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height and molecular rotation (non zero angular momentum) 
on vibrational mode mixing in triatomic molecules is under 
investigation.
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The cryst진 structures of Cd$-A evacuated at 2X10 6 Torr and 750笔 0=12216(1) A), and of the product of its 
reaction with Rb vapor (a =12.187(1) A), have been determined by single-crystal x-ray diffraction techniques in the 
cubic space group Pm3m at 21(1)W. Their structures were refined to the final error indices, 7?i=0.055 and 7?2=0-067 
with 191 reflections, and R = 0.066 and = 0.049 with 90 reflections, respectively, for which Z>3o(Z). In dehydrated 
Cd6-A, six Cd2+ ions are found at two different threefold-axis sites near six-oxygen ring centers. Four Cd2+ ions 
are recessed 0.50 A into the sodalite cavity from 나le (111) plane at 0(3), and the other two extend 0.28 X into 
the lai■뭉e cavity from this plane. Treatment at 250芭 with 0.1 Torr of Rb vapor reduces all Cd2+ ions to give Rbi3^- 
A. Rb species are found at three crystallographic sites: three Rb+ ions lie at eight-oxygen-ring centers, filling that 
position, and ca. 10.5 Rb+ ions lie on threefold axes, 8.0 in the large cavity and 2.5 in the sodalite cavity. In this 
structure, ca. 1.5 Rb species more than the 12 Rb+ ions needed to balance the anionic charge of zeolite framework 
are found, indicating that sorption of Rb° has occurred. The occupancies observed can be most simply explained 
by two "unit cell**  compositions, Rb]2-A,Rb and Rbi2-A*2Rb,  of approximately equal population. In sodalite cavities, 
Rbi2-A*Rb  would have a (Rb) cluster and Rb”A・2Rb would have a triangular (Rb) cluster. Each of the atoms 
of these clusters must bind further through a six-oxygen ring to a large cavity Rb+ to give (Rb4)3+ (linear) and 
(Rbe)4+ (trigonal). Other unit-cell compositions and 아her cationic cluster compositions such as Rb/+ may exist.

Introduction

Complete dehydration of fully Cd2+-exchanged zeolite A 
had not been achieved. Cde-A evacuated at 50此 and 2X10-6 
Torr for 2 days contains three H2O molecules per unit cell,1,2 
and temperatures as high as 700t had not been found to 
be sufficient to remove all water.3

During the past decade, a series of attempts to achieve 
full Rb+-exchange of zeolite A had failed.4,5 Seff et al. report
ed that large monovalent Rb+ ions exchanged incompletely 

into zeolite A by flow methods.4 Only eleven of the twelve 
Na*  ions per unit cell were replaced by Rb+.

Fully dehydrated, fully Rb+-exchanged zeolite A has been 
prepared by the reduction of all of the Na+ ions in dehydrat
ed Nai2-A by rubidium vapor.6 In a series of structures, 12.6 
(2) to 13.5(2) Rb species were found per unit cell, more than 
the twelve Rb" ions needed to balance the anionic charge 
of the zeolite A framework. The structural analyses indicated 
that dirubidium or trirubidium clusters inside the sodalite 
cavity coordinate further to rubidium ions in the large cavity 
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to form (Rb4)3+ and (Rb6)4+ clusters.
This work was done to learn whether fully dehydrated, 

fully Cd2+-exchanged zeolite A could be prepared and, if 
so, to determine its structure. This work was also done to 
learn whether a more stoichiometric Rb-A-Rb structure than 
had been seen with Na-A or Ca-A might result from treat
ment of Cd-A with rubidium gas, because cadmium is more 
easily reduced and can be distilled away from the crystal.

Experimental Section

Crystals of zeolite 4A were prepared by a modification 
of Chamell's method.7 Two single crystals about 85 jim on 
an edge were selected and lodged in separate fine quartz 
capillaries. An exchange solution of Cd(NC)3)2 and CdK^CCH^ 
in the mole ratio of 1:1 with a total concentration of 0.05 
M was allowed to flow past each crystal at a velocity of 
approximately 1.5 cm/s for 3 days. Each crystal was 
washed by continuing this procedure using distilled water 
at 80t for 1 h.2

Each crystal, still in its fine quartz capillary, was attached 
to a vacuum system and was cautiously dehydrated by grad
ually increasing its temperature (皿 25t /h) to 750t at a 
constant pressure of 2XIO-6 Torr. Finally, the system was 
maintained at this state for 48 h. After cooling to room tem
perature, one crystal (crystal 1), colorless, still under vacuum, 
was sealed in its capillary by torch. To the second crystal, 
rubidium vapor was introduced by distillation from a side
arm break-seal ampule to the quartz-tube extension of the 
crystal-containing capillary. The quartz reaction vessel was 
then sealed off under vacuum and placed within a pair of 
cylindrical horizontal ovens, axes colinear, attached. The 
oven about the crystal was always maintained at a higher 
temperature than that about the rubidium metal so that ru
bidium would not distill onto the crystal. The crystal was 
allowed to react with 0.1 Torr of Rb vapor at 250t for 2 
h, after which it was sealed off from the reaction vessel 
by torch after cooling to room temperature. Microscopic 
examination showed that the crystal (crystal 2) had become 
black.

X-ray Data Collection

The cubic space group Pm3m (no systematic absences) 
was used instead of Fm3c throughout this work for the rea
sons discussed previously by Seff and Mellum, and referen
ces ther든in." Diffraction data were collected with an auto
mated Enraf-Nonius four-circle computer controlled CAD-4 
diffractometer equipped with a pulse-height analyzer and a 
graphite monochromator, using Mo Ka radiation (Kab 人= 

0.70930 A, Ka2, A=0.71359 A). The unit cell constants at 
21(l)t determined by least-squares refinement of 25 intense 
reflections for which 18°<29<25° are a = 12.216(1) A for cry
stal 1 and a = 12.187(1) A for crystal 2.

For each crystal, reflections from two intensity-equivalent 
regions of reciprocal space (hkl, hVJ&l and lhkt 
were examined. The intensities were measured using the 
co-20 scan technique over a scan width of (0.80+ 0.344 tan0)° 
in cd. The data were collected using variable scan speeds. 
Most reflections were observed at slow scan speeds, ranging 
between 0.24 deg and 033 deg min-1 in The intensities 

of three reflections in diverse regions of reciprocal space 
were recorded after every three hours to monitor crystal 
and x-ray source stablity. Only sm아 1, random fluctuations 
of these check reflections were noted during the course of 
data collection. For each region of reciprocal space, the inte
nsities of all lattice points for which 2G<70° were recorded. 
Only those of which Z>3o(J) were used for structure s이ution 
and refinement. This amounted to 191 of the 862 reflections 
examined for crystal 1, and 90 of the 852 reflections for 
crystal 2.

The intensities were corrected for Lorentz and polarization 
effects; the reduced intensities were merged and the resul
tant estimated standard deviations were assigned to each 
averaged reflection by the computer programs, PAINT and 
WEIGHT.10

For the first crystal, gR=0.090, 1.408 g/cm3 and F
(000) = 990; for the second the corresponding values are 
0.391, 2.369 g/cm3 and 1200. The ab옪option correction was 
judged to be negligible for both crystals and was not applied.11

Structure Determination

Cck-A dehydrated at 750°C. Full-m값]dx least-squares 
refinement was initiated with the atomic parameters of the 
framework atoms [(Si, Al), 0(1), 0(2), and 0(3)1 of Cd6-A 
vacuum dehydrated at 450t ?2 Anisotropic refinement of the 
framework atoms converged to an index, (EtF。_ 1/기 |)/EZ*L)  
of 0.46 and a weighted R2 index, (Lw(F0~ |Fcl)2/Sw7\,2)1Z2 
of 0.55.

The initial difference Fourier function revealed one large 
peak at (0.166,0.166,0.166) of height of 9.5(2) eA'3. This peak 
was stable as six Cd2+ ions in least-squares refinement. Ani
sotropic refinement of the framework atoms and Cd2+ ions 
lowered the error indices to — 0.095 and R = 0.085.

The thermal ellipsoid of the Cd小 position had become 
very elongated, suggesting the presence of two nonequivalent 
Cd" ions at this position. Also, the Fourier function showed 
this peak to be resolvable into two peaks, which were refined 
at x=0.16 and 尤=0.20 on the threefold axes. Occupancy re
finement converged at 2.11(4) and 4.27(4), respectively. These 
values were reset and fixed at 2.0 and 4.0 Cd2+ ions at Cd(l) 
and Cd(2), respectively, because the cationic charge should 
not exceed +12 per Pm3m unit cell. Anisotropic refinement 
of the framework atoms and Cd2+ ions at Cd(l) and Cd(2) 
converged to = 0.055 and 7?2=0.067 (see Table 1). In the 
final cycle of least-squares refinement, all shifts in atomic 
parameters were less than 0.1% of their corresponding stan
dard deviations. The final difference function was featureless 
except for a peak at (0.0,0.0,0.0) of height 2.6(13) eA-3. This 
peak was not within bonding distance of any other atom, 
and was not considered further.

The 0.50 A deviation of the ions at Cd(2) into the sodalite 
unit from the [1,1,1] plane at 0(3) suggests that water mo
lecules might exist in the sodalite cavity, despite no such 
indication in Fourier functions. Attempted refinement at 
several calculated positions for two such water molecules 
was unsuccessful. Minima in R's were found, but not at posi
tions which afforded acceptable Cd-0 or 0-0 distances. Also 
the product of the treatment of Cd6-A dehydrated at 750t 
with Rb(g) (present work) or Cs(g)13 yielded structures very 
similar to those of dehydrated Na12-Ai415 or Cae-A6 treated
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Table 1. Positional, Thermal, and Occupancy Parametei■아 
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Rb(l) 3(c) 0 5000 5000 110(20)
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90(20) 0 0 -100(60) 12.0
60(20) -10(40) 50(30) 50(30) 24.0

150(10) 0 0 0 3.12 ⑺ 3.0
91⑶ 45(9) 45(9) 45(9) 7.76(6) 8.0

180(20) -80(40) -80(40) -80(40) 2.44 ⑻ 2.5

a Positional and anisotropic thermal parameters are given X104. Numbers in parentheses are the esd's in the units of the least significant 
digit given for the corresponding parameter. "The anisotropic temperature factor=expE-(pu/i2 + ?22^2+P33Z2 + + P13/1/ + 'Oc
cupancy factors are given as the number of atoms or ions per 나nit cell. dOccupancy for (Si)=12; occupancy for (Al) =12.

Table 2. Selected Interatomic Distances (A) and Angles (deg)

Cdg-A Rbi3.5-A

(Si,Al)-O(l) 1.62(1) 1.67(2)
(Si,ADQ2) 1.63(1) 1.65(2)
(Si, Al)-0(3) L70⑴ 1.65(1)
Cd(l)-O(3) 2.16 ⑴
Cd ⑵-0(3) 2.20 ⑴
Rb(l)-Od) 3.29(3)
Rb(l)-O(2) 3.56 ⑴
Rb(2)-O(3) 2.83 ⑴
Rb(3)-O(3) 298⑵
Rb(l)-Rb(2) 5.18 ⑴
Rb(2)-Rb(2) 5.7M2)
Rb(2)-Rb(3) 3.50 ⑴
Rb(3)-Rb(3) 4.21(1) ar너 3.44(1)

0⑴-(Si, Al)-O(2) 115.7(8) 105(1)
O(l)-(Si, Al)-O(3) 111.8(5) 112.1(9)
O(2)-(Si, AD-(X3) 105.0(4) 108.3(6)
O(3)-(Si, AD-0 ⑶ 107.0(4) 110.6(7)
(Si,Al)-O(l)-(Si, Al) 164⑴ 139(2)
(Si,Al)-O(2)-(Si, Al) 157.2(6) 161(1)
(Si,Al)-O(3)-(Si, Al) 137.0(7) 146.0(4)
O(3)-Cd(l)-O(3) 118.3(2)
O(3)-Cd(2)-O(3) 114.9(2)
O(3)-Rb(2)-O(3) 90.3(4)
O(3)-Rb(3)-O(3) 84.5(2)
Rb(2)-Rb ⑶-Rb(3) 180 and 144.7(1)

Numbers in parentheses are estimated standard deviations in 
the units of the least significant digit given for the corresponding 
value.

with Rb(g) or Cs(g). This argues that the present crystal 
of Cd6-A is fully dehydrated.

Cd«-A dehydrated at 750°C and treated with Rb 
vapor. Full-matrix least-squares refinement was initiated 
with the atomic parameters of the framework atoms [(Si, Al), 
0(1), 0(2), and 0(3)] of dehydrated RbnNai-A.4 Anisotropic 
refinement of the framework atoms converged to an R index 
of 0.51 and a weighted R2 index of 0.61.

An initial Fourier synthesis revealed three large peaks: 
at (0.0, 0.5,0.5), peak height 30.6(4) eA-3; at (0.264,0.264,0. 
264), peak height 37.6(3) eA 3; and at (0.100,0.100,0.100), 
peak height 8.1(3) eA-3. Anisotropic refinement of the frame

work atoms and of Rb+ ions at Rb(l), Rb(2), and Rb(3) 
converged to R = 0.072 and 7?2=0.055 with occupancies of 
3.12(7), 7.76(6), and 2.44(8), respectively (see Table 1).

Allowing all occupancies of Rb(0, i=l一3, to vary except 
that at Rb(l) which was not permitted to exceed 3.0 (its 
maximum occupancy), and allowing the thermal parameters 
to refine anisotropically, led to R = 0.065 and 2?2—0.048. The 
occupancy numbers of Rb(z'), ? = 1 — 3, were reset and Jixed 
as in the last column of Table 1, to give Rbns-A.

All shifts in the final cycles of least-squares refinement 
were less than 0.1% of their corresponding standard devia
tions. The final error indices converged to R=0.066 and
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Figure 1. A stereoview of the sodalite unit of fully dehydrated 
Cd6-A. Two Cd2+ ions at Cd(l) and four Cd2+ ions at Cd(2) are 
shown. Ellipsoids of 20% probability are used.

ND1 Rbl

Figure 2. A stereoview of a large cavity in Rbi3-A. Eight Rb 
species at Rb(2), two Rb species at Rb(3), and three Rb+ ions 
at Rb(l) are shown. Ellipsoids of 20% probability are used.

死=0.049. The final difference function was featureless ex
cept for a peak 1.1(1) eA-3 in height at the origin.

For both structures, the full-matrix least-squares program 
used minimized Zw(F0~ IT지)勺 the weight (w) of an observa
tion was the reciprocal square of cj⑶)，its standard deviation. 
Atomic scattering factors1617 for Cd2+, Rb+, 0 , and (Si, Al)175+ 
were used. The function describing (Si, Al)1,75+ is the mean 
of the Si0, Si4+, Al°, and Al3+ functions. All scattering factors 
were modified to account for anomalous dispersion?8 The 
final structural parameters and selected interatomic distan
ces and angles are presented in Tables 1 and 2, respectively.

Discussion

Fully dehydrated In the crystal structure of
vacuum-dehydrated Cde-A, all six Cd2+ ions associate with 
6-ring oxygens on threefold axes. Two ions at Cd(l) and 
four at Cd(2) per unit cell are 2.16(1) and 2.20(1) A, respecti
vely, from their respective three O(3)'s (see Figure 1). For 
comparison, the sum of the conventional ionic radii of Cd2+ 
and 0" is 2.29 A.19 Also, the present bonding distances be
tween Cd2+ and 0(3) are comparable to those in partially 
dehydrated Cd6-A.2,3 In that structure, the Cd-O(3) distance 
is 2.16(1) k for three-coordinate Cd2+ and 2.23(1) A for each 
Cd2+ ion which coordinates further to a water molecule. The 
two Cd" ions at Cd(l) are recessed 0.28 A into large cavity 
from the (111) plane at 0(3) (Table 3) and 아｝e four Cd*  
ions at Cd(2) are correspondingly recessed 0.50 A into the 
sodalite cavity. Cd(2) ions arranged tetrahedrally within the 
sodalite unit and Cd(l) ions occupying two of the remaining 
6-rings, is one of several arrangements which minimizes total 
intercadmium repulsions. If, further, these two groups lie 
one recessed into the sodalite unit and the other into the 
large cavity, as is observed, these repulsions are slightly fur
ther diminished. Thus it is more favorable electrostatically 
that six -Cd2+ ions occupy two different threefold-axis posi
tions as in the present structure (see T간＞le 1).

Rbi3,5-A. Treating dehydrated Cde-A with 0.1 Torr of 
Rb vapor at 250t causes all six Cd2+ ions to be reduced 
by Rb atoms. The cadmium atoms produced are no longer 
found in the zeolite. Instead, Rb+ ions are found at three 
crystallographic sites (see Table 1).

Three Rb+ ions at Rb(l) fill the equipoints of symmetry 
C站 ①顺 in Ptn3m) at the centers of the 8-rings (see Figures 
2 and 3), as they have in all previously reported Rb+-ex
changed zeolite A structures.20,21 Each Rb(l) cation is 3.29⑶

Figure 3. A stereoview of a sodalite cavity in Rbi3-A. A linear 
(Rb4)3+ cluster is 아iowil Ellipsoids of 20% probability are used.

Tabe 3. Deviations of Atoms (X) from the (111) Plane at 0(3)

Cd6-A Rbi3§-A

0(2) 0.27 0.14
Cd⑴ 0.28 Rb(2) 1.63
Cd(2) -0.50 Rb(3) -1.88

A negative deviation indicates that the atom lies on the same 
side of the plane as the origin.

X from four 0(1) oxygens and 3.56(1) A from four O⑵'s 
(Table 3). These distances are substantially longer than the 
sum of the ionic radii of O2- and Rb*,  2.79 A?9 as has been 
discussed before.20,21

At Rb(2), 8.0 Rb species are on threefold axes in the large 
cavity. Each of these extends 1.63 A into the large cavity 
from the (111) plane at 0(3) (Table 3) and coordinates to 
three 0(3) oxygens of the 6-ring at 2.83(1) A. At Rb(3), also 
on threefold axes and associated with 6-ringst 2.5 Rb species 
are recessed 1.88 A into the sodalite cavity from the (111) 
plane at 0(3). Each of these ions coordinates to three 0(3) 
oxygens at 2.98(2) A (see Figures 2 and 3). The sum of 
the occupancies of the Rb species on the threefold axes is 
ca. 10.5(2).

The product crystal, Rbg-A, contains more Rb species 
than are required to balance the anionic charge of the zeolite 
framework, which is variously estimated to be —11.7522 to 
一 12.8 Therefore there are about 1.5 Rb species in excess 
in Rbi3.5-A. This excess is attributed to rubidium atom sorp
tion.

The crystal may be viewed as an equal mixture of two 
kinds of “unit c이Is", Rbi2-A*Rb  and Rbi2-A*2Rb.  Because
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Figure 4. The linear rubidium cluster, (Rb，*严.Ellipsoids of 20% 
probability are used.

Figure 6. The trigonal rubidium cluster, (Rbe)4+, in Rbu-A. The 
Rb(3)'s are in the sodalite unit and 나】。Rb(2)'s are in the large 
cavity. Ellipsoids of 20% probability are used.

Figure 5. A stereoview of a sodalite cavity in Rbu-A. A trigonal 
(Rbe)4+ cluster is shown. Ellipsoids of 20% probability are used.

the positions at Rb(2) and Rb(3) must necessarily be averages 
of the actual positions in unit cells of each composition, some 
additional uncertainty must be associated with their 
geometries. It is also possible that these compositions are 
Rbi2-A and Rbi2-A*3Rb,  or a mixture of all. Rbi2-A*3Rb,  fol
lowing the arguments of the next two paragraphs, would 
contain (Rb8)rt+ clusters of symmetry 23=7；, where n might 
be 5 or 6.

The Rbi2-A*Rb  "unit cell” would have 12.0 Rb+ ions and 
one Rb atom. Its sodalite unti with two Rb(3)'s (see Table 
1) must have an Rb(3)-Rb(3) distance of 4.21(1) X (other 
alternatives, 3.44 or 2.43) are judged to be unnecessarily 
short), which is quite short as compared to the bond length 
in Rb metal, 4.95 A.23 Each Rb(3) species in the sodalite 
unit associates with one Rb(2) in the large cavity (Rb(2)-Rb 
(3)=3.50(1) A), allowing further electron delocalization. Thus, 
linear (Rb4)3+ clusters, which lie on threefold axes and ex
tend through the centers of sodalite units (은ee Figure 3 and 
4), have formed. Similar linear (Cs4)3+ clusters were observ
ed in previous studies.13-15 The bond lengths in this cluster 
are therefore, from one end to the other, 3.50, 4.21, and 
3.50 A. These are all 아lorter than those in Rb metal. (Rb4)3+ 
can be viewed as a one-dimensional particle in a box, four 
linearly arranged Rb+ ions with one electron delocalized 
among them. The length of the box, ca. 14.2 A, is approximat
ed by the sum of the three bond lengths plus twice the 
ionic radius of Rb+. A broad absorption transition (l->4) 

is allowed near the middle of the visible range at about 
4415 A, which could account for the black color of the (Rb4)3+ 
-containing crystal.

The Rbi2-A-2Rb unit cell would have 12.0 Rb+ ions and 
two Rb atoms. Its sodalite unit must have three Rb(3)'s (see 
Table 1) in each sodalite unit with Rb(3)-Rb(3) distances 
of 2.43(2) or 3.44(1) A. The shorter distance is impossibly 
short, even less than the sum of the radii of two Rb+ ions, 
2.94 A,19 and cannot be tolerated. To avoid it, the three Rb(3)' 
s must form an equilateral triangle with 3.44(1) A distances 
(see Figure 5). Three of the eight Rb*  ions at Rb(2), a filled 
position, must associate with the Rb(3) triangle in the soda
lite unit to allow further electron delocalization. The two 
electrons from these two Rb0，s per sodalite unit must be 
delocalized over the shortest Rb-Rb contacts in the structure, 
those among the three Rb(3)'s in the sodalite cavity and 
the three Rb(2)'s nearest to these Rb(3)'s, to give the (Rb6)4+ 
cluster shown in Figures 5 and 6.6
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A method has been developed to estimate the kinetic energy release originating from the reverse critical energy 
in unimolecular ion dissociation. Contribution from the excess energy was estimated by RRKM theory, the statistical 
adiabatic model and the modified phase space calculation. This was subtracted from the experimental kinetic energy 
release distribution (KERD) via deconvolution. The present method has been applied to the KERDs in H2 loss from 
C6H6+ and HF loss from CH2CF2+. In the present formalism, not only the energy in the reaction coordinate but 
also the energy in some transitional vibrational degrees of freedom at the transition state is thought to contribute 
to the experimental kinetic energy release. Details of the methods for treating the transitional modes are found 
not to be critical to the final outcome. For a reaction with small excess energy and large reverse critical energy, 
KERD is shown to be mainly governed by the reverse critical energy.

Introduction

There have been considerable interests in the energy dis
posal in the product regions of unimolecular reactions.1 4 
Statistical models such as the phase space theory5 8 and 
the flexible transition state theory3 have provided good de
scriptions of the product state distributions for a number 
of unimolecular reactions going through loose transition sta
tes without significant reverse critical energies.3,57 12 In a 
more general unimolecular reaction with a significant reverse 
critical energy, there are two distinct components of the in
ternal energy available for partitioning in the products. These 
are the non-fixed excess energy at the transition state and 
the reverse critical energy.1,21314 In this case, further assump
tions concerning the dynamics in the exit channel are need
ed to formulate the energy partitioning within the statistical 
framework.1516 The simplest of such assumptions is, for ex
ample, to assign the entire reverse critical energy to the 
relative translation of the products.1517 In most of the cases, 

however, the experimental kinetic energy release is substan
tially smaller than the value evaluated under the above assu
mption.1318 This means that some of the reverse critical ener
gy is converted into product vibrations and rotations.19

In unimolecular ion dissociation, discussion on the energy1 
partitioning has been limited to the magnitude of the product 
relative tran이This is mainly due to the difficulty 
in the measurement of vibrational and rotational states of 
products. Various mass spectrometric techniques have been 
developed to measure the average of the kinetic energy re
lease (KER) or its distribution (KERD).13 The average KER 
or KERD thus obtained is used as a probe in the study 
of ion structure and fragmentation mechanism.14 In particu
lar, the fractions of the reverse critical energy released as 
the relative translational energy of the products in multi-cen
tered elimination reactions have been though to be of diagnos
tic value in the assignment of transition state geometries?314

It has long been recognized that the kinetic energy releas
ed from the reverse critical energy depends upon the detail
ed energetics and dynamics of the reaction and is intrinsic 
to the particular process.13 A practical difficulty in the meas-


