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The spin-lattice relaxation time 7} of ?Na-NMR in a dehydrated Na-X zeolite has been measured
from 20 to 300 K. The recovery curve is not single-exponential at all measured temperatures and
T,‘I increases with the square of temperature around room temperature. The results are analyzed
by assuming non-equivalent sites and by applying the theory of the Raman process based on

covalency.
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1. Introduction

Zeolites can adsorb many kinds of atoms and
molecules in the open space called micro cage. They
sometime show ferromagnetism [1], semiconductiv-
ity [2], and so on. Zeolites consist of a number
of AlO; - and SiOjy-tetrahedra linked by O atoms
and cations such as Na* included to compensate the
residual negative charge. The cations play an impor-
tant role for the adsorption [3]. The capability of
adsorption depends on the concentration of cation
which is controlled by the ratio of the numbers of Al
and Si atoms.

In one of zeolites called faujasite Na-X (Nage-
[(AlO;)86-(S107)106]- 264H,0 [4]), the location of
the Na atoms and the interaction with their environ-
ment have been examined with several techniques;
X-ray diffraction [5], neutron diffraction [6], far in-
frared [7], NMR [8, 9] and so on. The location of the
Na atoms is expected to have a large effect on the
spin-lattice relaxation in >*Na-NMR. However, to the
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authors knowledge, such a dynamical study has not
yet ever been done.

In this paper we report a study of the spin-lattice
relaxation of the *Na-NMR in dehydrated Na-X
zeolite.

2. Experimental

The powder sample of Na-X (F-9 #100, product
of Toso Inc. as catalyst) was used without further
purification. About 2 g of it were heated at 573 K in
vacuum for 8 hours to dehydrate and then the material
was sealed in a glass ampule of 10 mm diameter
without exposure to air.

2Na-NMR measurement was done at 7 T (Oxford
superconducting magnet). The signal was observed
with a spectrometer (Matec 5100 pulse power ampli-
fier and 525 receiver). The signal was recorded with a
signal averager and transferred to a computer through
a GP-IB line for processing. The temperature was
controlled within 0.1 K, but the accuracy was 1 K.

The central transition of the >*Na-NMR, fairly
broadened by quadrupolar interaction was observed.
Since the FID signal could hardly be observed, the
spin echo signal was employed to measure the spin-
lattice relaxation. The pulse sequence used was 7/2 -
variable delay - 7/2 - 7 - 7.
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Sodalite Cage

Super Cage

Fig. 1. The crystal structure of Na-X Zeolite. Fourteen-
faced polyhedra of SiO, (Sodalite Cage) are connected by
doubled six-membered rings (D6R). The sites of cation[10]
are shown by small circles.

3. Results and Discussion
3.1. Echo Shape

The crystal structure of Na-X (space group Fd3m
[4]) is schematically shown in Figure 1. A fourteen-
faced basic unit (sodalite cage or 3 cage) is con-
nected with four neighbouring basic units through
doubled six membered rings (D6R). Among the ba-
sic units there is one large space called super cage.
For Na atoms there are five sites as shown in Fig-
ure 1. The quadrupole coupling constants of their nu-
clei have been determined using the double-rotation
NMR (DOR) technique [10]. The asymmetry param-
eter 7) can not be determined by the technique. The
quadrupole coupling constants P defined by

e’ [ n?
PQ= ZQ 1+7? (1)

are shown in Table 1. Since site I is located at the
center of the D6R and the symmetry of the environ-
ment is highest, this site has the smallest quadrupole

Tab. I. Quadrupole coupling constants

Site Po (MHz) < - S
I—Q—— Py = (e*qQ/h)(1+n7/3)"/? of the five

I 0.4 nonequivalent sites of sodium atoms
I 23 (Ref. 10).

11 42

Ir 23

111 4.7

Intensity (arb. unit)
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Fig. 2. An example of the spin echo signal. At 80K, repeat
time 10 sec, 256 times averaging.

coupling constant. Sites I" and II' are inside the so-
dalite cage and correspond to the middle range values.
Since sites I and I1I face the super cage and have the
lowest symmetry, these sites correspond to the largest
coupling constants. In our spin-echo experiments, the
observed NMR signal is a sum of the contribution
from these sites. For simplicity, we separate Na sites
into three groups with respect to the magnitude of the
quadrupole coupling constant.

Small coupling group: site I (Pq =0.4MHz),
Middle coupling group: site I', II' (Py = 2.3MHz),
Large coupling group: site II, III (P ~ 4.5MHz).

An example of the spin echo signal is shown in
Figure 2. The width of the line due to the central
transition is approximately proportional to the square
of the quadrupole coupling constant [11]. Since the
width of the echo is inversely proportional to the line
width, the sharp echo signal corresponds to the mid-
dle and large coupling groups. On the other hand,
the fairly broad signal noticed on the bottom of the
figure is considered to correspond to the small cou-
pling group. Since the transition probability for the
quadrupole relaxation is proportional to the square of
the coupling constant, the broad echo may have fairly
large time constant. However, the magnetization re-
covery curve hardly changed even by lengthening of
the waiting time. It is very difficult to measure such
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along T for site I because it requires a high stability
of the apparatus together with a good signal-to-noise
ratio over a long time. Thus the attention was focused
only on the sharp echo signal, and the relaxation time
was measured with a sufficiently long waiting time
for the sharp echo. For simplicity the base line was
chosen as that far from the echo.

3.2. Magnetization Recovery

Since the quadrupole coupling of >*Na nuclei with
the environments is fairly large, the quadrupolar re-
laxation is expected to be dominant. For the system
of spin I = 3/2, the magnetization recovery for one
site is then expressed by the following equation [12]:

M(00) — M(2)

B(2) M (00)

1 1
2 exp (—2W)t) + 5 exp (—2Wht), (2)

where M. (t) is the nuclear magnetization correspond-
ing to the central transition at time t after satura-
tion and W, and W, are the transition probabili-
ties corresponding to Am = x1 and Am = £2,
respectively[13]. Thus the recovery curve is generally
not single-exponential. Since W, and W, depend on
the orientation of the crystal to the external magnetic
field, for the powder sample they must be averaged
with respect to orientation.

Unless there is an other prominent mechanism, the
relaxation is dominated by the Raman process [14].
That this is the case for the present substance is
shown later by the temperature dependence of the re-
laxation time. Kranendonk calculated the relaxation
rate in alkali halides, using a point charge model
and pointed out the importance of covalency [15].
Yosida and Moriya calculated it on the base of co-
valency but their values did not reach the experi-
mental ones [16]. However it was recently shown
that the relaxation of NQR in several kinds of metal
halides can be explained by Yosida and Moriya’s the-
ory [17,18,19]. When this theory is applied to the
present case, one can show that W, and W, become
equal to each other after the orientation average [20].
Then, if there is one site, the recovery curve should
be single-exponential, whereas the observed recovery
curves were multi-exponential. A typical magnetiza-
tion recovery is shown in Figure 3. Therefore this is
attributed to the existence of several sites.
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Fig. 3. A typical magnetization recovery of the central tran-
sition at 80 K. The curve shows the fitting of (2).

Since, in Na-X, the concentration of Al is lower
than that of Si, there are many sites wihch are not
occupied by Na atoms. In fact a typical value of T
was 3.1 + 0.4 msec and this is rather large, so that the
dipolar interaction among the >*Na nuclei is consid-
ered to be small. Then the magnetization of each site
recovers independently.

One can obtain the ratios of the number of Na sites
by counting them in one cage because all sodalite
cages are equal. Since the numbers of site I, I, II, 1",
and Il in one cage are 2,4, 4,4, and 6, respectively, the
ratio of the sites of large and middle coupling groupsis
given by (Site Il and III) : (Site I" and IT"), thatis, 5 : 4.
If all the sites are occupied by Na atoms with equal
weight, the contribution of the magnetization from
each site is proportional to the number of the sites.

Then the magnetization recovery curve is repre-
sented with short and long relaxation times 7' and
T}, as follows:

R(t)=aexp (—%-) +(1 —a)exp (—%l) 7 (3)

where a represents the relative weight of the large cou-
pling group which is equal to 5/9. The fitting of (3) to
the experimental recovery curve was performed with
fixing a as 0.56 to obtain the solid curve in Figure 3.
Such an excellent fit was obtained at all measured
temperatures. This supports the present treatment.

3.3. Temperature Dependence

Two relaxation times T, and T}, obtained as the
fitting parameters are shown in Figure 4. The solid
lines are eyeguides which are drawn to pass the data
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Fig. 4. Temperature dependence of two relaxation times 77
and 7).

points at room temperatures with a slope of 2. Both
T,’s show T dependence above 100 K and stronger
dependence with decreasing the temperature. This be-
haviour is typical for relaxation due to the Raman
process. However, below 50 K the dependence be-
comes weak. In case of alkali halide crystals, even
magnetic impurities of ppm order make 7; shorter
than otherwise [14]. Since the purity of the sample
used in the present study was not high, the weakening
of the temperature dependence of the 7;’s below 50 K
may also be attributed to impurities.

The rate of the relaxation due to the Raman process
is expressed by [20]:

(T = (0p) Y =D (T, )
where
3("“‘(2z <r 3s2e3

—1 %2 AT
= T**Nii, 5
’ 10073a’d?v? ! o

D.(T")

104 i 72t
T)/ %.7[‘,,((']“.1')(1.1'. (6)
g (=1
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Fig. 5. Temperature dependence of (71,7°)~' and
(T/T*)~". The curves show the fittings of (3).

where a denotes the distance of the Na atom in ques-
tion from the bonding atoms, d the density of the crys-
tal, v, the sound velocity. (r~*) means the expectation
value of r~* with respect to the p electron of the Na
atom. ¢ is defined as ¢ = kpa with the maximum wave
number Ap. N depends on covalency and increases
with increase of the number of the bonds [20]. T
is the temperature divided by the Debye temperature
fp. D, (T™) involves a structure dependent function
L,(c¢T*x) and has a temperature dependence simi-
lar to that of Debye’s specific heat[21]. D, (T7) is
summed up about the bond pairs with the weight <.
The value (1,7°)~" is nearly constant above #, and
decreases to zero with decreasing of temperature.

(T T?)~" and (T};T°)" are plotted against the
temperature in Figure 5. The fitting of (4) was done
to the data except below 50 K, using the effective
bond pairs.

3.4. Concluding Remarks

We now consider the ratio 7, and 7). Since the
quadrupolar relaxation is proportional to the square
of the quadrupole coupling constants, for the ratio
T;.'/T;' we expect a value of (4.5/2.3)> ~ 4,
whereas the obtained value is typically 8. However
when the relaxation is attributed to the Raman pro-
cess, other factors must be taken into account. The
most effective bonds to the relaxation of **Na nu-
clei are those with O atoms from the consideration
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of their electronegativities. The number of the near-
est O atoms is 4 at site III, while 6 at other sites.
Moreover a differs from site to site [6]. These bring
about difference in N, at each site. Therefore, to
compare the absolute magnitude of the 77’s, further
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