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Temperature dependences of NMR spectra have been observed for 22Na and 27Al in the metallic

DOI: 00.00 00/XXXXXXXXXX phase of Na-K form low silica X (LSX) zeolite loaded with potassium, where the condition of sat-
uration is achieved with loading level of 9.0 atoms per supercage and the paramagnetic moment
exists as contributing to the magnetism of the system beyond simple isolated spin. Separated two
peaks have been recognized for 2 Na, where the shift values show quite linear relation with suscep-
tibility and so-called K-y plot works quite well to give values as 0.32 kOe/ug and 0.40 kOe/upg
for hyperfine coupling constants. Although no separated peak is seen on 2’ Al NMR spectrum, the
spectral centroid deviates to positive side. The shoulder of the spectrum scales to susceptibility and
K-y plot also works well to give value as 0.15 kOe/up for hyperfine coupling constant. Orbital of
potassium-originated electron confined in the cage of LSX is understood as seeping out over the

frame work of zeolite relatively wider than that of sodium-originated case.

1 Introduction

It is well known that alkali metal loading introduces metallic
property into some kinds of zeolites. Low silica X (LSX) is
one of the representative zeolite substances on such the phe-
nomenon. Metallic property of such the substrate with sodium
loading has most extensively studied ever®@ than the one with
other alkali species as potassium, rubidium®, and so on. It has
been known that the metallic phase of the system is accompanied
with paramagnetic moment observed through susceptibility mea-
surement and the appearance of separated component on 23Na
NMR spectrum®78 has been detected. Hyperfine coupling con-
stant between such the paramagnetic moment and 2>Na has been
estimated for sodium loading case through so called Clogston-
Jaccarino plot3. On the other hand for 27Al in this system, where
only central component with temperature independent behavior
on the NMR spectrum is observed, hyperfine coupling is at most
takes quite less value than 22Na®. It is concluded that orbital of
the electron comes from loaded atoms is well confined within the
cage of LSX in the case of sodium loading.

The skeletal structure type for LSX is FAU, which is the IUPAC
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nomenclature. When the system contains a monovalent cation M,
the chemical formula is written as M,Al;,Si;,O4g per supercage
(or B-cage). This corresponds to 1/8 of the cubic unit cell. We will
refer to this as M-form LSX. Such a charge balance cation can be a
complex one and the formula is rewritten as Na,Kj,_;Al;»Sij2O4s
for the case where both Na and K are included. We write it as
Na,Kj;_,-LSX and refer to NaK-form LSX. x can vary from O to 12
by replacing the cation in aqueous solution.

Here we take a case of x = 4, where the formula is NasKg-LSX.
Na-K alloy clusters can be generated in its cages by loading guest
K atoms. Following a previous report@, we write the system as
K,/NayKg-LSX. n is the number of loaded K atoms per supercage
(or B cage). This system shows a ferrimagnetic transition for a
narrow range of n around n = 7.710, Spectra of 23Na and 27Al
NMR have been observed for n = 7.17 where ferrimagnetic tran-
sition occurs at 7 K. It has a paramagnetic moment above 7 K,
and several components have been detected that have shifts due
to hyperfine interactions between the paramagnetic moment and
23Na nuclei. As has been reported, this system shows metallic
property for n >~ 6. Studies with variation on n are expected to
give hints to resolve the nature of the electron system. In this pa-
per, we report NMR property of n = 9.0 case to explore how the
behavior of such the component changes through increasing n.

2 Experimental

In the framework structure of LSX, 3 cages and supercages con-
struct a double diamond structurel. Typical sites for cations
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Fig. 1 Schematic illustration of the framework of low silica X zeolite.
Possible cation sites based on symmetry are shown with small circles.

called site I, II and III are shown by small circles in Fig. |1] The
sites for Al and Si atoms correspond to crossing points on the
framework in the figure. The Si and Al atoms are alternatively or-
dered in the framework through the Si-O-Al bonds. Our sample
is made of such the substance by loading of external K into those
cages.

Sample preparation has been done with the same procedure
as before'l?, Vapor of K atom is thermally absorbed in vacuum
environment. The loading level was estimated as 9.0 K atoms
per supercage using chemical analysis. Therefore the sample for
the measurement is signed as n = 9.0. X-ray diffraction analysis
has not been done for it but, taking into account the result of
an analysis on the case of Na,/Na;,-LSX12, it is quite natural to
consider that there are several kinds of sites for cations. No occur-
rence of magnetic transition has been detected with susceptibility
measurement above 2 K, although previously reported sample of
n =17.1 shows ferrimagnetic transition at 7 K.

For NMR measurements, approximately 0.3 g of the powder
sample was sealed in a quartz glass cell. The probe cell was cylin-
drical, with an outer diameter of 10 mm, an inner diameter of 8
mm, and an overall sample width of about 15 mm. NMR spectra
of 2Na and ?’Al have been measured at 63 kOe at several points
of temperature below 300 K. References for the frequency shifts
are taken with those of 22Na and ’Al in aqueous solution of NaCl
and AlClj, respectively. Durations of first (x/2) and second (7)
pulse to obtain spin echo have typically been taken as 6 us and
12 us, respectively. Interpulse spacing for echo has typically been
taken as 100 us to obtain spin echo signal. NMR parameters for
NMR measurement at representative temperatures are tabulated
in Table[l} T, is an effective T; determined as a time that recov-
ered magnetization becomes 1 —1/e (~ 0.7) of thermal equilib-
rium one. It is estimated in the zero shift region of the spectrum,
at where Tj is relatively longer than tail part of the spectrum.
Recycle delays between NMR measurements have been taken as
sufficiently long to escape from saturation of the pulse excitation.
However the case of 4 K, where magnetization recovery especially
in the region close to zero shift has long time constant, violates
such the constraint. Therefore quality of the data at 4 K is less
than others. NMR spectrum is obtained by Fourier transforma-
tion of the spin echo signal. When the spectrum is wider than
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Table 1 Measurement parameters for 2Na NMR spectra.

Temperature Recycle delay Estimated Ty,
(K) (s) (s)
300 2 <0.1
90 20 ~0.4
25 60 ~0.7
4 60 -

Fourier component of the rf pulse, multiply obtained spectra at
each frequency have been summed over for obtaining wide range
spectrum. Susceptibility and optical spectra have been taken in

the similar way in the reference®.

3 Results and Discussion

3.1 2’Na NMR

23Na NMR spectrum of K,,/NayKg-LSX at representative temper-
atures are shown in Fig. |2| for n = 9.0. Previously reported one
for n = 7.1 are also shownZ. In the region around zero shift the
spectrum of this time data for n = 9.0 has a structured component
similar to the one for n ="7.1.

In addition, a separated component labelled '#’ accompanied
with a somewhat large shift is seen at 300 K. The shift value of
this component is ~1400 ppm, which is different from that for
23Na in the bulk metal sodium, ~1100 ppm™2. Such a sharp com-
ponent with a large shift is not seen for n = 7.1. It was thought
in the initial stage of the study that the component '#’ was due
to the metallic nature of the sample itself. But, the quite strange
behavior of this component has changed such the recognition®.
It disappears from the spectrum below between 220 K and 260 K
through a complex hysteresis. It almost certainly comes from Na-
K alloy distributed outside the particle of LSX crystal. Fortunately
a contribution from it on the whole system is considered as quite
minor. Based on signal intensity, the thickness of the Na-K alloy
distributed on the surface of the zeolite crystal was estimated to
be less than ~ 30 nm, which is quite less than the average size of
LSX crystal, ~ 2 um. Such a thin film can be assumed to have no
influence on the optical spectra used to estimate the properties
of the K clusters in the cages. In view of our aim, i.e. to dis-
cuss the properties of LSX with loaded K, we omit this separated
component from the latter discussion.

In the structured component located in the center part, at least
two shifted peaks are present. They are labeled P; and P,, as
shown in the inset of Fig.[2l The shifts of P; and P, become strong
especially below 25 K. Accompanying such the behavior, width of
the slopes in both side from the center part becomes large. Since
we are interested in the shifts of the peaks, measurement has
been omitted for negative shift side from the point at the symbol
*’ Even for P; and P, the location of them become ambiguous
below 15 K. They are superimposed to the long tail in positive
side.

Moreover, a weak but observable component with a tempera-
ture independent positive shift is observed, as indicated by '@’ in
the figure. The shift of this signal '@’ has a shift of ~ 1200 ppm.
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Fig. 2 2Na NMR spectra of K, /NasKg-LSX at representative tempera-
tures in a field of 63 kOe for n=7.1 and n =9.0.

13 For

It is similar to that of 22Na in the metallic bulk sodium
a similar reason as for the component labelled '#, we exclude it
from the analysis. Although no additional experimental analy-
sis was carried out for it, it could be a signal from deposited Na
formed on the surface of the LSX crystal at the time of sample
preparation.

We observed clear evidence on metallic property for the sample
such as plasma edge on optical spectrum and expected tempera-
ture independent Knight shifts on NMR spectrum as an evidence
for metallic nature. However, the shifts of the two peaks P; and
P, depend on temperature. They can be manifestations of hyper-
fine coupling between the magnetic electrons and the nuclei via
the Fermi contact interaction. Therefore, we need to confirm a
relationship between Knight shift and susceptibility. The Knight
shift is given by the non-zero probability of existence at the nu-
clear sites for electrons with the Fermi energy Er. It is formally
written asi4,

AH 8xm

= _°* 2 —
- Hy 3 <|uk(0)| >EFX_AX’ €h)

where H) is the strength of the external magnetic field. AH is the

deviation of the effective internal field from the external field at
the nuclear site. Knight shift K is defined with both Hy and AH.
ux(0) is the wave function at the nuclear site and < |u; (0)|*> >, is
an average of |u;(0)|? at Er. y is the susceptibility of the electron
system. A is the hyperfine coupling constant. In the case of a sim-
ple metal, y is almost temperature independent and the Knight
shift is essentially constant.

We made so called Clogston-Jaccarino plot (K-x plot) to esti-
mate A12. The peak positions have ambiguity on the spectra for
lower temperatures as described above, the plot has been done
above 15 K. It is shown in Fig. Each data follows a straight
line. Thus, we can evaluate A as the slope, K/y, which are shown
in the third column of Table[2| As instantly recognized, the com-
ponent '@’ is independent of y. This is consistent with our as-
sumption, where the component '@’ comes from Na located out-
side of LSX crystals. Although K/ is a dimensionless quantity in
the CGS unit syste the value of A is reported in many tradi-
tional papers with the unit Oe/ug, which allows us to compare
the values between different substances. The unit Oe/uz means
that we observe an effective field A Oe when a Bohr magneton
up = 9.27 x 10721 erg/Oe is located at the focused site. Then it
is required to assume how much amount of the magnetic mo-
ment distributes at where it is. We are not currently able to rig-
orously estimate the distribution of the electron spins, some as-
sumption must be included. In many cases of K,/Na,K;,_,-LSX,
the Curie-Weiss law is observed in the temperature dependence
of the magnetic susceptibility; the Curie constant is close to the
value assuming a spin-1/2 localized magnetic moment in each 8
cage D206l The ferrimagnetic and ferromagnetic orders ob-
served at 0 <x <4 and x ~ 7, respectively, at low temperatures
cannot be explained without the presence of localized magnetic
moments in 3 cages. Moreover, the presence of electrons confined
in B cages is clearly observed in the optical spectra®. Therefore,
we will estimate the value of the hyperfine coupling constant as-
suming a magnetic moment of one Bohr magneton per 3 cage.
The cubic unit cell of this system with a lattice constant of 2.5 nm
contains eight of 3 cages. Then one f cage corresponds to a vol-
ume Vy = 1.95 x 102! cm3. Then, A is given by (K/x) x (us/Vo)
in the unit of Oe/up. The obtained values are shown in the fourth
column of Table 2} For Na, P; and P, are thought to originate
from two different crystallographic sites. A of P; is 80% of that
of P,. These values are directly proportional to the probability of
the existence of electron spins on the nucleus at those sites, as is
clear from eq. (1).

We attempted to fit the spectrum to characterize the three shift
components, P, P, and ’@’1Z. The fit results have two main char-
acteristics: the P, component is three or more times broader than
the other components, and the integrated intensity of the P, com-
ponent is dominant, accounting for about 80% of the total, while
those of P; and '@’ are about 9% and 11%, respectively. Referring
an analysis on the cation distribution for the hydrated Na,K;,_,-

TK is clearly a dimensionless quantity by definition. yx is expressed in units of
emu/cm? in this paper, which is also a dimensionless quantity in the CGS unit sys-
tem.
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Table 2 Values of K/x by K- plot of the peaks on 2Na and *’Al NMR
spectra.

Component Nuclei K/x (K/x) x (u/Vo)
Name (cm3/emu) (kOe/up)

@ 23Na 1.6+1.6 0.008 +0.008

P, 2Na 69+2 0.33£0.01

P, BNa 8642 0.41£0.01

D 27A1 32+3 0.154+0.01

LSX by X-ray diffraction’8, the cation sites I and I’ are most likely
occupied by Na cations at x = 4. As shown in Fig. [1} the site I
is located at the center of doubled six-membered ring (D6R) and
the site I’ is located in the 8 cage on one side of D6R. Although
the occupancy of Na cation sites in K-loaded samples is not com-
pletely known, we speculate the following from the NMR data.
Since site I’ is more inside the f cage than site I, we can expect
a higher weight of the wave function of the electron confined in
the B cage. Thus, P, with a larger A may originate from site I’
and P; with a smaller A may originate from site I. This assump-
tion is also supported by the spectral widths. Because 2>Na with
I =3/2 has an electric quadrupole moment, the electric field gra-
dient (EFG) dominates the spectral width. The site I in the center
of D6R should have higher symmetry and have less EFG, result-
ing in the narrow spectrum. On the other hand, the site I’ has a
lower symmetry and has stronger EFG, resulting in the broader
spectrum. As mentioned above, P, accounts for about 80% of the
peak integrated intensity. This means that the occupancy of site
I’ is much higher than that of site I. It is quite possible that the
distribution of Na cations in the dehydrated and K-loaded sam-
ple of K,,/Na,K;,_,-LSX is different from that in the hydrated and
non-loaded sample of Na,K;, ,-LSX. Precise tracking of the vari-
ation of shifted peaks on NMR spectrum by changing the loading
density is to be done to examine such occurrence. At lower tem-
peratures, the spectrum becomes very broad due to the increase
in paramagnetic magnetization of the electron spins. As seen in
Fig. [2} the P, and/or P, component may be present around the
0.3% shift value at 4 K, but the peak positions are not clear, mak-
ing analysis difficult. As mentioned earlier, the ‘@’ component
is independent of the bulk magnetic susceptibility. Therefore, it
may originate from Na ions located on the surface or outside of
the LSX crystal®,

As seen in the inset of Fig. [2| there are several shifted peaks
pointed with symbols of ’x’ also for n = 7.1. Although an analysis
with K-y plot has not yet been done for them, we are sure that
those peaks also scales with . We gained a feeling that A seems
to vary with n, although experiments with varying n has not been
achieved yet. n variation of A may be one of a good index on
electronic state in this system. We observed susceptibility of both
n="7.1 and n = 9.0 in the field of 63 kOe and obtained quite sim-
ilar value. It is, for example, around 0.9 x 1075 emu/cm? at 25
K. Increasing n makes effective local fields from such the similar
magnitude of magnetic moment in the cage strengthen. Although
K-y plot has not ever been done for sample of n = 7.1, A is ex-
pected to be smaller than n = 9.0 case.
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Fig. 3 Figures for the estimation of hyperfine coupling constants. (a)
The susceptibility of Kgo/NasKg-LSX plotted versus temperature. (b)
Clogston-Jaccarino plot (K-y plot) of the shifts. Triangles with upper
(purple) and lower (green) directions, labeled 2Py and 2*P; in the figure,
correspond to the peaks P; and P, on the 22Na NMR spectra in the inset
of Figl2] Pentagons marked with the symbol '@ are also plotted in a
similar manner. Open circles (red) are the shift values of the uppermost
Gaussian component D in the four Gaussian fits for the shoulder of the
2TAl NMR spectrum in Fig See text for the treatment of the curve
fitting. Fitted to each data, the linear lines in (b) are drawn.

3.2 ?7AINMR

The 27Al spectrum of n = 9.0 case at representative tempera-
tures is shown in Fig.[4|together with the previously reported data
of n="7.1Z, The observation at 300 K for n = 9.0 was not made
because of its minor importance. Although there are spectral sig-
nals outside the area from the places marked with ", we have
omitted the observation of them by the similar reason. Based on
our experience on various zeolites, the wider tailed area comes
from satellite transition among Zeeman levels of 2’Al. The spin-
spin relaxation time 75 of such the transition is too short to give
an observable spin echo signal at higher temperatures, but be-
comes slow at lower temperatures, allowing the spin echo signal
to be observed. It is similar to a phenomenon reported for zeolite
LTAL2 where 75 of the satellite component tends to decrease by
raising of temperature. Shortening 7, causes a decrease in signal



intensity when observing the tailed components with constant 7,
which is a separation time between rf pulses. Spectral width of
the satellite powder pattern itself does not change with temper-
ature. Since we are interested in the magnetic property and the
mostly wider component can effectively be separated from the
centered component around the peak, we omit the satellite com-
ponents from our discussion.

Then we tried to fit the spectrum only for the centered compo-
nent. As seen in the inset of Fig. [4] the higher shift side of the
spectrum for n = 9.0 clearly has a shoulder-like structure at 25
K. The spectral centroid apparently has a positive shift. Since we
still don’t have precise knowledge on environment of nucleus and
do not know appropriate functions to fit the experimental data,
we tried to fit the whole spectrum with several Gaussians. At least
four functions are needed to give a good coincidence. A typical
example of the fitting result is shown in the inset of Fig. 4 by thin
curves A, B, C and D located below the data points. Ratio of the
integral intensity of the component D, %, is 3 x 10! %,
where Iy, Ig, I and Ip are intensities op the components A, B, C
and D, respectively.

A similar analysis worked well at lower temperatures, 4 K and
15 K12, The A and B components are understood to originate
from the Al sites, where there is no Fermi contact with the elec-
tron wave function, since the spectral centroid does not change
much with temperature. The spectral shape of the component
whose centroid is shifted is not known analytically, but it can be
reproduced by two components, C and D, when decomposed by
the Gaussian function. These signals originate from Al sites with
Fermi contact interactions with the electronic wavefunction.

As shown in Fig. [3|(b), we created a K-x plot for component D
to evaluate the upper bound on the coupling constant. This plot
fits quite well with a linear line. The hyperfine coupling constant
has been estimated with the manner similar to the case of 2Na
and is also shown in Table This non zero value means that
the orbital of the electron confined in the cage seeps out from the
cage into the site of 27Al on the zeolite framework. The A of 27Al
is smaller than that of 2Na. The probability of existence of the
electron wave function on %’Al is about 38-47% of that on 2*Na,
estimated from the ratio of A.

Referring such the property, one notices little tilt on the higher
shift side shoulder around the place marked with’S’ for the n ="7.1
sample as shown in the inset of Fig.[4] This may be a result of the
shift caused by the hyperfine interaction. However, the shift is too
small to estimate the coupling constant. Although it is difficult to
discuss quantitatively, we can result that the difference of the shift
is not given by difference of magnetic moment but is given by
different coupling constant as is discussed above in the section of
23Na. It is reasonable that higher loading of K into the cage leads
the tail of the electron’s orbital to seep out into the framework of
LSX. It can also be said that the increase of the Fermi energy with
the loading density causes a slight hybridization of the electronic
states confined in the cage with those of the framework.

In Na-loaded sodalite, which is a type of zeolite, A = 1.05
kOe/up was observed in the 2’Al NMR4Y, This value is much
larger than that observed in this study in Kg/NasyKg-LSX. So-
dalite has a much more compact crystal structure than LSX, with

the B cages arranged in a body-centered cubic structure with a
lattice constant of about 9 A. The Na-loaded sodalite is an anti-
ferromagnetic insulator with one unpaired s-electron occupying
each cage. The high density of the structure is thought to cause a
large overlap of the s-electron wavefunction with the Al position
of the framework, resulting in a larger value of A compared to
that in Ky o/NayKg-LSX.

4 Conclusion

23Na and %’ Al NMR spectra between 300 K and 4 K of low silica X
zeolite loaded with potassium for saturation level have been ob-
served. For 23Na, two peaks are found with susceptibility-scaled
shift as similar to less-loaded sample, in which 7.1 potassium
atoms are loaded per supercage. The magnitude of the shifts
are several times larger than that of the less-loaded sample. The
main cause is that the hyperfine coupling constants have become
stronger. For 27Al, a deformed spectrum is found with a shoulder-
like shape on the higher frequency side of the peak, and the cen-
troid of the entire spectrum has a temperature-variance-positive
shift. The whole spectrum was analyzed with multiple sum of
Gaussian functions, and the decomposed positively shifted com-
ponent scales well with the susceptibility. The positively shifted
component is concluded to be given by sites of 27Al nuclei, which
are located at the framework of zeolite, with hyperfine interac-
tion from the atomic clusters in the cages. The less-loaded sample
shows a symmetrically widened spectrum and gives at most quite
little shift.
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