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Dehydrated samples of zeolite Y containing alkali-metal cations have been reacted with alkali-metal
vapor in sealed silica tubes, and the products studied by electron-spin resonance (ESR) spectroscopy.
Two distinct species were detected following the reaction of sodium-exchanged zeolite Y with sodium,
potassium, or rubidium vapor. Exposure to a low concentration of metal vapor resulted in brightly
colored samples with ESR signals characteristic of a stable ionic cluster species Na}*, in which an
unpaired electron is trapped on four equivalent sodium cations in the sodalite cages of the zeolite.
Exposure to higher concentrations of metal vapor resulted in dark-colored samples with ESR signals
characteristic of small metallic particles located inside the zeolite cavities. A similar ionic cluster
species K3* was detected following the reaction of potassium-exchanged zeolite Y with sodium or
potassium vapor although the potassium cluster was less stable than its sodium counterpart and an
ESR signal from small metallic particles was observed at the same time. The corresponding Rb}* ionic
cluster species was not detected following the reaction of rubidium-exchanged zeolite Y with rubidium
vapor; only an ESR signal from small metallic particles was observed. The narrow linewidths of the
ESR signals from the small metallic particles suggest an inhibition of the spin-relaxation mechanisms in

the bulk metals. © 1984 Academic Press, Inc.

Introduction

Zeolites are of interest because of their
exceptional catalytic properties, attributed
in part to the presence of intracrystalline
cavities and channels (1). The chemical for-
mula of a zeolite containing alkali-metal
cations M* is M,[(AlO,)(SiO,),] - zH,0,
and the structure is composed of corner-
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sharing SiO4 and AlQO, tetrahedra with ex-
changeable cations which balance the
negative charge of the aluminosilicate
framework located within the cavities. The
silicon-to-aluminum ratio is therefore an
important parameter since it determines the
number of exchangeable cations. The water
molecules which normally occupy the cavi-
ties can be removed by heating, and a vari-
ety of organic and inorganic molecules can
be absorbed provided their dimensions are
comparable with those of the channels.
There are many distinct zeolitic struc-
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Faujasite (zeolites X and Y)

Fi1G. 1. The sodalite cage and the structure of zeoli-
tes belonging to the faujasite family. The vertices of
the polyhedra are occupied by the framework silicon
or aluminum atoms; the framework oxygen atoms and
exchangeable cations are not shown.

tures (2), but in this paper we concentrate
upon faujasitic zeolites in their sodium, po-
tassium, and rubidium cation-exchanged
forms. An outline of the structure of fauja-
sitic zeolites is given in Fig. 1. The vertices
of the polyhedra are occupied by the frame-
work silicon or aluminum atoms which are
in turn tetrahedrally bonded to the frame-
work oxygen atoms; these oxygen atoms
and the exchangeable cations are not
shown for clarity. The polyhedron with 14
vertices (tetrakaidecahedron) in Fig. 1a is
known as the sodalite or 8-cage and is the
principal building block of the three struc-
tures shown in the figure.

In the mineral sodalite shown in Fig. 1c
the neighboring sodalite cages share some
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silicon and aluminum atoms. The Si: Al ra-
tio of Na-sodalite is always unity, and the
silicon and aluminum atoms alternate
throughout the framework. Only one type
of cavity occurs in sodalite, with a diameter
of 6.5 A and accessed through small six-
membered pores 2.2 A in diameter. There
are six alkali-metal cations in each sodalite
cage.

Zeolite A (Fig. 1b) is a synthetic mineral
with no natural counterpart. The sodalite
cages are here connected by double four-
membered rings, forming an interconnected
set of larger cavities within the material
known as a-cages with a diameter of 11.5 A
and accessed through -eight-membered
pores 4.2 A in diameter. The Si: Al ratio in
zeolite A is generally close to unity and, as
in sodalite, the silicon and aluminum atoms
alternate throughout the framework. There
is one a-cage for every sodalite cage and 12
alkali-metal cations are distributed between
them.

Zeolites X and Y (Fig. 1d) are the syn-
thetic counterparts of the naturally oc-
curring mineral faujasite. The sodalite cages
are connected by double six-membered
rings, forming an interconnected set of
even larger cavities within the material also
known as a-cages (or supercages) with a
diameter of 12.5 A and accessed through
12-membered pores 7.5 A in diameter.
Zeolites X and Y have the same framework
structure, but different Si: Al ratios that
can also vary over a considerable range. By
convention, the zeolite is labeled X if 1 =
Si:Al<1.5and Yif 1.5 = Si: Al < 3. Thus
zeolite Y has a smaller concentration of
framework aluminum atoms and hence ex-
changeable cations within the cavities than
zeolite X. Since the Si: Al ratio is variable,
there are a large number of arrangements
possible for the framework silicon and alu-
minum atoms; the precise arrangement for
any particular Si: Al ratio is still a matter of
debate although greatly clarified by recent
studies (3). In the present work we have
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used zeolite Y with Si: Al = 2.0. For this
composition, there is one supercage for
every sodalite cage and eight alkali-metal
cations are distributed between them.
Despite the pioneering work of Rabo and
Kasai (4-6), it is not widely appreciated
that unusual polynuclear cationic species,
e.g., Naj', can be installed into the zeolite
cavities by the use of a reducing agent such
as alkali-metal vapor. In this paper, we fur-
ther investigate the preparation and elec-
tronic properties of these compounds using
electron-spin resonance (ESR) spectros-

copy.

Experimental Methods

Sample Preparation

The Si: Al ratio of the parent zeolite Y
containing sodium cations (Na-Y)! was de-
termined to be 2.0 by energy-dispersive X-
ray analysis in an electron microscope and
by magic-angle-spinning #Si NMR spec-
troscopy (7, 8). Samples exchanged with
potassium or rubidium cations were then
prepared from the sodium form using stand-
ard techniques (9).

The samples were exposed to alkali-
metal vapor in silica reaction vessels which
could be heated inside a tube furnace. An
access tube extending outside the tube fur-
nace was attached to one end of the central
chamber to enable the reaction vessel to be
connected to a vacuum line. An ESR tube
was attached to the other end of the cham-
ber to permit the ESR spectrum of the
transferred sample to be recorded without
exposing the sample to the atmosphere.
These ESR tubes were made of Spectrosil
silica with a low concentration of paramag-
netic impurities.

A suijtable amount of the zeolite (typi-
cally 1 g) was placed in the central chamber
with the access arm open to the atmo-

! Zeolite Na-Y was kindly provided by Dr. A. Com-
yns of the Laporte Company, Widnes, England.
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sphere. The temperature was slowly in-
creased to 400°C and then kept constant for
approximately 2 hr to remove the bulk of
the zeolitic water. At this stage, the access
arm was connected to a vacuum line and
the reaction vessel evacuated to below 104
Torr. The zeolite was finally heated over-
night under vacuum to remove the remain-
der of the water.

The required amount of alkali metal was
then added to the zeolite. The metal had
previously been purified by melting under
vacuum, and forcing it into calibrated capil-
lary tubes. Any oxidation of the alkali metal
in the atmosphere was therefore confined to
the open ends of the capillary tube, and
these were removed immediately before
use. The vacuum line was disconnected,
and a suitable length of the capillary tube
containing the metal placed in the access
arm. During this procedure, the zeolite was
maintained at 400°C to prevent the reab-
sorption of water into the zeolite cavities.
The vacuum line was reconnected and the
reaction vessel reevacuated to below 10~
Torr. The zeolite was then heated under
vacuum for approximately 2 hr.

At this stage, the tube furnace was turned
off and the zeolite allowed to cool under
vacuum. The capillary tube containing the
metal was then tipped from the access arm
into one end of the central chamber away
from the zeolite, and the access arm sealed
under vacuum. The metal was extruded
from the capillary tube by gently warming
the capillary tube with a gas torch. A thin
metallic mirror was formed on the inside of
the central chamber, and in this form the
alkali metal reacted rapidly with the zeolite
when the reaction vessel was heated in the
tube furnace.

Spontaneous coloration of the zeolite oc-
curred for the sodium samples at ~350°C,
for potassium samples at ~250°C, and for
rubidium samples at ~150°C. However, it
was advantageous to perform the reaction
at a lower temperature for a longer time
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since a degradation of the colored product
was observed if the reaction was pro-
longed. It is possible that the alkali metal
starts to attack the aluminosilicate frame-
work, and we are currently investigating
this by X-ray diffraction measurements.
The degradation is possibly assisted by the
presence of residual water in the zeolite
cavities since the stability of the product
appeared to increase when a more stringent
dehydration procedure was adopted.

ESR Measurements

ESR spectra of the powdered samples
sealed in the Spectrosil silica tubes were
recorded on a Varian E-109 spectrometer at
X-band frequencies (9.3 GHz) using a 100-
kHz modulation frequency. The tempera-
ture of the samples could be continuously
varied between 10 and 120 K using helium
gas, and between 120 K and room tempera-
ture using nitrogen gas. The temperature
was measured with a thermocouple posi-
tioned in the gas flow path just below the
samples, and could be controlled to within
2 K by means of an Oxford Instruments
regulator. The g-values could be calculated
to within 0.0005 using an internal DPPH
standard (g = 2.0036).

We have routinely recorded both the
first-derivative and second-derivative ESR
spectra of the samples, and these are shown
on the left and right, respectively, of Figs.
2, 4, and 5. The increased resolution of the
second-derivative ESR spectra was invalu-
able in the detection of weak or partially
resolved hyperfine structure.

Results

Zeolite Y Containing Sodium Cations

The ESR spectra obtained at 120 K from
three samples of zeolite Na-Y reacted with
sodium vapor are shown in Fig. 2. The con-
centration of sodium increases from the top
to the bottom of the figure, and is given
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F1G. 2. First-derivative (on the left) and second-de-
rivative (on the right) ESR spectra (120 K) of samples
of zeolite Na-Y reacted with sodium vapor. The
marker corresponds to a DPPH signal at g = 2.0036.
The metal concentration increases from top to bottom.

below as the number of sodium atoms per
sodalite cage. However, we are unable to
determine whether the sodium atoms are
dispersed uniformly throughout the zeolite
cavities, and it is possible that some of the
metal is concentrated near the surface of
the crystallites.

The most dilute sample is pink, and the
amount of sodium metal reacted with the
zeolite is equivalent to one additional so-
dium atom per sodalite cage. On exposure
to the atmosphere, the pink color instantly
disappeared suggesting that oxygen mole-
cules could rapidly diffuse into the center of
the crystallites. The intermediate sample is
dark red, and the amount of metal is equiv-
alent to three additional atoms per sodalite
cage. The concentrated sample is black,
and the amount of metal is equivalent to six
additional sodium atoms per sodalite cage.
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On exposure to the atmosphere, the black
color disappeared slowly over a period of
several hours suggesting that rate of diffu-
sion of oxygen molecules intc the crystai-
lites was slow. It is likely that the increased
concentration of metal is sufficient to block
the pores at the surface of the crystallites.
The sodium concentrations quoted are
nominal, and are probably larger than the
true values since a fraction of the metal in-
evitably reacted with the silica to give the
reaction vessel a brown color.

The ESR spectrum of the pink dilute
sample in Fig. 2a shows a 13-line signal sim-
ilar to that previously reported by Rabo et
al. (5). We attribute this signal to an ionic
cluster species Naj® consisting of an un-
paired electron interacting with four equiv-
alent sodium nuclei (3Na, I = 2, 100%
abundance). The ESR measurements are
unable to determine whether one or three
electrons are trapped at the cluster so the
ionic cluster species should strictly be writ-
ten Na)* (W = 1, 3). However, we will con-
tinue to use the notation Na3* for brevity.
The ESR spectrum of the black concen-
trated sample in Fig. 2c shows a single-line
resonance similar to that previously re-
ported from small particles of sodium metal
(10, 11). We attribute this signal to a metal-
lic cluster species consisting of metallic
particles within the zeolite cavities. Evi-
dence for these assignments, and the ESR
parameters of both the ionic and metallic
cluster species are given below.

The ESR spectrum of the dark-red inter-
mediate sample in Fig. 2b shows signals
from both the ionic clusters and the metallic
clusters. Experiments shows that the rela-
tive proportions of the two signals varies
monotonically with the concentration of so-
dium; the ionic cluster signal decreases in
strength relative to the metallic cluster sig-
nal as the nominal metal concentration in-
creases. There is also a marked difference
in the microwave power saturation behav-
ior of the two species as shown in Fig. 3;

HARRISON ET AL.

intensity {arb.units)

| ] ] 1
0 1 2 3 4 5

\/(power/mw)

Fi1G. 3. Signal amplitude in arbitrary units as a func-
tion of microwave power for the ionic cluster signal
(open circles) and the metallic cluster signal (filled cir-
cles) in samples of zeolite Na-Y reacted with sodium
vapor.

the amplitude of the ionic cluster signal sat-
urates if the power is greater than ~2 mW,
whereas the amplitude of the metallic clus-
ter signal did not saturate even if the power
was increased above 200 mW. It is there-
fore possible to suppress a strong ionic
cluster signal and reveal a weak underlying
metallic cluster signal. The shape of the sat-
uration curve of the ionic cluster signal sug-
gests that the hyperfine lines are inhomoge-
neously broadened (12), and this is
probably caused by superhyperfine interac-
tions with the nuclei of the silicon or alumi-
num framework atoms. ENDOR measure-
ments are under way to clarify this. The
saturation properties of the metallic cluster
signal suggests that this signal is homogene-
ously broadened.

The ESR parameters of the ionic cluster
signal in Fig. 2a are essentially identical to
those determined by Rabo et al. (5). The
isotropic g-value of the signal is measured
to be 1.999 + 0.001 and there is a uniform
separation of 32.1 = 0.1 G between the 13
hyperfine lines. The overall separation be-
tween the outermost hyperfine lines is then
385.2 G. The first-derivative peak-to-peak
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linewidth of each of the hyperfine lines is of
the order of 10 G. None of these parameters
change noticeably with temperature; the
spectrum at 10 K is identical to the spec-
trum at 300 K. However, the intensity of
the signal decreases with increasing tem-
perature suggesting a Curie-type paramag-
netic susceptibility although we have not
yet made quantitative intensity measure-
ments. The ionic cluster signal does not
change noticeably with increasing metal
concentration; both the g-value and the
separation between the hyperfine lines re-
main constant within the above limits.

The metallic cluster signal in Fig. 2¢ has
an isotropic g-value of 1.9997 + 0.0005, and
a linewidth of 8 G at 120 K. The g-value did
not vary with temperature over the range
120-300 K within the quoted limits, but the
linewidth increased slightly to 9 G at room
temperature. The intensity of the signal de-
creases with increasing temperature again
suggesting a Curie-type paramagnetic sus-
ceptibility rather than the Pauli-type para-
magnetic susceptibility of a bulk metal. The
signal has an approximately Lorentzian
shape, although there is more intensity in
the wings of the spectrum than expected.
This is probably due to a distribution of par-
ticle sizes (10) since there is a significant
decrease in the linewidth with increasing
metal concentration at any particular tem-
perature. When the metallic cluster signal
first appears superimposed with the ionic
cluster signal, the room-temperature line-
width of the underlying metallic cluster sig-
nal is of the order of 40 G. When the under-
lying ionic cluster signal finally disappears
at high metal concentrations, the room-
temperature linewidth of the metallic clus-
ter signal has narrowed to 9 G.

The concentrated samples did not signifi-
cantly reduce the Q-factor of the micro-
wave cavity, suggesting that the electrical
conductivity of the samples is not very
high. In fact at extremely high sodium con-
centrations, the metallic cluster signal is
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F1G. 4. First-derivative and second-derivative ESR
spectra (120 K) of samples of zeolite K-Y reacted with
potassium vapor. The marker corresponds to a DPPH
signal at g = 2.0036.

observed to change from the symmetric,
Lorentzian shape to an asymmetric, Dyson
shape characteristic of conduction-electron
spin resonance (CESR) in metallic samples.
This changeover is anticipated to occur
when the microwave skin depth (~8000 A
in bulk sodium metal at 120 K) becomes
smaller than the metallic particle dimen-
sions. Under these circumstances, it is
likely that the metal has now coated the
surface of the crystallites.

Zeolite Y Containing Potassium Cations

The ESR spectra obtained at 120 K from
two samples of zeolite K-Y reacted with
potassium vapor are shown in Fig. 4. The
metal concentrations of the two samples
are similar to those of the intermediate and
concentrated sodium zeolite Na-Y samples
in Fig. 2, and the spectra show strong simi-
larities to their intermediate and concen-
trated sodium counterparts. The potassium
samples are dark-blue and black, respec-
tively. In particular, both a 13-line ionic
cluster signal and a single-line metallic clus-
ter signal are observed. The ionic clusters
appear to be unstable, however, and pro-
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longed heating causes the ionic clusters to
transform to small metallic particles. For
this reason, samples were usually removed
from the tube furnace before all of ihe po-
tassium metal had reacted with the zeolite
in an attempt to ‘‘quench in’’ the ionic clus-
ters. In the discussion below, we concen-
trate upon the differences in the ESR pa-
rameters of the corresponding sodium and
potassium species.

We attribute the 13-line signal to an ionic
cluster species K3* consisting of an un-
paired electron interacting with four equiv-
alent potassium nuclei (K, I = 3, 93.1%
abundance; 4K, I = 4, 6.9% abundance).
The g-value of the ionic cluster signal in
Fig. 4a is measured to be 1.996 = 0.001 and
there is a uniform separation of 16.4 + 0.1
G between the principal set of 13 hyperfine
lines. The overall separation between the
outermost hyperfine lines is then 196.8 G.
The linewidth of each of the hyperfine lines
is of the order of 5 G. In addition, further
hyperfine structure is visible in the wings of
the spectrum particularly on the high-field
side; this structure is particularly promi-
nent in the second-derivative spectrum.
Since potassium has two stable isotopes,
we have to consider the possible permuta-
tions of these isotopes among the four po-
tassium nuclei comprising the ionic cluster.

Approximately 75% of the clusters con-
tain four ¥K cations, and these clusters
should give rise to the principal set of hy-
perfine lines. The majority of the remaining
clusters will contain three ¥K cations and
one ‘'K cation; and these clusters should
give rise to additional hyerfine lines. The
magnetic moment of the K nucleus is ap-
proximately half that of the *K nucleus,
and so these hyperfine lines should be
closer to the center of the spectrum as ob-
served. This hypothesis does not explain,
however, why the additional hyperfine lines
are more prominent on the high-field side of
the spectrum. It is possible that the cluster
of four potassium cations is slightly dis-
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F1G. 5. First-derivative and second-derivative ESR
spectra (120 K) of a sample of zeolite Rb-Y reacted
with rubidium vapor. The marker corresponds to a
DPPH signal at g = 2.0036.

torted, giving rise to anisotropy in the g-
values and hyperfine splittings. Spectral
simulation studies and further measure-
ments at a higher microwave frequency are
underway to clarify this effect.

The metallic cluster signal in Fig. 4b has
an isotropic g-value of 1.9978 * (0.0005, and
a linewidth of 8 G at 120 K. Neither the g-
value or the linewidth vary with tempera-
ture over the range 120-300 K within the
quoted limits.

Zeolite Y Containing Rubidium Cations

The ESR spectra obtained at 120 K from
a sample of zeolite Rb-Y reacted with rubi-
dium vapor are shown in Fig. 5. The metal
concentration of this black sample is similar
to that of the concentrated zeolite Na-Y
sample in Fig. 2, and a single-line, metallic
cluster signal is observed. We have so far
been unable to detect a Rbi* ionic cluster
species (®Rb, I = 3, 72.8% abundance;
87Rb, I = 4, 27.2% abundance) in any of the
zeolite Rb-Y samples examined. In view of
the properties of the two rubidium isotopes,
the signal of these ionic clusters would ex-
hibit many hyperfine lines and may be diffi-
cult to detect. However, we believe that the
rubidium ionic clusters either do not form
at all, or are unstable with respect to small
metallic particles. In addition to the metal-
lic cluster signal, a weak signal from Naj*
ionic clusters was detected at low micro-
wave powers. It is likely that a few of the
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sodium cations in the parent zeolite Y have
not been exchanged by rubidium cations
.

The metallic cluster signal in Fig. 5 has
an isotropic g-value of 1.989 + 0.001, and a
linewidth of 145 G at 120 K. The g-value did
not vary with temperature over the range
120-300 K within the quoted limits, but the
linewidth decreased considerably to 115 G
at room temperature.

Mixed-Metal Samples

Having discussed the results obtained
from samples formed by reacting a zeolite
Y containing alkali-metal cations with the
same alkali-metal vapor, we now turn to
the results obtained by reacting the zeolite
Y with the vapor of an alkali-metal different
from the cations. No further ionic cluster
species have been detected, however, and
our results suggest that the nature of the
ionic cluster is determined only by the nat-
ure of alkali-metal cations in the zeolite be-
fore the reaction with the alkali-metal va-
por. For example, the reaction of zeolite
Na-Y with potassium vapor results in the
formation of Naj™ clusters. Conversely, the
reaction of zeolite K-Y with sodium vapor
results in the formation of K3 clusters.

Discussion

Ionic Clusters

Exposure to a low concentration of al-
kali-metal vapor results in brightly colored
samples with an ESR signal characteristic
of an ionic cluster species Mi*. An un-
paired electron is trapped at a cluster of
four equivalent alkali-metal cations M*
which are presumably located at the verti-
ces of a tetrahedron. The stability of the
ionic clusters appears to decrease as the
atomic number of the alkali metal in-
creases: the Naj® clusters were quite sta-
ble, the K3* clusters less stable, and Rb3*
clusters, if they form, unstable with respect
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to small metallic particles. In this section,
we consider the location of these clusters
within the zeolite cavities and the variation
in their stability.

Rabo et al. (5) suggested that the forma-
tion of the Nal* clusters in zeolite Na-Y
reacted with sodium vapor occurs via the

reaction

3Na* + Na? — Naj*t 1))

A guest sodium atom diffuses into the
zeolite to be ionized by the strong electro-
static fields inside the cavities. The un-
paired-electron wavefunction then encom-
passes the four sodium cations to form the
observed ionic cluster. However, the for-
mation of the same ionic clusters in zeolite
Na-Y reacted with potassium or rubidium
vapor demonstrates that the four sodium
cations forming the ionic cluster are resi-
dent in the zeolite before the reaction. Thus
the potassium or rubidium cations formed
by ionization of the guest potassium or rubi-
dium atoms do not form part of the ionic
cluster, and the reaction (1) may be general-
ized to the reaction

4Na* + M°— Na}* + M+ @

The guest metal atoms M are able to reduce
the metal cations in the zeolite to form the
ionic clusters. The eventual location of the
resulting guest metal cations M™* is un-
known.

Other ionic cluster species have been
formed by the reduction of metal cations in
zeolites. ESR spectra recorded during the
reduction of zeolite Ag-A by hydrogen gas
showed ESR signals characteristic of an
ionic cluster species Aglt (N =1, 3, 5) in
which an unpaired electron is trapped at a
cluster of six equivalent silver cations pre-
sumably located at the vertices of an octa-
hedron (13). It was argued that these ionic
clusters were located in the sodalite cages.
As the reduction proceeded, the intensity
of the ionic cluster signal decreased while a
signal from small particles of silver grew in
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intensity until only the signal from the
metal particles was visible. Further reduc-
tion caused the partial breakdown of the
aluminosilicate lattice, increasing the me-
tallic particle size and hence decreasing the
linewidth of the metallic particle signal (see
below). Finally, very large metallic parti-
cles were formed on the surface of the crys-
tallites. It is possible that a similar se-
quence of events occurs in the reduction of
zeolite Rb-Y by rubidium vapor.

We propose that the alkali-metal ionic
clusters are also located in the sodalite
cages of the zeolite Y. To test this hypothe-
sis, we have investigated the formation of
ionic clusters in zeolite A which has smaller
a-cages than zeolite Y. The identical ionic
cluster species with a hyperfine splitting of
32 G was indeed formed in samples of
zeolite Na-A reacted with sodium vapor but
only with difficulty; the coloration of the
zeolite required longer reaction times. De-
spite considerable effort, we have been un-
able to produce the ionic cluster species
Nai® in isolation; the most dilute colored
samples were lilac and comprised a mixture
of the pink ionic cluster species with the
dark-colored metallic cluster species. Both
the reduced accessibility of the sodalite
cages, and the increased number of sodium
cations may hinder the formation of the
ionic clusters. The longer reaction times
may then transform the ionic clusters into
small metallic particles. Very similar
results were obtained when samples of Na-
sodalite containing only sodalite cages were
reacted with sodium vapor (14); the dilute
samples also comprised a mixture of the
ionic cluster species with a hyperfine split-
ting of 32 G and the metallic cluster species.
In summary, the fact that identical Naj*
ionic cluster species are observed in zeolite
Y, zeolite A, and in sodalite strongly sug-
gests that the ionic clusters are located in
the sodalite cages in all three materials. The
results obtained with the mixed metal sam-
ples show that the reduction of the alkali-
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metal cations within the sodalite cages is
likely to occur by electron transfer through
the 2.2-A pores into the sodalite cages.

Having postulated that the ionic clusters
occur in the sodalite cages, it is of interest
to compare the dimensions of these tetrahe-
dral clusters with the 6.5-A diameter of the
sodalite cages. Since the unpaired electron
resides equally on the four alkali-metal cat-
ions, it is anticipated that the distance be-
tween the nuclei is small and comparable to
the internuclear distance in the bulk metal
(15). With the assumption of the bulk metal
internuclear distance, we can derive ‘‘me-
tallic’’ radii and calculate the approximate
dimensions of the tetrahedral clusters: so-
dium 8.3 A, potassium 10.0 A, and rubi-
dium 11.0 A.

The clusters are calculated to be larger
than the sodalite cages, but the ‘‘metallic”
radii are almost certainly too large to repre-
sent accurately the cations comprising the
cluster. Conversely, the corresponding
ionic radii (15) are probably too small. It is
likely that an intermediate value is more ap-
propriate, and that the stability of the clus-
ter species can be related to their size: the
Nai* clusters are stable because they fit
easily into the sodalite cages, the K3* clus-
ters are less stable and slightly distorted
due to the tight fit, and the Rb3" clusters are
too large to fit inside the sodalite cages.

From the separation of the hyperfine
lines in the spectrum we can deduce the
percentage ‘‘atomic character’” of the un-
paired-electron wavefunction. A low
atomic character would suggest a low occu-
pation of the metal cation ns orbitals and
that the unpaired-electron wavefunction is
comparatively diffuse. Conversely, a high
atomic character would suggest a greater
occupation of the metal cation ns orbitals
and a greater confinement of the unpaired-
electron wavefunction within the ionic clus-
ter. This confinement might reduce the sta-
bility of the ionic clusters. The unpaired
electron residues equally on the four alkali-
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metal cations giving rise to 13 hyperfine
lines separated by A. The electron therefore
spends 25% of the time on any particular
alkali-metal cation; if the electron spent
100% of the time on an alkali-metal cation it
would give rise to four hyperfine lines sepa-
rated by 4 X A. In the spectrum of an iso-
lated gaseous PNa atom, the four hyperfine
lines are separated by 316.1 G (16) and so
the percentage atomic character of this
ionic cluster is (4 X 32.1)/316.1 = 41%.
Similarly, in the spectrum of an isolated
gaseous K atom, the four hyperfine lines
are separated by 82.4 G (/6) and so the per-
centage atomic character of this ionic clus-
ter is (4 X 16.4)/82.4 = 80%. The increased
atomic character of the potassium cluster
therefore supports the hypothesis that the
potassium cluster is more compressed and
possibly less stable than the sodium cluster.
The corresponding rubidium clusters would
be even less stable.

Metallic Clusters

Exposure to a high concentration of al-
kali-metal vapor results in dark-colored
samples with an ESR signal characteristic
of small metallic particles. In this section,
we consider the possible relaxation mecha-
nisms of the conduction-electron spins
within these metallic particles, and discuss
the variation of the g-value and linewidth of
the signal for sodium, potassium, and rubi-
dium particles as the particle size varies.
The g-values of the ionic and metallic clus-
ter signals observed in samples of zeolites
Na-Y, K-Y, and Rb-Y exposed to the cor-
responding alkali-metal vapor are shown in
Table I. Also shown for comparison are the
g-values of the much larger metal particles
(~1000 A and above) obtained in frozen so-
lutions of the alkali metals in a nonaqueous
solvent (17, 18), and the corresponding g-
values of the bulk metals (/9, 20). It is con-
venient to define a g-shift, Ag, as the devia-
tion of the g-value from the free-spin value
of 2.0023; viz. Ag = gops — 2.0023.
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TABLE 1
THE g-VALUES FOR VARIOUS ALKALI-METAL
SPECIES
Metal
Species Sodium  Potassium  Rubidium
Tonic clusters 1.999 1.995 _
(—0.003)  (—0.008)
Metallic clusters 1.9997 1.9978 1.989
(—0.0026) (—0.0045) (—0.013)
Metallic particles? 2.0013 1.9984 1.917
(-0.0010)  (—0.0039)  (—0.0106)
Bulk metal® 2.0015 1.9997 1.9984
(—0.0008) (—0.0026) (—0.0039)

Note. The values in brackets are the deviation Ag of the g-
values from the free-spin value of 2.0023; viz. Ag = gobs —
2.0023.

¢ In frozen HMPA solutions; data taken from Refs. (17, 18).

b Data taken from Refs. (19, 20).

The spin-relaxation mechanisms of the
conduction electrons in alkali-metal parti-
cles were first considered by Elliott (21).
The electrical resistivity of the metal is
principally determined by the rate of colli-
sion of the electrons with (1) the lattice vi-
brations; (2) the surface of the particles;
and (3) the impurities in the particles. The
rate of collisions due to (1) varies with tem-
perature but is approximately independent
of the particle size. Conversely, the rate of
collisions due to (2) varies with particle size
but is approximately independent of tem-
perature. Finally, the rate of collisions due
to (3) is approximately independent of both
the temperature and particle size.

These collisions cause electronic transi-
tions to occur within the quasiconiinuous
distribution of energy states in the parti-
cles; a fraction of these transitions also re-
verse the orientation of the electron spins
resulting in spin relaxation. Thus the spin-
relaxation rate of the conduction electrons
is approximately proportional to the electri-
cal resistivity of the metal. The fraction of
the transitions which reverse the orienta-
tion of the electron spins varies as the
square of the spin—orbit interaction of the
metal, and the g-shift of the ESR signal var-
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ies directly with the magnitude of the spin—
orbit interaction. Since the spin—orbit inter-
action increases rapidly with increasing
atomic number (22), low temperatures are
normally required to observe an ESR signal
in the heavier alkali metals. The observa-
tion of a metallic cluster species at room
temperature in zeolite Rb-Y is therefore re-
markable, and indicates an inhibition of the
bulk metal spin-relaxation mechanisms.
The spin-relaxation rate in metal parti-
cles depends critically upon their size. If
the particles are sufficiently large for the
separation of the energy states to be small
compared with the Zeeman energy, the sur-
face scattering rate, and hence the line-
width of the ESR signal vary inversely with
the diameter of the particles. Phonon scat-
tering causes the linewidth to increase with
increasing temperature in a similar fashion
to that of the bulk metal (/0). In addition,
the paramagnetic susceptibility of the parti-
cles follows a Pauli-type variation with tem-
perature. Conversely, if the particles are
sufficiently small for the separation of the
energy states to be large compared with the
Zeeman energy (23), both the surface-scat-
tering and phonon-scattering mechanisms
are quenched. Kawabata (24) predicted
that the linewidth of the ESR signal would
then vary as the square of the particle
diameter. Consequently, narrow ESR sig-
nals could be observed at comparatively
high temperatures even in the heavier alkali
metals. In addition, the paramagnetic sus-
ceptibility of the particles would follow a
Curie-type variation with temperature.
This so-called ‘‘quantum-size”” effect
was predicted to occur in sodium particles
smaller than ~100 A (24), which is much
larger than the particles postulated in the
zeolite cavities. To investigate this effect,
Gordon (10) and Smithard (11) studied the
ESR spectra of the small sodium particles
(~10to ~1000 A) formed by irradiation and
subsequent annealing of sodium azide sam-
ples. The size of the sodium particles in-
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creased monotonically with the annealing
time of the samples, allowing the ESR sig-
nals of the sodium particles to be studied as
a function of their size. Narrow ESR sig-
nals arising from the quantum-size effect
were not observed, however, and the line-
width of the ESR signal decreased
smoothly as the size of the particles in-
creased. Gordon (10) did observe an addi-
tional broad ESR signal which saturated at
a low microwave power, and he suggested
that the signal represented an envelope of
hyperfine lines from particles small enough
to exhibit the quantum-size effect. A distri-
bution of particle sizes prevented the reso-
lution of the individual hyperfine lines. This
ESR signal is somewhat reminiscent of the
ionic cluster signal observed in the zeolite
cavities.

With these points in mind, we now con-
sider the g-shifts and linewidths of the ESR
signals of the metallic cluster species in Ta-
ble I. As expected, the g-shifts of all the
species increase as the atomic number and
hence the spin—orbit interaction of the al-
kali metal increases. The g-shifts for any
particular alkali metal also appear to in-
crease as the size of the metal particles is
reduced; viz. from the bulk metal to the
large metallic particles in the frozen non-
aqueous solvent through to the metallic
clusters in zeolite Y. This increase is com-
paratively small, however, and the g-shifts
do not vary appreciably with particle size
or temperature.

The linewidth of the ESR signal of the
metallic clusters in zeolite Y narrows signifi-
cantly with increasing particle size due to
the decreasing surface relaxation rate.
However, the temperature dependence of
the linewidth is unusual. In the concen-
trated sample of zeolite Na-Y, the linewidth
increases by several Gauss as the tempera-
ture is increased in agreement with the sig-
nal in the bulk metal (/9). In the concen-
trated sample of zeolite K-Y, the linewidth
remains independent of temperature. Fi-
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nally, in the sample of zeolite Rb-Y, the
linewidth decreases significantly with in-
creasing temperature in complete contrast
to the signal in the bulk metal (20). A possi-
ble explanation relies on the relative size of
the atoms: more sodium atoms can fit into
the zeolite cavities than can rubidium at-
oms. Thus the sodium metallic clusters are
possibly larger than the rubidium metallic
clusters and hence have properties more
similar to those of the bulk metal. Further
work is needed to resolve this question.
In summary, the metallic cluster signals
observed in the concentrated samples are
characteristic of small particles of alkali
metal located within the zeolite cavities.
The particles of the heavier alkali metals, in
particular, are small enough to quench the
usual rapid spin-relaxation mechanisms.
These metal-loaded zeolites may therefore
be ideal materials to study the unusual elec-
tronic properties of small metallic particles.
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