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The crystal structure of partially Ag+-exchanged zeolite A, Ag3i2Nag-g - A, vacuum dehydrated at 360 °C and then exposed 

to 0.1 torr of cesium vapor for 12 hours at 250 °C has been determined by single-crystal X-ray diffraction techniques in the 

cubic space group Pm3m (a= 12.262(2)A) at 21(1)°C. The structure was refined to the final error indexes = 0.068 and 

#2 = 0.072 by using 338 reflections for which /0>3a(70) and the composition of unit cell is AggCs&WL 3 Cs+ ions lie on the 

centers of the 8-rings at sites of D^k symmetry. Two crystallographycally different 6-ring Cs+ ions were found: 1.5 Cs+ ions 

at Cs(2) are located inside of sodalite cavity and 4.3 Cs+ ions at Cs(3) are located in the large cavity. The fractional occupan­

cies observed at Cs(2) and Cs(3) indicate that 나｝e existence of at least three types of unit cells with regard to the 6-ring Cs + 

ions. For example, 50% of unit cells may have two Cs+ ions at Cs(2) and 4 Cs+ ions at Cs(3). 30% of unit cells may have one 

Cs+ ion at Cs(2) and 5 Cs+ ions at Cs(3). The remaining 20% would have one Cs+ ion at Cs(2) and 4 Cs+ ions at Cs(3). On 

threefold axes of the unit cell two non-equivalent Ag atom positions are found in the large cavity, each containing 0.64 and 

1.92 Ag atoms, respectively. A crystallographic analysis may be interpreted to indicate that 0.64 (Ag* clusters are present 
in each large cavity. This cluster may be viewed as a tetrasilver molecule (Ag4)° (bond length, 2.84A) stabilized by the coordi­

nation of one Ag+ ion.

Introduction

Numerous investigation have been reported that various 

types of silver clusters are located in dehydrated fully and 

partially silver ion exchanged zeolite A, zeolite Y, mordenite, 

and chabazite.1'10 The existence of these silver clusters was 

identified and reconfirmed by many workers using EPR 

spectroscopy,6,1114 reflectance spectroscopy,15 and FTIR.16 

Ag + ions can be reduced by heating, by reaction with reduc­

ing agents such as H2, alcohol, and alkylbenzenes, or by the 

sorption of metal atoms.17 Recently, in the structures of de­

hydrated AggNag-A18,19 treated with 50 torr of H2 at room 

temperature, 1.27 (AgJ* clusters and 0.7 (Ags)2+ clusters 

per unit cell were found in the large cavity. In the structure 

of Ag4 6Na74-A, dehydrated and treated with H2 at 350 °C, 

(Agg)3+ clusters of low symmetry were found in the large 

cavity.3,9

In the structure of fully Cs+ ion exchanged zeolite A 

which was prepared by the sorption of cesium metal vapor on 

dehydrated Na12-A, Na+ ions were reduced and replaced by 

Cs vapor and linear cesium clusters (CS3严 and (Csj", were 

found.20

This work was done to learn whether new silver clusters, 

or known clusters with unknown structure, could be syn­

thesized for the reaction of Ag32Na88-A with cesium metal 

vapor as a reducing agent and, if so determine their struc­

tures by single-crystal X-ray diffraction techniques.

Experimental

Complete Ag* exchange of zeolite 4A single crystals is 

accomplished by a 옹tatic method. 0.2g of zeolite 4A (Union 

Carbide, Lot 494107701161) were allowed to exchange at 

24°C with 6-fold excess of 0.05N AgNO3> and the solution 

was agitated periodically. Each day, the supernatant solution 

was decanted and a fresh aliquot of 0.05N AgNO3 was added. 

After 7 days, the zeolite was filtered and dried.

To prepare of Ag4Na8-A, samples of Ag12-A and Na12-A 

were mixed in a 3:1 mole ratio (neglecting water content). To 

this mixture was added a few large single crystals of zeolite 

4A which had been prepared by CharnelFs method,20 with 

enough water to submerge all solid particles so that at 

equilibrium the composition of the large crystals would be 

Ag4Na8-A. After 4 days, th은 water was allowed to evaporate 

in air at room temperature.

A single crystal 80 on an edge was selected and lodg­

ed in a fine glass capillary. The hydrated partially Ag+- 

exchanged crystal was dehydrated for 48h at 360 °C and 

2.0 x 1(厂& torr, and then exposed to 0.1 torr of cesium vapor 

for 12h at 250 °C. After cooling to room temperature, the 

crystal was sealed off in its capillary by torch. The crystal 

became metallic black.

Diffraction intensities were subsequently collected at 

21(1)°C. The space group Pm3m (no systematic absences) 

was used throughout this work for reasons discussed pre-
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162(4) 63⑵ 63⑵ 0

137(6) 137(6) 137(6) -7(X10)

57(1) 57(1) 57⑴ 11(3)

41⑹ 41⑹ 41⑹ 10(20)
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0 9{3) '24.0

0 0 12.0

0 30(10) 12.0

11⑻ 11(8) 24.0

0 0 2.8(1) 3.0

-70(10) -70(10) 1.43(3) 1.5

11⑶ 11(3) 4.27(2) 4.3

10(20) 10(20) 0.75(4) 0.64

0 0 0.45(4) 0.64

80(40) 80(40) 1.87 ⑸ 1.92
辭。nal and Isotropic thermal parameters are given x 10% Numbers in parentheses are the esd's in units of the leastggnificant digit given 

for the corresponding parameter. The anisotropic temperature factor = exp["02 + k2 + p p 膈妹 + 8 hl + 8 kM 
pancy factors g.ven as the number of atoms or ions per unit cell. ^Occupancy for (Si) = 12;tccupancy for (Alj=12." 向‘‘如 Occu'

viously.21-22 Preliminary crystallographic experiments and 

subsequent data collection were performed with an Enraf- 

Nonius four-circle computer controlled CAD-4 diffracto- 

meter, equipped with scintillation counter, pulse-height ana­

lyzer, a PDP micro 11/73 computer, and a graphite mono­

chromator. Molybdenum radiation (Kal,人=0.70930A; Ka2t 

入드0.71359A) was used for all experiments. The unit cell 

constant, as determined by a least-squares refinements of 25 

intense reflections for which 16°<20<25°is 12.262(2)A.

Reflections from two intensity-equivalent regions of reci- 

pr?cal space 어切, h<k<l and hklt k<h<^l} were examined 

using the scan speeds. The maxium final scan speed 

was 5 min per one reflection. Most reflections were observ- 

ed at the slow scan speed, ranging between 0.150 0 and 0.260 0 

in w minf The intensities of three reflections in diverse 

regions of reciprocal space were recorded after every 100 

reflections to monitor crystal and instrument stability. The 

raw data from each egion were corrected for Lorentz and 

polanzation effects, including that due to incident bean 

monochromatization; the reduced intensities were merged 

and resultant estimated standard deviation were assigned to 

each average reflection by computer programs PAINT and 

WEIGHT.23 An absorption correction was judged to be un­

important (#=5.59 mm-1) and was not applied.8 All 874 re­

flections for which 20 <70° were collected by counter 

methods. Of these, only the 338 for which 1。>3心 were us- 

ed for subsequent structure solution and refinement.

Structure Determination
Full-matrix least-squares refinement was initiated by us- 

ing the atomic parameters of the framework atoms ((Si, Al), 

이 1), 0(2), and 0(3)) in the structure of the dehydrated 

Ag^&N%《A. Anisotropic refinement converged to error in­

dices.

人F°- IFc| I/ZFo=0.554

tew(^o-|Fc|)7Zw^o2]1/2=0.597

A difference Fourier map revealed two large peaks at 

(0.0, 0.5, 0.5) and (0.277, 0.277, 0.277) with heights of 35.4(5) 

eA 3 and 23.7(3) eA~3, respectively. These were stable in 

least-squares refinement and anisotropic refinement in- 

cluding these positions, as Cs(l) and Cs(3), respectively, con­

verged to = 0.167 and R2 = 0.243. A subsequently differ- 

ence Fourier map revealed four peaks at (0 082 0 082 

0.082), (0.2207, 0.2207, 0.2207), (0.3887, 0.3887, 6.3887)： 

a증d (0.2207, 0.2207, 0.5) with。heights of 9.9(3) eA~3, 9.2(3) 

eA一 , 3.2(3) eA-3, and 5.5(2) eA'3, respectively. All of which 

were stable in least-squares refinement and simultaneous 

positional, occupancy, and anisotropic thermal parameter re­

finement including these positions, Cs⑵，Ag(l), A怂⑵，and 

Ag(3), respectively, converged to & = 0.062 and R2 그 0.072. 

At this point, a difference Fourier map revealed a peak at 

(0.359, 0.359, 0.359) with a height of 1.0(2) eA-3. Unfortuna- 

tely, attempt to refine this position as Ag(5) was unsuccess- 

fuL In least-squares refinement, this position was shifted to 

Ag(3) position. The error indices were also increased.

Occupancy refinements of Cs(l), Cs(2), Cs(3), Ag(l), 

Ag(2)，and Ag(3) converged to 2.8(1), 1.43(3), 4.27(2)： 

0.75(4), 0.45(4), and 1.87(5), respectively (see Table 1). The 

jons at Cs(l) are associated with 8-rings, and because these 

lons can accomodate no more than 3 ions per unit cell, the oc­

cupancy at Cs(l) was fixed at 3. It appeared that the occupan- 

cy numbers of Ag(l) and Ag(2) were one third those of Ag(3). 

The Ag(l)-Ag⑵ and Ag(l)-Ag(3) distances were 3.544(4)A 

and 3.617(7)A, respectively. The approach distance of Ag(l) 

and A或2)°to the framework oxide ion 0(3) are 2.365(6)A and 

2.990(30)A, respectively, and that of Ag⑵ to the framework 

oxide ion 0(1) is 2.980(40)A. The Ag(2)-Ag(3) and Ag(3)- 

Ag(3) distances are 2.840(40)A and 2.840(20)A, respectively. 

These distances indicate that Ag(2) and Ag(3) are occupied 

by silver atoms and Ag(l) is occupied by silver ion. They 

appear to form (Ag5)+ clusters (Figure 2). Therefore the 

occupancy numbers of Ag(l), Ag(2), and Ag(3) was fixed to 

664, 0.64, and 1.92. Therefore, the composition of unit cell 

1S Ag3_2Cs&" (£妇=2.65 gem-3 and H000) = 1243). The 

final refinements, using anisotropic thermal parameters for 

all positions, converged at R、= 0.068 and R2 = 0.072.

The final difference map was featureless except for two 

peaks at the center of the unit cell and (0.359, 0.359 0 359) 

with heights of 2.7(7) eA— respectively. '

The final structure parameters are presented in Table 1. 

Interatomic distances and angles are given in Table 2. All
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Rgure 1. Stereoview of the structure showing one (AgJ* cluster 

remaining 36% would have no cluster.

per unit cell. About 64% of the unit cells contain this cluster and the

Figure 호. Stereoview of the (Ags)+ cluster. The torsion angle of Ag(2卜Ag(3卜Ag(3卜Ag(3) is 142.8°.

Table 2. Elected Interatomic 

Dehydrated

Distances(A) and AnglesCdeg^ of

(Si,Al)-0 ⑴ 1.658(3) 0 ⑴-(Si,Al)-0 ⑵ 106.9(3)

(SitAl)-O(2) L653⑶ O(lMSi,Al)-O(3) 111.4(3)

(Si,Al)-O(3) 1.669(4) 0(2HSi,Al)-0 ⑶ 108.6(1)

Ag⑴-0(3) 2.365(6) O(3HSi,Al)-O(3) 110.1(3)

Ag(2卜0⑴ 2.98(X40) (Si,Al)-O(lHSi,Al) 145.7(5)

Ag(2)-O(3) 2.99(X30) (Si,Al)9(2HSi,Al) 158.1(3)

Cs ⑴9(1) 3.389(7) (Si,AD-O(3HSi,AD 145.3(3)

Cs⑴・O(2) 3.55(X30) 0(3 卜 Cs(22(3) 80.4(1)

Cs(2 卜 0(2) 3.712(3) 0(3 卜 Cs(3H)(3) 82.4(1)

Cs(2 卜 0(3) 3.086(7) O(3)-Ag(l)-O(3) 114.8(3)

Cs(3>0(2) 3.449⑴ CXl)-Ag(2)-O(2) 54.8(6)

Cs(3 卜 0(3) 3.025(3) Ag(2 卜 Ag(3)-Ag⑶ 60.0(3)

Cs(l)-Cs(3) 5.131(1) Ag(l)-Ag(3)-Ag(3) 125.3(2)

Cs(3)-Cs(3) 5.384(1) Ag⑴・Ag(2)-Ag ⑶ 68.0(2)

Cs(2>Cs(3) 4.019(3) Ag(2)-Ag(l 卜 Ag⑶ 46.7(4)

Cs(2 卜 Cs(2) 3.877⑹

Ag⑴-Ag(2) 3.544(4)

A 잉(1 卜 Ag⑶ 3.617(7)

Ag(2 卜 Ag(3) 2.840(40)

Ag(3)-Ag(3) 2.84(X20)

"Numbers in parentheses are estimated standard deviations in the

units of the last significant digit given for the corresponding value.

shifts in the final cycle of refinement were less than 0.3% of 

their corresponding esd's.

The full-matrix least-squares program used in all struc-

Table 3. Deviation of Atoms(A) from the (111) Plane at 0(3) of De- 

hydrated AgKs앙.8-A_____________________________________________

0(2) 0.187(4) CM2) -2.057(5)

Cs(3) 1.963(1) AHI) 0.546(8)

Ag(3) 4.164(9)

A negative deviation indicates that the atom lies on the same side of 

the planes as the orign.

ture determination minimized ZwiF^F^)2; the weight(切)of 

an observation was the reciprocal squares of its stan­

dard deviation. Atomic scattering factors24,25 for Ag°, Ag + , 

O, Cs + t and (Si,Al)1-75+ were used. The function describing 

(Si,Al)175+ is the mean of the Si0, Si4+, Al°, Al3+ functions. 

All scattering factors were modified to account for the an­

omalous dispersion correction.26,27

Discussion
Cs+ ions are found at three crystallographic sites, as pre­

sented in Table 1. In this structure three Cs+ ions at Cs(l) fill 

the equipoints at the centers of the 8-rings.28 These positions 

are well established by previous experimental works18-29'30 as 

well as by theoretical calculations.31'32 The local symmetry of 

this site is C"(£板 in F彻3初.Each Cs + ion is 3.389(7)A from 

four 0(1) oxygens and 3.550(30)A from four 이2)'s. These 

distances are substantially 1교rge than the sum of ionic 

2.99A33, but Cs+ ions at this position have also been ob­

served before in the Cs+ ion exhanged zeolite A struc­

tures.18,29,34'36 The Cs+ ions at Cs(2) and Cs(3) are on three­

fold axes and associated with 6-rings.28 The 1.5 ions at Cs(2) 
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are recessed 2.057(5)A into the sodalite cavity from the 

(111) plane at 0(3), and the 4.3 ions at Cs(3) are correspon­

dingly resessed 1.963(1)A into the large cavity (see Table 3). 

These ions are each associated with three 0(3) oxygens, at 

3.086(7)A for CM2) and 3.025(3)A for Cs(3) (see Table 2). In 

this crystal structure, Na+ ions were reduced by cesium metal 

vapor and replaced by Cs+ ions.31 This reaction is driven by 

the following equation:

88M++8.8C『t8.8Cs++88Mz°
This can be considered a solvent-free ion exchange method.

The fractional occupancies observed at Cs(2) and Cs(3) in­

dicate that the existence of at least three types of unit cells 

with regard to the 6-ring Cs + ions. For example, 50% of unit 

cells may have two Cs + ions at Cs(2) and 4 Cs+ ions at Cs(3). 

30% of unit cells may have one Cs + ion at Cs(2) and 5 Cs + 

ions at Cs(3). The remaining 20% would have one Cs+ ion at 

Cs(2) and 4 Cs+ ions at Cs(3).

The silver species at Ag⑴ are located near framework 

oxygens and may be considered to be Ag+ ions. Ag⑴ is as­

sociated with a six-ring and approaches three 0(3) oxygens at 

2.365⑹A. For comparison, the sum of the Ag + and O2- radii 

is 2.58A.37

The silver species at Ag(3) are located deep inside the 

large cavity. The distance between Ag(3) and 0(3) is 

4.760(50)A, indicating that there is no interaction between 

silver species at Ag(3) and 0(3) oxygen. They may be placed 

within their equipoints of partial occupancy: Ag(3)-Ag⑶= 

2.84(X20)A (see Table 2). This distance is approximately the 

same as the Ag°-Ag° distance in silver metal, 2.89A.36 

An Ag(l)-Ag(3) distance is 3.617(7)A (Table 2) which is too 

short to be an unmoderated Ag+-Ag+ contact and too long to 

be Ag°-Ag° bond. This may be considered to be Ag°-Ag * co­

ordination distance.1,2

The Ag(2) position is 2.980(40)A and 2.990(30)A from two 

0(1) oxygens and two 0(3) oxygen, respectively. Ag(l)-Ag(2) 

and Ag(3)-Ag(2) distances are 3.544(4)A and 2.840(40)A (see 

Table 2), respectively, indicating that Ag⑴-Ag(2) is an ion­

atom contact and Ag⑶-Ag(2) is an atom-atom contact. 

Therefore, Ag(2) is a silver atom position. However, 

Ag(l)-Ag(2) and Ag(l)-Ag(3) distances as a distance of Ag + 

ion and Ag atom are longer than those of (Agg) +(Ag6)° in the 

structure of dehydrated partially decomposed Ag^A,1,2 The 

anisotropic thermal ellipsoids at Ag(2) and Ag(3) are relative­

ly large, indicating that those atoms are less firmly position­

ed. Thus, the Ag+-Ag° distances in this structure are elon­

gated. Such elongated Ag^-Ag0 distance is also seen at the 

structure of (AgJ? + clusters in AggNag-A.9 The reduction of 

Ag + to Ag° per unit cell may be proceeded by following reac­

tion.

2.56 Ag+ + 1.28 H2O-> 2.56 Ag° + 2.56 H+ + 0.64 O2

The number of silver ions or atoms at Ag(l). Ag(2), 

and Ag(3) are 0.64, 0.64, and 1.92, respectively (Table 1). 

This suggests that 0.64 cluster with stoichiometry 1:1:3 has 

formed per unit cell. This cluster is (AgJ* as shown in 

Figure 2.

The composition of the crystal could not have been 

Ag4Na8-A, as was intended, before treatment with cesium 

vapor. This could have been due to our neglect of zeolitic 

water molecules in calculating the weight ratio of hydrated 

Na12-A and Ag12-A to be mixed in the preparation step. One 

reason for this neglect is that the water content of hydrated 

Ag12-A is not accurately known. It is also possible that the 

single crystal studied was not in proper equilibrium with bulk 

sample.
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Relation Between the Repulsive Interaction and the Overlap 
of 산m Electron Densitiesf

Hoon Heo, Kook Joe Shln» and Yung Slk Kim*

Department of Chemistry, Seoul National University, Seoul 151-742. Received January 9, 1989

The relations between the repulsive interactions and the electron density overlaps are investigated for various closed shell- 

cIosed 아吮 11 pairs, in이uding the systems containing alkali and halide ions. It is found that 나诚 repulsive interaction( 卩由) 

p은nds on 한k overlap of the 이ectron density(SP) according to a simple exponential relation, V冋产 心 , Furthermore, for 

most the closed shell systems 나】e a values are near unity and the A values doe not vary much. The same tests are also per­

formed for the open shell-closed shell, and th은 open shell-open shell pairs. Although the results for these systems also show 

exponential dependences of the repulsive interactions on the density overlaps, the details of the dependence differ greatly 

from those for the closed 아lell systems ar서 also vary wid이y from one individual system to another.

Introduction

Closed shell repulsive force is generally interpreted in a 

simple manner in terms of the Pauli exclusion principle: The 

principle effectively prevents overlapping of 한蛇 electron 

densities when 나ley come 이ose to each other, thus leading to 

higher energy, the cause of the repulsion1. This in turn sug- 

gest옹 that the closed-shell repulsions depend in some way on 

the overlap of electron densities2.

Much work was done to understand the relation between 

the dominant part of the repulsion, i.e, the exchange repul­

sion, and the overlap of 난le wavefunctions, densities, or 

some other related quantities3. The so-called "Mulliken ap- 

proximation'' is an earliest example:

Eex(R) = JzS' / R, (1)

where S is the overlap intergral at intemuclear distance R 

producing the exchange repulsion E>. Murrell and Texeira- 

Dias5 proposed an alternative approximation,

Eex (R) = {a+bR) 〃源 ⑴ y가 硏 (2) dr, (2)

where the integral represents the overlap-dependent part of 

the Coulomb integral.

Several years ago one of 사吮 present authors (YSK) and 

coworkers checked the direct quantitative relationship be-

T This w이女 was supported in part by the Basic Research Institute 

Program, Ministry of Education of Korea, 1987. 

tween the entire repulsive interaction and the density overlap 

itself for the closed shell systems6. They performed their 

tests on three inert gas systems, He-He, Ne-Ne and Ar-Ar, 

and reported a striking result 난lat over most of its repulsive 

part the interaction is approximately proportional to the 

overlap of the electron densities(£). Their results showed 

that the rough magnitudes of those 이osed-shell repulsive in­

teractions depend only on the size of the density overlaps and 

not on the species of the interacting atoms. At a same in­

teratomic distance 나le Ar-Ar interaction is more repulsive 

than the He-He interaction because the Ar system has a 

larger density overlap than does the He system; but at a 

same value of 난虻 density overlap the repulsive interactions 

of the two systems do not differ very much. More recently 

Nyeland and Toennies7 used a new quantity

N=SJRL (3)

which is the density overlap divided by the square of the 

intemuclear distance, and found that 나】e dependence of the 

repulsive potentials on N is more stable 난以n the dependence 

on & for wider ranges of 7? for most of the inert gas systems.

In the present paper we perform the test of Ref. 6 for the 

closed 아lell systems 나tat were not tested in 난蛇 original 

work. In addition to the inert gas pair systems tested by Nye- 

land and Toennies in Ref. 7, they also include 하le systems in­

volving alkali and halide ions. The results exhib辻 roughly the 

same trend found in the original work. We also check 

whether the test can be extended to different types of sys­

tems, namely open shell-closed shell systems and the open


