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Abstract

The crystal structure of a bromine sorption complex of vacuum-dehydrated Ag® and Ca®*
exchanged zeolite A (4=12.234(1) A) has been determined by single-crystal X-ray dif-
fraction methods in the cubic space group Pm3m. The crystal was prepared by flow method
using exchange solution in which mole ratio of AgNO, and Ca(NO,), was 1:150 with a total
concentration of 0.05 M. The crystal was dehydrated at 360°C and 2% 10° Torr for 2 days,
followed by exposure to 180 Torr of Br, vapor for 20 min. Full-matrix least-squares re-
finements converged to the final error indices of R,=0.111 and R,=0.101 using 90 re-
flections for which I>30(I). About 3.1 Ag" ions and 4.45 Ca® ions lie on the two crys-
tallographically nonequivalent three-fold axes associated with 6-ring oxygens. A total of six
bromine molecules are sorbed per unit cell. Each bromine molecule approaches a_frame-
work oxide ions axially (Br-Br-O=171(2)°, O-Br=3.25(6) A; and Br-Br=2.61(8) A) by a
charge-transfer interaction.
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Introduction maintained inside a pyrex capillary throughout

lon-exchange, dehydration, and sorption process,

Zeolite are high capacity and highly selective  without being exposed to the atmosphere or to
sorbents due to the presence of channels in their  solvent interferences. Therefore, a large number
structures. A zeolite single crystal can readily be  of sorption complexes can be studied in the com-
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plete absence of competitive ligands. The struc-
tural informations of absorbed guest molecules in
the inner surface of the zeolite A have been ob-
tained by X-ray crystallo- graphic methods.

The crystal structures of a bromine sorption
complex of Naj-A and of a similar iodine sorp-
tion complex of CaNas;Al,” have been reported.
In the crystal structure of a bromine sorption
complex of Naj-A,*? about six bromine molec-
ules per unit cell were sorbed. However, it was
reported that these bromine molecules interacted
neither with the anionic framework nor with the
eight of the 12 Na" ions which were located.

Several structures of Brz and Clz sorption com-
plexes of Ag™,? Bu(I)-,” and Co(Il)-exchang-
ed? zeolite A have been determined. When Br:
gas was sorbed onto a single crystal of vacuum-
dehydrated Agi-A,” six bromine molecules are
sorbed per unit cell; 3.6 Br» molecules coor-
dinate to draw the 3.6 of the eight 6-ring Ag"
jons into large cavity, and 2.4 Br; molecules
form charge transfer complexes with frame-
work oxygen (O-Br-Br=174(4)°).

In the structures of chlorine sorption com-
plexes of Eu(ID)-exchanged zeolite-A® and Ag'-
exchanged zeolite A, chlorine gas is reported to
oxidize Eu(I) to Eu(IV) and hexasilver to AgCl
In the latter structure, an additional six chlorine
molecules are sorbed per unit cell (O-ClI-Cl=
166(2)". When Cl; gas was sorbed onto a single-
crystal of vacuum-dehydrated Co4Nas-A, chlo-
rine” molecules coordinated to the Co(ID) ion in
a bent manner. The chlorine molecule is es-
sentially basic with respect to the hard acid Co
(II) and the Cl-Cl bond is lengthened by a large
amount, approximately 0.5 A upon complexation.

This work was undertaken to investigate
bromine sorption by dehydrated Ag" and Ca*’
jon-exchanged zeolite A and to determine the
positions of sorbed bromine molecules.

Experimental Section

Crystals of zeolite 4A were prepared by the
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inclusion of seed crystals from the previous pre-
paration. A single crystal of zeolite 4A (Nai-A),
0.085 mm on an edge, was selected and lodged
in a fine glass capillary. The crystal was pre-
pared by using exchange solution in which mole
ratio of AgNOs (Aldrich, 99.999%) and Ca(NOs),
(Aldrich, 99.999%) was 1:150 with a total con-
centration of 0.05 M. The single crystal was
then ion-exchanged by the flow method. The ex-
change solution was allowed to flow past the
crystal at about 1.2 cm/sec for three days.

After the single crystal was ascertained that
it was wedged firmly between the capillary
walls, the tip of the capillary was sealed with a
small flame by torch. The capillary tube was
then attached to the line of pyrex vacuum sys-
tem. The clear, colorless, hydrated Ag* and Ca*"-
exchanged crystal was dehydrated for 2 days at
360°C and 2x10° Torr. To prepare the bromine
sorption complex, the crystal was treated with
180 Torr of zeolitically dried bromine vapor.
The colorless, dehydrated crystal immediately
became dark red and continued to darken with
time. After about 20 min at 24°C, the crystal,
still in its bromine atmosphere, was sealed in its
capillary by torch.

X-ray Data Collection

The cubic space group Pm3m (no systematic
absences) was used instead of Fm3c for reasons
described previously.'*” Preliminary crys-
tallographic experiments and subsequent data col-
lection were performed with an automated, four-
circle Enraf Nonius CAD4 diffractometer e-
quipped with a graphite monochromater and a
PDP micro 11/73 computer. Molybdenum Kot ra-
diation (Ko, A=0.70930 A; Ko2, A=0.71359 A)
was used for all experiments. The unit cell con-
stant, as determined by a least-squares re-
finement of 25 intense reflections for which 19°
<20<24° was 12.234(1) A. Reflections from two
intensity- equivalent regions of reciprocal space
(hkl, h<k<I: hlk, h<I<k) were examined by us-
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ing the ®-20 scan technique. The data were col-
lected by using variable scan speeds. The max-
imum final scan time is 5 min per one reflection.
Most reflections were observed at slow scan spe-
eds, from 0.15 to 0.26 deg min™ in ®.

The intensities of three reflections in diverse
regions of the reciprocal space were recorded
every 3 h to monitor crystal and instrument sta-
bility. For each region of the reciprocal space,
the intensities of all lattice points for which 26
<70° were recorded.

The raw data for each region were corrected
for Lorentz and polarization effects due to in-
cident beam monochromatization; the reduced
intensities were merged and resultant estimated
standard deviations were assigned to each ave-
rage reflection by the computer programs,
PAINT and WEIGHT."® The absorption cor-
rection was judged to be negligible and was not
applied.” Of the 384 pairs of reflections for
bromine sorption complex of AgsiCasss-A, only
the 90 reflections with I>36(I) were used in
the subsequent structure determination.

Structure Determination

Full matrix least-squares refinement was in-
itiated by using the atomic parameters of the
framework atoms ({Si, Al), O(1), O(2) and O(3))
determined previously for the iodine sorption
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complexes of fully Ca(2)-exchanged zeolite A.'”
Anisotropic refinement quickly converged to the
error indices, Ri=ZIF,-IFIl/ZF,=0.40 and R.,=
(Zo(FyIF )Y/ Z0F,2)2=0.53.

A difference Fourier function revealed two
large threefold axes peaks at (0.221, 0.221,
0.221) and (0.166, 0.166, 0.166) with a peak
height of 6.54 eA™ and 4.27 eA™®, respectively.

A subsequent difference Fourier function re-
vealed two peaks at (0.11, 0.45, 0.5) and (0.22,
0.36, 0.5). Anisotropic refinements of the fra-
mework atoms, and isotropic refinements of
Ag(1) and Ca(l), and these positions as po-
sitions of bromine atoms converged to R;=
0.122, and R»=0.109. Anisotropic refinements
including Ag(1), Ca(1), Br(1), and Br(2) po-
sitions converged to R;=0.115 and R;=0.102.
The occupancies of these cations per unit cell
refined to Ag(1)=3.09(2) and Ca(1)=4.46(27).
These were fixed at Ag(1)=3.1 and Ca(1)=4.45
because the cationic charge should not exceed
+12 per Pm3m unit cell. Successive refi-
nements indicated that the atoms at Br(1) and
Br(2) were bromine molecules (Br(1)-Br(2)=
2.61(8) A).

The occupancy numbers at Br(1) and Br(2)
refined to ca. 5.63(28) and 5.81(27) bromine a-
toms, respectively. These were reset and fixed
at 6.0, the maximum number of atoms at each
of these positions for packing reasons. It is furth-

Table 1. *Positional, “Thermal, and Occupancy Parameters Dehydrated Ag,,Ca,,-A absorbed Br, molecules

Wyc. . ‘Occupancy

Atom Pos. X y z By Ba Bas By By By varied  fixed
(Si, AD 24(k) 0 1850(10) 3715(9) 53(9) 13(8) 0 0 0 10(2) 24.0°
o)  12(h) 0 2050(20) 5000 140(50) 30(30) 0 0 0 0 12.0
02 12 0 2860(30) 2860(30) 100(50) 70(30) 0 0 0 130(70) 12.0
0(3)  24(m) 1138(2) 1140(20) 3430(20) 30(10) 60(30) 100(30) 10(40) 10(40)  10(40) 24.0
Ag(l)  8(g) 2260(10) 2260(10) 2260(10) 57(7) 57(7) 60(20) 60(20) 60(20) 60(20) 3.09(2) 3.1

Ca(l)  8(g) 1720(20) 1720(20) 1720(20) 80(20)  80(20) -10(40) -10(40) -10(40) -10(40) 4.46(27) 4.45
Br(1) 24(1) 1100(30) 4470(40) 50000 390(70) 330(70) 0 -500(100) 0 0 5.63(28) 6.0
Br(2) 24(1) 2270(50) 3740(50) 50000 954(200) 1883(400) 0 -2022(500) 0 0 5.81(27) 6.0

"Positional and anisotropic thermal parameters are given x10°. Numbers in parentheses are the esd's in the un-
its of the least significant digit given for the corresponding parameter. "The anisotropic temperature factor=exp
[ Biih*+ Booke™+ Bssk™+ Brohk+ Boshi+ Bokl]. ‘Occupancy factors are given as the number of atoms or ions per unit cell.
“*Occupancy for (Si)=12; occupancy for (Al)=12.
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ermore reasonable that these two occupancies
should be equal because the distance involved in-
dicates that these positions represent bromine
molecules (see Table 1). The 0(3)-Br(1)-Br(2)
angle is 171.0(2)°, indicating that Brz molecule
has formed a charge transfer complex with a
framework oxide ion.

The final error indices converged to R;=0.111
and R;=0.101. The final difference Fourier func-
tion was almost featureless except for an in-
significant at origin. This peak was not refined.
Final positional, thermal, and occupancy
parameters are presented in Table 1; bond an-
gles are given in Table 2.

Table 2. Selected Interatomic Distances (A) and An-
gles (deg)’

(Si, Al)}-0(1) 1590(10) 0(3)-Ag(1)-0(3) 110.3(5)
(Si, A-0Q2) 1.62020) O(3)-Ca(1)-0(3) 117.4(8)
(Si, Al)-0(3) 1.680(10) O(3)-Br(1)}-Br(2) 171.0(2)
Ag(1)-0(3) 24203)
Ca(1)-003) 2.3203)
Br(1)-0(1) 3.25(6)
Br(1)-Br(2) 2.61(8)
O()(Si, AD-02)  121.002)
O(1)(Si, A-O3)  107.0(1)
0(Q2)(Si, A-O3)  104.909)
0(3)-(Si, AD-0G3)  112.0(2)
(Si, AD-O(1):(Si, Al)  162.0(2)
(Si, A-O()(Si, Al)  171.0(2)
(Si, A-O(3)(Si, Al)  144.0(1)

“Numbers in parentheses are estimated standard de-
viations in the least significant digit given for the cor-
responding value.
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Fig. 1. A stereoview of the large cavity of bromine
sorption complexes of dehydrated Ag,,Ca,-A. Four
Ag’ ions Ag(1), four Ca™ ions at Ca(l) and six brom-
ine molecules are shown. About 55% of unit cell may
have this conformation. Ellipsoids of 20% probability
are used.
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Discussion

In the bromine sorption complex of dehy-
drated AgsiCasss-A, about 3.1 Ag’ ions at Ag(1)
and 4.45 Ca® ions at Ca(1l) occupy 6-ring sites
on the threefold axes of the unit cell (see Fig. 1).
Each Ag* ion at Ag(1) is recessed ca. 0.769(7) A
into the sodalite unit cell and each Ca®*" ion at
Ca(1) extends 0.379(14) A into the large cavity
side from the (111) plane at O(3)'s (see Table
3). The Ag(1)-0(3) distance is 2.42(3) A less
then the sum of the conventional ionic radii of
Ag* and 0%, 2.58 A. In this structure, the Ca(1)-
0(3) distance, ca. 2.32(3) A, is almost the same
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Fig. 2. A stereoview of the large cavity of bromine
sorption complexes of dehydrated Ag;,Ca, -A. Two
Ag' ions at Ag(l), five Ca” jons at Ca(), and six
bromine molecules are shown. About 45% of unit
cell may have this conformation. Ellipsoids of 20%
probability are used.
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Fig. 3. A stereoview of the structure about an 8-ring.
Each 8-oxygen ring in the structure participates in a
charge transfer interaction with two dibromines as
shown. Ellipsoids of 10% probability are used.

Table 3. Deviation of atom (A) from the (111) plane
at 0(3)

0(2) -0.011(19)*
Ag(1) -0.769(7)
Ca(l) -0.379(14)

‘Negative deviation indicates that the atom lies on
the same side of the plane as the origin.
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as the sum of the conventional ionic radii of Ca?*
and 0%, 2.31 A The geometry about Ca®" at
Ca(1) is near-trigonal planar with O(3)-Ca(1)-0
(3)=117.4 (8)° (see Table 2).

In this work, bromine atoms have been found
at two different 24-fold molecular positions
which are occupied statistically by six bromine
molecules. Six is the maximum number which
can be accommodated at these sites. The closest
approach of Br(1) position to the framework is
to O(1) position. The bromine molecule acts as
a Lewis acid with respect to the framework ox-
ide ion at O(1) which has lone pair electrons.
This bonding can be understood in terms of
charge transfer complexation because the elec-
tronegative oxide ion at O(1) donates electron
pair density axially to the vacant 4pc* an-
tibonding orbital of the Br atom. Accordingly,
the Br-Br bond order is reduced and the Br-Br
bond is 2.61(8) A, which is reasonably longer
than Br-Br bond in free bromine, 2.29 A.

The Br(1)-O(1) approach is 3.25(6) A, less
than the nonbonded approach distance, 3.35 A,
calculated from the sum of the appropriate non-
bonded van der Waals radii.)” However, the
sorption of bromine has little effect on the
framework structure of zeolite compared with
that of dehydrated AgsiCasss-A. The near-
linear Br-Br-O angle (Br-Br-0=171(2)°) also in-
dicates charge transfer interaction. In this
structure, the closest approach distance of a
bromine atom to an Ag* ion is 3.81 A and this
to Ca®" ion is 4.76 A. Therefore, bromine molec-
ule makes no significant approach to Ag" and
Ca”™ ions.

In summary, all cations are located on two dif-
ferent threefold axes associated with 6-ring ox-
ygens. Also, six bromine molecules are sorbed
per unit cell. Each bromine molecule makes a
close approach, along its axis to framework ox-
ygen atom, with Br-Br distance of 2.6(8) A, Br-
O distance of 3.25(6) A, and Br-Br-0=171(2)".
This structure indicates that bromine molecule
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forms charge transfer complx with framework
oxygen.
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