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Structures of zeolitic water molecules in hydrated Cs3Na9-A and Cs3NaaH-A have been studied by single-crystal x- 
ray diffraction methods in the cubic space group Pm3m at 21^. In the crystal structure of fully dehydrated Cs3Na9- 
A (fl = 12.265(1) A with J?i = 0.056 and ^?2 = 0.057), nearly three and eight Cs+ and Na+ ions per unit cell are found 
at the centers of 8- and 6-oxygen rings with closest approaches of 3.401(11) and 2.303(6) A to framework oxygens, 
respectively. The twelfth Na+ is located opposite 4-oxygen ring in the large cavity with an occupancy of 0.6(2). The 
crystal structures of hydrated Cs3Na9-A ((z = 12.273(1) A with R = 0.065 and R = 0.078) and CS3N&H-A (« —12.286(1) 
A with 7?i = 0.078 and 7?2—0.081) are viewed as having two kinds of unit cells, Cs.jNa9 xHx-A • 20H2O and Cs3Na9 XHX- 
A*24H2O (x = 0 and 1, respectively), each with different secondary structures of zeolitic water molecules in its large 
cavity. In both unit cells, Cs+ ions are found at centers of 8-rings with large thermal parameters, showing changes 
in their coordination environments due to approaches of water molecules upon hydration. Na+ ions on 6-rings have 
also changed their geometries from trigonal to tetrahedron upon hydration, each with three framework oxygens at 
2.356(11) A and an additional zeolitic water molecule at 2.18(3) A on a threefold axis which is perpendicular to the 
6-ring of the framework oxygens. In the large cavity of Cs3Na9-xHx-A • 20H2O, four water molecules are arranged 
tetrahedrally on the threefold axes, each in trun with tetrahedrally coordinated three water molecules at 2.83(6) A. 
In the case of Cs3Na9-xH1-A*24H2O, eight waters molecules on the threefold axes occupy eight symmetry equivalent 
positions, each in trun with tetrahedrally coordinated three waters at 2.51(6) A, resulting in a pseudo-dodecahedron 
of twenty water molecules with twelve shared and distorted pentagons perturbed by approaches of Cs* ions. Four 
water molecules in each sodalite unit of both crystals are arranged tetrahedrally and seem to have weaker interac
tions with the Na* ions on 6-rings due to the stronger interactions between the Na* ions and the water molecules 
in the large cavity.

Introduction

Unlike other guest molecules in the molecular-dimension- 
ed cavities of zeolites, water molecules tend to make bonds 
to both exchangeable cations and framework oxide anions 
by donating lone-pair electrons to the empty orbitals of ca
tions and hydrogens to the framework oxide anions, respecti
vely. Accordingly, their distance동 from cations and frame
work atoms are limited within their normal and hydrogen 
bonding distances, especially when they are located within 
the primary coordination spheres of the zeolitic cations and 
framework atoms. Such zeolitic water molecules are some

times found to be a part of secondary and tertiary structures, 
which are usually found in the molecular-dimensioned chan
nels and cavities with appropriate volumes.1,2 As stable secon
dary structures suggested by many theoretical chemists,3,4 
pentagons of water molecules were actually found crystallo
graphically in narrow hydrophilic regions of hydrophobic 
protein1 as well as in the cavities of zeolite A.2 Helical arran
gement of water molecules was also reported in the channels 
of hydrated VPI-5 zeolite.5 However, the presence of tertiary 
structures of water molecules, such as helical strands and 
dodecahedron, is so far suggested only in the highly symme
trical channels and cavities of hydrated zeolites.25
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The presence of dodecahedron of water molecules, consist
ed of twelve pentagons with twenty water molecules, in the 
large cavity of hydrated Nai2-A had been reported by Gram- 
lich and Meier.2 However, the suggested dodecahedron can 
not be considered as a crystallographically noble one because 
of partial occupancies and modified positions of some water 
molecules for the suggested tertiary structure. Furthermore, 
not all of the cations, which seem to play important roles 
in locating and arranging water molecules in the cavity, are 
identified and some of them (four out of twelve Na* ions 
per PniSm unit cell) were actually treated as water molecules 
in the course of crystallographic refinements.2

In this study, we attempted to investigate the structures 
of zeolitic water molecules in the cavities of hydrated zeolite 
A by replacing three Na* ions, unidentified in the previous st
ructure,2 with Cs「ions at the centers of 8-ring ((0, 1/2, 1/2) 
with a point symmetry of 4/mmm in the unit cell of Bn&n) 
in order to prevent uncertainty raised by Na+ ions at usual 
less-symmetrical positions (with a point symmetry of mm). 
The correct positions of water molecules in the cavity will 
be crucial in the crystallographic identification of them from 
different guest molecules, introduced by other physico-che
mical methods,6 8 especially when the zeolites have possibili
ties of containing not-dehydrated or scavenged water mole
cules.

Experimental

Colorless cry야als of Nai2Sii2Ali2O48-27H2O (Nai2-A*27H2O)9 
were prepared by Charnelfs method.10 Ion-exchanges of Cs+ 
ions into the zeolites were carried out dynamically (flowing 
stream) at 20t for five days with 0.1 N aqueous solutions 
of 30 mol% Cs* made of CsOH and NaOH (pH = 11.7) and 
of CsNO3 and NaNO3 (pH = 5.7) for Cs3Na9-A and CsaN&H- 
A, respectively (vide infra). These solution compositions were 
chosen so that all 8-ring sites would be occupied by Cs+ 
ions.11 All reagents used for the ion-exchange were ultra 
pure (both 99.99% from Sigma and Aldrich Chemical Co.).

A single crystal of hydrated Cs3Na9-A, a cube 80 pm on 
an edge, was lodged in fine Pyrex capillary on a vacuum 
line for dehydration, so that the structures of framework 
itself and cations of the zeolite can be examined first (crystal
1).  After cautious increases of temperature with 25* /h and 
following complete dehydration at 350t and 5 X10 6 Torr 
for four days, the crystal-containing capillary still under va
cuum were sealed off from the vacuum line at room temper
ature. Single crystals of hydrated Cs3Na9-A and CsjNasH-A 
(crystals 2 and 3, respectively) are dried in the air and they 
still in the ion-exchange capillaries were sealed off in order 
to maintain a constant humidity during the course of x-ray 
experiments. No changes were noted in the appearance of 
the crystals upon the ion-exchange and dehydration.

The cubic space group Pm3m (no systematic absences) 
was used throughout this work for reasons discussed pre
viously.612-13 A computer-controlled CAD4/Turbo diffracto
meter equipped with a rotating anode generator and a gra
phite monochromator was used for preliminary experiments 
and for the subsequent collection of diffraction intensities, 
all at 21 ⑵P . Molybdenum radiation (Key X=0.70930 A; Ka2.

0.71359 A) was used. In each case, the cell constant, a = 
12.265(1), 12.273(1), and 12.286(1) A, for crystals 1 to 3, res

pectively, was determined by a least-squares treatment of 
15 intense reflections for which 20<29<30°. The(o-29 scan 
technique was used for data collection in a region of recipro
cal space (hkl, h^k^l) with additional data from two more 
intensity-equivalent regions (hkl, l<h<k; hkl, h<l<k) for hy
drated Cs3Na9-A (crystal 2). Each reflection was scanned at 
a constant scanning speed of 0.5°/min in 20 with scan widths 
of (0.48 + 0.68*tan8), (0.48 + 0.55*tanG)f and (0.56+0.79*tan0)°, 
for cryst시s 1 to 3, respectively. Background intensity was 
counted at each end of a scan range for a time equal to 
half the scan time. The intensities of three reflections in 
diverse regions of reciprocal space were recorded every th
ree hours to monitor crystal and instrumental stability. Only 
small random fluctuations of theses check reflections were 
observed during the course of data collection. The intensities 
of all lattice points for which 20<7O° were recorded.

For all three crystals, the raw intensities were calculated 
as Iraw —ATN*(C-R*B)/NPI, where C=total count, 7? = ratio 
of scan time to background counting time (2.0), B = total 
background count, ratio of fastest possible scan rate 
to scan rate for the each measurement, and attenua
tion factor, respectively. The observed structure factor ampli
tude of each reflection (F〃)was then obtained as the square 
root of the Iraw after correction for Lorentz-polarization (LQ: 
the contribution of the monochromator crystal was calculated 
assuming it to be half-perfect and half-mosaic in character. 
Standard deviations (a(Fw)) of observed structure factors 
were assigned to individual reflections by the formulae (o(7)2 
+ 0&注))1/2/2咒“ q(7) is standard deviation, based on counting 
아atistics, of Iraw. The value p = 0.04 was found to be appro
priate for the instrumentation used. The data from the inten
sity-equivalent regions of hydrated Cs3Na9-A (crystal 2) were 
merged with MolEN.14 Absorption correction (pR ca. 0.18 
for all 比ree crystals15) were judged to be negligible for all 
crystals, as shown in semi-empirical \|/-scans of dehydrated 
Cs3Na8H-A.6 Only those reflections in each final data set for 
which the net count exceeded 比ree times its standard de
viation were used in structure solution and refinement. This 
amounted to 254, 251, and 179 reflections for crystals 1 to 
3, respectively.

Structure Determination

Dehydrated CS3N5A (crystal 1). Full-matrix least
squares refinement14 was commenced using the atomic para
meters of all framework atoms [(Si, Al), 0(1), 0(2), and 0(3)] 
and Cs* at Cs(l) and Na* at Na(l) in d아lydrated Cs3Na8H- 
A.6 The refinement with anisotropic thermal parameters of 
all atoms converged quickly to error indices of = \FC 

丨 I/£； = 0.0535 and R2 = (Lw(F0- |FfI)W^)1/2 = 0.0510 with 
occupancies of 2.87(1) and 8.3(1) for Cs(l) and Na(l), respec
tively. A peak found opposite a 4-ring of large cavity (0.23, 
0.23, 0.5) in a Fourier difference function prepared with this 
model was introduced as Na* at Na(2) with an isotropic 
thermal parameter. A subsequent least-squares refinement 
with this model resulted in occupancy of 0.6(2) with unrealis
tic thermal parameter for Na(2). When a fixed thermal para
meter of 10.0 A2 for the Na(2) is used, the same refinement 
converged to the error indices of 7?)= 0.0539 and R2 = 0.0553 
with occupancies of 2.87(2), 8.1(1), and 0.6(2) for Cs(l)f Na(l) 
and Na(2), respectively. The final cycles of refinement with
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Table 1. Positional, Thermal, and Occupancy Parameters"
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B Positional and anisotropic thermal parameters are given X104. Numbers in parentheses are the estimated standard deviations in 
the units of the least significant figure given for the corresponding parameter. The anisotropic temperature factor is expE-(pn/i2+ 
+ 6过2+ 8]2城 + 岛所/+。2：刨)].”R. m. s. displacements can be calculated from pf( values using formula 卩, = 0.255 “(海)'‘％ where 12.260 
A. 1 Isotropic thermal parameter in units of A2. d Occupancy factors are given as the number of ions per unit cell. ' Occupancy for 
(Si)= 12, occupancy for (Al) —12. fExactly 1/2 by symmetry. A，This parameter was fixed in the final least-squares refinement.

fixed occupancies of 2.87 and 8.0 (its maximum value by 
symmetry) for Cs(l) and Na(l) converged to the same error 
indices with occupancy of 0.6(2) for Na(2). Considering the 
small deviation from unity which may be expected for Si/Al 
(=~ 1.04),16 the unit cell formular of this crystal is taken 
to be Cs2.87Na8.6Hx-A, x ca. 0.5.9 For simplicity, the notation 
Cs3Na9-A will be 나sed. The number of Na* ions may be 
somewhat greater than 8.6: the 0.13 8-rings per unit cell 
not occupied by Cs+ may contain Na*. The final structural 
parameters are given in Table 1(a). Selected interatomic dis
tances and angles are given in Table 2.

Hydrated CssNa9-A (crystal 오). Full-matrix least
squares refinement was initiated with the framework atomic 
parameters [(Si, Al), 0(1), 0(2), and 0(3)] and Cs+ at Cs(l) 
and Na+ at Na(l) of the dehydrated CS3N&A (crystal 1). 
The refinement of this initial model converged to the error 
indices of R = 0.173 and R2 — 0.236 with anisotropic thermal 
parameters for all atomic types except for those of isotropi

cally refined Cs* ions at Cs(l). The resulting model sugges
ted quite different coordination environments around Na* 
ions at Na(l) and Cs * ions at Cs(l) of 6- and 8-rings, respec
tively, compared to those of Na* ions in the crystal structu
res of dehydrated Cs3Na8H-A6 and Cs3Na9-A (cry아al 1).

The large values of thermal parameters for Cs* ions at 
Cs(l) on the 8-rings also suggested a possible off-centering 
of Cs+ ions from the centers of 8-rings. When the point 
symmetry of Cs* ions at Cs(l) reduced from (0, 1/2, 1/2) 
to (0.03, 1/2, 1/2) with the anisotropic thermal parameters 
in this model, least-squares refinement converged with Cs+ 
ions stable at (0.0325, 1/2, 1/2) and with occupancy of 2.63(5) 
and error indices of 0.114 and 0.167 for 7?)and R, respecti
vely. However, this converged position of Cs* ions at Cs(l) 
may be due to the unidentified non-framework water mole
cules around the Cs+ ions at this stage of refinement (vide 
infra). The refined position of (0.226, 0.226, 0.226) for Na* 
ions at Na(l) on the 3-fold axes near the 6-rings suggested
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Table 2. Selected Interatomic Distances (A) and Angles (deg)“

(a) Dehydrated (b) Hydrated (c) Hydrated
Cs；jNay~A Cs：jNay-A Cs:1Na«H-A

(crystal 1) (crystal 2) (crystal 3)

(SifAD-O(l) 1.650(4) 1.659(5) 1.662(9)
(Si,Al)-O(2) 1.651(8) 1.649(8) 1.653(14)
(Si,AD-O(3) L673⑷ 1.678(5) 1.681(10)
Na(l)-O(2) '2.938(6) 2.97 ⑵ 2.97 ⑶
Na(l)-O(3) 2.303⑹ 2.35 ⑴ 2.34(2)
Cs⑴-O⑴ 3.401(11) 3.392(12) 338⑵
Cs⑴-O⑵ 3.549(6) 3.591(6) 3.586(10)
Na⑵-0⑶ 2.86(10) — —
Na(2)-O(l) 2.837(10) 一 —
Na(l)-O(5) — 2.19 ⑵ 2.35(3)
Na(l)-O(7) — 2.70 ⑷ 2.73 ⑸
Cs⑴・O⑹ — 3.26(10) 3.13(11)
O(4)-O(l) — 333⑷ 3.47(6)
0(4)9⑵ 一 3.89(4) 3.98(6)
0⑷-O⑶ — 3.06 ⑷ 3.20(5)
O(7)-O(3) — 3.094(10) 3.172(17)
O(4)-O(5) — 2,82(5) 2.75 ⑺
O(5)-O(6) 一 2.55(6) 2.58 ⑺
O(6)-O(6) 一 3.56(15) 3.25(20)
O(7)-O(7) 一 3.12 ⑼ 2.96 ⑹
O(l)-(Si,Al)-O(2) 107.1(4) 108.2(5) 107.4(8)
O(l)-(Si,Al)-O(3) 112.1 ⑶ 111.6(4) 111.9(6)
O(2)-(Si,Al)-O(3) 107,6⑵ 106.9 ⑵ 107.0(4)
O(3)-(Si,Al)-O(3) 110.1(3) 111.3(4) 111.4(7)
(Si,AD-O(l)-(SifAl) 145.9(8) 145.6(8) 144(1)
(Si,AD-O(2)-(Si,Al) 158.2(5) 160.8(5) 160.4(8)
(Si,Al)-O(3)-(Si,AD 143.3(4) 143.3(4) 143.4(8)
O(3)-Na(l)-O(3) 118.1(1) 113.6(2) 115.1(3)
Na(l)-O(5)-O(4) — 105.7(8) 107(1)
O(4)-O(5)-O(4) — 112.9(8) 112(1)
O⑹-O⑸-O⑹ — 110(2) 111(2)
O(5)-O(6)-O(5) — 120(4) 114(5)
O(5)-O(6)-O(6) — 100(2) 102(2)
O⑹-Cs⑴-O⑹ — 66(3) 62(4)
O ⑸-Na(l)-0(7) 一 180O 1800
O(7)-O(7)-O(7) — 60.0 60.0

“The numbers in parentheses are the estimated standard devia
tions in the units of the least significant digit given for the corre
sponding parameters. h Exactly 180° by symmetry.

tetrahedral geometry around each Na4 ion with three frame
work oxygens at 0(3) and a presumable water molecule on 
the 3-fold axis of the large cavity (vide infra).

A series of refinements with water m이ecule at 0(4) intro
duced from a peak found at (0.27, 0.27, 0.46) in a difference 
Fourier function were converged with almost 24 oxygens and 
large isotropic thermal parameter at this position. Since an 
arrangement with 24 water molecules at this 24-fold position 
was physically impossible due to too close contacts between 
some of them, the thermal parameter of oxygens at 0(4) 
was temporarily fixed at 4.0 A2 in subsequent refinement, 
resulting the occupancy of 7.9(5) oxygens with error indices 

of R] = 0.0908 and 月=0.127. Other peaks for the non-frame
work water molecules, 0(5) and 0(6) at (0.32, 0.32, 0.32) and 
(0.22, 0.35, 1/2), respectively, from the subsequent difference 
Fourier functions were also introduced in the same manners 
in the following refinement. The refinement was converged 
with R = 0.0701 and R2 = 0.0949 and resulting occupancies 
of 2.71(3), 6.1(4), 3.6(2), and 4.2(5) for Cs(l), and O(i), 
to 6, respectively. When the isotropic thermal parameters 
of oxygens of O(i), f—4 to 6, were varied stepwise together 
with their occupancies varied fully, the refinement was con
verged to the error indices of R = 0.0649 and 7?2—0.0874 
with resulting occupancies of 6.5(4), 5.2(3), and 7.0(8) and 
isotropic thermal parameters of 8.54, 12.9, and 23.9 A2 for 
O(i), Z=4 to 6, respectively, In subsequent refinements, occu
pancies of all oxygens at O(i), i=4 to 6, were fixed at 6.0's 
as the nearest integers, resulting in the error indices of 7?i = 
0.0656 and ^2=0.0881.

When an additional peak found at (0.11, 0.11, 0.12) in a 
difference Fourier function was introduced at 0(7) in the 
following refinement, it was converged at a position of (0.094, 
0.094, 0.094) on a 3-fold axis with occupancy of 4.3(4) and 
error indices of 7?i = 0.0595 and &2=0.0738. Finally, when 
the occupancies of Cs~ ions at Cs(l) and of oxygens were 
fixed at 2.87 (a known value from the crystal structure of 
dehydrated Cs^Na^A, crystal 1) and at 4.0 and 6,0's for 0(7) 
and O(i), i~4 to 6, respectively, the position of Cs+ ions 
at Cs(l) converged to (0, 1/2, 1/2). This final least-squares 
refinement converged to the error indices of Ry — 0.0626 and 
7?2=0.0734. The location of 12th Na+ ion opposite a 4-ring, 
found in the dehydrated Cs3Na9-Af was not successful due 
to the large number of water molecules around this position 
in the large cavity. It is therefore assumed that the twelfth 
Na+ ion is crystallographically not distinguishable from water 
molecules located around the symmetrically equivalent posi
tions of the common site for this ion. The formula of crystal 
2 is however assumed as Cs.3Na9-A'22H2O for simplicity. The 
final structural parameters are given in Table 1(b). Selected 
interatomic distances and angles are given in Talbe 2.

Hydrated CssNag-A (crystal 3). Full-matrix least
squares refinement began with the atomic parameters of all 
framework atoms [(Si, Al), 0(1), 0(2), and 0(3)] and Cs+ 
at Cs(l) and Na+ at Na(l) in the hydrated Cs3Na9-A (crystal
2).  The refinement with anisotropic thermal parameters for 
all atomic types in this model converged to the error indices 
of R = 0.133 and —0.178 with varied occupancies of 2.82(8) 
for Cs(l). Locations of non-framework water molecules were 
carried out in the similar manners described for those of 
hydrated Cs3Na9-A. The final cycles of refinement with a 
fixed occupancy of 2.86 at Cs(l), as proven in the crystal 
structure of dehydrated Cs3Na8H-A,fi converged to the error 
indices of = 0.0768 and 7?2 = 0.0787. As the cases of crystal
2 and dehydrated Cs3NagH-A,6 the final formula of crystal
3 is assumed as Cs3Na8H-A-22H2O. The final structural para
meters are given in Table 1(c). Selected interatomic distan
ces and angles are given in Table 2.

The values of goodness-of-fit, IFc I )2/(m — 5)1/2, are
1.61, 1.88, and 2.39; the number of observations, m, are 254, 
251, and 179, and the number of parameters, s, are 29, 37, 
and 37 for crystals 1 to 3, respectively. All shifts in the final 
cycles of refinement for both crystals were less than 0.1% 
of their corresponding estimated standard deviations. The 
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quantity minimized in the least-squares is £孙(F시7지)匕 and 
the weights (w) are the reciprocal squares of o(F>), the stan
dard deviation of each observed structure factor. Atomic st
ructure factors for Cs\ Na*, 0", 0, and (Si, Al)t75+ were 
used.17,18 The function describing (Si, Al)175+ is the mean 
of the Si4*, Si0, Al3+, and Al° functions. All scattering factors 
were modified to account for anomalous dispersion.19,20

Discussion

Framework and Cations in CsaNa9-A and CssNagH- 
A. Atomic parameters of all framework atoms and cations 
in the crystal structure of dehydrated Cs3Na9-A (crystal 1) 
are almost identical with those in dehydrated CssNagH-A,6 
except for the presence of Na* ion at Na(2) located opposite 
4-ring in the large cavity. This is probably because of lower 
concentration of H* in the ion-exchange solution for CsgNag- 
A (pH =11.7), compared to that for CssNagH-A (pH = 5.7).6 
In all three structures, ca. 2.87 Cs 十 ions per unit cell nearly 
fill the centers of three 8-rings (Cs(l) at equipoints of local 
symmetry in Each Cs+ ion at Cs(l) of
dehydrated Cs3Na9-A is 3.401(11) and 3.549(6) A from four 
oxygens at 0(1) and four oxygens at 0(2) of the 8-rings, 
respectively. In hydrated structures, the corresponding dista
nces are slightly shorter: 3.392(12) and 3.38(2) A for Cs(l)- 
0(1) and 3.591(6) and 3.586(10) A for Cs(l)-O(2), respectively 
in crystals 1 and 2 (see Table 2), probably because of relaxed 
frameworks due to extensive hydration. Although these inte
ratomic distances are substantially longer than the sum of 
conventional ionic radii of Cs+ and 0", 1.67+1.32 = 2.99 
A,21 the positions of Cs(l) are well established by crystal 
structures of many partially and fully Cs+-exchanged zeolites 
A"5" 26 and by theoretical st나dies."^ It remains possible that 
up to 3.0—2.87=0.13 Na+ ions per unit cell are also present 
to complete the occupation of all 8-rings.

In dehydrated CsjNag-A, the eight Na* ions per unit cell 
at Na(l) have trigonal geometries with three framework oxy
gens at 0(3) with distance of 2.303(6) A, as indicated by 
interatomic angle of 118.1(2)° for O(3)-Na(l)-O(3) (see Table 
2). Similar interatomic distance and angle have been found 
in the crystal structures of zeolites A without guest molecu
les of strong ligational properties as shown in those of dehy
drated Nai2-A29 and CsaNagH-A6. In the hydrated structures, 
the corresponding distances are longer and angles are smal
ler: 2.35(1) and 2.34⑵ A for Na(l)-0(3) and 113.6(2) and 
115.1(3)° for 0⑶-Na(l)-0(3) respectively for crystals 2 and
3. These Na* ions extend 0.32, 0.61, and 0.53 A, respectively 
for crystals 1 to 3, into the large cavity from the (111) plane 
at 0(3) (see Table 3). Therefore, the Na* ions at Na(l) have 
changed their geometries from trigonal to tetrahedral with 
additional water molecules at the primary coordination sphe
res of the Na* ions in the large cavity upon hydration (vide 
infra).

The presence of twelfth cation as Na* at Na(2) for the 
electric neutrality of negative charge accompanied with fra
mework (Sii2Ali2O48)is expected opposite 4-ring in the large 
cavity, as found in the crystal structures of many monopositi- 
ve-cation-exchanged zeolite A.29-31 The occupancy of Na(2) 
in dehydrated Cs3Nag-A turned out to be 0.6(2) and may 
prove the contrary deviation of Si/Al (= 1.04) from unit val
ue.16 Nonetheless, the relatively lower concentration of H*

Table 3. Deviations of Atoms (A) from the (111) Plane at O(3^

(a) Dehydrated
Cs：(Na9_A

(crystal 1)

(b) Hydrated
Cs：,Na9~A 

(crystal 2)

(c) Hydrated 
CssNasH-A 
(crystal 3)

Na(l) 0.321 0.605 0.526
0(5) 2.788 2.879
0(7) — 2.096 — 2.204

“A negative deviation indicates that the ion lies on the same 
side of the plane as the origin, i.e., inside the sodalite unit.

Figure 1. A stereoview of large cavity in dehydrated Cs3Na9- 
A. The zeolite A framework is drawn with light bonds between 
tetrahedrally coordinated (Si,Al) and oxygen atoms. The bonds 
between the Na~ ions and framework oxygens are indicated by 
fine solid lines. Ellipsoids of 20% probability are shown.

Figure 2. A stereoview of a sodalite unit in dehydrated Cs；iNa9' 
A. See the caption to Figure 1 for other details.

(pH = 11.7) in the ion-exchange solution of Cs3Na9-A must 
have played an important role for having Na* ion at Na(2). 
It is because this Na' ion could not be located in dehydrated 
Cs3Na8H-A, ion-exchanged at pH —5.7.6 The interatomic dis- 
tances of 2.84(1) and 2.86(10) A for Na(2)-O(l) and Na(2)- 
0(2) (see Table 2), respectively, are rather longer than the 
normal distance for NaW , probably due to the averaged 
positions of those oxygens of eleven 4-rings with no Na* 
ions on them. These N” ions at Na(2) in the cases of hyd
rated crystals were crystallographically undistinguishable 
from water molecules. The arrangements of framework 
atoms and cations in the large cavity and sodalite unit of 
the dehydrated Cs3Na9-A are shown in Fig니res 1 and 2, res
pectively.

Water Molecules in Hydrated CssNa^A and Cs3Na8 
H-A. The crystal structures of hydrated Cs3Na9-A and Cs；! 
NagH-A revealed a total of 22 water molecules per unit cell, 
so that their formulars (vide infra) were assumed to be Cs3Na9-
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Table 4. Distrubution of Water Molecules in Hydrated Cs：(Na9- 
A

Formular Number of Water Molecules
Overall Sodalite Large-cavity

Components opposite 6-ring opposite 6-ring opposite 4-ring
0(7) 0(5) 0(4 尸 0(6)〃

H.O

Cs.jNai.-A* 22
H20

4 6 6 6

CS3NS9-A2) 4 4 12 0
HQ

Cs3Na9-A*24 4 8 0 12

Figure 3. A stereoview of large cavity in。$：4【母广*2아&0. See 
the caption to Figure 1 for other details.

different coordination environments as suggested by the la
rge elongated values of their themal parameters (see Table 
1). Efforts for the deconvolution of different kinds of Na+ 
ions at Na(l), however, were unsuccessful. Three additional 
oxygens at 0(4) from off-centered opposite 4-rings of adja
cent octants in the large cavity are in turn coordinated to 
each oxygen at 0(5), showing tetrahedron geometry around 
the oxygen atom of the water molecule at 0(5) with angles 
of 113.0(8) and 105.7(9)° for O(4)-O(5)-O(4) and Na(l)-0(5)- 
0(4), respectively. The interatomic distances between oxy
gens at 0(4) and 0(5) are 2.83(6) A, indicating the formation 
of hydrogen bonds between them. The water molecules at 
0(4) are 3.33(4) and 3.88(5) A away from framework oxide 
anions of 0(1) and 0(2), respectively, far enough to be consi
dered as having no direct interactions between them except 
for those with 0(3) at 3.05(4) A. The four water molecules 
at 0(5), each with three water molecules at 0(4) in its pri
mary coordination sphere, are arranged tetrahedrally in the 
large cavity as shown in Figure 3.

In the large cavity of Cs3Na9-A-24H2O (component cell 2), 
two distinct positions were identified for non-framework wa
ter molecules at 0(5) and 0(6), opposite 6-rings on 3-fold axes 
and off-centered opposite 4-rings, respectively. Twelve water 
molecules at 0(6) and eight at 0(5) per unit cell seem to 
consturct a pseudo-dodecahedron, suggested in the crystal 
structure of hydrated Nai2-A.* 2 Each pentagon of the pseudo
dodecahedron is consisted of three water molecules at 0(6), 
two from the same plane and one from adjacent plane of 
a virtual cube drawn with eight oxygens of 0(5) at its cor
ners, and two at 0(5) as -O⑹-O⑸・0⑹-O⑸-0(6)-, Each wa
ter molecule at 0(5) in turn coordinated to the 6-ring Na* 
ion at Na(l), having tetrahedron geometry around it with 
three oxygen atoms at 0(6), as similarily described in com
ponent cell 1. The interatomic distances between oxygen 
atoms of each pentagon at 0(5) and 0(6) are 2.51(6) A with 
angles of 109(3) and 117(3)° for O(6)-O(5)-O(6) and O⑸-0 
(6)-O(5), respectively. The only perturbation from the ideal 
pentagon occurrs in the position of the two water molecules 
at 0(6) on the same plane. The interatomic distance, 3.59(16) 
A, between the two oxygen atoms at 0(6) got longer than 
the other bonds of the pentagon, because of the close app
roach of Cs+ ion to these water molecules with distances 
of 3.34(10) A. This is indicative with the large values of ther
mal parameters for both 0(6) and Cs(l) (see Table 1). The 
arrangement of twenty water molecules, eight and twelve 
water molecules at 0(5) and 0(6), respectively, in the large 
cavity of Cs3Na9-A-24H2O are shown in Figure 4. The cluster 
of twenty water molecules with Cs+ ions and presumed do-

"Off centered from opposite 4-ring, at Wyckoff position 24(m). 
"Off centered from opposite 4-ring, at Wyckoff position 24(/).

A-22H2O and Cs3Na8H-A-22H2O for crystals 2 and 3, respe
ctively. The most prominent differences for the atomic para
meters of framework atoms and cations in the crystal struc
tures of hydrated Cs3Na9-A (crystal 2) and CS3N&H-A (crystal
3) from those of dehydrated Cs3Na9-A (crystal 1) and Cs3Na« 
H-A6 are found in the coordination environments of Cs‘ and 
Na ions on the 8- and 6-rings, respectively, due to the app
roaches of additional water molecules to the primary coordi
nation spheres of the cations. The temporarily converged 
position of (0.0325, 1/2, 1/2) for the Cs+ ions at Cs(l) in 
the early stage of least-squares refinement (vide supra) was 
the indication of these approaches by water molecules at 
0(4) and 0(6) and this position is within a displacement 
value of the final position, center of the 8-ring (see Table 
1). Tetrahedron geometry around each Na* ion at Na(l) is 
obvious with three framework oxide anions at 0(3) and addi
tional water molecule at 0(5) on a 3-fold axis in the large 
cavity.

However, the presence of inevitable close contacts between 
water molecules at 0(4) and 0(6) in the large cavity suggest
ed disordered characters of secondary structures of those 
zeolitic water molecules. Therefore, the crystal structures 
of hydrated ones are viewed as having two component cells 
of Cs3Na9 .rHr-A-20H2O and Cs：!Nay rHx-A-24H2O (component 
cells 1 and 2, respectively), where x = 0 and 1 for crystals
2 and 3, respectivley. See Table 4 for the composition and 
distribution of water molecules in each component cell.

In the crystal structure of Cs3Na9-A-20H2O (component 
cell 1), twenty water molecules are distributed among three 
crystallographically distinct positions: twelve off-centered op
posite 4-rings at 0(4) in large cavity, four on the 3-fold axes 
at 0(5) in the large cavity, and finally four on 3-fold axes 
at 0(7) in sodalite unit, respectively. In each large cavity 
of Cs3Na9-A-20H2O, four water molecules at 0(5) are directly 
coordinated to four Na+ ions of the 6-rings at Na(l). This 
change in geometry around Na+ ions at Na(l) from trigonal 
to tetrahedron can also be seen at the changes of interatomic 
angles, from 118.1(2) to 113.4(2) for O(3)-Na(l)-O(3) upon 
dehydration of hydrated Cs3Na9-A (see Table 2). The intera
tomic distances of 2.18(3) A between Na* ions at Na(l) and o 
oxygens at 0(5) are rather shorter than the sum, 2.31 A, 
of ionic radii of Na* and O2 , probably because the distances 
are averaged ones with Na+ ions located on the 6-rings with
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Figure 6. A stereoview of a sodalite unit in hydrated Cs3Na9- 
A-22H2O. See 나le caption to Figure 1 for other details.

Hgure 4. A stereoview of large cavity in Cs3Na9-A,24H2O. See 
the caption to Figure 1 for other details.

(b)
Figure 5. (a) A stereoview of pseudo-dodecahedron of zeolitic 
w가er molecules in large cavity of Cs3Na9-A'24H2Of showing 
close approaches of Cs* to water molecules at 0(6). (b) A stereo
view of presumed dodecahedron with a slight modification in 
the position of 0(6) with no perturbation of Cs* ions. See the 
caption to Figure 1 for other details.

decahedron with a slight modification in the position of 0(6), 
assuming no perturbation raised by the Cs+ ions at Cs(l), 
are shown in Figure 5.

In the sodalite units of both component cells of Cs3Na9- 
A-22H2o( four water molecules at 0(7) are located tetrahed
rally in four symmetry equivalent positions on 3-fold axes. 
The averaged interatomic distance between oxygens at 0(7) 
and Na+ ions at Na(l) is 2.64⑷ A, which is substantially 
longer than the vaulet 2.31 A found for the normal approach 
of oxygens to the Na+ ion. This is partly because six Na+ 
ions among eight of total Na+ ions per unit cell participate 
in forming tetrahedral geometries with water molecules at 
0(5) from the large cavity (vide supra). Therefore, in the 
averaged structure of sodalite units, no particular direct in
teractions between water molecules at 0(7) and Na* ions 
at Na(l) are expected. These water molecules seem to have 
interactions with framework oxide anions and themselves 
in terms of hydrogen bondings. The interatomic distances 
are 3.04(10) and 3.25(10) A for O(7)-O(3) and O(7)-O(7), res

pectively (see Table 2). The tetrahedral arrangement of the 
water molecules at 0(7) in the sodalite units is shown in 
Figure 6.

Structures of zeolitic watev molecules in the hydrated Cs3 
Na^H-A (crystal 3) are expected to be similar to those descri
bed above, except for slight difference raised by the absence 
of the 12th Na+ ion in the large cavity. The arrangements 
of zeolitic water molecules, found in the crystal structure 
of hydrated Cs3Na9-A (crystal 2), are examined and confir
med. However, no further detailed work for the structure 
of hydrated CsaNagH-A was carried out due to smaller num
bers of diffraction intensities for this crystal.
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The cationic palladium complex, (Cy3P)2Pd(H)(H2O)+ BF4-, 1, catalyzes the hydroesterification of olefins to give straight
chain esters as the major products. The catalytic system consists of 1, /)-toluenesulfonic acid, l,4-bis(diphenylphosphino) 
butane.

Introduction

A reaction which has been the subject of many publications 
and patents is the metal complex catalyzed hydroesterifica
tion and hydrocarboxylation of olefins.1,2 Most of the research 
in this area has utilized palladium compounds as catalysts. 
For example, branched chain esters or acids are obtained 
in good yields when palladium chloride catalyzes the reac
tion of an olefin with carbon monoxide and an alcohol or 
water in the presence of copper(II) chloride, hydrochloric 
acid, and oxygen Eq. (I).3 Another approach utilizes for
mic

RCH = CH2 + CO+R'OH
。2, PdCb, CuCU

HC1, r.t., 1 atm.

COOR,

RCHCH3 (1)

acid with palladium acetate and l,4-bis(diphenylphosphino) 
butane [dppb] as the catalytic system for the regioselective 
synthesis of straight chain acids from olefins4 Eq. (2) and 
for the

RCH = CH2 + HCOOH 必驟*쬐県 RCH2CH2COOH (2) 
(Cti3(JCri2)2f vO
15(定，6.8 atm. Major

CH3
I

+RCHCOOH

conversion of alkynes to unsaturated acids.5
Recently, the cationic hydridoaq냐opalladium(ID complex, 

trans-E(Cy3P)2Pd(H)(H2O)]+BF4- 1 was described in the li
terature.6 The novel palladium complex has, in addition to 
bulky tricyclohexylphosphine ligands, hydrido and aquo liga
nds attached to the metal. It was of interest to assess the 
catalytic activity and regioselectivity of 1 for the hydroesteri
fication reaction. The cationic palladium(II) diphosphine com
plexes, E(dppp)Pd(solvent)2] LX]2, where X is a non or weakly 
Coordinating anion, have been used for the carbonylation of 
olefins to ketones.7 We now report the regioselective hydro
esterification of olefins to straight chain esters, catalyzed by 
1 Brider appropriate conditions.

Results and Discussion

No reaction occurred when styrene was treated with car
bon monoxide and methanol in tetrahydrofuran (THF) at 
20.4 atmospheres and 100lC for 48 hours, using 1 as 아｝e 
catalyst [77/1.0 ratio of styrene: 1 丄 Recently, Drent8 showed 
that />-toluenesulfonic acid (/>-TsOH) is an important compo
nent for the palladium catalyzed copolymerization of ethylene 
and carbon monoxide. When the reaction of styrene [2, R 
= Ph] was repeated in the presence of />-TsOH [2: 1 ratio 
of />-TsOH/ll methyl 3-phenylpropionate [3, 7?—Ph] was 
formed in 26% yield and methyl 2-phenylpropionate [4, R 
= Ph] was isolated in 30% yield. Inferior results were obtain-


