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A study of the changes in the reflectance spectra and electron resonance (attendant 
upon the dehydration) of cobalt-containing zeolites revealed clear differences of be- 
havior between zeolites A, X and Y. The data are interpreted on the basis first of 
the differing polarizabilities of the seolite lattice as the &/Al ratio is varied and 
second on the basis of sites available as the water content is reduced. 

The location and coordination taken up 
by charge-balancing cations in synt.hetic 
zeolites is a problem which has been at- 
tracting increasing attention in recent years 
(1-6). A number of physical techniques 
have been used to tackle this problem, each 
one itself being unable to provide a total 
picture. Reflectance spectroscopy is useful 
in studying transition metal ions. With a 
sensitive detection system quite low concen- 
trations of ions may be studied. The extinc- 
tion coefficients for different coordinations 
(e.g., octahedral and tetrahedral Co*+) are, 
however, rather different and thus care is 
required in interpretation. The EPR of Co2+ 
is very sensitive to coordination and this is 
in principle an attractive technique. Spin- 
lattice relaxation effects sometimes preclude 
the observation of signals especially from 
octahedral Co*+ above 4 K. Such low tem- 
peratures must necessarily affect the co- 
ordination of the cations in the zeolite espe- 
cially at intermediate stages of dehydration. 
The present paper demonstrates that useful 
data can in fact be obtained at 77 K and 
above. 

* Present address : Department of Chemical 
Technology, University of Twente, Enschede, The 
Netherlands. 

t Present address: Department of Chemistry, 
U.M.I.S.T., P. 0. Box 88, Sackville Street, Man- 
chester, M60 l&D, England. 

A detailed study of the magnetic proper- 
tie; of cobalt-containing zeolites (9) pro- 
vided an outline of the variation of site 
occupancy by Co”+ as the zeolites were 
dehydrated. The purpose of the present 
study is to complement and augment those 
data. Reflectance spectroscopy and electron 
resonance have been used to make a de- 
tailed study of the influence of water con- 
tent and Si/Al ratio on the cation location 
in synthetic zeolites. 

EXPERIMENTAL METHODS 

Materials 

All the samples used in the investigation 
were prepared from Union Carbide NaA, 
NaX and NaY zeolites. The Si/AI ratios of 
these materials are 1.00, 1.23 and 2.43, re- 
spectively. The samples were first pre- 
washed in an acetate buffer of pH 5. Ion 
exchange was carried out using solutions of 
Co (NOy) 2 of the appropriate concentration. 
The suspension of the zeolite in the solution 
was stirred for 4 hr at 80°C. The resulting 
zeolite was filtered out and then thoroughly 
washed and dried over silica gel for several 
days. Finally, it was stored over a saturated 
solution of ammonium chloride. 

The cobalt content of the zeolite samples 
was determined by spectrophotometric 
analysis using a nitroso-R-salt. 
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The following samples were prepared and 
studied: CoA-70, CoA-4, CoS-3, CoX-60, 
COY-80 and Coy-40 (9). CoA-70, etc., 
designates that 70% of the Na+ ions in the 
parent zeolite have been exchanged for Co2+ 
ions. The diffuse reflectance and EPR 
spectra were studied as a function of dehy- 
dration. In general the following consecu- 
tive dehydration procedure was followed: 

(Ij 343 K, 1 atm dry helium, 12 hr 
(II) 383 K, 1 atm helium, 12 hr 

(III) 473 K, 1 atm helium, 12 hr 
(IV) 573 K, 1 atm helium, 6 hr 
(V) 673 K, vacuum (lo-” Torr), 6 hr 

(VI) 773 K, vacuum, 6 hr, and 
(VII) 873 K, vacuum, 6 hr. 

(The Roman numerals will be used to sym- 
bolize these treatments). In some cases a 
vacuum procedure was used from the start. 
X-Ray and surface area measurements 
showed that the framework was still main- 
tained after this procedure. In some cases 
after the last dehydration stages a study 
was made of the effects of adsorption of the 
gases N,O, C&H,, H,O and H,S. 

The diffuse reflectance spectra of the 
cobalt zeolites were obtained using a quartz 
vacuum ccl1 fitted with an optical window. 
The cell leas closed with a cap provided 
with a vacuum tap. This tap was closed 
when the cell was removed from the vacuum 
line for spectral measurements. The major- 
ity of spectra were obtained on a Pye 
Unicam SP800 using a SP890 diffuse re- 
flectance accessory [wavenumber range 11.5 
to 52.5 kK (1 kK = 1000 cm-l) ] at the 
University of Eindhoven. Some spectra on 
CoX were obtained on a modified Optica 
Milano spect’roreflectomcter (10 -+ 50 kK) 
at IT.M.I.S.T. A selection of the spectra 
have been corrected using the Kubelka- 
Munk equation : 

log[(l - r,)2,‘%r,) = log k - log s, 

rco = R, (sample)/R,(standard) . In most 
cases the standard was the Na form of the 
zeolite, though occasionally MgO was used. 
R, is the reflection ratio for a thick sample 
and is taken as 1 for the standard; k is an 
absorption coefficient and s a scattering co- 
efficient. Thus a plot of log{ (1-r,)2/2r,}as 

a function of wavelength gives the corrected 
absorption curve with a displacement due 
to scattering (-log s). 

EPR Menswements 

A sample holder whose design has been 
described elsewhere (10) was used to treat 
the zeolite samples. The dehydration se- 
quence followed was the same as for the 
reflectance measurements. Subsequent. to a 
dehydration step, some of the sample was 
transferred to a quartz EPR tube which was 
sealed off under vacuum. 

Measurements were carried out on three 
different EPR S-band spectrometers, a 
Varian El5 and an AE9 20-XT at Eind- 
haven and a I)ecca spectrometer at Man- 
chester. In Eindhoven the magnetic field 
was measured using an AEG field measur- 
ing unit. The AEG and Decca cavities con- 
taincd ruby crystals whose spectra were 
used as an intensity reference and a field 
calibrant. 

Most measurements were made over the 
range rf temperatures 77 to 300K using 
the Varian V4Fi40 rariahle tcmpcrature 
accessory. 

RESILTP 

Host Zeolites NaA, NaX and NaY 

The reflectance spectra of all the sodium 
zrolites were featureless in the wavelength 
range studied other than a weak broad band 
at 44 kK. The hydrated and dehydrated 
sodium zeolites do, however, give some 
weak EPR spectra. Both hydrated NaX 
and NaY have a weak asymmetric signal 
at g = 4.3 and a st’ronger symmetric reso- 
nance at g = 2.3 (peak to peak line width 
.2H + 1200 G). In general the NaY spec- 
trum is more intense than the NaX spec- 
trjlm. This spectrum persists through the 
dehydration sequence. A much less intense 
signal at g = 2.2 (AH I-’ 1300 G) is ob- 
tained from hydrated NaA. There is no 
evidence for the g = 4.3 resonance. Again 
this signal persists throughout the dchy- 
dration sequence. The spectra have been 
studied as a function of temperature and 
the broad g + 2 signals are ferromagnetic in 
character. It is known that there are iron 
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impurities in zeolites: McNicol and Pott 
(11) have shown that the g = 4.3 signal 
has its origin in Fe(II1) in a tetrahedral 
environment in the zeolite lattice. 

Dehydration under vacuum at 573 K or 
above gives rise to a sharp signal at g = 
2.0023 (AH = 1.2 G). This is probably due 
to a lattice defect. The adsorption of N,O 
or C,H, has a marked effect on this signal. 
C&H, increases the intensity and N,O de- 
creases it. 

Cobalt-Exchanged A Zeolites 

i. CoA-70 

Figures 1 and 2 summarize the reflectance 
spectra (10 kK+ 30 kK) obtained for 
CoA-70 as a function of dehydration. The 
hydrated CoA-70 (i.e., CoA-70-H) gave 
weak bands at 15.5 kK and 19.5 kK and a 
shoulder at 13.0 kK. There was no EPR 
spectrum observed at and above 80K for 
this sample. Very mild dehydration (CoA- 
70-I) immediately changed the sample color 
from pink to royal blue. A strong triplet 
absorption was then observed at 16.3, 17.4 

and 18.5 kK with a shoulder at 21.0 kK. 
Concurrently an asymmetric EPR signal 
(Si = 5.5, gll = 2.05 AH + 2000 G) was 
detected below about 180 K. Its intensity 
increased with decreasing measurement 
temperature. The intensity of both spectra 
increased until dehydration IV. The triplet 
reflectance spectrum became broader. At 
dehydrations IV and V the EPR spectrum 
decayed rapidly and the reflectance spectra 
triplet maxima shifted to about 15.7, 16.9 
and 19.5 kK with a shoulder at 24 kK. This 
spectrum was sensitive to the adsorption of 
N,O, C,H, and Hz (Fig. 2). Further dehy- 
dration at 770K and 870 K (i.e., VI and 
VII) gave rise to three separate bands at 
14.8, 16.8 and 19.5 kK. After dehydration 
at 870 K a new EPR signal also appears at 
room temperature at gL = 2.05 and gl, = 
3.6(g,, = 2.4)and AH = 1700 G (Fig. 3). 
The signal intensitv decreases with decreas- 
ing temperature. These spectra are not sen- 
sitive to N,O at 300 K but exposure to H,O 
vapor causes both spectra to revert to the 
dehydration II condition. The fully hy- 
drated zeolite condition cannot be restored 

15 20 25 

FIG. 1. The reflectance spectra of the dehydration of CoA-70: (1) hydrated CoA-70; (2) dehydration I : 
(3) dehydration III; (4) dehydration IV; (5) dehydration VII. 
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FIG. 2. Adsorption effects at room temperature after dehydration V of CoA-70. Between each adsorption 
the sample was outgassed at 673 K: (1) dehydrat,ion V; (2) after N20 adsorption; (3) after CIH, adsorption; 
(4) after Hz adsorption; (5) after HP0 adsorption. Spectra 2, 3 and 4 have been displaced downwards in the 
interest)s of clarity. 

even after prolonged exposure to II,0 
vapor. It is interesting to note that even 
when CoA zeolite is suspended in water the 
blue coloration and dehydration II spec- 
trum can be obtained when the temperature 
of the water is raised to 333 K. The zeolite 
returns to its pink color very slowly over a 
period of several days. 

ii. CoA-4 

The dehydration sequence gave broadly 
similar results though the blue coloration 
and triplet spectrum were not obtained 
until dehydration III. This triplet (at, 15.6, 
17.1 and 18.7 kK) however, was that ob- 
tained at stage V in CoA-70 and this may 
explain why no EPR signal could be de- 
tected until dehydration VII. This signal 
having gay = 2.6 and AH + 1500 G was 
similar to that obtained in CoA-70 at this 
dehydration. 

Cobalt-Exchanged Y Zeolites 

i. Coy-80 and COY-~$0 

The reflectance spectra for the dehydra- 
tion sequence on these samples are shown 
in Figs. 4 and 5. Hydrated COY gives two 
weak bands at 214.0 and 19.5 kK. At dehy- 
dration III a triplet absorption is first ob- 

served at about 15.1, 17.2 and 18.5 kK. The 
intensity rises at dehydration IV but there- 
after there is a marked fall with the de- 
velopment of a band at 13.5 kK and a 
shoulder at 214.6 kK at dehydrations VI 
and VII. It is only at these latter stages 
that an EPR signal appears having g,, = 
2.4 and AH + 1000 G (Fig. 3). The signal 
intensity decreases with decreasing temper- 
ature. After dehydration VII, adsorption at 
room temperature of C&H, tends to increase 
the EPR signal and restore the triplet ab- 
sorption (Fig. 5) while N,O decreases the 
EPR signal. H, and 0, adsorption at 25°C 
has little effect on the spectra. 

H,S adsorption at 25°C caused the sample 
to turn black. The reflectance spectrum had 
a single intense band at 33 kK. Heating the 
sample at 400°C in 0, restored the triplet 
of dehydration III and destroyed the EPR 
signal. 

Room temperature adsorption of H,O 
vapor restored the reflectance spectrum ob- 
tained for the fully hydrated COY. The 
EPR signal was destroyed. 

ii. COY-l.5 

The spectral observations were similar to 
those above except that at no stage was an 
EPR signal detected. 
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FIG. 3. Some X-band EPK. signals from CoA-70 and CoX-60: (1) CoA-70 after dehydration II, measuring 
temperature 220 K. (2) CoA-70 after dehydration VII, measuring temperature 300 K. (3) CoX-60 after 
dehydration VII, measuring temperature 100 K. 

Cobalt-Exchanged S-Zeolites increased with decreasing temperature to 

i. CoX-60 

The dehydration sequence gave rise to 
reflectance spectra similar to those shown 
in Fig. 6 for CoX-3. The hydrated CoX-50 
gave a spectrum similar to hydrated COY 
with bands at 14.4, 19.1 and 20.2 kK. De- 
hydration II gave rise to a strong triplet 
similar to that observed in CoA with 
maxima at about 16.1, 17.4 and 18.5 kK and 
a shoulder at 20.8 kK. At this stage an 
EPR signal appeared at T < 220 K having 
gL z 5.6 and g + 2.08 and a peak to peak 
width of about 2000 G. The signal intensity 

90K. 
At the following two dehydration stages 

(III and IV) the EPR signal decreased and 
the reflectance maxima shifted and de- 
creased. At dehydration V the EPR signal 
had disappeared even at 90 K, although 
there was a new weak room temperature 
resonance. The reflectance spectra at this 
stage had a maximum at 13.8, a triplet set 
of maxima at 15.2, 17.2, 18.7 and a shoulder 
at 20.5 kK. 

Dehydration VI gave rise to two new 
EPR signals at, room temperature. One 
signal had go + 3.3, g1 4 2.1 and a width 
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FIG. 4. LZeflectance spectra of the dehydrat,ion of COY-50: (1) hydrated; (2) dehydration II; (3) dehydra- 
tion III; (4) dehydration IV; (5) dehydration V, (6) dehydrat)ion VII. 

of +15OOG. This signal decreased with de- 
creasing measuring temperature. The other 
was very sharp (AH + 10 G) and occurred 
at g = 1.90. At 1OOK a new, very broad 
but very intense signal replaced it having 
g1 > 6 and g, + 2 (Fig. 3). This signal 
was not visible at room temperature. Fur- 
ther evacuation at 870 K increased the in- 
tensity of this broad signal and removed 
the gll + 3.3, g1 2.1 signal. 

Room temperature adsorption of H,O 
vapor destroyed this EPR signal and caused 
a gradual restoration of the hydrated CoX- 
60 reflectance spectrum. 

ii. CoX-3 

The dehydration sequence gave a similar 
set of reflectance spectra to CoX-60. The 
intensities, of course, were much lower. 
Slight dehydration gave rise to the 16.2, 
17.3 and 18.5 kK triplet. Further dehydra- 
tion again shifted the maxima to 15.8, 17.1 
and 18.6 kK. This was accompanied by the 
appearance of an EPR signal below 220 K. 
In this case it was narrower than for CoX- 
60; g1 = 4.4, g,, = 4.09 and AH = 1129. 
Dehydrations IV and V caused a decrease 

in this signal. The reflectance spectra re- 
vealed a concomitant development of a band 
at 13.5 kK and a shift in the triplet maxima 
to 15.0, 17.1 and 18.9 kK. At dehydration 
VI, unlike CoX-60 there was no room tem- 
perature EPR spectrum at g = 2.11 or a 
spectrum at, 100 K, but the sharp signal at 
g = 1.90 did appear. The reflectance spec- 
trum, however, was similar to CoX-60. 

DISCUSSION 

In seeking to elucidate the Co2+ ion en- 
vironments found in zeolites which give rise 
to the observed spectra it is first necessary 
to discuss the structural contrast betxeen 
A, X and Y zeolites. 

The zeolites A, X and Y can be con- 
sidered as consisting of a 3-dimensional ar- 
rangement of six-membered rings of Al and 
Si connected oxygen atoms. For example, 
eight such rings are combined to form the 
sodalite unit (or P-cages). The difference 
between the three zeolite structures lies in 
the manner in which these sodalite units 
are combined. 

The Si/Al ratio in A zeolite is 1.00. Hence 
the six-membered ring will have the form 
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FIG. 5. Adsorption effects on Coy-50 after dehydration VII. Between each adsorption the sample was 
outgsssed at 873 K: (1) dehydration VII; (2) C&H, adsorption at 300 K; (3) H,S adsorption at 300 K; 
(4) O2 adsorption at 680 K. 

(the Al-O-Al combination is forbidden) : 

AI-Si, 

Si ’ ‘AI 
\A,-Si’ 

(A) 

In X and Y zeolites the &/AI ratio is be- 
tween 1 and 3. Thus, in addition to (A) 
rings, the following six-membered rings are 
also theoretically possible: 

SI--5 SI-Si SI-si 

’ ?,I AC ‘i, 
/ \ 

SI Si 4’ 
\ / \ \ 

Al-- -SI s1- Sli/ S,-Sl/ 

(81 (Cl 0) 

St-Si 

’ ‘Sl Si 
‘1 / SI-SI 

LEI 

X-Zeolite has a Si/Al ratio of 1.23. If the 
Al and Si distribution is homogeneous it is 
probable that (A) and (B) rings predomi- 
nate. The unit cell is Nas6 (AIOz),s 
WA) 1o6 264 H,O. This would imply six 
sodalite cages with 11 A13+ and two with 
10 A13+. Thus there would be 44(A) and 
20(B) rings or possibly 44(A), 16(B) and 
4(C) rings, though (C) rings impose restric- 
tions on the linking of sodalite units since 
(A) and (C) rings cannot link. If an in- 
homogeneous distribution of A13+ is assumed 
then many more configurations become pos- 
sible. 

Y-Zeolite has a Si/Al ratio of 2.43. The 
(B), (C), (D) and (E) rings become more 
likely. If (E) rings are unlikely, then for a 
homogeneous Al”+ distribution each soda- 
lite unit will consist of six (B) or (C) rings 
and two (D) rings. The highest Si/Al ratio 
in zeolites is three and in this case four (B) 
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FIG. 6. Reflectance soect,ra of the dehvdration of CoX-3: (1) hydrated; (2) dehydration I; (3) dehydration 
II; (4) dehydration IV: (5) dehydration”VI1. 

or (C) rings and four (D) rings would be 
expected in each sodalite unit. 

An (A) type ring has three A13+ per ring 
and can be considered to have an effective 
charge of 3 - . (B) and (C) rings will have 
a charge of 2- and (D) rings of I-. 
Charge-balancing cations might be expected 
to be more strongly bonded to (A) rings 
than to (B), (C) and (D) rings. Thus cat- 
ions bonded to (A) rings will have a lower 
effective charge than cations bonded to 
(B), (C) and (D) rings. 

As Dempsey and Olson (Id) have sug- 
gested, the interaction of cations with the 
A and X zeolite frameworks might be ex- 
pected to differ from that with Y zeolites. 
The spectral data in Table 1 for the de- 
hydrated zeolites suggests that this is in 
fact true. The details will now be considered. 

The Hydrated Zeolites 
In an ideal octahedral environment the 

ground state of high spin Co’+ is 4T,,(F) 
with S = 3/2. Spin-orbit coupling removes 
the degeneracy of this state so that the ef- 
fective spin will be s’ = 1,. The reflectance 

spectra of hydrated CoX-3, CoX-60, CoY- 
1.5, Coy-40 and Coy-80 are all the same. 
Fitting the observed bands in the Tanabe- 
Sugano diagram results in Dq = 730 cm-’ 
and B = 890 cm-l. The band positions for 
CoA-70 are somewhat different and they re- 
sult in Dq = 870 cm-l and B = 840 cm-l. 
It is normal to calculate Dq and B from the 
“T,,(F) to “T,,(F) and ‘T,,(P) transitions 
using the 4A,,(F) level as a check. In the 
present case information is only available 
on the V,,(P) and “A,,(F) transitions. 
Thus the calculations are subject to some 
uncertainty. Nevertheless, the higher Dq/B 
ratio for A zeolites is confirmed by the ap- 
pearance of the weak ??,(G) or *T,(G) 
band at 13.0 kK. 

If in all three zeolites the Co2+ ions were 
tumbling in the zeolitic water in the super- 
cages it would be expected that Dq, and 
probably B, would be the same for all three. 
The high Dq value for the A zeolite sug- 
gests that the strong electric field due to the 
(A) rings in the zeolite framework is in- 
fluencing the crystal field of the Co*+ ion. 
This would imply that the Co*+ ions are 
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located close to the zeolite walls. That this 
is not true for X-zeolites is probably due 
to the much higher H,O/Co ratio in X than 
in A; hence X maintains a fully hydrated 
Co2+ species. Furthermore, B for the A zeo- 
lite is lower than for X and Y. This low 
value can be interpreted as implying a 
greater delocalization of the electron cloud 
of Co2+ in A than in X or Y, again sug- 
gesting some interaction of the Co2+ elec- 
tron cloud with framework oxygen ions. 
Additionally, the lower B value may be 
partly due to compression of the water 
ligands around the CoZ+ ions in t,he hexag- 
onal windows due to the geometry of the 
A zeolite structure. The B value of the free 
Co2+ ion is 980 cm-l (15) whereas in MgO it 
is 810 cm-l (14). In aqueous solutions, how- 
ever, B = 883 cm-’ (15). These data fur- 
t,her suggest that in the X and Y zeolites the 
Co2+ ions are relatively free as CO”(H,O)~ 
species, but in A zeolite there is probably 
an interaction with the zeolite framework. 

Comparison of the magnetic data for hy- 
drated CoA-70 and COY-50 (9) revealed 
some marked differences. The reciprocal 
susceptibility curve for CoA-70 rises above 
that for Coy-50 (and the theoretical curve 
for octahedral Co2+), implying a reduction 
in the orbital contribution to the suscepti- 
bility. The EPR data for COY are masked 
by the strong Fe”,+ impurit,y signal from the 
Y lattice, but at 90 K CoX-60 has a strong 
EPR signal whereas CoA-70 does not. A 
small increase in the spin-lattice relaxation 
time due to a modification of orbital energy 
levels could account for this. Both these 
observations are consistent wit,h a distorted 
octahedral environment of ligands around 
the majority of CoZ+ in A zeolite due prob- 
ably to a species of the type Co (0~)~ 
(H20)a, whereas in X and Y the majority 
of CoZ+ ions are in a more symmetrical octa- 
hedral field of the type Co”(H,O),. 

The Octahedral-Tetrahedral Transition 
As the zeolites are dehydrated, the H,O/ 

Co ratio decreases and tetrahedral and lower 
symmetries become likely. A characteris- 
tically tetrahedral spectrum is produced 
under very mild dehydration conditions (I) 

in CoA-70, CoA-1, CoLX-60 and CoX-3, 
while much stronger conditions (III j are re- 
quired for the COY zeolitcs. The details of 
the spectra are discussed below. Suffice it to 
say at present that the spectrum is very 
similar to that assigned to ] Co(OH),H,O] 
(15). 

In the last section it was suggested that 
in CoA most of the Co”+ ions are situated 
in the hexagonal windows (site II) where 
they bind with three lattice oxygens and 
three water ligands. In this position the 
following equilibrium can take place: 

Co(Oxh(H~O)dpink) ti Co(Ox)3H20(blue) + 2H,O 

This occurs at, the first stage of dehydration 
for CoA when the ratio of H,O/Co is above 
six. In hydrated CoX and COY, CO~+(H~O)~ 
has been suggested as the majority species. 
A tetrahedral species occurs at an early 
stage in CoX when the H,O/Co ratio is 
above six, whereas with Coy-80 it does not 
occur until the H,O/Co ratio reaches about 
four at dehydration III (9). This difference 
between A and X on the one hand and Y 
zeolite on the other can be understood when 
it is remembered that unlike Y, A and X 
have a predominance of type (A) rings. As 
in the case of hydrated CoA, these rings 
with their three negative charges will at- 
tract the Co*+ ions strongly in the X zeo- 
lite as the water content falls. Thus in A 
and X zeolites the Co*+ ions may be 
polarized close to the zeolite framework 
forming a species CO”+(OX)~ having an ef- 
fective charge close to one negative charge. 
Such a species will not attract water ligands 
very strongly and thus a ready transition 
to Co(Ox),H,O having an elongated tetra- 
hedral symmetry (probably in site II) is 
not surprising. 

In Y zeolites, however, (B) and (C) rings 
predominate, They will not attract the Co2+ 
ions so st,rongly. This, combined with the 
fact that in Y zeolites the H,O/cation ratio 
at a given water content is higher than in 
A or X, makes polarization of the Co2+ ions 
at the zeolite wall less likely at this stage 
of dehydration. Furthermore, it was pointed 
out earlier that the tetrahedral species 
found in COY is not obtained until the 
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H,O/Co ratio < 4, suggesting a smooth 
transition from Co*+ (H,O) 6 to Co?+ (H?O) 4 
as H,O is removed. This suggestion is sup- 
ported by the Coy-80 spectrum for dehy- 
dration II which can be at’tributed to 5- 
coordinate Co?+ (16). Alternatively, if as 
H,O is removed CO’+ ions are adsorbrd on 
the walls of Y zeolite, it can be argued that 
the Co2+ ions will be less closely bonded to 
the walls t,han in A or X. The charge on the 
Co (Ox) 3 species so formed would be 0, + 1 
or higher. Thus H,O ligands will be more 
strongly held than in A or X. This would 
explain (a) why a five-coordinate species 
appears to be present, (1)) why the four- 
coordinate species appears at such low 
H,O/Co ratios, and (c) why an EPR signal 
is not observed for t’hc tetrahedral species, 
since the Co2+ will be in a less distort,ed 
crystal field than in X or A. 

Further support for these arguments 
arises from a consideration of the details of 
the rcflcctance and ESR. spectra for dehy- 
drations II and III. 

In an ideal tetrahedral complex the ground 
state of CoY+ is “A, with s’ = 3/2. There are 
two spin and orbitally allowed transitions 
to 4T, (F) and “T, (P), one solely spin al- 
lowed transition to 4TZ(F), four solely or- 
bitally allowed transitions to the ?T, (C), 
*T,(P) and two ‘T,(H) levels, and many 
others that are both spin and orbitally for- 
bidden. In the spectral region studied, the 
only completely allowed transition to the 
4T, (P) level produced a very strong band 
in t#he 17 kK region. The partly forbidden 
transitions to 2T,(G) and ?T, (G) are also 
visible, though less intense. Vtilizing these 
transitions, very approximate values of Dq 
and B can be obt,ained from the Tanabe- 
Sugano diagram. 

Spectrum 11,x (see Fig. 6 and Table 1) 
is very sharp and the position of the ‘T, (P) 
transition is higher than is usual (14, I?‘, 
18) resulting in Dq + 41C-420 cm1 and 
R + 800 cm-‘. Associated with this spec- 
trum was an EPR signal having gL + 5.5 
and gi, + 2.0. This signal was not visible at 
room temperature but its int’ensity rose 
rapidly with decreasing temperature. It is 
consistent with Co2+ in an elongated tetra- 

hedral environment (8). The spin-lattice 
relaxation time of tetrahedral Co2+ com- 
plexes is very sensitive to the orbit,al con- 
tribution. In cubic environments the first 
excited state is a T state which often means 
that very low temperatures are required to 
detect the signal. Distorted tetrahedral en- 
vironments split the T state such that the 
first excited state is an E level or in some 
cases an ,4 level, thus lowering the orbital 
contribution and raising the temperature 
of detectability. 

With further dehydration of A and X 
zeolitcs this EPR signal decreases and the 
reflectance spectra maxima shift, to lower 
energies such t.hat IV,x and III (see Table 
1) are similar. A rough estimate suggests 
that Zlq ,- 400 cm’ and R + 800 cm-l. The 
species is clearly tetrahedral and is almost 
identical to that observed by us for Co2+ 
in y-A&O,, (19) where the tetrahedral sites 
are essentially undistort’ed. In this example 
no EPR signal is visible above 90 K. At 
dehydrations III to IV the H,O/Co ratio 
for Cob-70, Coy-80 and CoX-60 has fallen 
from 2 to 1. The supercage water will kc 
almost completely dcsorbed, and most of 
the water which remains will be retained 
in the sodalitc units. Movement of the 
cobalt ions into the sodalite units is to be 
expected, taking up positions in sites I’ or 
II’. Spatial and electrostatic considerations 
will cause tetrahedral species to be more 
compressed than is possible in site II. Thus 
a transition to an almost undistorted tetra- 
hedral Co(Ox),H,O species in Site I’ or II’ 
may be expected for CoX and CoA. Thus 
it is suggested that the tetrahedral CoZ+ spe- 
cies lCo(H,O) , or Co(Ox), H,O and then 
Co (Ox) ,,OH] in COY are always approxi- 
matelv cubic, whereas the t.etraheclral spe- 
ries in ,4 and S are first distorted 
[Co(Ox),H&] in site II and then become 
more cubic in site I’ or II’. This is in line 
with the magnetic susceptibility data for 
CoA and COY in this zone of dehydration 
(9). The Y samples rise to a x-l plateau for 
the tetrahedral species. In CoA there is a 
rise in x-l t,o dehydration II followed by a 
marked fall to dehydration IV, suggesting 
a transition from a species having a low 
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orbital contribution to the susceptibility to 
one having a higher contribution. 

The Final Stages of Dehydration 

Dehydration of the CoA specimens at 
670 and 870 K in vacuum results in new 
reflectance and EPR spectra. The reflec- 
tance spectrum consists of three equally 
intense bands. This spectrum is rather un- 
usual but can be attributed to Co*+ in a 
compressed tetrahedral environment (8) 
[Co (Ox),OH- or Co(Ox),02m in site I’ or 
II’], or trigonal [in site I’ or II’].Such an 
environment would be expected to give rise 
to a zero field splitting parameter (D) less 
than zero. If this parameter is large (- 
- 10 cm-l) a transition within the ? $4~ 
doublet would only bc expected to appear 
when its population becomes appreciable; 
hence the apparent increase of intensity 
with increasing temperature. Due to the 
breadth of this signal an accurate quanti- 
tative estimate of the variation of intensity 
with temperature cannot be made, though it 
is possible to say that the intensity in- 
creases to about 300 K and then remains 
approximately constant as the line width 
narrows. 

Another possible explanation of the ob- 
served temperature behavior of the ESR 

signal is that the Co2+ ions form exchange 
coupled pairs. A signal would only appear 
above the temperature whcrc J/kT 4 1 (J 
is the exchange integral). The magnetic 
data do not show any real evidence of ex- 
change effects (9). The susceptibility curve 
follows the theoretical t*etrahedral line very 
closely with a Weiss constant of zero. Thus 
the former explanation appears more rea- 
sonable. A pure trigonal environment is also 
rather unlikely since it would be very diffi- 
cult to remove the last water fragments, 
OH- or O’-. 

In the X and Y zeolites there is evidence 
of the VIIa reflectance spectrum and the 
EPR spectrum is certainly evident, show- 
ing that a similar species is present in these 
zeolites. However, there are further spectral 
features particularly clearly seen in VII,. 
The reflectance spectrum is easily attribu- 
table to octahedral Coz+ since it is very simi- 
lar to Hxu. Furthermore an EPR signal ap- 
pears below 100K which is clearly similar 
to HxY and due to octahedral Co*+. Such 
features can only arise from Co”+ in the 
hexagonal prisms [Co (Ox),, site I]. 

That a proportion of the Co2+ ions have 
gone into site I in the COY samples is evi- 
dent from III, which is a composite of Vy 
and VII,. This observation is in clear agree- 

TABLE 2 

Dehydration 
stage 

Assignment of cobalt species’observed 

A x Y 

H Co(OxMKOX 
site II 

Co(&O)a 

II Co(Ox),HzO 
site II 

Co (0x)aHzO 
site II 

III & IV Co(Ox)aH20 Co(Ox)aHtO 

site I’ or II’ 

V Co(Ox)aOH- 
or Co(Ox)a02- 
site I’ or II’ 

VII Co(Ox)aOH- 
or Co(Ox)302- 
site I’ or II’ 

site I’ or II’ 

Co(Ox),OH- 
or Co(Ox)302- 
site I’ or II’ 

co (0x)30+ 
site I’ or II’ 
+ Co(Ox)s 
site I 

Co(H,Oh 

Co(HzO)s 

Co(HzO), 
+ Co@x)&O 
site II 

Co(Ox)aOH- 
or Co(Ox)302- 
site I’ or II’ 

co (ox)1o2- 
site I’ or II’ 
+ Co(Oxh 
site I 
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ment with the susceptibility measurements 
(9), where x-l dropped sharply at the final 
dehydration, In conclusion, Table 2 sum- 
marizes the dehydration sequences which 
appear to be in accord with these data and 
with the earlier magnetic study (9). 

Adsorption Effects 

N,O, C,H, and H,O adsorptions were 
studied at dehydrations V and VII. At de- 
hydration V, N,O adsorption tended to pro- 
duce a reflectance spectrum characteristic 
of dehydration VI, whereas C,H, produced 
a reflectance and EPR spectrum character- 
istic of dehydration III. C,H, had a similar 
effect at dehydration VII. This suggests that 
C,H, may be able to cause Co2+ to migrate 
out to the supercages to form a COG 
C,H, species in site II. N,O, on the other 
hand, had little effect at dehydration VII, 
but heating at 200°C produced a weak EPR 
signal characteristic of dehydration II. 
Movement out of the sodalite units to ad- 
sorb and/or decompose N,O may occur at 
elevated temperatures. 

H,O adsorption on both V and VII sam- 
ples of A, X and Y first rapidly produces 
spectrum IVAxu. After a long exposure to 
H,O vapor the final spectrum for A and X 
is IIax but for Y it is Hxu. It would seem 
that it is difficult to remove Co’” ions from 
sit’e I’ or II’ in A and X zeolites once the 
dehydration procedure has caused them to 
migrate there. This is probably due to the 
predominance of (A) rings in these zeolites. 
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