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Abstract. Adsorption of CHF; on a NaY5.6 zeolite has been studied by the measurement of H and F NMR of the
CHF; molecule, focusing in particular on the measurements of a chemical shift and a longitudinal relaxation time,
together with the adsorption isotherm measurements. A coordination structure of the adsorbed CHFj; is determined
from the relationship between a chemical shift and an adsorption amount. Relaxation times of H and F were measured
at respective two resonance frequencies for various adsorption amounts and temperatures. These relaxation data
have been analyzed by use of the thermally activated diffusion model proposed by Torrey. From these analyses,
various microdynamic variables such as a mean life time of the trapped state and a mean jump distance in the

diffusion were determined as functions of an adsorption amount and temperature.
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1. Introduction

Zeolites are porous crystals with a well-defined struc-
ture and a high specific surface area, widely used in in-
dustry as molecule sieves, as catalysis and ion exchang-
ers. Equilibria and dynamics in physical adsorption on
heterogeneous surfaces of zeolites and other microp-
orous solids are actively being investigated from ex-
perimental and theoretical points of view (Rudzinski
et al., 1997; Fraissard, 1997). The widespread appli-
cation of microporous solids has also stimulated con-
siderable interest in the study of diffusive transport of
guest molecules in small pores (Kérger et al., 1992).
Molecules adsorbed on a zeolite surface show either
liquid-like or solid-like or in general an intermedi-
ate behavior. A study of microdynamic behavior of
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adsorbed molecules in such an intermediate state is
not only of interest from a purely theoretical point of
view, but it is also the key for a better understanding
of industrial processes. From this angle on the prob-
lem, we have investigated adsorption of a simple po-
lar hydrofluorocarbon molecule on a NaY5.6 zeolite
(Si0,/A1,053 = 5.6).

Recently, we have reported the result for a CHCIF,
molecule adsorbed on the NaY zeolite (Yoshikawa
et al., 2000), and we determined a coordinate struc-
ture of the adsorption molecule from a relationship be-
tween NMR chemical shift and an adsorption amount,
and qualitatively explained experimental dependences
of NMR relaxation times on an adsorption amount by
using the intramolecular dipole interaction. The present
paper deals with a more symmetric CHF3; molecule ad-
sorbed on the same zeolite. The CHF; molecule con-
tains two magnetic nuclei 'H and '°F with high NMR
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Table 1. Impurity contents® of NaY5.6 zeolite
Cl K>O CaO TiO, Fe 03
0.0814+£0.009 0.018£0.001 0.047£0.002 0.066+0.010 0.052+0.001

4Weight percent.

sensitivities. Together with a volumetric measurement
of adsorption amount and the chemical shift measure-
ment similar to the case of the CHCIF, molecule,
we had done detailed relaxation measurements for the
CHF; molecule; namely, temperature as well as adsorp-
tion amount dependences of a longitudinal relaxation
time for both the H and F nuclei were observed. These
relaxation measurements were done at two resonance
frequencies around 90 MHz and 400 MHz. Marked
frequency-dependences were obtained for the two nu-
clei at various loadings of the CHF; molecule.

Furthermore, analysis of X-ray emission spectra
showed that our zeolite sample contained a paramag-
netic impurity with an amount sufficient to control a
relaxation time of the adsorbate. In this paper, thus,
we will present results of quantitative analysis of the
various relaxation data on the basis of translational dif-
fusion of the adsorbed molecule and discuss micro-
dynamic behavior in the porous zeolite. By adopting
the thermally activated diffusion model proposed by
Torrey (1953), various parameters such as a mean life
time of the trapped state and a mean jump distance
in the diffusion have been determined as functions of
temperature and an adsorption amount.

2. Experimental

2.1. Zeolite Sample
The adsorbent we used was commercial synthetic
NaY5.6 zeolite (Tosoh Co., Ltd., Japan). It was in a
powdered form and contained no inert binder material.
The adsorbate was commercial CHF; gas (Asahi Glass
Co., Ltd., Japan). Its stated purity was better than 99%.
The zeolite in a sample tube was heated slowly to
673 K and evacuated under 10~ Torr for 20 h. After
these preparations, the CHF; gas was adsorbed on the
zeolite at the constant temperature of 273 K or 293 K
and adsorption amounts were measured on a volumetric
apparatus. For NMR measurements, various amounts
of the gas were adsorbed under the corresponding equi-
librium pressure at 273 K and sealed into the NMR
tube. The amount of adsorption was calibrated by use
of an adsorption isotherm at 273 K.

2.2.  Analysis of the Zeolite
by an Electron Microscope

In order to determine a purity of the zeolite sam-
ple, especially to know the contents of paramagnetic
impurities, the commercial NaY5.6 zeolite was an-
alyzed by an electron microscope. The spectrometer
used was JSM-6301F (JEOL Co., Ltd., Japan). X-ray
emission spectra were observed under irradiation of the
beam current of 0.01 A from a probe with the diam-
eter of 100 um. Table 1 shows the impurity contents
obtained. Thus, as only one type of paramagnetic impu-
rity, the NaY zeolite contained a ferric iron of 364 ppm
by weight, based on the dry weight of NaY5.6.

The electron microscope observation also showed
that the zeolite used was small crystallites with a mean
diameter of about 1 um.

2.3. NMR Measurement

For the samples with various adsorption amounts of
4.5 to 55 molecule/cell, we measured NMR chemi-
cal shifts and longitudinal relaxation times 77 of H
and F nuclei in the CHF; molecule. In order to obtain
data with high precision in the chemical shift mea-
surement, a superconductive NMR spectrometer of
AM400 (Bruker Co., Ltd., Japan) was used. Resonance
frequencies were 400 and 376 MHz for H and F nuclei,
respectively. The chemical shift measurements were
done at aroom temperature. Signal accumulations were
done with 40 for H and 16 scans for F. Since the samples
contained no NMR field-lock substance, we checked a
standard resonance frequency at O ppm by using TMS
and CCI3F for H and F, respectively, before and after
the measurement of each sample in order to make sure
of no drift in the magnetic field.

For all the samples with various adsorption amounts,
relaxation times 7 of H and F were measured at 273 K
by use of a spectrometer of FX90Q (JEOL Ltd., Co.,
Japan). Resonance frequencies of H and F are 89.5
and 84.3 MHz, respectively. The inversion recovery
method was used in the measurement of 7. 7 values
were determined by use of absorption peak areas. Sig-
nal accumulations were done with 16 to 160 scans for



H and 16 to 80 scans for F depending on an adsorption
amount.

Choosing three adsorption amounts of 6.5, 15 and
55 molecule/cell as a representative one in low, middle
and high loadings, we further measured the relation-
ship between temperature and relaxation times 7} for
H and F nuclei of each sample by use of both the spec-
trometers AM400 and FX90Q); the temperature range
was from 170 to 295 K. The sample temperature was
regulated within 0.3 K using a conventional gas flow
system. Temperature calibration was done by measure-
ment of a splitting in H NMR signals of CH3;OH.

3. Magnetic Relaxation through Translational
Diffusion in a NaY Zeolite

Nuclear magnetic relaxation of an organic small
molecule, such as CHFjs, is usually due to the in-
tramolecular or intermolecular dipole interaction in
a non-magnetic medium. In a mobile state of the
molecule, this mechanism gives rise to relatively slow
relaxation with a time constant in the order of at least
several tenth seconds or more depending on a molecule
density and temperature (Ishiwata et al., 1995). As will
be shown in chapter 4.3, however, typical longitudinal
relaxation times 77 of a proton in the CHF3 molecule
adsorbed on our sample are in the order of millisec-
onds. For an appropriate internuclear distance assumed,
we couldn’t obtain such a short 77 value even from
anisotropic rotational diffusion of the CHF3 molecule
(Werbelow et al., 1977). Furthermore, in F'° relaxation
experiments we found little difference within experi-
mental accuracy between 7| values with or without
proton decouplings. Thus, the intramolecular dipolar
interaction does not have any substantial effect on the
relaxation of the adsorbed CHF; molecule.

For the molecule adsorbed on a commercial syn-
thetic faujasite, Resing and Thompson (1967) stressed
the importance of paramagnetic Fe>* impurities and
explained the proton 7; minimum of about 10 ms by
using the dipolar interaction between electron and nu-
clear spins. Using various mixtures of cyclohexane and
its deuterated one, Michel and Thoring (1971) also
showed that the magnetic interaction with the Fe3* im-
purities controlled proton 7; in a commercial NaY zeo-
lite. Furthermore, Pfeifer and his collaborators (1976a)
have concluded that 7; values of the adsorbent gas are
completely determined by the electron-nuclear dipolar
interaction when a NaY zeolite contains Fe’* impu-
rities more than 500 ppm by weight, and the relative
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contribution of the electron-nuclear dipolar interaction
is estimated to run up to 70% of a T; value even for the
Fe3* content of about 50 ppm.

Our zeolite sample also contains the Fe** impu-
rity of about 364 ppm by weight, as shown in the
chapter 2. Therefore, we exclusively use the electron-
nuclear dipolar interaction for the analysis of 7 data.
Since the Fe3* ions are fixed to the zeolite skeleton
structure (Derouane et al., 1974), the molecular mo-
tion which modulates the dipolar field, is translational
diffusion of the molecules adsorbed on the zeolite.

Nuclear spin relaxation is essentially microscopic in
character. Taking account of individual jump motion of
the interacting spins, Torrey (1953) has developed a ba-
sic theory of the dipolar relaxation by atomic diffusion
in polycrystalline solids. The specific dynamic model
considered was one of the dipoles walking randomly
through a lattice by jumps. The microscopic process of
diffusion is characterized by a mean time 7; between
two jumps and a probability P(r) that after one jump
a spin is found at r relative to the previous position. In
this report, we adopt the isotropic diffusion model, in
which a uniform distribution of the paramagnetic im-
purities is assumed and model jumps of a diffusing
molecule are allowed equivalently in random directions
from the center of the paramagnetic impurity.

Assuming the mathematically simplest form for a
Fourier transform of P(r), moreover, Torrey (1953)
proposed an interesting model for the thermally acti-
vated diffusion. In this model a closed form expression
is obtained for 77 under the following physical condi-
tions. A spin can exist in one of two states: a trapped
state or a thermally excited state in which the spin may
move rapidly about in a random diffusive motion. It is
assumed that the latter type of motion can be described
by a solution of the macroscopic diffusion equation
with a diffusion coefficient D’ and a mean life time 7’
in the excited state. The motion in the excited state is
in general so rapid that 7’ will be small compared with
T; — 7/, the mean life time of the trapped state. From
a combination of the probability that a spin will be at r
in dr relative to the site it has vacated at ¢+ = 0 and the
probability that the spin becomes trapped again after
time ¢, one can obtain the probability P (r)dr that a sin-
gle jump, or a single life in the excited state, will find
the spin at r in dr from its starting place, in the same
form as the macroscopic diffusion

1 r
Pry=——F—— - . 1
") 4n D't'r exp( D’r’) M
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At this stage D’ is related to the overall diffusion coef-
ficient D as

L
g\’ = Drj, 2

D't =

where (r?) is a mean squared flight distance in the time
interval 7;. If the mean life time 7’ in the thermally
activated state is considerably short, the mean time 7;
between two jumps corresponds to a life time of the
trapped state. Equation (2) means that in the time inter-
val t/ a diffusing spin on average jumps by a distance
\/ﬁ which is equal to that in the overall macroscopic
flight. Adopting Egs. (1) and (2) for the thermally acti-
vated diffusion, Torrey has derived a correlation func-
tion of the dipolar interaction between the two spins.
Using this correlation function, Kriiger (1969) has
obtained a correlation time 7, of the diffusing spin in
the thermally activated diffusion process in the form

a’® 124>
TC:‘EJ'—’—S—D: l+m 'L'j, (3)

where a is the closest distance of the interacting two
spins. Since in our case the paramagnetic ions are fixed
in space, 7; is twice as large as 7; in Kriiger’s equation.
In the present case considered, 7. is a correlation time of
the randomly fluctuating magnetic field in the electron-
nuclear dipolar interaction. In Eq. (3), 7. is composed
of two terms. The second term in the right hand side
makes the mean life time 7; long to a certain degree
according to a ratio a?/(r?); thus, when a mean flight
distance \/W is smaller than the closest distance of
approach, autocorrelation of the randomly fluctuating
field is left alive and 7, becomes long.

By use of this model of translational motion, the
following formula for 7} can be derived for the present
case where wgt; >> 1 has been assumed
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Here, S, Ns and wg are the electron spin, the con-
centration and the Larmor frequency of the Fe** ion,
respectively, and w; is the Larmor frequency of the
nuclear spin observed.

4. Results and Discussion

4.1. Adsorption Isotherms and Adsorption Heat
of the CHF; Molecule

For understanding CHF; adsorption phenomena on the
NaY5.6 zeolite from the volumetric viewpoint, adsorp-
tion amounts at various equilibrium pressures P were
measured at 273 and 293 K. The adsorption isotherms
obtained are shown in Fig. 1, where the ordinate is a
number n of the adsorbed CHF3 molecules per unit cell;
1 unit cell Naso(AlO,)50(Si0,)14; as adried zeolite. The
solid lines in Fig. 1 are the result calculated from Hill’s
equation (Hill, 1946, 1947). This equation is given as

0 6
p= —Ky0), 10
Kl(l—e)eXp<l—9 2 > (10)

60 — : —

Amount of adsorption n (molecule/cell)

0 50 100 150 200
Equilibrium pressure 2 (Torr)

Figure 1. Adsorption isotherms of the CHF3 molecule on NaY5.6
zeolite at 273 and 293 K. The curves are the result obtained from the
least square fit of the experimental data to Hill’s equation.



Table 2. Adsorption parameters of the CHF3 on NaY5.6 zeolite
fitted to Hill’s equation.

Temperature (K) K K> Vin Data point
273 0.1234 0.0684 77.60 29
293 0.0409 0.1920 79.92 59

where P is the equilibrium pressure, 6 the surface
coverage, K| the equilibrium constant of adsorbate-
adsorbent (Henry constant), and K, that of adsorbate-
adsorbate. In Eq. (10), the coverage 6 is given by a vol-
ume ratio V/V,,, where V is a CHF; gas volume under
standard conditions (273 K, 1 atm) corresponding to an
adsorption amount at the equilibrium pressure, and V,,
is its saturated value at a constant experimental tem-
perature. The result of simulations is shown in Table 2.

The maximum adsorption amount n estimated from
Hill’s equation, was about 80 molecule/cell. This num-
ber corresponds to 10 CHF; molecules in a supergage
which has 4 Na cations on its surface.

In both adsorption isotherms, we can see change
in the inclination of isotherms around n2~~30-40
molecule/cell. Namely, a number n of adsorbed
molecules increases linearly with an equilibrium pres-
sure up to this amount n =~ 30 molecule/cell and then
begins to saturate. As regards location of the charge
compensating Na™ in the Y zeolite, it is well known that
there are 16 cation sites, Site I, per unit cell in the center
of hexagonal prisms and 32 sites, Site I, on the surface
of supergages (Sherry, 1968; Mortier, 1984). The CHF;
molecule is not accessible to a Site I. From a close
correspondence between the change in inclination of
isotherms around n~30-40 molecule/cell and the
number of Na™ at Site II it should be noted that the Na
cation on a surface is an adsorption site for the CHF;.

Figure 2 shows an isosteric differential heat of ad-
sorption obtained from the adsorption isotherms, by
use of Clapeyron-Clausius equation, together with the
condensation heat of about 17 kJ/mol which was es-
timated from the temperature dependence of a satura-
tion pressure reported by Asahi Glass Co. In Fig. 2
the adsorption heat decreases gradually with increas-
ing an adsorption amount.; it is about 35 kJ/mol up to
n >~ 10 molecule/cell and reduces to 23 kJ/mol at n >~ 55
molecule/cell. As compared with the adsorption heat of
a CHCIF, molecule adsorbed on the same NaY zeolite,
which is about 50 kJ/mol up to n 230 molecule/cell
(Yoshikawa et al., 2000), physical adsorption of CHF;
is weaker than that of CHCIF,.
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Figure 2. Adsorption amount dependence of the isosteric differ-
ential heat of adsorption —A H for the CHF; molecule on NaY5.6
zeolite and the heat of condensation for CHF3.

4.2.  Chemical Shifts of H and F NMR Spectra

H and F NMR spectra of a CHF3 molecule adsorbed
on the NaY zeolite were measured for adsorption
amounts over a range of n=6.5-55 molecule/cell.
Every spectra of H measured at 400 MHz and F
at 376 MHz had a nearly single Lorentian line shape
and the full halfwidth of 200 to 250 Hz. In general,
change in the electronic environment of a nuclear spin
results in a shift of its resonance frequency based
on variation in screening of the static magnetic field.
Figures 3(a) and (b) show dependences on n of a chemi-
cal shift for H and F, respectively. At the smallest value
of n = 4.5 molecule/cell in Fig. 3(a), the chemical
shift of H is the largest with respect to TMS, which
corresponds to the finest screening (Pople et al., 1959).
On the other hand, the F chemical shift at the same
n in Fig. 3(b) is the lowest with respect to CFCls,
which means the largest electronic shielding of a F
nucleus. The chemical shift of H decreases linearly
with increasing n, while the one of F increases with the
same increase in n. Namely, an increase in n produces
more effective shielding of the H nucleus and less one
of F. These changes in the chemical shifts indicate
that the electron distribution in the CHF3; molecule
shifts to the side of F atoms in the lowest range of
n, and that the increase in n will get the concentrated
electrons free from the F atoms.

The surface of a zeolite supergage is made up mainly
of negatively charged oxygen atoms and positively
charged Na atoms. Since the polar CHF; molecule has
excess negative charges around the F atoms in an unad-
sorbed state, these negative charges can be more stabi-
lized in a potential of the Na™ cation. Therefore, in the
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Figure 3. Adsorption amount dependence of the NMR chemical
shift of the CHF3 molecule adsorbed on NaY5.6 zeolite at room
temperature. (a) H NMR. The chemical shift is referred to TMS. (b)
F NMR. The chemical shift is referred to CFCls. Dotted lines are
linearly fitted by the method of least squares.

adsorbed state, the F atoms are located near the Na atom
and the H is far from it. As shown in Fig. 4, therefore,
we can conclude that the Na atom comes nearly into a
line of the molecular symmetry axis connecting C and
H atoms. This adsorption structure of CHFj is the same
as that in the case of CHCIF, (Yoshikawa et al., 2000).
When n is increased, the adsorbed molecules are desta-
bilized by mutual molecular collisions and a lifetime
of the adsorbed state is shortened. Thus the observed
resonance frequency approaches, on an average, to the
one in the state free from the potential of the Na™ cation
with the increase in the adsorption amount.

4.3.  Temperature Dependence of T; and Relaxation
Analysis by Translational Diffusion

For H and F nuclei in the CHF; molecule adsorbed on
the zeolite, temperature dependences of 7} are shown

000
IS IS

000
SAPAN

Figure4. Adsorptive coordination model of the CHF3 molecule on
the Na™ site in the wall surface of NaY5.6 zeolite.

in Figs. 5 and 6, respectively, at the three represen-
tative adsorption amounts n. At first sight one finds
that 77 of F is 2 or 3 times as long as 7} of H over the
temperature range observed. As will be shown shortly
in this section, this 77 ratio of H and F may reflect a
difference in the closest distance of approach to the
relaxing partner spin, namely, a Fe3* electron spin in
the case considered here.

Both Figs. 5 and 6 contain 7} data at the two fre-
quencies, and they show that 7} considerably depends
on the observation frequency. At the high frequency
around 400 MHz, T; definitely has a minimum in the
temperature range observed and the 7; minimum shifts
toward low temperatures with increasing n. Roughly
speaking by assuming a single correlation time 7, of
the adsorbed molecule, this trend is explained by a de-
crease in t. with increasing n. However, there is a dis-
tinction between H and F in the n dependence of a
T, minimum value, 7 pmin. While Tj min of H does not
substantially depend on n, the one of F becomes short
with increasing n. These features in our result are in a
marked contrast with those in the work by the Leipzig
group for cyclohexane adsorbed on a commercial NaY
zeolite (Pfeifer, 1976b; Pfeifer et al., 1979). From H
relaxation measurements for cyclohexane at 16 MHz,
Pfeifer and his collaborators showed that the Tjpnin
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Figure 5. Temperature dependences of the longitudinal relaxation
times measured at 89.5 and 400 MHz for a H nucleus in the CHF3
molecule adsorbed on NaY5.6 zeolite with the loading amounts of
n = 6.5, 15 and 55 mole/cell. The dotted and solid lines are calculated
on the basis of the diffusion model.
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Figure 6. Temperature dependences of the longitudinal relaxation
times measured at 84.3 and 376 MHz for a F nucleus in the CHF3
molecule adsorbed on NaY5.6 zeolite with the loading amounts of
n = 6.5, 15 and 55 mole/cell. The dotted and solid lines are calculated
on the basis of the diffusion model.
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occurred at the same temperature and had the same
value over a wide pore filling factor 6 = 0.2-0.9,
whereas its shape became flatter with increasing 6. The
same features are found in H relaxations measured at
30 MHz for various n-paraffins adsorbed on a NaX
zeolite (Kérger et al., 1980).

As for the low frequency data around 90 MHz, every
T, data for the three n’s are several times as short as
each corresponding one at the high frequency. By use
of a Lorentzian spectral density with a correlation time
7. (Abragam, 1961), these short 7| values at the low
frequency can qualitatively be interpreted on the basis
of a breakdown of the extremely narrowing condition,
namely, wt.« 1;thus, molecular motion of the CHF; in
the zeolite is not so rapid as in an isotropic liquid or gas.
If 7. becomes long with decreasing temperature, the
thermal motion is more effective in the low frequency
than in the high frequency, as canbe seenat T ~ 200 K
in Figs. 5 and 6. Based on these conjectures, we at first
tried to analyze all the 77 data phenomenologically by
assuming the Lorentzian spectral density. But it failed
because of the large difference of changes in 7} at the
two frequencies. For a quantitative analyses, therefore,
we adopt the translational diffusion model described in
the previous chapter.

We have measured longitudinal relaxations for the
two nuclear spins H and F in the same CHF3 molecule.
Since a molecule jumps as a whole from one trapping
site to another in the translational diffusion process, the
mean jump time 7; and the mean squared jump distance
(r?) are common to the relaxation of the two spins.
On the other hand, the closest distance of approach,
a, between a Fe*t ion and a nucleus observed can be
set as a different variable for each nucleus, because
it has a sensitive effect on the dipolar relaxation. In
the relaxation analysis of our 7 data, therefore, we
set four independent parameters 7;, (r?), ay and ap.
By using values of these parameters assumed and an
concentration N of the Fe’* estimated from the X-ray
emission data, 77 values of H and F at the respective
two frequencies were calculated from Eqgs. (4) to (9)
for each experimental temperature. Best fitted results
obtained by the least square method are shown by solid
or dotted lines in Figs. 5 and 6. The agreement between
the experimental results and the calculated values is
satisfactory for every T; data. In Figs. 7 to 11, values
of the various parameters thus determined are plotted
as a function of temperature 7.

Figure 7 shows the closest distance of approach ay
and ar to a Fe3* ion for H and F nuclei, respectively.
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Figure 9. Temperature dependence of the adsorption life time 7;
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Figure 11. Temperature dependences of the diffusion coefficient D
of the adsorbed CHF3 molecules for the loading amounts of n = 6.5,
15 and 55 mole/cell. The dotted and solid lines are added only to guide
the eye.

For all of the three cases of n, a ratio ar/ay is 1.2
to 1.4 over the temperature range observed. Since 7}
is proportional to 1/a®, an appreciable part of the dif-
ference in 7 between H and F can be explained by
this ratio. A conspicuous feature seen in Fig. 7 is an
increase in ay and ag with T for n = 55 molecule/cell
in the high temperature region of 7 = 210-300 K. As
will be shown shortly, this increase reflects a liquid-
like behavior of the adsorbate. In the high loading case
(@ ~ 0.7) of n = 55 molecule/cell, adsorption of a
CHF; molecule is weak and the heat of adsorption is
only 23 kJ/mol. Increases in a mobility of the adsor-
bate liquid as well as in mutual collision of the CHF3
molecules result in the increase in ay and ar with 7.
Since adsorption for n = 6.5 molecule/cell is strong as



compared with that for n = 55 molecule/cell, ay and
ar are shorter than those for n = 55 molecule/cell in
the same high temperature range of 7 = 260-300 K.
On the other hand, a little unfamiliar effect is observed
in low temperatures both for n = 55 molecule/cell and
6.5 molecule/cell. In this temperature range, ap espe-
cially increases with decreasing 7. This may be at-
tributed to steric hindrance in the zeolite lattice. Since
a F atom is more bulky than H, this effect is rather out-
standing for F. A Fe** ion is substitutionally at an A3+
site and is coordinated tetrahedrally by four O?~ ions.
When thermal vibration of the zeolite becomes weak,
then, the steric hindrance becomes large in low tem-
peratures. In the low temperature range, furthermore,
ar for n = 55 molecule/cell is considerably shorter
than for n = 6.5 molecule/cell; this short distance is
possibly brought about by lattice distortion due to the
high loading at n = 55 molecule/cell.

As for the correlation time t. shown in Fig. 8, 7,
decreases monotonically from about 1ns to 0.4 ns with
increasing T for all cases of n. At a same temperature,
7. for the case of n = 6.5 molecule/cell with a large
heat of adsorption is the longest among the three cases.
Since 7, consists of two terms, it is necessary to con-
sider an effect of individual term separately. Then, next
let us consider temperature dependences of 7; and (r?)
for n = 6.5 molecule/cell and n = 55 molecule/cell as
two extreme cases of low and high loadings. Temper-
ature dependences of 7; and (r?) are shown in Figs. 9
and 10, respectively, for the three cases of n. Figure 9
also contains plotting of a difference 7. — 7;.

In the case of the low loading (n=6.5 mole-
cule/cell), the life time 7; of the trapped state as well
as the jump distance \/W decrease monotonically
from 1.1 ns to 0.4 ns and from 220 A to 5.7 A, re-
spectively, with increasing T over the whole range of
T = 220-300 K. An activation energy of t; is equal
to 8.1 kJ/mol. These decreases are attributed to desta-
bilization of the trapped state due to activated ther-
mal vibration and frequent mutual collision between
the short-lived CHF5; molecules. As for the case of
n = 55 molecule/cell in the low temperature range
of T =170-210 K, one can find the same degree of
decreases in 7; and \/W as those for n = 6.5. An ac-
tivation energy of this 7; is 8.9 kJ/mol which is nearly
equal to the one for n = 6.5 molecule/cell. Thus, these
decreases are due to the same origin with the case of
n = 6.5 molecule/cell. In the high temperature range
of T = 210-300 K for n = 55 molecule/cell, however,
7; is about 0.4 ns and is insensible to temperature over
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the whole temperature range; an activation energy of z;
is so small as 1.2 kJ/mol. On the other hand, the jump
distance m increases rapidly with 7' from about 3
AatT =210Kto 48 A at T = 290 K. These results
may be explained by the assumption that the adsorbate
of CHF; molecules as a whole are flowing about in a
liquid-like state in the high temperature range. Thus,
a state of the adsorbate changes from an adsorbed gas
state to liquid-like one at the temperature of 7 =210 K.

Temperature dependences of the diffusion coeffi-
cient D for the three values of n are shown in Fig. 11,
which are obtained from Figs. 9 and 10 by use of the
equation (r2) = 6 Dt;. One of the most conspicuous
features in this figure is the relatively large magnitude
of D and the negative value of aderivative,d D /dT <0,
for n =6.5 and 55 molecule/cell. These are character-
istic of the CHF3 molecule adsorbed on the NaY ze-
olite. We have also done similar 77 measurements for
a CHCIF, molecule adsorbed on the same NaY ze-
olite, detailed analysis of which will be reported in
a forthcoming paper. As for the CHCIF, molecule at
6 = 0.8, the diffusion coefficient increases monotoni-
cally with temperature over a whole range of 7 = 180-
300 K, but it is an order of magnitude smaller than
that of the CHF3 molecule adsorbed at the loading
6 = 0.7 (n = 55 molecule/cell); for example, they are
D =1.05%x107""m?/sat 250 K and 2.03 x 1079 m?/s
at 300 K. These values for CHCIF, at 6 =0.8 on
NaY5.6 are fairly similar to the values for CHCIF,
(n >~ 40 molecule/cell) on a NaX zeolite which are
directly obtained by the pulse gradient NMR method
(Kérger et al., 1988). It is known that mobility of ben-
zene molecules adsorbed on NaX is higher than the
one adsorbed in NaY and this difference of D values is
attributed to the interaction between benzene molecule
and the nonlocalizable Na* on NaX (Pfeifer, 1976b).
Thus the coinciding diffusivities of CHCIF, molecules
in both NaX and NaY show that there is no contribu-
tion from the interaction with the nonlocalizable Na™
for CHCIF, and our method of 7} analysis is reliable.

Since 7; in Fig. 9 changes at most by a factor of
2-3 over the whole temperature range of 7 = 180-
300 K, the temperature dependences of D are mainly
attributed to the large changes in (r2) by a factor of 10—
100 over the same temperature range. The coefficient
D for n = 55 molecule/cell increases rapidly with T
from 6 x 107" m*/sat T =210 Kto 6 x 107" m?/s
at T = 290 K. The usual Arrhenius plot is thought
to hold for this temperature dependence. An activation
energy of D is equal to 29.9 kJ/mol. This large value
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of D in the high temperature range reflects fluidity of
the CHF; molecule in the liquid-like state.

On the other hand, there is no such flow of
the molecules as a whole in both cases of n=6.5
molecule/cell and of n =55 molecule/cell at low tem-
peratures, because of a small number of untrapped
molecules in a supercage for n = 6.5 molecule/cell
and low thermal energy of the molecules for n = 55
molecule/cell at low temperatures. Thus, collisions of
the molecule with a surrounding zeolite lattice for
n = 6.5 molecule/cell and mutual collisions between
the molecules forn = 55 molecule/cell take place more
frequently as the temperature rises. These collisions re-
sultin the decrease in (r2); thus the large shortening of a
mean jump distance \/W with increasing T gives rise
to the negative value of d D /dT . These behaviors char-
acteristic of the CHF; molecule are also related with
slightly weak interaction with Na™ at Site II, namely,
the low heat of adsorption of this molecule and they
are in line with the fact that the CHF; gas has a high
value of saturated vapor pressure as well as high mobil-
ity based on a symmetry of the molecule as compared
with the CHCIF, gas.

As for the case of n = 15 molecule/cell, temperature
dependences of the parameters 7., 7}, (r?) and D show
a feature intermediate between the cases of n = 6.5
molecule/cell and n = 55 molecule/cell.

At last, we remark on the gradually monotonous de-
crease in 1, with increasing 7. This simple change in
7. is due to the effect of the second term in Eq. (3).
Because of this term, the life time 7; of the trapped
state is effectively multiplied by a factor of 1 + 12a?/
5(r?), as discussed in the previous chapter. Since (r?) =
6 D7;,adecreasein t; withincreasing T can be in some
degree counterbalanced by this factor when D and/or
7; decrease with 7. As clearly seen in Fig. 9, this effect
can be found for the cases of n = 6.5 molecule/cell in
the high temperature range of 7 = 270-300 K, and
of n = 55 molecule/cell in the transition temperature
range of T = 180-220 K.

4.4.  Adsorption Amount Dependence of T ;

Relationships between an adsorption amount n and
T, observed at about 90 MHz are shown Fig. 12
for H and F nuclei; the experimental temperature is
kept at 273 K and n ranges from 4.5 molecule/cell to
55 molecule/cell. As canbe seen in Fig. 12, T} increases
linearly with » in the low loading region of n < 25.In
the intermediate region of n = 25-40 molecule/cell,
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Figure 12. Adsorption amounts dependences of the longitudi-
nal relaxation times for H and F nuclei in the CHF3 molecule at
273 K. The dotted curves are calculated by use of adsorption amount
dependences of the four parameter ay, ar, ; and (r?) at 273 K.

the increase in 7; saturates and attains to a maximam
value. Further increase in n gives rise to decreasing T
in the high loading region.

These changes in 77 with respect to n have been an-
alyzed by use of the results obtained in the previous
section. At first, from temperature dependences of the
four parameters ay, ar, t; and (r?) shown by solid or
dotted lines in Figs. 7, 9 and 10, we obtained values of
the four parameters at 7 = 273 K for the three cases of
n = 6.5, 15 and 55 molecule/cell, and expressed each
of the four parameters by a quadratic function of n. Us-
ing these relations and Eqgs. (4) to (9), we next calcu-
lated T values for H and F as a function of n, the result
of which were shown by dotted lines in Fig. 12. Around
n = 6.5, 15 and 55 molecule/cell, calculated values
of T; are in good agreement with experimental ones
within experimental errors. Discrepancies between ex-
perimental and calculated values in the intermediate
loading of n = 30—40 molecule/cell are due to lack
of experimental 77 data at the high frequency around
400 MHz. As can be seen in Figs. 7 and 10, values of
ar and {r?) at n = 15 molecule/cell are near to the
ones at n = 55 molecule/cell as compared with those
to the ones at n = 6.5 molecule/cell. Consequently, the
parameters especially for F which are estimated from
the quadratic functions have fairly large values in this
intermediate region of n.

The experimental changes in 77 with increasing n
can be explained in terms of variations in the parame-
ters ay, ar, T; and (rz). In the low loading region at
T =273 K, the increases in ay, ar and (rz) with in-
creasing n together with the decrease in 7; result in the
increase in 77, as seen in Fig. 12. In the high loading



region of n > 40-50 molecule/cell, the adsorbate at
273 K is in the liquid-like state with a rather high mo-
bility. The lifetime 7; still keeps on decreasing with
increasing n and this change has an effect to make T;
long. On the other hand, ay and especially ar as well
as (r?) decrease with increasing » in this high loading
region. Since all of these changes make 7 short, their
effects counterbalance and rather overcome the effect
of T;

5. Conclusion

1. Fairly short relaxation times 7; such as several ms
to a few tens ms for H and F nuclei in a molecule
adsorbed on a NaY zeolite, result from the nuclear-
electron dipolar interaction with a Fe** ion con-
tained in the commercial zeolite.

2. Several different experimental relationships of T
with an adsorption amount n, temperature 7' and an
observation Larmor frequency o were fairly well
reproduced from calculations based on the transla-
tional diffusion of the adsorbed molecule.

3. By adopting the thermally activated diffusion model
proposed by Torrey, temperature and loading de-
pendences of various parameters which determine
microdynamic behaviours in the small pores of the
zeolite can be estimated from the analysis of 7 re-
laxation data.

4. In the low loading case of n < 10-15 molecule/cell
as well as in low temperatures even for a high load-
ing case, microdynamics of the CHF; molecules in
the NaY5.6 zeolite is dominated by thermal activa-
tion of the trapped state and resultant increase in
mutual collision between the CHF3; molecules. In
the high loading case of n > 40-50 molecule/cell,
the CHF; molecules as a whole behave liquid-like
in high temperatures. At n = 55 molecule/cell, a
transition to this liquid-like state with increasing T
was clearly found out in the change of (r?) obtained
from the relaxation analysis.

Nomenclature

ar Closest distance of approach between a F nucleus
and a Fe’* ion

ag Closest distance of approach between a H nucleus
and a Fe** ion

D Diffusion coefficient of an adsorbate molecule

D’ Diffusion coefficient in the thermally activated
state
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Vi Gyromagnetic ratio of a measured nucleus /

Vs Gyromagnetic ratio of an electron spin in the
Fe’* ion

h Dirac constant

AH  Enthalpy change on adsorption

n Number of the adsorbed CHF; molecule per
unitcell in the zeolite

Ng Number of a Fe** ion per cm

P Equilibrium pressure

P(r) Distribution probability of a nuclear spin at r

(r?)  Mean squared jump distance in diffusion

3

S Electron spin quantum number of a Fe3* ion
0 Coverage

T Temperature

T, Longitudinal relaxation time

T\r  Longitudinal relaxation time for a F nucleus
Tiy  Longitudinal relaxation time for a H nucleus
Timin  Minimum of a longitudinal relaxation time

7/ Life time of the thermally activated state

7. Correlation time of the magnetic dipolar field

T; Mean jump time or adsorption life time

w Larmor frequency

Wy Larmor frequency of a measured nucleus /

ws Larmor frequency of an electron spin in the
Fe3* ion
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