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The structure of a carbon monoxide adduct of cobalt-exchanged zeolite A, C052SNaI.rA . 1 X0, has 
been determined by Rietveld neutron profile refinement. The space group used was Fm% with a = 
24.1557( 14) A; the final R,, was 13.8%. All exchangeable cations are located in sites adjacent to the 6- 
rings; 3.75 of the cobalt cations sit 0.4 A inside the P-cage (CO(~)) and are arranged tetrahedrally about 
the eight 6-ring sites in the P-cage. The sodium cations (Na(1)) reside just inside the o-cage in sites 
similar to those found previously for zeolites 3A, 4A, and 5A. The remaining 1.5 cobalt cations (Co(l)) 
are located in sites similar to those for sodium, but they are also coordinated to the carbon monoxide 
molecules, which lie on, or close-to, the threefold axis which passes through the 6-ring. Inside the p- 
cage there is a tetrahedral aluminum complex of AlO type, the oxygen atoms (0*) of which point 
toward six rings not occupied by cobalt cations, CO(~). Each of the oxygen atoms of this complex is 
involved in a hydrogen bond (2.83 A) to the 6-ring oxygen O(3). Approximately 2/3 of these bonds are 
of type 0*-H* *O(3) and l/3 of type O*. . .H-O(3). 6 1984 Academic Press, Inc. 

Introduction 

Riley and Seff (1) studied the structure of 
a dehydrated partially cobalt-exchanged 
zeolite A (Co,N%-A) and its carbon mon- 
oxide sorption complex using single-crystal 
X-ray diffraction data. The structure deter- 
minations were carried out in space group 
Pmm (a = 12.3 A), which is a first approxi- 
mation to the true structure. Two ex- 
changeable cation positions were located. 
Both Co( 1) and Na( 1) were found to be trig- 
onally coordinated to the O(3) atoms of the 
6-rings with Co(l) projecting slightly into 
the a-cage (large cavity) while Na(1) pro- 
jected into the P-cage (sodalite unit). It was 
suggested that inter-cobalt ion interactions 
would be minimized if the Co2+ ions were 
distributed tetrahedrally over the 8 possible 
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6-ring sites in each a-cage. The carbon 
monoxide molecule was found to interact 
with Co2+, but not Na+, and lie along the 3 
axis. The observed Co( 1)-C(l) bond length 
was 2.29(16) A, while sorption of the gas 
caused Co(l)-O(3) to increase from 
2.077(18) to 2.113(13) A. The C(l)-O(4) 
bond length of the carbon monoxide mole- 
cule was 1.07( 16) A compared to - 1.15 8, 
usually found in cobalt carbonyls (2) and 
1.128 A in gaseous CO. In the dehydrated 
structure Riley and Seff (I) noted small 
electron density peaks at the center of the 
P-cage and at positions -2 A away along 
[ll l] at x = y = z = 0.09. In the sorption 
complex only the origin peak was ob- 
served. These small peaks were not in- 
cluded in the model, but Riley and Seff 
(I) concluded that they were due to a 

0022-4596/84 $3.00 
Copyright D 1984 by Academic Press, Inc. 

All rights of reproduction in any form reserved. 



210 ADAMS AND HASELDEN 

small amount of hydrated Co2+ in an octa- 
hedral arrangement, trapped in the p- 
cage. 

It was decided to reinvestigate the struc- 
ture of the carbon monoxide adduct of Co- 
A using Rietveld profile re@ement meth- 
ods in space group Fm3c for several 
reasons. First, as a test of the profile refine- 
ment method itself. This adduct is some- 
what more complicated than the dehy- 
drated ion-exchanged samples of zeolite A 
studied to date (3-7). Second, previous re- 
finements of zeolite A samples using Pm%n 
have on occasion given results which have 
been shownJo be spurious when refine- 
ments in Fm3c have been performed (see, 
e.g. (8, 9)). Now, although Fm% is only an 
approximation to the correct space group- 
it is the group of the aluminosilicate frame- 
work undistorted by exchangeable cations 
and guest species-it is known to be a 
rather better approximation than Pm?m 
(10). Third, it was considered that neutron 
diffraction might help elucidate the nature 
of the species found inside the P-cage. X- 
Ray studies by Pluth and Smith on Ca-A 
and Sr-A (II, 12) have suggested “A104”- 
type materials, but whether the 0 is present 
as 02-, OH-, or OH2, or indeed as a mix- 
ture of these could not be determined from 
the X-ray data. Finally, in our previous 
studies on 3A, 4A, and 5A zeolites (3-5) 
the Na+ cations bonded to the 6-ring were 
found just inside the a-cage, rather than the 
P-cage. We hoped to clear up this discrep- 
ancy between our previous studies and 
those of Riley and Seff (I). A preliminary 
structural study was made on the cobalt- 
exchanged zeolite itself-CoJ.25Nat.rA. 
This showed two scattering density maxima 
along the 3 axis near the 6-ring. The peak 
inside the P-cage was much larger than that 
inside the a-cage, suggesting strongly that 
the Co2+ ions were the species present in- 
side the P-cage, with the Na+ cations in- 
side the a-cage (5.25 X bco = 1.47, 1.5 x 
bNa = 0.52). 

Experimental 

The sample used in this study was de- 
rived from a commercially available 4A 
zeolite manufactured by Union Carbide 
(Linde). Ten grams of the zeolite was ion- 
exchanged using 5 dm3 of 0.02 mole dmm3 
cobalt(I1) nitrate solution for 23 hr at 82°C 
with constant stirring. The pH of the solu- 
tion was -5.8 when measured at room tem- 
perature. The resultant purple solid was 
washed twice with 5 dm3 of deionized water 
to remove excess exchanging salt. Subse- 
quent drying in a vacuum desiccator 
yielded a blue powder which turned pink on 
exposure to moist air. Silicon and alumi- 
num were determined by gravimetric pro- 
cedures (3) and residual sodium was ana- 
lized by atomic absorption spectrometry. 
The cobalt content of the zeolite was mea- 
sured by atomic absorption, EDTA titra- 
tion, and calorimetry using the red complex 
formed with nitroso-R salt (sodium l-ni- 
troso-2-hydroxynaphthalene-3,6-disulfo- 
nate). Water was determined using thermo- 
gravimetric analysis. The Si/Al ration was 
found to be 1.02 + 0.02 and therefore the 
framework of the zeolite was stoichiome- 
tric within the analysis limit (14). The final 
composition was Co~2Na&%41~03~~ * 
36H20. 

The neutron powder diffraction data 
were collected on the high-resolution dif- 
fractometer DlA at the Institut Laue- 
Langevin, Grenoble (15). Five grams of the 
zeolite powder were loaded into a 16-mm- 
diameter vanadium sample can and dehy- 
drated in the Dl A vacuum furnace at 320 + 
2°C and 5 x 10e4 Torr for 18 hr. The sample 
was then allowed to cool under vacuum to 
-250°C. At this temperature the carbon 
monoxide gas was introduced into the fur- 
nace at - 1140 Tort-. The sample was equili- 
brated with the gas in the cylinder for 2 hr 
while cooling to room temperature oc- 
curred. The furnace and sample were then 
sealed before data collection commenced. 
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Because the sample was prepared in situ no 
independent determination of the carbon 
monoxide content of the sample was made. 
The diffraction data were collected from 
6.04 to 158.04” (28) for 22 hr at a neutron 
wavelength of 1.909 A. The background 
was estimated by linear interpolation from 
regions where no Bragg scattering oc- 
curred. The peak intensities were found to 
be less than the statistical scatter of the 
data points beyond 131” (28) and the data 
set was therefore truncated at this value 
(0.03 < sin 8th < 0.476). Peaks which oc- 
curred below 20” (28) were found to suffer 
from slight asymmetry and this portion of 
the diffraction trace was omitted from the 
refinement, as was found necessary in pre- 
vious studies (3-5). 

Structure refinement was carried out us- 
ing the Rietveld technique (16, 17) with the 
programs of Hewat (18, 19). The scattering 
lengths used were taken from the “Interna- 
tional Tables for X-Ray Crystallography” 
(20). A total of 377 reflexions contributed to 
the profile intensity between 20 and 131” 
(28) when using a 24.6-A cell. 

Structure Refinement 

A preliminary refinement was carried out 
in space group Pm3m using the framework 
coordinates of Riley and Seff (I) as a start- 
ing model. Refinement of all the atom coor- 
dinates and isotropic thermal parameters 
gave R,, = 24.6% and introduction of an- 
isotropic thermal parameters lowered this 
to 21.3%. 

After transforming the coordinates, re- 
finement was begun in space group Fm% 
(with a = 24.6 A). Refinement of all the 
coordinates and isotropic thermal parame- 
ters gave R,, = 26.5%. A difference 
Fourier map calculated at this stage re- 
vealed three peaks of scattering density on 
the 3 axis at x = y = z values of -0.08,O. 11, 
and 0.16 (Fig. 1). These peaks were inter- 
preted as being due to CO(~), Co( l)/Na(l), 
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FIG. 1. F,, projection of the scattering density along 
[ill]. The dashed line indicates the intersection of 
[l 1 l] with the plane of the 6-ring. 

and C(1) (of the carbon monoxide mole- 
cule), respectively. The oxygen atom of the 
carbon monoxide molecule was not re- 
solved in this difference plot either on, or 
just adjacent to, the 7 axis. A suitable posi- 
tion for this oxygen atom O(4) was calcu- 
lated 1.07 A along the 5 axis from C( 1) (see 
Ref. (I)). Introduction of atoms at all of 
these sites (except Na(1)) reduced R,, to 
21.0%. Inclusion of Na(1) at a site equiva- 
lent to that found previously for Linde 4A 
(x = y = z = 0.10102) and a refinement with 
anisotropic thermal parameters for the 
framework atoms reduced R,, to 17%. A 
second difference Fourier map showed 
peaks inside the P-cage at the origin and at x 
= y = z = 0.041, i.e., the central atom ap- 
peared to be surrounded in cubic fashion by 
eight equivalent species. These peaks were 
considered to derive from two disordered 
tetrahedral entities of AlO type, each ac- 
counting for half of the central peak inten- 
sity and four of the eight peaks lying on the 
5 axes. This type of arrangement has been 
found previously by Pluth and Smith in de- 
hydrated Ca-A (II) and Sr-A (12). Refine- 
ments were carried out with increasing 
amount of aluminum (Al*) and oxygen (O*) 
until a positive isotropic thermal parameter 
was obtained for Al*. It appeared that -3/4 
of the P-cages were occupied by the 
“A104” ions; R,, decreased to 14.4%. 

In the next stage of refinement, the occu- 
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panties of Co( 1) and CO(~) were adjusted so 
that their thermal parameters were approxi- 
mately equal; this yielded 12 Co(l) and 30 
CO(~) cations per unit cell. The site occu- 
pancies of C(1) and O(4) were constrained 
to be equal to that of Co(l). 

Since the exact identity of the “A104” 
species in the P-cage had not previously 
been established, a further Fourier differ- 
ence map was calculated and searched in 
the region of the oxygen atoms. Minima in- 
dicative of hydrogen atom positions were 
located along the line from 0* to the frame- 
work oxygen O(3). Figure 2 shows a one- 
dimensional Fobs trace along 0*-O(3). There 
are two minima, approximately 1 A from 
0* and O(L)), respectively. Since rotation 
around the 3 axis gives only three lines on 
which there are hydrogen atoms (0*-O(3), 
0(3’), 0(3”)), the possibility that the oxygen 
atoms 0* are constituent parts of water 
molecules can be ruled out. The 0” atoms 
must, on the whole, be part of OH groups, 
although the possibility of a small percent- 
age of 02- ions cannot be dismissed. 

A totally free refinement of all atomic 
species present at this stage proved impos- 
sible, so Al*-0” was fixed at 1.80 A-the 
distance found in the hydroxide (12). In ad- 
dition, Na(l)-O(3) was constrained to the 
bond length found in our previous refine- 

FIG. 2. One-dimensional F&, projection along the line 
between 0* and O(3). The two minima correspond to 
hydrogen atom positions. 

ment of Linde 4A, while C(l)-O(4) was 
constrained at 1.17 A, the value found in 
Co~(CO)i&H (21). Hydrogen atoms were 
added to the refinement, H*(l) bonded to 
0* and H*(2) bonded to O(3). Both atoms 
were constrained to be 1 .O 8, from their ox- 
ygen neighbor and their site occupancies 
were adjusted until the thermal parameters 
for these sites had similar values. The final 
R,, obtained with this model was 13.8% 
with R, = 15.8%, which is as close to the 
expected R-factor based on counting statis- 
tics (11.4%) as is usually found in this type 
of refinement. 

Final atomic parameters are given in Ta- 
ble I; the bond distance and angle formation 
appears in Table II. The observed and cal- 
culated diffraction profiles are given in Fig. 
3. 

It was noteworthy that examination of 
the separated Fobs and Fcalc values at the 
end of the refinement showed that many re- 
flexions of type (odd, odd, odd) had signifi- 
cant intensities, e.g., 531, 731, 973 and 11, 
7, 5. This suggests that the choice of space 
group Fm3c was indeed more appropriate 
than Pm?m. 

Discussion 

In addition to the usual complexities 
found in dehydrated zeolite structures, 
such as incomplete cation exchange, this 
sorption complex contained carbon monox- 
ide and the aluminum complex found in the 
P-cages. Since totally free refinements 
proved impossible, it was necessary to con- 
strain some of the bond lengths to fixed val- 
ues. As a result, there were only three more 
refineable parameters than were used in the 
refinement of the 4A structure (3). The rela- 
tively high value of the expected R-factor 
(11.4%) is due, first, to some framework 
damage resulting from hydrolysis during 
the ion-exchange procedure, and second, to 
the presence of some hydrogen atoms in the 
structure. Both of these factors create high 



TABLE I 

FINAL POSITIONAL AND THERMAL PARAMETERS FOR Co5.2SNa1.S-A CARBON MONOXIDE COMPLEX IN Fdc 

Site Position Population x Y  I P or PI1 Pn P33 PI2 PI3 023 

Si(l) 

Al(l) 
Co(l) 
COG3 
t+(l) 
O(1) 
O(2) 
O(3) 
C(1) 
O(4) 
Al’ 
0* 

H*(l) 

6w 
w3) 

S(b) 
Wg) 

% 0 0.0927(S) 0.1836(6) 42(4) 
% 0 0.1828(6) O.O9Q6(7) 7~2) 
12 0.1067(6) 0.1067(6) 0.1067(6) 16(10) 
30 0.0804(7) 0.0804(7) 0.0804(7) 18CV 
12 0.1172 0.1172 0.1172 91(45) 
% 0 0.0959(3) 0.2490(5) 35(Z) 
% 0 0.1489(S) 0.1499(j) 35(l) 

192 0.0543(3) 0.0573(3) 0.1589(2) 24(Z) 
12 0.1552(10) 0.552(10) 0.1552(10) 28(4) 
12 0.1832(10) 0.1832(10) 0.1832(10) 72(3) 
6 0 0 0 6.5(10) 

24 0.0430 0.0430 0.0430 16(l) 
16 0.0470 0.0480 0.0839 5(Z) 

8 0.0503 0.0502 0.1178 3(4) 

l(2) 19(3) 0 0 -4(2) 
9(3) 33(4) 0 0 20(3) 

16(10) 1WO) -23(6) -23(6) -23(6) 
18(3) l&3) 5(3) 5(3) 5(3) 
91(45) 91(45) 89(46) 89(46) 89(46) 

33(Z) 15(l) 0 0 20(3) 
21(3) 9(2) 0 0 Wl) 
22(Z) 3X2) 14(l) - X2) -11(2) 

28(4) 28(4) 216) 7-l@) 7-l(6) 

Note. Anisotropic displacement factor given by lo” exp(h*gll + k2/322 + I>& = 2hkplz + 2hlpll + 2k&); R, = lWX.jy(obs) - (l/c)y(calc)(/ 

Zly(obs)l, R,, = lOO[G-(y(obs) - (Ilc)y(calc))*~(y(obs))zl”*. where w is the weight at each 20 step and y(obs) and y(calc) are the observed and 
calculated intensities at that point: c is the scale factor. 

TABLE II 

BOND DISTANCES&AND ANGLES (")FOR Co_5.25Na,.rA CARBON MONOXIDE 
COMPLEX IN Fm3ca 

.%(1)-O(2) 1.582(16) O(l)-Si(1) -O(2) 

%(1)-O(l) 1.582(19) O(l)-Si(1) -O(3) 

Si(l)-O(3), O(3”) 1.677(11) O(2)-Si(1) -O(3) 

Al(l)-O(2) 1.653(19) O(3)-Si(1) -0(31”) 

Al( l)-O( lix) 1.654(19) O(l’X)-Al(l) -O(2) 

Al(l)-0(3”), O(3’) 1.735(12) O(l’“)-Al(l) -0(3”) 

Co(l)-O(3), 0(3’), O(3”) 2.147(17) O(2)-Al(l) -0(3”) 

Co(l)-O(2), 0(2’), O(2”) 2.963(17) 0(3”)-Al(l) -0(33 

CO(~)-O(3), 0(3’), O(3”) 2.072(17) Si(l)-O(1) -Al(l’“‘) 

Co(2)-O(2), 0(2’), O(2”) 3.055(17) Si(l)-O(2) -Al(l) 
Na(l)-O(3), 0(3’), O(3”) 2.327 Si( 1)-O(3) -Al( 1’) 

Na(l)-O(2), O(Zi), O(Zil) 3.038 O(3)-Na(1) -0(3’) 
Co(l)-C(1) 2.03(3) O(3)-Co(l) -0(3’) 

C(l)-O(4) 1.17 O(3)-CO(~) -0(3”) 
A,*-O* O*“’ (,*“I 3 > 3 

o*w 1.80 O(3)-Co( 1) -C( 1) 
0*-H*(l), H*(l’), 

H*(l”) 1.00 O*-Al* -O*“’ 

0*-o(3), 0(3’), O(3”) 2.83 AI*-O* -H*(l) 
0*-H*(2), H*(2’), 

H*(2”) 1.83 O*-H*(l)-O(3) 
0(3)-H*(l) 1.83 O(3)-H*(2)-O* 

0(3)-H*(2) 1.00 

Symmetry code 

(i) z, x, Y (VI -y. z, x 

(ii) Y, z, x (vi) --x, y, -z 
(iii) x, -y. -z (vii) --x, -y, z 

(iv) --x, Y, z (viii) --x, z, t - y 

(ix) x, t - z, y 

118.0(9) 

112.5(6) 
104.8(6) 
102.9(7) 

115.1(10) 
111.9(6) 
105.8(7) 

105.6(9) 
172.6(8) 
150.5(10) 

132.9(7) 
98.3 

110.0(7) 
116.3(8) 

108.9(10) 

109.5 
134.1 

180.0 
180.0 

a The e.s.d’s in the last figure are given in parentheses. 
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FIG. 3. Cobalt 4A C-O complex at 300 K on the high-resolution diffractometer DIA. Observed (...) 
and calculated (-) neutron diffraction patterns, together with difference plot, for the title compound. 

backgrounds, with relatively poor counting creasing ionic radius and increasing ionic 
statistics. charge. 

Framework Structure Aluminum Complex 

The mean Si-0 and Al-O bond length 
show the bimodal distribution expected of 
alternation of Si and Al tetrahedra. How- 
ever, the mean bond lengths (1.63 and 1.70 
A) are just significantly different from those 
expected for “pure” Si-0 and Al-O bonds 
(1.60 and 1.74 A, respectively). Moreover, 
the tetrahedra are rather distorted, for rea- 
sons which are not totally clear, but may be 
connected with the low scattering power of 
Si, Al for neutrons and the consequent 
large e.s.d.‘s for the positions of these at- 
oms. Significantly, perhaps, the average 
(Si, Al)-0 bond lengths obtained by Riley 
and Seff (I) (Table III) show the same trend 
as that found here with (Si, Al)-O(l), O(2) 
shorter, and (Si, Al)-O(3), longer than ex- 
pected. If we compare the distances from 
the centroid of the 6-ring (denoted CEN) to 
the O(2) and O(3) framework oxygen sites 
in this structure and those of zeolites 4A(3) 
and 3A(4) we observe a decrease in CEN- 
O(3) and increase in CEN-O(2) with de- 

The complex at the center of the P-cage 
could have formed in one of three ways. 
First, it could be due to occluded sodium 
aluminate trapped in the framework during 
synthesis of the parent 4A zeolite. Second, 
it could be a remnant [Co(H20),]*+ species 
trapped during ion-exchange as suggested 
by Riley and Seff (I), and third, it could be 
hydrated or hydroxylated aluminosilicate 

TABLE III 

BOND DISTANCES (A) FOR 
Co4Nh-A . 4C0 (RILEY AND 

SEFF (I))IN Pmjm 

(Si, Al)-O( 1) 
(Si, Al)-O(2) 
(Si, Al)-O(3) 

Co(l)-O(3) 
Co( 1)-O(2) 
Na(l)-O(3) 
Na( 1)-O(2) 
Co(l)-C(1) 

C(l)-O(4) 

1.611(6) 
1.634(8) 
1.701(8) 
2.113(U) 
2.948(18) 
2.126(15) 
3.081(16) 
2.29(16) 
1.07(16) 
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species formed during the ion-exchange 
procedure. 

Occluded aluminate can be ruled out 
since the sample used here was prepared 
from a batch of Linde 4A whose structure 
has been determined (3) and does not con- 
tain any complex in the P-cage. A hydrated 
cobalt species is also unlikely since such a 
complex would have been destroyed on de- 
hydration. The third possibility therefore 
seems the most likely. Pluth and Smith 
have previously suggested species such as 
(AIXSil-x)O~X or (Al,Si,-,)OdH, as the entit- 
ies found in the P-cages in Ca-A and Sr-A 
samples (II, 12). Since there is considera- 
ble evidence that aluminum is more readily 
extracted from zeolite frameworks than sili- 
con (22) and forms mobile species at low 
levels of hydrolysis, we have assumed the 
metal ion in the complex to be Al. More- 
over, since the oxygen atoms of the com- 
plex lie along the ?; axes, the environment 
around Al is cubic: we have interpreted this 
in the same way as Pluth and Smith (11, 12) 
as being due to a tetrahedral ion which has 
two possible orientations. The identity of 
the oxygen species of this complex has not 
previously been determined, but could be 
02-, OH-, OH2, or a mixture of these. If 
02- were present there would be no evi- 
dence of hydrogen atoms nearby, whereas 
(since the oxygen lies on a threefold axis) if 
OH- were present there should be three hy- 
drogen positions, each -1 A from 0” and 

a 

lying along the 0*-O(3) direction since this 
bond has a typical hydrogen-bonding dis- 
tance of -2.8 A. If water molecules were 
present, six hydrogen positions would be 
likely to be found on rotation about the 
[ 11 l] direction. 

From the difference Fourier maps it was 
found that OH- were the species present. 
However, the site occupancies for the hy- 
drogen atoms showed -213 of a hydrogen 
atom per 0* oxygen bonded to 0* (i.e., 
H*(l)) with --l/3 of a hydrogen atom per 0* 
oxygen atom bonded to O(3) (i.e., H*(2)). 
For -2/3 of the 0* oxygen species, then, 
we have OH- and -l/3 of the time 0* is 
02- which is hydrogen-bonded to hydrogen 
atom attached to O(3) (Fig. 4). 

Exchangeable Cation Positions 

All of the exchangeable cations have 
been located in 6-ring sites and no evidence 
of scattering density in the 8-ring was ob- 
served. 

The scattering density along the 7 axis, 
near the plane of the 6-ring, consists of two 
separate peaks (Fig. 1) of which the larger 
lies on the P-cage side and the smaller on 
the a-cage side of the 6-ring. Three cation 
positions have been proposed to model the 
observed scattering density based on the 
following criteria. First, in the preliminary 
refinement of our sample of dehydrated 
Co-A the majority of the cobalt cations 
were located on the P-cage side of the 6- 

FIG. 4. (a) AI complex and (b) Al(O). . .H complex. Hydrogen-bonding arrangement around 
the Al complex found in the P-cage. Two extremes are shown. Of the two alternative hydrogen 
positions, that bonded to the Al-0 fragment has an occupancy of -2/3 of that of the oxygen to which it 

is bonded while the occupancy of the other is -l/3, i.e., for any particular bond, -2/3 of the time there 
is Al(OH). . .0(3) and -l/3 of the time there is AI(O). . .H0(3). 
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ring and scattering density at this same site 
was confirmed early in the refinement of the 
present structure. Second, in our previous 
studies on zeolites 3A(4), 4A(3), and 5A(5) 
we have found sodium cations located in 
the 6-ring a-cage site, while none have been 
found in the P-cage site. Moreover, this sit- 
uation also exists in the dehydrated Co-A 
structure. Third, it was not considered 
likely that there would be any strong inter- 
action between sodium ions and CO mole- 
cules. This suggests that upon exposure to 
CO gas, some Co ions previously just on 
the P-cage side of the 6-ring might move 
through the ring to a-cage sites in order to 
bond to the CO molecules. Various con- 
straints exist upon atom populations in 
these sites. The total number of sodium 
ions is known as is the total number of co- 
balt ions. Moreover, the number of cobalt 
ions in the a-cage site must be equal to the 
number of CO molecules. These consider- 
ations result in describing the scattering 
density peak on the a-cage site by two cat- 
ions positions (one sodium, one cobalt). 
These positions are highly correlated and, 
for this reason, the position of Na(1) was 
constrained. 

CO(~) lies just on the P-cage side of the 6- 
ring: it projects 0.14 A into the P-cage and 
is in near-trigonal planar coordination to 
O(3). Because of the presence of the Al 
complex in the P-cage these cobalt ions are 
constrained to take up a tetrahedral distri- 
bution over the 6-ring P-cage sites, occupy- 
ing 6-rings which do not have 0* atoms 
pointing toward them, otherwise CO(~)-0* 
would only be 1.56 A. Occupancy of alter- 
nate 6-rings by CO(~) and P* results in a 
CO(~)-0* distance of 3.24 A. 

Co( 1) lies on the a-cage 6-ring site in near 
tetrahedral coordination to O(3), 0(3’), 
0(3”), and C( 1). The Co( 1)-C( 1) distance of 
2.03 A is larger than that usually found in 
cobalt carbonyls (1.75-1.79 A). The rea- 
sons for this are described by Riley and Seff 
(I), but basically arise from coordination of 
CO to Co2+ rather than Coo. Co2+ is a d7 ion 

and the ligand field stabilization energies 
disfavor the tetrahedral configuration over 
the octahedral one to a lesser extent than 
other d-electron arrangements. Co( 1) is in a 
stable environment, especially compared 
with the trigonal planar arrangement of 
Co(2). 

Carbon Monoxide 

The relative lack of scattering density 
from O(4) in Fourier maps indicates that 
this oxygen atoms is either undergoing a 
high degree of thermal motion, or is posi- 
tionally disordered, or both. The large ther- 
mal motion might be expected since the 
nearest neighbor (apart from C(1)) is O(4) 
on an adjacent CO molecule 4.5 A away 
(Fig. 5). Moreover, the Co2+-C-O bond 
could well be bent: M-C-O angles are com- 
monly found between 165 and 179” (23). 
Since the molecule lies along a threefold 
axis, any deviation of O(4) away from this 
axis would generate three equally probable 
positions for O(4). 

The (Cl)-O(4) distance was fixed at the 
value observed in COS(CO)&H (21). 
However, it should be noted that Angel1 
and Schaffer (24) have studied CO sorbed 
on X and Y zeolites and found an increase 
in the C-O stretching frequency of -60 
cm-’ which implies some shortening of the 
bond from that found for CO bonded to 
neutral atoms. 

Protons Derived from Hydrolysis of 
Zeolite Framework during Ion Exchange 

We have found no evidence of H+ in this 
structure, apart from that associated with 
the “AlOb” complex found in the P-cage. 
Six of these complexes exist per 24-A cell 
and resonance occurs between situations 
corresponding to [Al(OH); . . . O<l and 
[Al(OHh . . . HO+<]. It should be born 
in mind, however, that crystallographic 
studies would only find evidence of free 
protons if these positions were ordered 
over many unit cells. 
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FIG. 5. Plot of nearest neighbor atoms for the exchangeable cations (shaded)+ Sites in cobalt C-O 
complex: (a) Na(1); (b) CO(~); (c) Co(l). The oxygen atoms to which these cations are bonded are O(3), 
0(3’), O(3”). 
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