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The cation positions and the resulting changes, which were caused by the replace-
ment of sodium ions by cerium ions, in the zeolite framework of cerium exchanged
13X-type molecular sieves, 0.3 Na.0-130 Ce.0;-44.0 Al:05-1040 SiO.-n H.O, have
been determined by structural studies using X-ray powder data. In the exchanged
sieve (@ =25.10 = 002 A), in which nearly all of the remaining 2% of sodium oxide
has been removed by (NH.,).SO, exchange, cerium ions were found to partially oc-
cupy site S4 in the large cavity and site S2 in the sodalite cage. When this material
was calcined at 540°C in a nitrogen atmosphere (g, =24.94 = 0.02 A), the cerium
cations were found to migrate to sites 81, S2, and S5 with the majority of the cations
being in 82. Site S1 is in the hexagonal prism and is the least accessible site.

Upon dehydration of the material at 540°C in air (@ = 24.86 * 0.02 A), however,
the cations moved to sites S1 and 82 only, with the majority of them being in S2
sites. The three cations (on the average) per sodalite cage which occupied S2 sites
displayed a strong repulsion for each other. This repulsion resulted in a significant
distortion of the sodalite cage. The greater cationic repulsion observed when calcina-
tion was done in air versus a much lesser repulsion when calcination was done in a
nitrogen atmosphere is due to the oxidation of at least 50% of the Ce® cations to
the 44 oxidation state.

For the hydrated sample the occupancy factor of 84 sites is 0.66. The population
parameter of S2 is 0.69 and 0.74 for the nitrogen calcined zeolite and for the air
calcined zeolite with the corresponding closest Ce-O distances for this site being
2.56 and 2.66 A, respectively.

INTRODUCTION lites are cubic and belong to the space

Synthetic zeolites X and Y, which have 8MOUP Fd3m. The faujasite framework is
the same framework structure as the made of Si(Al)-O, tetrahedrpns which are
natural mineral faujasite (1-5), possess linked together by the sharing of oxygen

favorable catalytic properties that make ators sfo that ﬁhge Aalre alwaysTtgv 0 oxygen
them useful in the petroleum industry (6). it(éms or each 1((1 ) aft om. These tetra-
These synthetic zeolites which are usually e4rons E;lre jomed to h,of]m, a trungatid
prepared in the sodium form are exchanged gubo-qcta edral unit wineh 18 termed the
with polyvalent cations or hydrogen to sodghte cage or unit ‘ and Whlc}} (‘BonSIS'tS
render sieves with superior catalytic ac- of eight hexagonal rings containing six
tivity (7, 8). One group of polyvalent ca- ©XYgen atoms each [six-membered rings
tions which have been found to give a ma- (6MR)] and six square rings with four

. . 1 tivit the OXygen atoms [four-membered rings
Ezl;tlle;)ft}}lnillletsﬁsblhty and activity are the (4MR) |. The basic formula for the sodalite

In order to gain a better understanding }Hfit is Si(Al)».Os. Each sodalite cage is
of the properties of these materials, it is Jjoined to four others in a tetrahedral ar-
necessary to know the positions of the rangement. These cages are joined via six
cations in the zeolites. Both X and Y zeo- oxygens that connect two 6-membered rings
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TABLE 1
Atomic CoorpINATES* FOR CERIUM X SIEVES®
Oceupancy
Atom parameter X Y zZ T
Cerium X hydrate
T(Si,Al) 1.0 —0.0560(15) 0.1218(10) 0.0353(21) 0.40
o) 1.0 0.0000 0.1136(23) —0.1136(23) 2.00
0(2) 1.0 —0.0056(34) —0.0056(34) 0.1414(24) 2.00
0(3) 1.0 0.1662(20) 0.1662(20) —0.0213(35) 1.97(2.9)
o) 1.0 0.1830(22) 0.1830(22) 0.3149(31) 1.00
Ow(1)(S1) 0.71(12) 0.0000 0.0000 0.0000 5.14(6.9)
Ce(2)(S2)  0.28(2) 0.0581(11) 0.0581(11) 0.0581(11) 4.132.1)
0. (3)(83) 1.00 0.1748(29) 0.1748(29) 0.1748(29) 1.50
Ce(4)(S4) 0.66(2) 0.2393(5) 0.2393(5) 0.2393(5) 1.55(0.7)
Cerium X caleined in nitrogen
T(Si,Al 1.0 0.0567(7) 0.1219(7) 0.0314(10) 0.06(0.6)
O(1) 1.0 0.0000 0.1070(12) —0.1070(12) 3.14(1.5)
0(2) 1.0 —0.0035(14) —0.0035(14) 0.1296(13) 0.59(1.D
0(3) 1.0 0.1767(13) 0.1767(13) —0.0369(15) 1.11(1.2)
0@4) 1.0 0.1696(12) 0.1696(12) 0.3154(21) 0.36(1.6)
Cel(S1) 0.26(1) 0.0000 0.0000 0.0000 2.82(2.3)
Ce2(82) 0.71(1) 0.0650(3) 0.0650(3) 0.0650(3) 2.08(0.4)
0.(2)() 0.18(14) 0.1250 0.1250 0.1250 3.50
Ce(5)(85) 0.16(1) 0.5000 0.5000 0.5000 2.50
Cerium X calcined in air
T(Si,Al) 1.0 —0.0598(15) 0.1264(3) 0.0350(9) 0.37(0.8)
O(1) 1.0 0.0900 0.1160(19) —0.1160(19) 0.31(2.2)
0(2) 1.0 —0.0256(20) —0.0256(20) 0.1280(18) 3.17(2.6)
0(3) 1.0 0.1680(14) 0.1680(14) —0.0439(24) 2.38(1.9)
0() 1.0 0.1812(16) 0.1812(16) 0.3036(25) 0.89(1.9)
Ce(1)(S1) 0.20(2) 0.0000 0.0000 0.0000 1.50
Ce(2)(S2)  0.74(1) 0.0565(4) 0.0565(4) 0.0565(4) 3.40(0.6)
0,(2)(U) 0.78(18) 0.1250 0.1250 0.1250 2.29(9.1)

« Origin at 3 M.

®» Estimated standard deviations (o) are in parentheses.

or hexagonal faces to form a hexagonal
prism (D6MR). The bridging oxygens are
generally labeled O(1) (see Table 1). The
12 oxygen atoms comprising the two 6MR
of the hexagonal prism are conventionally
termed O(2) and O(3). This tetrahedral
arrangement of sodalite cages results in
large cavities having rings of 12 oxygen
atoms [12-membered rings-(12MR)]. En-
trances into these cavities from within the
sodalite unit are through the second set of
tetrahedrally arranged 6MR which are
composed of oxygens labeled O(2) and
0(4).

In general, there are six sites (9, 10)
available to nonframework ions (see Fig.

1). These sites all have coordinates zxx
and are: (1) S1 which is in the center of
the hexagonal prism; (2) 82 which is within
the sodalite cage approximately 1 & from
the 6MR that comprises the hexagonal
prism; (3) U which is in the center of the
sodalite cage; (4) S3 which is within the
sodalite cage approximately 1A from the
center of the 6MR which opens into the
large cavity; (5) S4 in the large pore about
1A from the center of the 6MR of S3; and
(6) S5 which is in the center of the 12-
membered ring.

Olson et al. (10) have reported the
structures of cerium exchanged natural
faujasite and lanthanum X. Cerium ions



248

HUNTER AND SCHERZER

Fic. 1. Projection of the sodalite cage for faujasite showing the available nonframework sites. Site 5 is in

the center of the 12MR and is not shown here.

were found to occupy S5 sites and to be
randomly located in the supercages in hy-
drated cerium exchanged natural faujasite.
Upon caleination all the cerium ions mi-
grated to S2 sites in the sodalite cage. In
hydrated lanthanum X, lanthanum ions
occupy sites 82 and S84 with water being
in 83. Calcination results in the movement
of all the lanthanum ions to S2. Smith et
al. (9) have reported the cation positions
for calcined LaY at room temperature and
725°C. Lanthanum occupies 52 sites at
room temperature and at 725°C some of
the cations migrate to sites S1 and S4. Ben-
nett and Smith (17-14) have published a
series of articles on lanthanum exchanged
natural faujasite and hydrated LaX. They
found lanthanum ions to occupy sites S2
and S5; and S2, 84, and S5; respectively.
They studied calcined samples of both ma-
terials at several temperatures and found
in all cases that lanthanum ion occupied
S1, 82, and $4 sites. We have studied the
cation distribution in CeX sieves because
we were interested in discerning whether
this distribution would be any different or
the structure altered in any manner due
to the ease of oxidation of Ce®** to Ce*.

MEeTHODS

Since single crystals of synthetic fauja-
site are quite difficult to obtain, it was
necessary to use the less accurate powder
techniques in which non-unique reflections
must be utilized. In order to understand
the structural changes which occur during
each step of the preparation of the material,
CeX sieves were studied (1) in the hy-
drated form, (2) in the activated form after
caleination in a nitrogen atmosphere, (3)
in the activated form after calcination in
air. The samples were prepared from a
commercial NaX sieve which is manu-
factured by the Davison Division of the
W. R. Grace & Co. The starting NaX sieve
was thoroughly washed with deionized
water to remove excess caustic and other
water-soluble impurities. The unit cell com-
position of the NaX sieve as determined
by chemical analysis was 422 Na,0-44.0
Al,0;-1039 Si0,-nH,0. The cerium chlo-
ride used for the exchanges was obtained
from the American Potash & Chemical Co.
(purity of 99%). To prepare the hydrated
CeX sieve, the NaX starting material was
exchanged by contact with an excess of
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cerium (ITI) chloride solution. The ex-
change was carried out at the boiling tem-
perature of the solution in a nitrogen at-
mosphere. Hydrogen was bubbled through
the cerium chloride solution prior to the
exchange. The cerium exchange of the
molecular sieve was repeated under the
same ecircumstances with a fresh cerium
chloride solution. The resulting cake was
washed and then caleined at 540°C for 2
hr in a flow of dry nitrogen. The sieve ob-
tained still contained 1.2% Na,O. The
remaining sodium ions were ammonium ex-
changed by contacting the sieve with an
excess of ammonium sulfate solution at
boiling temperature under nitrogen. The
resulting white material was finally washed
and dried at 100°C. This material is the
sample which is termed CeX hydrate.

The nitrogen calcined CeX sieve, Ce* X,
was made by heating the CeX hydrate ma-
terial at 540°C for 2 hr in a flow of dry
nitrogen. A gray-white powder resulted.
The air calcined CeX sieve (Ce*t, Ce*)X,
was obtained by calcining CeX hydrate at
540°C for 2 hr in a muffle furnace in con-
tact with the atmosphere. A yellowish
material resulted. The samples were
analyzed by X-ray spectroscopy for the
alumina, silica, and rare earth content and
by flame photometry for the sodium con-
tent. The results showed that the unit cell
formula was 03 Na.0:13.0 Ce.0;-44.0
AL,O,-104.0 Si0,-nH.O. Since the univalent
cation equivalent of the cerium ions does
not equal the number of aluminum ions, it
was assumed that the excess negative
charges are compensated by hydrogen ions
resulting from the ammonium sulfate ex-
change. Chemical analysis also indicated
that in the air calcined sample at least
50% of the cerium ions had been oxidized
to the tetravalent state.

The unit cell values were 25.10 = 0.02,
2494 + 0.02, and 24.86 =0.02A for the
hydrated, N, calcined, and air calcined
samples, respectively. The X-ray diffrac-
tion intensity data on the hydrated sample
were collected on a Noreleo powder dif-
fractometer equipped with a Geiger counter
as a detector. On the other two samples a
Hamner solid state detection system
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equipped with a scintillation counter and
pulse height analyzer was employed. X-Ray
scans were taken using Cu Ke radiation,
0.006-in. receiving slit, and a scanning
speed of 14°/minute. The two theta region
between 5 to 65° was scanned at three dif-
ferent attenuations, 1000/2, 500/4, and 200
counts/8 sec, in order to record the
strongest and the weakest reflections. A
total of 96 observations, some of which
were combinations of several reflections,
could be recorded in this range. The X-ray
peaks were planimetered at least three
times ecach to obtain the avcrage arca.
Whenever a particular observation was re-
corded at more than one attenuation, the
average value of the two or three observa-
tion was used as the intensity of that peak.
All the samples used were equilibrated
with the atmosphere before data collection
was commenced.

Three-Dimensional Fourier Analyses
and Least-Squares Refinement

The three-dimensional Fourier program
used was written by Dr. F. R. Ahmed (15)
of the National Research Council of
Canada. Only those observations which
were due to single reflections or to the co-
incidence of two reflections were used in
computing the initial electron density
maps. A series of ecomputer programs
written by Mr. R. Coelho of our research
center and one of us (FDH) for the IBM
360 Model 30 were used to reduce the ob-
served intensities to observed structure
factors. The structure factors were assigned
the algebraic signs calculated on the basis
of the framework alone.

The least-squares refinement program
employed was written by Dr. Walter C.
Hamilton (76) of Brookhaven National
Laboratory and is a general program to
refine powder pattern data for any struc-
ture for which the appropriate subroutine
defining the observations in terms of the
structural parameters has been written.
Such subroutines were written by one of
us (FDH) for the three structures under
study. This program was run on the Univac
1108 computer at the University of Mary-
land through the eooperation of Dr. James
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Stewart. Since in these structures there
were 34 or more parameters, the frame-
work parameters only and the extra-frame-
work parameters alone were varied alter-
natively in successive least-squares cycles
in order to keep the over-determination
ratio as large as possible. Site occupancy
factors and temperature factors were never
varied in the same cycle because they are
closely correlated.
Refinement was

performed on the

wveichted Intensities where the welochtin
welgnieq 1miensities winere uie welgnil

ighting
scheme used was that of Cruickshank (17)
1/(a +bF,+ ¢cFp2),

with all the coefficients adjusted to give
the best weighting scheme for each set
of data. The quantity minimized was
3% (Lope — Ieare)?. In these equations w is
the weight, I and I..;. are observed and
calculated intensities, and F, is the observed
structure factor, which in this case was re-
placed by the observed intensity. The
tetrahedral scattering factors employed
were the weighted average of fs;q,, interpo-
lated from fs; and fgis, and fai,, (18) with
the weights assigned according to the sili-
con to aluminum ratio of 1.182 as deter-
mined by X-ray spectroscopy. For oxygen
and cerium, f,- and fe. form factors were
used (18).

w =

REsULTS

A. Cerium X Hydrate

The framework parameters and cation
positions reported by Olson et al. (10) for
lanthanum X hydrate were used as starting
values. The Fourier map calculated on the
basis of the signs resulting from the frame-
work alone showed extra peaks besides
those assigned to the metal cations. These
peaks were attributed to water molecules.
Refinement was terminated at an R(I)
value of 0.151, where R(I) = [Zw (Tons —
Loare)2/3w (Ions?) 1772, The final atomic co-
ordinates, thermal parameters and oceu-
pancies are given in Table 1. The occupancy
of the water molecule in S3 was fixed at
1.00, since any refinement of it led to a

HIUNTER
UNIAR AN

higher value. A value of the occupancy
factor greater than 1.00 would indicate that
this site may be occupied by a mixture of
water molecules and cerium ions. The ob-
served and calculated intensities and strue-
ture factors are given in Table 2. A pro-
jeetion of the sodalite cage for this
structure is given in Fig. 2.

Cerium ions were found to occupy sites
82 and 84 with occupancy parameters of
028 and 0.66. Unlike the lanthanum X

(10) gcase no eerinm inng woera found to

(10) case n ¢ cerium ions were found
occupy S5 sites. Site S1 was found to be
partially occupied by water and as men-

01 01 0 01

F1c. 2. View of the sodalite cage for CeX hydrate,
in projection down the cell edge. Some of the O(1)
and O(2) atoms have been omitted for clarity.

tioned above, S3 seems to be occupied by
a mixture of water molecules and cerium
ions (about two cerium ions/unit cell).
Cerium in site S2 is coordinated to the
three O(3)s of the sodalite 6MR belonging
to the hexagonal prism and to the water
oxygen oceupying S1 with distances of 2.19
and 2.53 A respectively. This cerium ion is
also coordinated by three water oxygens
from S3 as second nearest neighbors at a
distance of 2.99 A. This coordination is
similar to that found in caleined LaX and
hydrated LaX (10), where in the former
the La3* in S2 is surrounded by three lat-
tice oxygens and three water oxygens all
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at 2.5 == 0.1 A. The cerium ions in 54 have
three 0(2)s as nearest neighbors at a dis-
tance of 2.52 A and three O(4)s and one
0. (3) as next nearest neighbors at dis-
tances of 2.75 and 2.80 A, respectively. All
the framework oxygens are from the 6MR
opening into the supercage.

The average silicon or aluminum to
oxygen distance of 1.73 +=0.07 & is some-
what long compared to other values which
have been reported (3-4, 10) and compared
to the value of 1.676 reported by Jones
(19) for feldspars of the same silicon to
aluminum ratio. However, this value is
still within 1o of the value reported by
Jones.

B. Cerium X Calcined in a Nitrogen
Atmosphere, Ce**X

The framework parameters reported by
Olson et al. (10) for caleined lanthanum X
were used to calculate the signs of the
observed structure factors from which the
Fourier map was computed. Three erystal-
lographically different cerium peaks and
one water peak were detected. Initially
two of the three cerium peaks (S1 and S5)
were thought to be water, but least-squares
refinement of the complete structure
strongly indiecated that these peaks must
be due to cerium ions. Refinement was
terminated at an R (I) value of 0.105. The
final coordinates, thermal parameters and
occupancy factors are given in Table 1.
A projection of the sodalite unit for this
structure is given in Fig. 3.

Cerium ions were found to occupy SI,
82, and S5 sites with population param-
eters of 0.26, 0.71, and 0.16. Site U was
found to be occupied by roughly one water
molecule per unit cell. However, as shown
in Table 1, the large standard deviation of
the population parameter for this site
makes its occupaney uncertain. The cerium
ions in S2 sites are coordinated to three
0(3)s at distances of 2.56(4) A. Cerium in
site S1 coordinated to all six of the O(3)s
of the D6MR at a distance of 2.74(3) &
each. The Ce(2)-Ce(2) distance is
4.23(1) A.

Fic. 3. View of the sodalite cage for CeX calcined
in nitrogen, in projection down the cell edge. Some'_of
the O(1) and O(2) atoms have been omitted for
clarity.

The framework coordinates changed only
slightly from the values reported for LaX
(10). The average of the tetrahedral (Si,
AD-O bond lengths is 1.63 A with (Si,Al)~
0O(1) distance of 1.53 A being rather short
to the standard value of 1.676 A

C. Cerium X Calcined in Air, (Ce*r, Ce*) X

From an electron density map calculated
in the same manner as the one for ihe
nitrogen caleined sample, two cerium peaks
and one nonframework oxygen peak were
detected. The cerium peaks occurred at
sites 81 and S2 and the oxygen peak at
site U. Refinement of this model using the
framework parameters and the extra-
framework coordinates selected from the
Fourier map would not proceed below an
R value of 0.34 when the refinement was
attempted by the same procedure as that
used on the first two samples. This pro-
cedure consisted of refining the extra-frame-
work parameters only until the K value
dropped below 0.23 and then in alternating
cycles refining the framework parameters
and the extra-framework parameters. Since
initial refinement of the extra-framework



TABLE 2.
HYDRATEU
"KL 1(0BS.) I(CAL.) FINBS.) F(CAL.) 1108S.)
111 12816 221686 477 -1985
2 00 * 97 0 55 ]
2 20 1395 2893 211 303
3.1 1 1622 4580 189 317
2 2 2 15217 14870 1047 -1035 0
4 6 0 7235 7064 965 954 * 78
3 3 I 12557 14899 694 -756 1511
4 2 0 * 97 0 63 [} * 78
6 2 2 ® 97 159 69 88 527
5 1 1 1947 356 97 41 3428
3 3 3 542 232
4 4 0 = 97 59 13 88 2117
5 3 1 * 97 181 59 81 9379
6 0 0 * 97 1321 0 0
4 4 2 * 85 =314
6 2 0 762 29 252 ~49 * 78
s 3 3 8533 9459 875 -922 23935
6 2 2 9215 9386 921 -930 1318
4 & 4 1493 3100 672 969 * 235
T 11 908 1379 285 -351 3475
5 5 1 129 -159
6 4 0 ® 97 [} 103 0 * 78
6 4 2 6554 6059 625 ~601 4915
7 3 1 * 97 738 18 ~51 3522
5 5 3 * 108 296
8 0 0 * 97 734 231 636 1692
7 3 3 % 97 42 119 -78 * 78
8 2 0 ® 97 1 3} 0 3158
6 4 4 * 120 -12
8 2 2 4315 2650 769 603 6559
& 6 O 409 3
75 1 12719 11428 27 26 3748
5 5 & 2055 -1969
6 6 2 816 ~766
8 4 0 8728 8452 1239 1219 3988
9 1 1 = 97 41 “ -2 6428
7T 5 3 * 94 61
8 4 2 419 225 197 144 654
6 6 & 4737 3380 962 -813 2017
9 3 1 4510 4678 676 689 3931
8 L 4 3991 4730 927 1010 11a1
9 3 3 * 97 10 96 -31 1948
T 7T * 52 -17
75 5 * 100 -32
10 0 o * 97 0 44 o * 78
8 6 0 * 147 4 *
10 2 0 * 191 1462 113 312 4332
8 & 2 * 127 352
9 5 1 3894 4589 175 -190 1929
771 3 623 676
10 2 2 677 -735
6 & 6 317 409
9 5 3 * 97 1593 114 459 * 78
10 & 0O * 97 229 0 0 413
8 6 & * 114 175
10 & 2 * 97 9 116 35 * 78
11 1 1t 1298 853 447 -362 476
71 5 415 336
8 8 0 5354 4972 1791 1726 5311
1 3 1 4413 4048 521 «499 6052
9 71 1 402 385
9 5 5 400 -383
10 4 4 550 527
R 8 2 186 178
19 6 0 * 97 82 30 27 1416
8 & 6 * 174 160
1n 3 3 6686 5667 937 863 2447
¢ 7 3 211 -195
10 6 2 790 -728 ® 78
12 0 © * 97 78 46 -41 515
A 8 4 * 182 163
11 5 1 714 199 2 1 1026
77 7 869 459
12 2 0 [} * 78
12 2 2 « 97 160 102 -131 ® 78
10 6 & * 112 -144 *
11 5 3 * 97 39 22 14 1321
9 7 5 * 133 84
12 4 0 419 541 404 459 ® 78
9 9 1 1849 2387 620 -667 4007
12 4 2 369 453
10 8 0 0 0
8 8 6 258 317
10 8 2 * 97 697 142 380 *® 345
13 1 % 1557 1982 230 -282 979
11 5 8 200 -245
1n o7 1 191 -233
9 9 3 34 531
106 & 511 -556
12 4 4 357 1010 395 665 * 78

parameters terminated at this high R
value, it was decided at this stage to re-
fine the framework parameters relatively
earlier. Two cycles of least-squares refine-
ment resulted in remarkable shifts in the
framework parameters and a drop of the
R value to 0.239. Refinement then pro-
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INTENSITIES AND STRUCTURE FACTARS FOR CFRILM x ZENLITES

NITROGEN CAL ATR CALCINED

TICALL)  FUNBS.) FLCAL.) 1(0BS.1  T{CAL.) F(OBS,) F{CAL.}
77592 253498 1183 -2140

* 76 0 “9 0

3434 3438 333 333

« 76 12572 41 530

0 532 632 5178 5262 615 621

0 101 -2 * 76 137 100 -134
2165 242 -290 414 1696 127 -257
0 57 0 = 76 0 56 ]
326 161 127 648 730 179 190
3960 401 431 3611 3450 341 334
300 -323 508 -497

2880 601 -s19 3346 4036 669 ~735
9871 272 -253 17405 13610 263 -178
0 0 0 0

743 -782 1050 -983

601 81 -225 1090 770 304 -255
20140 1475 -1353 27113 17127 1573 -1251
318 350 -172 * 76 166 84 -125
0 269 -9 428 366 363 336
3440 615 -612 3474 3738 524 -544
3 3 125 -337

0 93 0 * 76 o 92 ]
5245 544 -562 7934 7068 693 -654
3127 339 320 5279 5696 370 384
468 441 635 660

562 971 -560 2164 1732 1101 -985
19 107 -53 3663 3340 464 -485
3821 0 0 0 0
685 754 553 510

6889 987 1012 5263 5173 889 882
357 366 308 ~305

3876 101 93 3917 3593 210 -205
921 -843 1105 ~1080

578 627 180 357

4067 R42 851 1840 716 574 358
6668 552 562 4175 43R6 713 731
666 678 367 376

254 248 154 * 76 352 85 ~182
2364 632 -604 3108 3007 786 ~774
38172 636 626 2229 1539 480 399
1302 499 533 * 276 1018 246 473
2877 198 -241 3645 3371 73 -7
342 415 773 744

533 -64R 475 ~456

0 44 0 * 76 [ 27 0
132 o * 131 0

3971 531 508 2977 3743 337 378
614 587 549 615

764 266 170 1186 798 185 188
27 17 * 250 254

14 -9 323 ~229

1006 841 257 182

307 103 203 * 76 3167 101 654
804 0 0 * 76 238 0 0
236 -330 * 102 180

26 105 61 ] 276 1303 198 430
245 177 -127 510 1259 306 ~543
326 234 171 269

5426 1795 1814 3865 3789 1536 1521
6553 333 -347 4946 4952 79 -79
830 862 436 436

70 73 488 489

534 555 950 951

42 44 158 -158

2004 635 755 1196 678 283 213
242 288 558 20

2048 847 775 2024 2371 739 a00
224 -205 24 =26

1788 115 549 259 280
iol 260 -115 400 2111 675 -1551
403 179 162 -373

1194 427 460 928 861 378 364
73 79 380 366

o 168 0 B 76 o 166 0
141 48 b4 * 76 590 RO 224
116 155 * 105 292

1145 500 466 1379 2042 508 618
34 -31 78 95

9 176 -58 400 0 399 -14
4599 777 -832 3702 3590 829 -817
2 762 516 607

o o [ 0

95 102 250 246

5 269 -32 = 6 368 126 271
422 157 -103 786 769 325 321
403 -264 222 -220

24 16 249 246

344 226 . 228 225

337 -221 a6 -85

26 126 108 = 76 419 184 432

ceeded in a normal manner and was ter-
minated at an R value of 0.157. The final
coordinates, thermal parameters and oc-
cupancy factors are listed in Table 1. A
projection of the sodalite cage of the air
caleined structure is given in Fig, 4.

The occupancy numbers for cerium in
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TABLE 2 (Continued)

13 3 1 1869 3014 5 6 554
17 3 614 184

9 1 7 44 56

12 6 © o 0

0 8 4 185 236

iz 6 2 * 97 230 150 =230 397
13 3 3 * 97 404 214 436 954
3 9 5 - 7 14

8 8 8 419 306 78l 668 * 157
13 5 1 2077 2675 572 -650 3729
1L 7 5 416 473

14 0 o o 0

12 & 4 1ns ~131

14 2 0 2401 2316 406 -398 2944
10 10 O 1366 ~1342

10 8 & 254 ~249

13 5 3 146 1473 34 -48 2373
11 9 1 165 -232

4 2 2 410 576

10 10 2 407 -572

12 8 0 396 846 460 673 * 78
11 9 3 1298 1078 519 =473 1003
9 ©° 7 15 14

14 4 0 o 0

12 8 2 291 265

14 4 2 * 97 510 143 -328 * 78
12 6 6 * 93 -212 *

10 10 4 * 70 -161 *

iz 71 ® 97 420 iol 388 554
13 5 5 * 184 =704

11 7 7 * 31 118

12 8 4 * 97 39 169 107 * 78
15 1 1 Tie 515 184 -156 659
13 7 3 07 345

11 9 5 14 -12

14 & 4 208 -177 * 78
10 8 8 133 113 *

14 6 0O * s7 o] 244 15 * T8
15 3 1 * 97 327 174 =319 *® 78
14 6 2 775 539 3 -2 *

10 10 6 697 ~581 *

15 3 3 1197 1080 100 95 3156
13 7 5 392 372

11 663 630

e 9 9 2471 =235

12 10 0 * 97 270 o 0

12 8 & * 178 297

14 6 4 * 97 78 ae 17 * 78
12 10 2 * 158 142 *

15 5 1 1246 1340 4 4 694
13 9 1 550 -570

11 11 32 426 442

11 9 7 166 172

16 0 0 941 819 1614 1506 632
15 5 3 * 97 40 173 1391 600
13 9 3 * 65 42

16 2 © * 97 13 o o

14 3 © * 0 o

12 10 4 * 185 -66

e 2 2 * 97 489 121 =270 1334
1% 8 2 * 153 -342

10 10 8 * 94 210

13 7 7 1071 1512 117 =139 1256
11 11§ 806 -958

14 &6 6 343 -407

16 4 0 3894 3806 573 543 968
12 & 8 857 81l

15 7 1 582 -600 811
15 5 8 580 -597

13 9 5 628 ~647

16 & 2 * 97 114 179 194

14 B 4 * 71 -76

1210 & * 97 923 194 -597 * 235
1s ¥ 3 1564 403 642 326 * 78
11 & 9 632 321 *

16 ~ 4 1807 2071 103 110 106
1212 o 1223 1310

17t 1 719 ~770 758
13 11 1 222 238

117 283 303

16 & 0 * 7 0 4] 0

12 12 2 * 281 17

16 & 2 1622 1700 114 -117 921
14 16 0 67 -478

14 » & 741 -759

17 0% 1 * 97 592 108 266 = 78
1o 5 * 166 -410 *

13 ' 3 & 37 90 =

13 o 7 * 11 -27 +

14 16 2 * a7 149 173 214 F 78
10 1C 10 - 256 =317 *

12t 4 * 97 215 288 42¢ * 78

NOTE - AN ASTERISK

S1 and S2 sites are 0.20 and 0.74, respec-
tively. On the average 6 out of the avail-
able 8 U sites/unit cell are occupied by non-
framework oxygen. The cerium ions in S2
sites are coordinated to three O(3)s at dis-
tances of 2.66(6) A and the oxygen species
in site U at a distance of 2.954(9) A (see

130 24 12 = T4 394 & -18
159 =17 * 126 283

444 ~215% * 59 =134

[ L4 = T8 90 o] o

27 13 * 132 143

129 305 -174 * 76 ] 134 -2
512 362 265 897 719 529 474
569 417 387 347

53 481 =280 * 76 47 336 -26%
2887 266 234 1766 1077 3 24
822 -547 221 -177

Q ] o o

693 -610 629 =491

2038 222 -218 2019 1634 162 =145
1650 -1619 1249 -1123

238 =234 350 -315

2662 591 =626 1120 1195 322 -332
364 =3RS 100 103

394 417 186 193

365 386 578 597

30 206 128 * 76 310 204 412
1235 352 -390 * 76 189 9 14
436 -484 = 205 ~324

0 0 * 76 7 Q o

242 ~269 * 146 141

370 134 ~291 * 76 613 50 =143
B6 -186 * 155 440

34 -74 * 120 341

©09 39 33 * 76 627 99 284
511 =439 * BB =254

237 =204 * 130 -373

[ 153 =41 * 76 44 151 -115
226 618 362 * T6 253 212 387
B4 =49 * 15 27

39 =23 * 21 38

508 218 =555 * 76 62 184 =166
4 11 * 111 100

432 221 518 * 76 420 218 513
92 “©0 43 * 76 15 155 68
116 126 * 76 63 152 139

140 -152 * 45 =41

3598 777 -829 2884 2622 347 ~-331
399 425 610 582

964 1629 892 851

650 694 AB& 653

0 0 0 o

205 219 214 =204

120 140 173 * 331 413 292 326
84 -103 * 165 ~184

1101 203 256 372 1239 214 39]
172 -217 163 -297

300 -378 271 -494

349 439 138 251

1092 1332 1750 * 331 822 966 1524
603 24 24 * 76 1057 92 344
317 ~318 * 137 =510

o o 552 T4 [} o

o o 0 o

336 =337 445 =507

1870 574 -679 662 1175 389 -518
199 =235 328 ~437

751 889 345 460

1338 68 -70 952 1837 612 -851
870 -B898 573 ~796

409 422 67 93

1407 438 528 - 76 275 228 435
735 886 * T4 142

921 326 ~347 662 1957 285 -490
192 -205 209 -359

348 -370 349 -600

256 =273 160 275

4 5 72 ~123

495 306 ~440 * 76 85t 173 =579
%39 29 68 * 152 1 246 =14
246 583 * 6 0

445 27 22 938 271 50 27
1069 R49 1235 663

1809 627 =968 552 653 573 -624
151 =234 24 26.

107 165 190 =207

o 0 n

415 -h40 300 -326

1539 204 -263 952 2184 197 -299
364 ~444 134 =203

534 -690 594 ~301

84 113 ~116 * 76 195 35 56
1 73 * 55 -8

107 -110 * 96 154

63 -65 * 137 =220

55 175 -108 * 7¢ 47 2 2
326 212 * 442 =329

0 261 10 * 76 285 257 499

{#} DENQTES AN UNNHSERVED REFLECTION

Table 4). The distance of closest approach
for these cerium ions is 4.82(2) A. Cerium
in site S1 has as its nearest neighbors the
six O(3)s of the D6MR at distance of
3.09(4) A each.

As stated earlier, the framework atoms
underwent significant shifts with 0(2)
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F Fia. 4. View of the sodalite eage for CeX calcined
in air, in projection down the cell edge. Some of the
O(1) and O(2) atoms have been omitted for clarity.

moving as much as 0.5A in the x and y
directions. The average (SLAD-O dis-
tances is 1.67A with (SiAl)-0(2) be-
ing 1.73(6) A and (Si,Al1)-O(4) being
161(4) A. Since these differences in dis-
tances are within 2 ¢ of the average value
and the standard (Si,Al)-O distance sighted
earlier, no physical significance can be at-
tributed to them.

Discussion

The average of the (81,A1)-O distances
for the three structures are 1.73, 1.63, and
1.67A for hydrated CeX, Ce*X and
(Cetr, Ce*)X, respectively. Smith and
Bailey (20) have recommended 1.61 and
1.75 A as the distances to be used for pure
S8i-0 and Al-O bond lengths, respectively.
Jones (19) has proposed 1.603 and 1.761 &
as the corresponding distances. Eulenberger
et al. (5) have stated that considerable dif-
ferences up to approximately 0.1A& occur
between different (8i,A1)-~O bond lengths
of a particular tetrahedron. They emphasize
further, that the O—(81,A1)=0 and particu-
larly the (81,A1)-O-(8i,Al) angles are more
flexible and that for the latter, values be-
tween 120 and 180° have been observed.
With the exception of the 1.53 A distance
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reported here for Ce**X (see Table 3), all
the results of this work fall within the
rather broad limits specified by the above
authors. Values of 1.76 and 1.53A for
(S1,A1)-0O distances in the same tetra-
hedrons were reported by Broussard and
Shoemaker (3) for the 5A-type sieve. It is
quite probable that such large variations
in the (8i,Al)-O distances reported in the
present paper could be due to the less ac-
curate powder techniques and the resulting
errors in least-squares refinement of the
data. However, in some instances as in-
dicated below, physical significance can be
attached to these differences, thus indi-
cating that some of them are probably real.

In all three cases studied the average of
the four (8i,Al})-O distances of 1.63, 1.67,
and 1.73 A agreed within 2 ¢ with the value
of 1.676 reported by Jones (19) for feld-
spars of the same silicon:aluminum ratio.

Since the hydrated CeX sample studied
in this work had previously been calcined
after initial exchange and then exchanged
with ammonium sulfate, it would not be
proper to compare the results obtained for
this sample with the cerium faujasite of
Olson et al. (10) in which cerium ions,
sodium, magnesium, and caleium ions were
all present and the sample had undergone
partial exchange only. One can however
with some justification compare our (inter-
mediately calcined) CeX hydrate with
LaX hydrate which had undergone batch
exchange only and had a 0.2-mole fraction
of Na,O per unit cell. In LaX hydrate
Olson et al. found that per unit cell there
were 12, 17, and 4 atoms in sites 82, 84, and
85, respectively, whereas in CeX hydrate
there are 9.0 and 21.4 Ce atoms in sites 2
and 4, respectively. Since in LaX there
were 33 cations whereas in CeX there were
only 30 as determined by diffraction, the
fact that no Ce* was found in site 5 could
be easily explained by assuming that the
difference is really due to a larger number
of cations in the LaX ecase and to experi-
mental error.

‘An unusual feature of the CeX hydrate
structure is the close approach of the
cerium ions in S2 to the O(3)s of the
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TABLE 3
FRAMEWORK INTERATOMIC DISTANCES AND ANGLES FOR CERIUM X ZEOLITES?

Atom set CeX - nH.0O Ce3+X (Cett, Cett)X
Distances (f&)
T-0(1.2) 1.71(6} 1.53(3) 1.67(5)
T-0(2.3) 1.70(9) 1.60(4) 1.73(6)
T-0(3.13) 1.77(8) 1.68(4) 1.68(4)
T-O(4.11) 1.74(6) 1.72(4) 1.61(4)
0(1)-0(2.15) 2.80(10) 2 64(5) 2.36(7)
oM-0(3.12) 3.21(8) 2.67(4) 2.84(6)
0(1)-0(4 .17 2.71(7) 2.75(4) 2.82(6)
0(2)-0(3.13) 2.7010) 2.52(5) 2 .88(7)®
02)-04.7) 2.57(10) 2.79(5) 2.79(6)
03)-(4.14) 2.75(8) 2.52(5) 2 .50(5)
T-T(.6) 2.93(6) 2.78(3) 2.92(4)
Angles (°)
T(.1)-0(1)-T(.5) 118.3(3.3) 131.6(2.1) 122.212.7)
T(.4)-02)-T(.3) 144 .4(5.4) 152.9(2.6) 148.8(3.3)
T(.9)-0(3)-T(.8) 119.84. 1 144 .6(2.4) 152.2(3.3)
T(.10)-0(4)-T(.11) 141 .9(4 . 4) 165.4(2.8) 151.1(3.6)
O(1.2)-T-0(2.3) 110.6(3.8) 115.6(2.0) 87.8(2.4)
0(1.2)-T-0(3.13) 134 9(3.6) 112.8(1.9) 117.7(2.6)
0(1.2)-T-034.11) 103 .6(3.3) 115.4(2.0) 119.0(2.7)
0(2.3)-T-0(3.13) 101.8(4.0) 100.4(2.0) 120.9(2.8)
0(2.3)-T-04.11) 96.6(3.9) 114.2(2.2) 112.8(2.8)
0(3.13)-T-0(4.11) 102 9(3.6} 95.5(2.0) 100.0(2 .8)¢c

* Atom designations are as follows: T is for silicon (aluminum). O(M.N) refers to the Mth oxygen trans-
formed by the nth symmetry element. The symmetry operations are: (1) zyz; (2) yxz; (3) zzy; (4) zzxy; (5)
2xy; (6) gz, (1) 2, 1/4 — 2, 1/4 —y, 8) 1/4 — 2, 1/4 — y, 2; (9 1/4 — y, 1/4 — 2, z; (10) y, 1/4 — 2,
1/4 —z; (11) 1/4 — 2, y, 1/4 —2; (12) 1/4 — 2, /4 —y, 2, (13) 2, 1/4 — =z, 1/4 — y; (14) z, 1/4 — ¥,
1/4 — 2, (15) 1/4 —x, y, 1/4 — 2, (16) 3/4 + 2, 3/4 + y, z; (17) 3/4 + x, 3/4 + 2, §; (18) #25; (19) 3,

3/4 + 1, 3/4 + .
b O(2)-0(3.16).
< 0(3.13)-T-0(4.11).

sodalite 6MR which opens into the D6MR.
The distance of cerium to this oxygen is
2.19(9) A and as compared to LaX hydrate
represents a shift of 0.41 A for the cerium
ion along the body diagonal of the cubic
cell toward site S1. Since this distance is
3.7 o shorter than the other Ce-O distance
in the structure, it is in the region of sig-
nificance. Also, it is considerably less than
the sum of the ionic radius of Ce** and the
van der Waals radius of oxygen which is
roughly 2.4 =+ 0.1 A. If S3 is actually oc-
cupied by 2 cerium ions/unit cell, the re-
sulting repulsion could cause this shorten-
ing of the Ce(2)-0(3) distance.

Since S1 is oceupled by water with a
population parameter of 0.71, there are on

the average 11.4 water molecules/unit cell
in these sites. Considering that there are
9 cerium ions/unit cell in S2 sites, the most
likely distribution would be for a water
molecule to be in 81 for each neighboring
82 site that is oceupied.

Except for the shift in O(3) the frame-
work coordinates for CeX hydrate are
quite similar to those for LaX hydrate. It
is significant that this shift in O(3) results
in a lengthening of the Si-O(3) bond to
1.77A and hence giving support to the
short Ce(2)-0(3) distance.

The cation positions observed for CeX
caleined in a N, atmosphere are somewhat
different from those found by Olson et al.
(10) for I.aX caleined in vacuum. They ob-



256

HUNTER AND SCHERZER

TABLE 4
NONFRAMEWORK ATOM INTERATOMIC DISTANCES AND ANGLES FOR CERIUM X ZEOLITES

Atom sete CeX - nH 0O CestX (Cett, Cett)X
Distances ()
0,(1)-Ce(2) 2.53(3)
0x(1)-0(3.12) 3.02(5)
Ce(1)-52 2.812(8) 2.434(9)
Ce(1)-0(3.12) 2.74(3) 3.09(4)
Ce(2)-0(2) 2.91(4)
Ce(2)-0(3.12) 2.19(9) 2.56(4) 2.66(6)
Ce(2)-04(2) 2.592(8) 2.954(9)
Ce(2)-04(3.14) 2.99(8)
Ce(2)-Ce(2.12) 4.23(1) 4.82(2)
04(3)-0(2.12) 2.99(11)
04 (3)-Ce(4) 2.80(7)
Ce(4)-0(4) 2.75(7)
Ce(4)-0(2.12) 2.52(6)
Angles (°)
Ce(2)-04(1)-0(3.12) 45.5(1.4)
Ce(2)-04(1)-0(3.16) 134.5(1.4)
0(3.12)-04(1)-0(3.13) 76.2(1.8)
0(3.12)-04(1)-0(3.19) 103.7(1.8)
0(3.12)-Ce(1)-0(3.13) 90.2(1.0) 91.8(1.2)
0(3.12)-Ce(1)-0(3.19) 89.8(1.0) 88.2(1.2)
0(3.12)-Ce(1)-S2 125.2(0.7) 124.0(0.9)
0. (1)-Ce(2)-0(3.12) 79.2(1.9)
0+(1)-Ce(2)-0.(3.14) 137.0(1.8)
0(3.12)—Ce(2)-0(3.13) 116.6(2.7) 98.8(1.1) 113.2(1.4)
0(3.12)-Ce(2)~0x(3.14) 78.5(2.4)
0.(3.14)-Ce(2)-0,(3.15) 72 .5(2.0)
S(1)~-Ce(2)-0(3.12) 61.2(0.8) 74.5(1.0)
0(2)-Ce(2)-0(2.4) 107.8(1.0)
0(2)~Ce(2)-8(1) 68.9(0.7)
0(2)-Ce(2)~-0(3.12) 130.1(1.0)
0(2)-Ce(2)~0(3.13) 54.4(1.0)
0(2)-Ce(2)-04(2) 111.1(0.7)
0(3.12)-Ce(2)-0(2) 118.8(0.8) 105.5(1.0)
Ce(2)-04(2)-Ce(2.12) 109.5(0.3) 109.5(0.2)
Ce(4)-04(3)-Ce(2.14) 113.6(2.3)
Ce(4)-04(3)-0(2.12) 51.6(2.0)
0(2.12)-0x(3)-0(2.13) 85.4(2.8)
0,(3)-Ce(4)-0(4) 78.8(2.0)
04(3)-Ce(4)-0(2.12) 68.0(2.0)
0(2.12)-Ce(4)-0(2.13) 106.8(2.6)
0(4)—Ce(4)~0(2.12) 146.7(2.3)
0(4)-Ce(4)~-0(4.4) 116.3(1.9)

¢ Symmetry operations are the same as those designated in Table 3.

served that all the La®* ions migrated to S2
sites upon calcination with a total of 30
lanthanum ions occupying the 32 possible
sites/unit cell. For N, calecined CeX, which
could also be termed Ce®**X, approximately
23 ions are in S2, 4 in 81, and 2.6 in S5. In

view of the errors which could exist due to
the use of powder data instead of single
crystal data, the occupancy of S5 is not
certain. Smith et al. (9) found that in
vacuum calcined LayY all 16 La3* ions oc-
cupied S2 sites. One may wonder why this



CERIUM X ZEOLITES

difference in cation distribution occurs be-
tween materials which would be expected
to have quite similar siructure:x Since in
LaX S3 sites were occupied by water and
in LaY both S3 and U sites arc populated
by an oxygen species, this d fference in
cationic distribution could he due to
lack of charge neutralizing hvdroxyls or
sereening by water molecules in the CeX
case. This lack of water or extra-framework
oxygen is the result of performing the cal-
cination in a nitrogen atmosphere which
was generated by passing a stream of N.
gas over the sample. This procedure thus
removed all the steam produced from heat-
ing the initially hydrated sample and pre-
vented the trapping of an oxygen specice:
in site U. Caleculations of the coulombic
energy resulting from having three Ce®
cat'ons in each sodalite cage and consider-
ing only interactions of these ions with
each other and with the net 36 oxvgen
atoms which serve as nearest neighbors
show that indeed this distribution is a
stable one, since there is a net attractive
energy of 2.9 cal/sodalite unit. This cal-
culation is based upon a rough model which
divides the 88 available negative charges
over the 384 available oxygen atoms: thus
giving each oxygen atom a net nega‘ive
charge of 0.229 e. Performing the same type
of calculations for Smith’s L.aY, where now
cach oxygen would have net a negative
charge of 0.142 e, indicates that a net re-
pulsive force would exist without the hy-
droxy! ions at site U. In view of the above

+h
Le

+3
=

aq

2 C + H2O +1/20

calculations one must assume that electro-
static considerations play an important
role in determining the resulting ecation
distribution.

The cation distribution of CeX calcined
in air is not much different from that of
the N. caleined material. Since there are,
per unit eell, 3.2 and 23.7 cations in S1 and
S2 sites, the only difference is the lack of
cerium ions in S5. On the average six non-
framework oxygen atoms are distributed

2 dehydration
oxidation
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over the eight available U positions. Since
at least 50% of the cerium ions have been
oxidized to the 44 state, the charge density
is higher in this case as compared to Ce**X.
One could rationalize the results by the
following argument: since caleination was
done in air in a muffle furnace, water was
not excluded from site U as in the Ce*X
zeolite. These oxygen species which occupy
the U positions along with the greater
cationic separation compensate for the ad-
ditional charge density and thus allow es-
sentially the same ecationie distribution.
Electrostatic caleulations of the type used
above and assuming all cerium ions exist
in the 44 state, indicate again that a hy-
droxyl ion is necessary in U, sinece without
it a net repulsive force results and with it
a net attractive force exists. These results
reemphasize the importance of electro-
static interactions and also give support to
the proposal of Rabo et al. (8) that the
presence of water or hydroxyl groups add
to the structural stability of the sieve
(LaY in their case) through the formation
of a RE-OH (or 0*)-RE complex within
the sodalite cages.

The following reactions could reflect the
processes oceurring during the calcination
in a’r of the hydrated CeX zeolite: during
caleination a dehydration and partial oxi-
dation process take place. Due to the high
charge of the oxidized certum ion, it is
highly probable that an ion of the type
(CeOH)* will result. This process is de-
seribed by the following scheme:

2 (CeOH +3
aq

As previously mentioned, the presence of
hydrolyzed ionic species in faujasite type
zeolites has been already indicated by
Smith et al. (9) for LaY. The probability
for the existence of such an ionic species
will obviously increase with increasing
positive charge of the cation. The (CeOH)**
ions located in the sodalite cage could, in
turn, interact with nonoxidized cerium ions,
resulting in cerium-oxygen complexes, as
shown in the following schemes:
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Ce
(ceoH|*? +2ce?? —5 OH,
Ce TCe
sodalite
cage
or C‘e
2 ceoH) 3 4 ce?d — O, + H0
ce” ‘Ce
sodalite
cage

The formation of (CeOH)?* ions and their
interaction with (CeOH)3* ions should also
be taken into consideration.

Since on the average there are only 3
cerium cations/sodalite cage in both these
samples and 14 or less cerium ion/D6MR,
the most probable distribution would be
for site S1 to be occupied by cerium when
the corresponding S2 site is not. This dis-
tribution prevents any cerium to cerium
distance of less than 4.2 A.

The resemblance of Ce3*X (N, calcined)
to (Ce*, Ce**)X (air calcined) ends with
the cationic distribution. As mentioned
above, the greater cationic repulsion in the
Ce** case, which resulted in an increase of
the Ce-Ce distance from 4.23 A in the N,
calcined material to 4.82 A in the air cal-
cined case, is probably the cause of the
large distortions which occurred in the
faujasice framework. These distortions
were of such a nature as to decrease the
amount of puckering in the six-membered
rings which comprise the sodalite cages
and are shown in Fig. 4. The mutual re-
pulsion of the Ce** ions can alternatively
be described as a recession of these ions
into the six-membered rings of the hexa-
gonal prisms. The recession causes an
opening of these rings as displayed by the
increase of the O(3) to O(3) distance from
3884 in Ce**X to 443 A& in (Ce*, Ce*)X.
The cerium ion in 82 is 1.23A from the
plane of the three O(3) atoms in the N,
caleined material and 0.88 A in the air
calcined material. Assuming a 1.40 A radius
for oxygen, the opening in the 6MR leading
into the hexagonal prism, as measured by
the effective opening defined by these three
O(3) atoms, has increased from a radius
of 0.8 to 1.16 A. In addition, this shift in
the O(3) position has resulted in a

lengthening of the cerium in S1 to O(3)
distance to 3.09 A.

In summary, this work has shown that
the structures of the Ce**X sieves are some-
what different from that of La®X and that
the cation positions observed for a par-
ticular sample depend upon the previous
treatment of the sample. Also, as one would
expect the structure of the sieve is altered
significantly when the cerium is oxidized
to the tetravalent state.
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