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Hydrated cation-substituted zeolites of the Y type have been investigated by 
the ESR technique. The substitution of sodium ions to Y”+, La”‘, Zn’+, Mg’+ Cd’+ 
and Ca*+ ions ranged from 4 to 70%. 

The paramagnetic Mn*+ ions permitting ESR studies were admitted into the 
zeolites in concentrations excluding dipole-dipole interaction. 

The spectra were recorded in the X and Q bands. 
A model of the state of cations in hydrated zeolites was proposed. 

The distribution of cations and water 
molecules in hydrated zeolites cannot be 
studied reliably by X-ray structural anal- 
ysis, since no one has been able to find 
enough electron density peaks to account 
for all the ions and molecules. It was found 
that cations and water molecules can 
occupy both the supercage and the sodalite 
cage. A review on the population of cations 
and water molecules in hydrated zeolites 
has been published (1). Additional infor- 
mation on the sites of cation locations can 
be obtained from ESR spectra of para- 
magnetic ions admitted to the zeolite lat- 
tice. A bivalent manganese ion was used 
as the paramagnetic ion (9-5). This ion 
exhibits characteristic ESR spectra with 
hfs and fs structures very sensible to 
symmetry and to the strength of environ- 
mental local fields (6, 7). The present 
paper deals with ESR spectra of man- 
ganese ions in hydrated Y type zeolites of 
different cationic forms. The Mn*+ ions 
were introduced in concentrations prevent- 
ing dipole-dipole interaction between these 

ions. Analysis and interpretation of the 
Mn2+ spectra made use of theoretical data 
on the relaxation mechanism of transition 
metal ions both in solution (8-11) and in 
solids (1%‘). The results obtained show that 
the state of water and cations in the super- 
cage is very near to that in concentrated 
electrolyte solutions (13). 

EXPERIMENTAL METHODS 

Hydrated cation-substituted zeolites of 
the Y type were investigated by the ESR 
technique. Zeolites with two- and three- 
valent cations were obtained from the Y 
type sodium zeolite by ion exchange at 
room temperature (14). The composition 
of the initial sodium zeolite cell was 
Na56Si135A15i0384 *26OH,O. Ion exchange 
was conducted in 0.01 M aqueous solu- 
tions of cation chlorides by single treat- 
ment of the initial zeolite for 2 hr. Cations 
and the ions of sodium, aluminum and 
chlorine were detected both in solution and 
in the washings. Equivalent exchange of 
cations with sodium was observed in all 
cases. The degree of sodium ion exchange 
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with Y3+, La&, Zn2+, Mg?+, Cd2+ and Ca*+ 
cations varied from 4 to 70%. The amount 
of admitted cations did not exceed that of 
sodium ions in large cavities of the initial 
hydrated zeolite. Paramagnetic manganese 
ions were admitted to the cation zeolites 
also by ion exchange from an aqueous solu- 
tion containing 2 X 10s5 M manganese 
chloride. The MnZ+ amount was +l per 
12.5 elementary cells, i.e., 1 per +lOO 
supercages. Table 1 shows the elementary 
compositions of the zeolites used. The 
tabular numbers refer to elementary cells 
with a manganese ion substituted for two 
sodium ions. As shown, the sodium ions in 
zeolites with exchange below 11% are 
those almost exclusively close to Mn2+ in 
the elementary cell and thus in the super- 
cage. Zeolites with 40% exchange contain 
also another cation, along with Mn2+ and 

sodium, in every elementary cell. For zeo- 
lites with 270% exchange the amount of 
sodium cations around Mn*+ is markedly 
lower. 

The ESR spectra of Mn2+ in zeolites were 
recorded in the X and Q bands by USSR 
spect,rometers described in (2, 3). 

The Mn2+ spectra were recorded in the 
X band, both at room temperature and 
over a temperature range of -40 to IOO”C, 
and in the Q band at room temperature 
only. 

RESULTS 

ESR Spectra of the Mn2+ Ions in Fully 
Hydrated Zeolites 

The Mn2+ spectrum parameters for fully 
hydrated zeolites are listed in Table 2. A 
broad line (AH = 500 Oe) with an un- 

TABLE 1 
ELEMp:NT.kRY COMPOSITION OF TIIE ZEOLITES INVESTIGAT~CD 

Cationic forms 
and their 
symbolsG 

Y tt.rium 
YY-4 
YY-10 
YY-70 

Lanthanum 
Lay-4 
Lay-1 1 
Lay-44 
Lay-72 

Zinc 
ZnY-15 
ZnY-36 
ZnY-81 

Magnesium 
MgY-14 
MgY-33 
MgY-60 

Cadmi~lm 
CdY-18 
CdY-44 
CdY-83 

Calcium 
Cay-15 
Cay-35 
Cay-65 

Percentage of 
sodium exchange 
to Me”+ cations 

(without allowance 
for MtP+) 

4.0 
10.0 
70.0 

4.0 
11.0 
44.0 
72.0 

15.0 
36.0 
81.0 

14.0 
33.0 
60.0 

18.0 
44.0 
83.0 

15.0 
35.0 
65.0 

The no. of Na+ The no. of other 
cations in an cations in an 

elementary cell elementary cell 

51 1 
48 2 
15 13 

51 1 
48 2 
29 8 
14 13 

46 4 
34 10 

9 23 

46 4 
36 9 
20 17 

44 5 
28 13 

7 23 

46 4 
34 10 
18 18 

a The numbers near the symbol denote the percentage of sodium exchange in the initial zeolite. 
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TABLE 2 
P.~RAMETERS OF THE ESR MnB+ SPECTRA IN 

FULLY HYDRaTED ZEOLITES 

Cationic 
forms of 

Zdite 

X band; (Oe) 

AHI AH, A Q band 

Yttrium 21 22 94 All samples show 
Lanthanum 22 24 95 no resolved 
Zinc 20 21 95 hfs; the hfs 
Magnesium -22 24 95 component 
Sodium -22 22 96 width is -70 
Cadmium 18 18 97 Oe 
Calcium 20 23 97 

resolved hfs of six components (60-70 Oe 
each) is observed in the X band for all 
samples over the range from room tempera- 
ture to - 40°C (Fig. la). A marked change 
in the spectrum shape occurs within -40 

hfs components with weaker doublets due 
to transitions with Am = + 1, the so-called 
“forbidden transitions” (6) (Fig. lb). The 
hfs constant (A) is =95 Oe, and the hfs 
components widen monotonically towards 
higher fields from El9 Oe (the first com- 
ponent to r22 Oe (the sixth component). 
The spectrum shape is characteristic of 
Mn*+ in a polycrystalline solid (6). The 
same variations in the Mn2+ spectrum shape 
with temperature are observed for the type 
Y hydrated sodium zeolite. Similar data 
on the temperature dependence of the 
spectrum shape were obtained in (15). 

Well-defined spectra of six hfs com- 
ponents of a 222 Oe width each, with 
splitting A = 95 ? 1 Oe are observed in 
the Q band. The hfs component widths 
remain virtually unchanged (Fig. lc) . 

to -60°C. It is accompanied by narrow- 
ing of the hfs components and appearance ESR Spectra of MnZ+ Ions in Zeolites 

of a well-resolved ESR spectrum of six Evacuated at Room Temperature 

The parameters of Mn*+ spectra in zeo- 
lites evacuated at, room temperature are 

(0) shown in Table 3. Evacuating of zeolites 
to lo-* Torr induces changes in the ESR 
spectrum shape for samples with a high 
percentage of exchange of sodium ions 
(40% and higher) to ions of a hydration 
energy higher than that of Mn*+. Such are 
Y3+ La3+ Mgz+ and Zn2+ (Table 4). The 
moit esse)ntial changes are observed in the 

(b) X band: the width of hfs components 
decreases about, 3.5-fold, resulting in the 
appearance of a well-resolved sextet with 
additional doublets due to forbidden tran- 
sitions (Fig. 2a). Drop of the measurement 
temperature does not, induce changes in the 
spectrum shape. A sextet is recorded in 
the Q band as before, but the width of 
individual hfs components is half that, of 
spectra in fully hydrated zeolites (Fig. 2bj. 
The hfs constant A = 95 + 2 Oe remains 
the same in all cases. It, will be seen from 
Table 3 that presence of the ions cited 
above has no effect on the MnZ+ spectrum 
parameters. 

FIG. 1. ESR spectra of Mn" ions in fully hy- When the content of calcium and cad- 
drated zeolites (NaLaY-4): (a) Y = X band, mium ions of a hydration energy lower 
room temperature; (b) Y = X band, -60°C; (c) than that of Mn2+ exceeds 40%, evacuating 
Y = Q band, room temperature. at room temperature induces spectrum 
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TABLE 3 
PARAMETERS OF THE ESR Mn2+ SPECTRA FOR SAMPLES EVACUATED AT 

ROOM TEMPERATURE TO -lo+ TORR 

Cationic 
forms of 

zeolite AHI 

& band; (Oe) X band; (Oe) 

AHs Da A AHI AH6 Da A 

YY-70 11.2 10.7 97 18.6 21.2 96 
Lay-72 12.6 12 97 18.6 21.2 96 
Lay-42 11.0 11.0 97 
ZnY-81 11.2 11.0 <lOO 94 18.6 21.2 55 97 
ZnY-36 12.7 12.7 95 
MgY-60 13.0 13.3 97 18.7 21.0 96 
MgY-33 10.0 11.0 96 

NaY -23 -24 95 Spect.ra wit’h unresolved 
CdY-83 -25 -27 92 hfs 
CdY-44 31 31 93 
Cay-65 -25 26 95 
Cay-35 20 26 95 

a Parameter D was determined from experimental spectra by the technique proposed in (la). 

changes neither in the X nor in the Q 
band, compared to fully hydrated samples 
(Fig. 2b and d). No essential changes in 
the Mn?+ spectrum is observed for room 
temperature evacuated zeolites with a low 
content of all ions investigated. 

Thus, there is a marked dependence of 
the ESR spectrum shape on the measure- 
ment frequency for fully hydrated zeolitej, 
an about 3.2-fold decrease in the hfs com- 
ponent width being observed with higher 
frequencies. A dependence of the spectrum 
shape on measurement temperature is ob- 
served in the X band. A spectrum charac- 
teristic of ions in a polycrystalline solid 
is exhibited by room temperature evacu- 
ated samples containing ions of a hydra- 
tion energy higher than that of Mn2+. No 
changes induced by evacuating at room 
temperature are observed for zeolites with 
low exchange of sodium ions to all the 
cations investigated. The same holds for 
zeolites with a high content of calcium 
and cadmium ions. 

DISCUSSION 

The data obtained by various physico- 
chemical techniques show that the cations 
located in supercages of hydrated zeolites 
are closely surrounded by water molecules 
and form hydrated complexes. However, 
the amount of water in channels and cages 
of the zeolites is insufficient for formation 
of multilayer hydrate shells similar to 
those in diluted aqueous electrolytes (IS). 
Taking into account that an elementary 
cell of the type Y zeolite contains about 
260 water molecules, i.e., 230 water mole- 
cules per supercavity (18), it will be read- 
ily seen that the water around cations in 
large cavities forms hydrate shells of one 
or two molecular layers only. Decrease in 
the total number of cations in an elemen- 
tary cell as a result of cation exchange to 
two- or three-valent cations induces only 
a slight increase in water molecules around 
each cation. 

The following results must be interpreted 

TABLE 4 
ENERGY OF ION HYDRATION 

Ion : Y3f La3+ Zn2+ Mg2f xn2+ Cd2+ Ca*’ Na’ 

kcal/g ion 853 744 479 450 433 425 :(73 97 
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(0) 

changes in the Mn2+ spectrum in the X 
band observed at a temperature drop from 
-40 to -60°C the spectrum shape be- 
coming characteristic of a polycrystalline 
solid. Fourth, changes in Mn2+ spectra ob- 
served for zeolites evacuated at room 
temperature. 

Let us consider first the results obtained 
on fully hydrated zeolites. Whatever the 
nature of admitted cations and the degree 
of exchange of sodium ions to these cations, 
the behavior of MI-P+ spectra with changes 
in the measurement frequency and tem- 
perature (in the X band) is similar to that 
of Mn2+ in the Y type sodium zeolites 

(bl investigated before (2, 3). In our earlier 
papers the results were interpreted under 
the assumption that the mechanism of spin 
relaxation of Mn*+ in hydrated zeolites is 
the same as for solids. However, it was 
reported recently (8-10) that the mech- 
anism of relaxation of hydrated ions is 
connected wit,h periodical distortion of the 

- Cc) electric field symmetry around a central 
ion. It follows from the general theory 
of relaxation (11) that the dependence of 
transversional relaxation time T, on the 

(d) correlation time TV of symmetry distortion 
and on the observation frequency o is: 

FIG. 2. ESR spectra of MI?+ ions for samples 
evacuated at room temperature: (a) P = X band, 
aeolite NaZnY-81; (b) v = & band, zeolite 
NaZnY-31; (c) v = X band, zeolite NaCdY-33; 
(d) v = & band, zeolite NaCdY-33. 

for correct description of the spectrum of The theory is valid for the range of “fast” 
hydrated Mn”+ ions in the water-filled motion, where wrc < 1; it is inapplicable in 
cages of the crystalline lattice. First, the the region of “slow” motion, where 07~ >> 1. 
great width of an individual hfs compo- In the latter case spin relaxation is con- 
nent of the Mn2+ spectrum in a hydrated trolled by the same mechanism as for solids 
zeolite, where the spectrum components (increase in re is evidence of increasing 
practically coalesce into the broad line viscosity of the system). Comparison of 
with relevant decrease in the transverse the hfs component width for Mn2+ in hy- 
relaxation time T,. Second, increase in Tz drated zeolites at room temperature in the 
with higher measurement frequency (in X and Q bands permits estimating TV for 
the Q band) resulting in the appearance these systems by means of a calibration 
of a resolved ESR spectrum of the same curve (8). Its use in the estimation of TV by 
samples (the hfs component widths de- analysis of inhomogeneously broadened hfs 
crease to 222 Oe). Third, the marked components is possible because the main 

where 

A2 = +D2+ 2P. 



110 TIKHOMIROVA ET AL. 

contribution to the width of the fourth hfs 
component in the X band is given by the 
width of the fs transition -1/a + +I/‘, 
while in the Q band the inhomogeneous 
broadening is considerably less (17). Thus 
the width of any hfs component can be used 
for analysis. The TV value appears to be 
+7 X 10-l* set, and the 07~ value (W in 
rad set-l units) for the X and Q bands is 
0.405 and 1.64, respectively. In this case 
the theory (8-10) is still applicable. The 
7c value obtained is considerably higher 
than that for aqueous Mn2+ solutions (3.2 X 
lo-l2 set) (10). This accounts for the essen- 
tial T, decrease in a hydrated zeolite, com- 
pared to the aqueous Mn2+ solution, and 
thus for the broader hfs component in fully 
hydrated zeolites. With an aqueous solu- 
tion parameter TV controls the mean time 
between water molecule collisions with the 
hydrated ion shell resulting in symmetry 
distortion (8). However, zeolites contain no 
such free water molecules as do the diluted 
solutions. Thus, collisions of the hydrated 
complex shells with each other may appear 
to control the Mn2+ relaxation. The fre- 
quency of relevant motions will naturally 
be lower (approximately inversely propor- 
tional to m112, m being the mass of moving 
particles). The effect of 7e increase on the 
ESR spectrum parameters is formally the 
same as that of the effective viscosity in- 
crease. Indeed, similar changes of the spec- 
trum shape depending on observation fre- 
quency were recorded by us for aqueous 
glycerine Mn2+ solutions. Better resolution 
of the spectrum in the Q band follows from 
Eq. (1). Thus, the close characteristics of 
Mn2+ spectra for very different cation forms 
are always accounted for by the supercon- 
centrated ion solutions in the supercages 
and to the same mechanism of Mn2+ re- 
laxation. Change of the Mn2+ spectrum 
with drop of temperature and coincidence 
of this spectrum with that of a polycrystal- 
line solid is evidence that the hydrated 
complex motion terminates within the tem- 
perature range of -40 to - 60°C. 

In order to understand the spectrum 
changes induced on evacuating of the zeo- 
lites, it must be taken into account that 
evacuating results in gradual dehydration of 

the zeolite. A ZnY-81 zeolite evacuated at 
room temperature was found to contain 
about 50-60s of the water amount in a 
fully hydrated zeolite. Sufficiently full de- 
hydration realized by evacuating at ele- 
vated temperatures permits reaching a state 
such that the Mn2+ spin relaxation is no 
more controlled by collisions between hy- 
drated ion shells, but depends first of all 
on spin-lattice relaxation, as in solids. The 
boundary between the two relaxation 
mechanisms is connected with removal of 
the greatest part of water from the Mn2+ 
ion shell. It will be seen from general 
thermodynamic considerations that if Mn*+ 
and some other ion of a higher hydration 
energy are simultaneously present in the 
supercage, this boundary will appear 
earlier, at a time when t,he amount of water 
in the zeolite cage is still high. Thus, in the 
presence of Y3+, La3+, Mg’+ or Zn”+ showing 
a hydration energy higher than that of 
Mn’+ (Table 4)) the latter would lose its 
hydrate shell in the process of evacuating 
even at room temperature, due to the aris- 
ing water deficit. The same situation is ob- 
served for concentrated electrolytes con- 
taining different ions (13). For this reason 
the spectra of evacuated samples suffer 
marked changes accounted for by decreas- 
ing fs constant (parameter D) (Table 3). 
This parameter characterizes the cubic field 
dist,ortion around the manganese ion, and 
its low value permits recording of the spec- 
trum in the X band (12). In case of water 
deficit spin-lattice interaction is responsible 
for spin relaxation. The only site of Mn2+ 
location ensuring high symmetry of the 
environment is Sr, the hexagonal prism. It 
follows that the Mn2+ ion deprived of its 
hydrated shell will become located in the 
hexagonal prism. 

This state of Mnz+ cannot be obtained by 
room temperature evacuating of zeolites 
that contain sodium, calcium, and cadmium 
ions in their supercage, besides Mn2+ 
(Table 4). Even with deficit in water mole- 
cules, induced by evacuating, the hydrated 
shell will be preserved mainly around Mn*+. 
The latter’s relaxation mechanism will be 
controlled, as before, by collisions between 
the hydrated shells. 
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Thus, the following conclusion can be 
made. Hydrated cation shells ,with the 
whole amount of water contained in super- 
cages consist of only one or two molecular 
layers of water. Then shells are in imme- 
diate contact with each other. If a zeolite 
contains cations with different water 
affinity, a rearrangement of water molecules 
takes place at the first stages of dehydra- 
tion: the hydrated shells of less hydro- 
phylic ions become destructed and the 
whole amount of remaining water concen- 
trates around the more hydrophylic ions. 
The ions that have lost their hydrated 
shells become located in the hexagonal 
prisms of the zeolite lattice and the system 
energy diminishes due to interaction of ions 
with negative oxygen atoms. 
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