiction of the MQMAS pulse sequence. A
coherence transfer pathway diagram (bottom) describes the effects of
each of the three pulses.

The two-dimensionat®™Na MQMAS experiments were carried out
using the three-pulse zero-quantum filter sequence developed by
Amoureux and co-worket% (Figure 2). The first and second pulses
were hard pulses using a nutation frequency of 250 kHz for NaCl (aq)
and had pulse lengths ofi& and 0.8s, respectively. The third pulse
was a soft 90 pulse of 8.4us in length (nutation frequency of 32 kHz).
The increments of thi period, the delay between the first and second
pulse, were typically 2@s. A fixed delay of 1Qus was used between
the second and third pulse. The spectra typically were collected with
64—128 differentt; periods. Signals from the echo and antiecho were
separated using the States metkbA. recycle delay of 500 ms was

Iemployed and 80061400 scans were collected per row. The resulting

two-dimensional data set was Fourier transformed and sheared accord-
ing to the method described by Massiot et*aHowever, in addition

to scaling the dwell time in thE; (isotropic) dimension and the offset

in the isotropic dimension, the spectrometer frequency in the isotropic
dimension was multiplied by the factok (+ 3)/(1 + k).?6 For
quadrupolar nuclei with a spin &f,, k has a value of/y. Scaling the
isotropic dimension in this fashion serves to separate distributions in
he chemical shifts and quadrupolar couplings by distinct slopes in the
transformed spectra. AlfNa chemical shifts are reported relative to a

1 M agueous NacCl solution reference standard.

Isotropic chemical shift and quadrupolar produet € Co (1 +
7?/3)"?) information can be obtained from these MQMAS spectra. The
peaks in the MQMAS spectra have positions based on the following
relationships:

B P2 x 10°
(3,:1 = 605 + T&/g (1)
P2 x 10°
Op, = Ocs — Ta0? @)

The first moment of the peak in the second dimension is used since

spinning rate was 12 kHz and a recycle delay of 500 ms was employed. the fourth rank terms are zero at the center of mass of thé4ifem
Under these conditions, rigorously quantitative spectra were recordedthese equations, it is clear that distributions of isotropic chemical shifts

allowing reliable site populations to be obtained. Chemical shifts are
reported relatived a 1 M LiCl solution as a reference standard. The
one-dimensiona®Na MAS experiments were performed at a spinning
speed of 15 kHz using a 0/ pulse at a nutation frequency of 114
kHz for NaCl (aqueous) with a recycle delay of 500 ms for all samples.
The MAS spectra were fitted using the deconvolution routine from the
xedplot program in the XWIN NMR suite of programs for the Bruker

spectrometer. The intensities for the fit of the second-order quadrupolar
broadened lines were adjusted according to the technique described

by Massiot et af? in order to obtain the correct cation populations
from each line.

(17) Larson, A. C.; Von Dreele, R. B.os Alamos Lab. Re[987 No.
LA-UR-86-748

(18) Thompson, P.; Cox, D. E.; Hastings, JJBAppl. Crystallogr1987,
20, 79-83.

(19) Finger, L. W.; Cox, D. E.; Jephcoat, A. B. Appl. Crystallogr.
1994 27, 892-900.

(20) Olson, D. H.Zeolites1995 15, 439-443.

(21) Le Bail, A.; Duroy, H.; Fourquet, J. IMater. Res. Bull1988 23,
447-452.

(22) Massiot, D.; Bessada, C.; Coutures, J. P.; Taulelle]. Magn.
Reson199Q 90, 231-242.

with a similar quadrupolar product will have a slope of 1. Distributions
of the quadrupolar product for resonances with the same or similar
isotropic chemical shift will have a slope 6f10/17. The isotropic
chemical shift and quadrupolar product are calculated using the
following relationships:

17

> B0 ©)

“)

Results

Neutron Diffraction. The results of the refinement of the
lithium chabazite structure are shown in Figure 3a, and the

(23) Amoureux, J.-P.; Fernandez, C.; Steuernagel, Blagn. Reson. A
1996 123 116-118.

(24) Ernst, R. R.; Bodenhausen, G.; Wokaun PAinciples of Nuclear
Magnetic Resonance in One and Two Dimensidlarendon: Oxford,
1987.
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b b e

34 L - = ivin Figure 4. A stick representation of the structure of (a) dehydrated
lithium chabazite and (b) dehydrated mixed soditlithium chabazite.
The figures depict the lithium and sodium cations as spheres. Bonds

T T T T T T T
20 40 60 80 100 120 140

are drawn to the SllI lithium site and to the Sislodium site as guides
b) 2 for the eye. The tetrahedral and framework oxygen atoms are omitted
for clarity.
Table 3. Fractional Coordinates arld;s, (Isotropic Thermal
Parameters) for Mixed SodiunLithium Chabazité
atom site xla yib zc occupancy Uiso(A?)
.. Si(1) 12i 0.6000(10) 0.8251(8) 0.3775(9) 0.706 0.0216(20)
; Al(1) 12i 0.6000(10) 0.8251(8) 0.3775(9) 0.294 0.0216(20)
O(1) 6g 0.7654(5) 0.2346(5) 0.5000 1.000 0.0261(25)
o 0(2) 6f 0.6216(6) 0.3784(6) 0.0000 1.000 0.0348(26)
AN IIINANNN AN oo NN it O(3) 6h 0.7594(7) 0.7594(7) 0.3797(9) 1.000 0.0330(25)
O(4) 6h 0.5253(6) 0.5253(6) 0.7728(8) 1.000 0.0276(24)
Li(1) 2c 0.3762(27) 0.3762(27) 0.3762(27) 0.841(45) 0.0210
2'0 42) 6'0 x;) 1(;0 12'0 14'0 Li(2) 12i 0.854 0.309 0.194 0.031(8) 0.0410
Na(l) 12i 0.016(9) 0.531(8) 0.144(9)  0.134(8) 0.0640

26

Figure 3. Final observed, calculated and difference profile plots for
the neutron refinement of (a) lithium chabazite and (b) mixed sogium
lithium chabazite.

a2 Numbers in parentheses are standard errors in the last digit or digits.

bond length is the longest of the four bonds and theOT4)—T
angle is the smallest. Both perturbations are the result attraction

Table 2. Fractional Coordinates andis, (isotropic thermal of the positive charge of the lithium cation pulling the oxygen
parameters) for Lithium Chabazite atom closer to the SlI site.
atom site  x/a ylb Zc  occupancy Uis (A2) The mixed alkali (58% Li:42% Na) chabazite refinement is

Si(1) 12i 0.5968(11) 0.8242(9) 0.3748(10) 0.706 0.0250(22) shown in Figure 3b and its positional and occupancy data are
Al(1) 12i 0.5968(11) 0.8242(9) 0.3748(10) 0.294 0.0250(22) summarized in Table 3. Bond lengths and angles are listed in
8&; g? g-gggg((g)) 8-3?739352(((%) g-gggg 11&())8 8'83?86((22%) Supporting Information. Again the refinement was in good
O(3) 6h 0.76098) 07609(8) 0.3807(8) 1.000  0.0370(27) agrj(‘;meft_w';hzéhe Teﬁ(pe“memalldaﬁg (T 4.80%, Rup =
O(4) 6h 0.5264(7) 0.5264(7) 0.7732(8) 1.000 0.0271(24) 5.94%, x* = 1.27). The structural model contains two ex-
Li(1) 2c 0.3718(23) 0.3718(23) 0.3718(23) 0.976(58) 0.0197(126) traframework lithium cation sites; only one sodium cation site
Li(2) 12i 0.854(10) 0.309(11) 0.194(13) 0.132(10) 0.0197(126) is observed. The lithium cations are found in the SIl and Sl
a Numbers in parentheses are standard errors in the last digit or digits. Sit€S s described in the structure for the full lithium sample.
. ) . Due to the low occupancy of the SlII lithium site, the position
positional parameters and occupancies are shown in Table 2.4t yhe |ithjum cation was constrained to be the same as that in
Bond lengths and angles are listed in Supporting Information. e yre Jithium chabazite. The sodium cation is found near
The tf'rlla(; sttructuie :gg‘ged good ;\g;%}amint_wlltg;he_rixpen- the eight-ring window just outside of the plane of the window;
mental data R, = 4.65%, Rup = 5.83%, * = 1.24). The the site will be henceforth referred to as the Ssite (Figure
resulting structural model contained two distinct lithium sites: 4b). The sodium cation is at a distance of 2.32 A from the O(3)
one in the center of the six-ring window, the SlI site, and one oxygen atom of the six-ring window and 2.32 A from the O(2)
in the corner of the four-ring window of the hexagonal prism, - ,,vqen. The sodium occupancy is 1410.10 cations per unit
the SlIl site (Figure 4a). No lithium cations were located inside cell. The occupancy of the SiI lithium site was found to be
the hexagonal prism or in the eight-ring window of the j,complete, yielding 1.68 0.09 cations per unit cell, while
framework. The SllI lithium cation has a bond distance of 2.02 4 occupancy of the SIl lithium site is 0.3% 0.10 cations
A to the nearest oxygen, O(1). The next nearest coordinating e it cell, Again the effect of the near total occupation of

oxygen is O(3) from the six-ring window at a distance of 2.32 b g sjte by lithium cations perturbs the length and angle of
A (Figure 4a). The occupancy of the SlI site is nearly 100% the T-O(4) bond.

with 1.954 0.12 cations per unit cell. At the SlII site, the cation
population is 1.584+ 0.12 cations per unit cell. Complete

occupation of the SllI site can also be inferred from the
perturbations of the nearest oxygen atom, O(4). TheD{4)

NMR Spectroscopy.Figure 5 summarizes thiki and 22Na
NMR data obtained on the whole suite of samples. Th&AS
NMR spectrum of the fully lithiated chabazite consists of two
peaks, one at-0.37 ppm and one at1.22 ppm. The high-
(25) Massiot, D.; Touzo, B.; Trumeau, D.; Coutures, J. P.; Virlet, J.; frequency peak has the larger area (63%) of the two peaks and
ggonan, P.; Grandinetti, P. $olid State Nucl. Magn. ResatP9§ 6, 73— is thus assigned to the SII site. Eadh resonance is ac-
(26) Fernandez, C.; Amoureux, J. P.; Chezeau, J. M.; Delmotte, L.; cOmpanied by a spinning sideband manifold arising from the
Kessler, H.Microporous Mater.1996 6, 331—340. effect of MAS on the first-order quadrupolar satellite transitions.
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Figure 5. Li MAS NMR (left) and 2Na MAS NMR (right) spectra of chabazite with various cation contents: (a) 100% Li, (b) 86% Li:14% Na,
(c) 76% Li:24%Na, (d) 61% Li:39% Na, (e) 58% Li:42% Na, (f) 20% Li:80% Na, (g) 9% Li:91% Na, and (h) 100% Na. The experimental
spectrum is shown in the upper trace, the simulated in the middle, and the components of the simulation at the bottom.

Table 4. “Li MAS NMR Simulation Parameters and Site

Both sideband patterns can be separated by subtraction of thePopulations of the Various Chabazite Samples

lower lithium content spectra from the spectra of the fully

lithiated sample. The NMR spectra of the sideband patterns of Sli siil total
the resonances are available in Supporting Information. The  100% Li 3.53
sideband patterns were found to yield consistent results despite  9iso (PPm) €£0.07) —0.37 —-1.22
the different levels of sodium present in each sample. As 86!7;:) If:J1C4% Na 222 131
previously shown, the_ nuclear electric quadrupolar coupling Siso (PPM) €:0.07) ~0.36 ~1.16 3.04
parameters can be estimated from the overall envelopes of these Lit/u.c. 2.19 0.85
sideband patterr€. The SIlI resonance is characterized by a 76% Li:24% Na
quadrupolar coupling constant of 280 kHz with arre 0.3. diso (PPM) (0.07) —0.34 —1.18 2.68
The SIil resonance has a quadrupolar coupling constant of 240 __Li"/u.c. 2.01 0.67
kHz with any ~ 1.0. Thus, the’Li quadrupolar interaction 61% Li:39% Na
L ’ . ; diso (PPM) (+0.07) -0.38 -1.10 2.15

parameters for both sites are clearly differentiable. Li*/u.c. 1.88 0.27

Figure 5 reveals that with increasing sodium content, the  58% Li:42% Na
intensity of the minority lithium SllI peak decreases almost diso (PpM) (0.07) —0.43 —1.16 2.05
exclusively, indicating selective replacement by"N®nly at 20(')—/'1/9-5@ N 1.85 0.20
39% sodium content does the intensity of the SlI peak begin to 6:’50 (Ibpm)o(igm) 035 B 071
decrease as well. The spectra of samples with higher sodium Li*/u.c. 0.71 0
content levels contain only the peak at arour@l37 ppm. The 9% Li: 91% Na
shifts and areas for th&.i spectra are summarized in Table 4. Ei.s_s/(ppm) (£0.07) —%2382 " 0.32

1/uU.C. .

From Figure 5, it is clear that tHéNa MAS spectra are rather

broad and ill-defined, making assignments of the central

transitions difficult without additional information regarding the corresponding 2-D contour remains sloped even after shearing,
chemical shifts and quadrupolar coupling constants of the jndicating the effect of a chemical shift distribution. As discussed
sodium cations. MQMAS spectra provide the necessary infor- fyther below, the additional feature is attributed to a second
antlon on the starting parameters for the_ MAS simulations. T_he type of SlII site created by the cation disordering (31! In

Na MQMAS spectrum of the 24% sodium sample, shown in the spectrum of the 80% sodium chabazite (Figure 6c), the
Figure 6a, reveals only one type of sodium species. With the previous two species are present, and a third species is evident
further addition of sodium, a second species becomes evidentyth g higher isotropic shift-10 ppm) and a larger nuclear
in the spectrum of the 39% sodium chabazite (Figure 6b). The gjectric quadrupolar coupling constant. The 100% sodium

(27) Nielsen, N. C.; Bildsge, H.; Jakobsen, H. J.; NorbyZdlites1991,
11, 622—-632.

chabazite MQMAS spectrum (Figure 6d) reveals all three of
these species with slightly higher intensities. The deconvolutions
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Figure 6. 2Na MQMAS NMR spectra for (a) mixed lithiumsodium chabazite containing 24% sodium, (b) mixed lithitsodium chabazite
containing 39% sodium, (c) mixed lithiursodium chabazite containing 80% sodium, and (d) pure sodium chabazite. The projection of the anisotropic
(MAS) dimension is at the top; the projection of the isotropic dimension to the right. The different sodium sites are identified in the spectra; s.b.
designates a spinning sideband.

chosen for the MAS spectra (Figure 5) are fairly consistent with Discussion

the extracted MQMAS parameters (see Supporting Information) o . ) o )

and were further refined using the difference spectroscopy The lithium positions in the lithium form of chabazite are
approach. The isotropic chemical shifts and quadrupolar cou- Very similar to the sites observed in the various synthetic

plings, as well as the cation site populations derived from the faujasites, LSX, X, and Y. The lithium SiI cation site is fully
MAS spectra, are listed in Table 5. occupied which is to be expected because the coordination

The 23Na MAS spectra of the two lowest sodium content €nvironment is the best available in chabazite for a small cation.
chabazites, 14 and 24% Na, respectively, have identical line Full or near full occupancy has also been observed in the
shapes describing the SHI site. While this line shape is analogous site of lithium faujasite. The SllI lithium cation site
probably the result of a distribution of asymmetry parameters, in chabazite where the cation coordinates to the side of the
a satisfactory simulation can be achieved by assuming two channel as opposed to the pore window, has also been observed
quadrupolar-broadened spectral components having rather simiin some lithium faujasite structurés® The "Li MAS NMR
lar Cq but distincty values of 1.0 and 0.4, respectively. At a spectra correlate well with the diffraction results. The ratio of
sodium content of 39%, the disordered feature discussed aboventensities of the NMR peaks almost precisely matches the
and attributed to Sllb becomes evident. The MAS spectrum population ratios of the cation sites in the neutron diffraction
can be simulated using the line shapes from the lower sodiumresults. Thus the peak at0.37 ppm results from the SlI lithium
content chabazite with the addition of a broad Gaussian curvecations and the peak at1.2 ppm results from Sl lithium
simulating the second feature. The use of the distribution is cations. The chemical shift difference between both sites is
validated by the MQMAS spectra, which clearly show a similar to that observed between Sll and Slll sites in lithium
chemical shift distribution for this species (see above). The faujasites:’ Discrepancies between the cation site popultaions
spectra for the higher sodium content chabazites were simulatedderived from MAS NMR and those derived from neutron
using the parameters from the lower sodium content spectradiffraction have been observed with Sl site type catidiée
with the addition of a second-order quadrupolar MAS line shape inconsistent site population from diffraction has been attributed
to simulate the quadrupolar line shape of the Sl siig € 5 to the effect of a large thermal paramettsf) for the site, a
MHz) observed in the MQMAS spectra. result of cation mobility. Since the thermal parameter for the
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Table 5. 2°Na NMR Simulation Parameters and Site Populations of the Various Mixed Sediithium Chabazites

Sli'a Slila SlIb? sl total

100% Na

diso (PPM) —15.6+ 1.0 —20.6+ 1.0 —16.9,0=15.8 —10.94+ 1.0

Co (MH2) 41402 3.6+£0.3 2.0 5.1£0.2

n 1.0 0.4 - 0.1

Na‘/u.c 0.89 0.94 0.38 1.32 3.53
9% Li: 91% Na

Jiso (PPM) —18.1+ 1.0 —25.1+ 1.0 —15.4,0=11.5 —12.4+ 1.0

Cq (MHz) 3.940.2 3.4+0.3 2.0 5.0+ 0.2

n 1.0 0.4 - 0.1

Na*/u.c 1.18 0.77 0.34 0.92 3.21
20% Li: 80% Na

diso (PPM) —17.84+1.0 —24.24+1.0 —15.3,0=15.0 —11.6+ 1.0

Co (MHz) 4.040.2 3.5+£0.3 2.0 5.1£0.2

7 1.0 0.4 - 0.1

Na/u.c 1.41 0.41 0.54 0.46 2.82
58% Li: 42% Na

diso (PPM) —18.3+ 1.0 —23.8+1.0 —17.1,0=9.5 -

Cq (MHz) 3.9(2) 3.4(3) 2.0

n 1.0 0.4 -

Na*/u.c 0.90 0.43 0.15 0 1.48
61% Li: 39% Na

diso (PPM) —18.6+ 1.0 —24.941.0 —17.6,0=12.0 -

Co (MHz) 3.940.3 3.5+0.3 2.0

n 1.0 0.4 -

Na*/u.c 0.81 0.16 0.41 0 1.38
76% Li: 24% Na

Oiso (PPM) —18.84+1.0 —25.6+1.0 - -

Cq (MHz) 3.9+0.3 3.4+0.3

n 1.0 0.4

Na*/u.c 0.43 0.42 0 0 0.85
86% Li: 14% Na

diso (PPM) —16.7+ 1.0 —22.0+ 1.0 - -

Co (MHz) 3.940.3 3.8+0.3

n 1.0 0.4

Na'*/u.c 0.28 0.21 0 0 0.49

a g equals full width at half-maximum for chemical shift distribution, see text.

Slll site in lithium chabazite was constrained, the possible effects reveal the presence of Naations in SlI. At this level of sodium

of motion were reduced allowing a better determination of the

exchange, théLi MAS spectra reveal that the occupancy of

site population. The large standard deviations for the thermal the SlI site has only begun to decrease by a small amount,
parameters of the cation sites make determination of mobility whereas the lithium cations in the SllI sites have been mostly

difficult at best and lead to the use of literature values for the
mixed-alkali chabazite.

The exchange of lithium cations with a small amount of
sodium results in the selective depletion of the SllI lithium cation
population (when théLi signal areas are scaled to the cation
content of the unit cell, the SllI site occupancy is reduced, while

exchanged for sodium. The structure of the 58% Li:42% Na
chabazite derived from the neutron diffraction data presents a
similar picture. In that model, a clear distinction is visible
between the positions of lithium and sodium cations. The
neutron diffraction results present the Sll site as being exclu-
sively occupied with lithium cations. Sodium cations are

the SlI site occupancy remains constant.) In agreement with positioned in the channel but lie much closer to the eight-ring

this result, the3Na MQMAS spectra of samples containing up
to 24% sodium of the cation inventory show only the Sdite

to be occupied. Although a distribution pfis probably present,
the feature is attributed to one crystallographic site. The

window than the SllI lithium cations in lithium chabazite. The
Na" cations are not actually in the window but lie slightly
outside the plane of the window. This position is very similar
to what has been observed in sodium forms of LSX and X in

distribution is probably related to the disordered nature of the that the cation sits in the window of the channel as opposed to

aluminum substitution in the tetrahedral position and the

the cage?®31Such sites have been designated as flIfaujasite

resulting effect on the charge of the framework oxygen atoms and this designation is also used here.

coordinating with the sodium cations. The correspondirg C
value,~3.7 MHz, is too small to be from a cation in a highly
symmetric planar site like the SlI site; sites of this type yield

Only at high sodium content does the Sll site become
occupied by sodium cations. At 80% Na substitution, the
MQMAS spectrum shows a low intensity peak witiCg value

Cq values on the order of 5 MHz in zeolites such as faujasite of 5.1 MHz. Line shape simulations of tR&Na MAS spectra

and sodalite8-30

also reveal the presence of this sodium site. At this level of

Increasing the sodium fraction beyond 24% places additional sodium exchange, the few lithium cations that remain reside

sodium cations into the channel, populating the disorderetbSlI|
site. The MQMAS data for the 39% Na sample still does not

(28) Koller, H.; Engelhardt, G.; Kentgens, A. P. M.; Sauer].JPhys.
Chem.1994 98, 1544-1551.

(29) Engelhardt, G.; Hunger, M.; Koller, H.; Weitkamp, Stud. Surf.
Sci. Catal.1994 84, 421-428.

(30) Feuerstein, M.; Hunger, M.; Engelhardt, G.; Amoureux, Bdtid
State Nucl. Magn. Resoh996 7, 95—-103.

only at the SlI site. In the full sodium form, the Sl site is more
visible in the MQMAS and MAS spectra. However, even at
100% sodium content, the SlI site is not completely occupied.
On the basis of the MAS spectra, 39% of the sodium cations
are found to reside in the Sl site, yet this amounts to only 1.4

(31) Vitale, G.; Mellot, C. F.; Bull, L. M.; Cheetham, A. Kl. Phys.
Chem. B1997 101, 4559-4564.
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Table 6. Sll and SllIb Site Populations at Various

y =9.336 + 0.00658 x R=0.98647

Sodium-Lithium Compositions — — -y=9225+0.1452x R=0.98877
composition SK-Lit  Sl-=Na" SliI'b—Na" total 9.38 PP
100% Li 2.22 0 0 2.22 . ) ]
76%Li:24%Na  2.01 0 0 2.01 ox b o 0]
61% Li:39% Na 1.88 0 0.41 2.29 oo e "]
589% Li:42% Na 1.85 0 0.15 2.00 036 b I
20% Li:80% Na 0.71 0.46 0.54 1.71 2 ]
9% Li:91% Na 0.32 0.92 0.34 1.58 = r ]
100% Na 0 1.32 0.38 1.70 935 F 4
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Figure 8. Plot of the lattice constant a in mixed-alkali chabazite as a
function of sodium fraction. The change in the lattice constant was fit
using two linear functions. The slopes and intercepts of the linear least-
squares fits are listed at the top.

sodium SllII site (comprising both Sli&a and Slllb) reaches its

population plateau at 63% sodium content; this value is
extrapolated from the linear growth observed at lower sodium
content. It agrees well with the sodium fraction at which the
Sl site would begin to be occupied, extrapolated from the
observed linear growth curve at the high-sodium end in Figure

Cations per Unit Cell

0 02 04 06 08 1 7. Thus the occupation of the sodium SlI site only occurs after
Na* fraction the occupancy at the Slisite has reached a maximum value.
Figure 7. Plot of the sodium and lithium occupancies in mixed-alkali Th? effect of cathn site seles:tlwty should .manlfest itself in
chabazite as a function of sodium fraction. The slopes and intercepts the nitrogen adsorption properties of chabazite. Ideally adsorp-
of the linear least-squares fits are listed at the top. tion will occur at the more accessible of the two lithium sites

SII1.32 Significant improvements in adsorption would be ex-
cations per unit cell, corresponding to an occupancy of 70%. pected when the Slli site is at least partially occupied. On the
Incomplete occupation of the SlI site in natural sodium chabazite basis of Figure 7, such improvements are thought to occur at
was also observed by Mortiérin that case, the remaining lithium cation fractions above 50%. Such an effect has been
sodium cations also occupied eight-ring window sites. observed in chabazite with silicon-to-aluminum ratios between

The partial occupation of the Sl site at high sodium content 2.1 and 2.8 where the lithium fraction was at least 65%.
may explain the broad SiH feature that is observed in the NMR The effect of the different lithium and sodium cation contents
spectra. Neutron diffraction results suggest that only one sodiumis not limited to the cation site locations. The lattice constants
cation site exists in the eight-ring window. However, clear of chabazite also change as a function of the cation inventory.
spectroscopic evidence exists for a second sodium environmeniThe change in the length of the unit cell edgeijs displayed
which is a minority speciesnever comprising more than 0.5 in Figure 8. The change in the lattice constantis not
cations per unit cell. The first appearance of the disorderetbSIll monotonic, but rather consists of two linear regimes with
cation environment, at 39% Na content, coincides with a markedly different slopes. The intercept of the two lines occurs
noticeable decrease in the Sl lithium site occupation. With at 80% sodium content, which is close to the concentration at
higher sodium content, the population of the disorderedtslll  which the SllII sodium cation population has plateaued and the
site does not change greatly. Note that the population of this SIl sodium cation population begins to grow. Apparently, this
site seems to equal the value of the missing cation populationprocess drives the change in the zeolite framework to form an
for the SlI site in the higher sodium content samples such that arrangement in which the bond distances at the Sl site now
the total number of cations occupying the Sli site and thétslil  become favorable to sodium cation occupation. From this
site never exceeds the crystallographic limit of 2, within the correlation it is clear that selective siting of the sodium results
error of the population data derived from the MAS NMR spectra not from just simple bonding preferences but also from the
(Table 6). We therefore suggest that the deficiency in the SII cooperative interaction of the lattice and the cations in the eight-
site occupation allows for disorder in the SHite. This idea is ring channel.
supported by the fact that the disorder arises only in those )
samples where the Sl site occupancy has decreased significantly=onclusions

below 100%. Such disorder, whether static or dynamic, would | jthium and sodium cations demonstrate a definite preference

be hard to detect with diffraction methods since only a small for different cation sites in the zeolite chabazite. Lithium cations

number of cations are affected. prefer coordination at the SII site of the six-ring window.
Figure 7 summarizes the overall results from the population Sodjum cations tend to coordinate at the eight-ring window of

analysis. The increases and decreases of cation populations age channel system of chabazite (S#ite). Lithium cations in
a function of sodium and lithium contents show linear trends.

Both the lithium Sl site and the sodium Slikite have (32) Smudde, G. H., Jr; Slager, T. L., Coe, C. G.; MacDougall, J. E.;
. . o . Weigel, S. JAppl. Spectroscl995 49, 1747-1755.
population plateaus with the lithium plateau being equal to the (33) Coe, C. G.; Gaffney, T. R.; Srinivasan, R. S. U.S. Patent 4,925, -

maximum occupancy constrained by crystallography. The 460, 1990.
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quantifying the occupancies and the coordination environments  sypporting Information Available: Tables of bond lengths
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