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ABSTRACT ‘®
b | =3
. -y
Direct synthesis of CdS within the pore structure of zeolites leads ::.,"
[
to a novel supercluster with a structural geometry superimposed by the i’"
host framework. Detailed Xtray powder diffraction, EXAFS analysis and E_,{: !
. ‘.I*
optical absorption data reveal discrete (CdS), cubes located within the ::'
0
small sodalite units of the structure which begin to interconnect as the _
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.= 71 loading density within the zeolite rises. The discrete cube building blocks
/ consist of interlocking tetrahedra of Cd and S with a CdS bond length of
2.47Kf At higher loadings these cubes begin to occupy adjacent sodalite
units where the Cd atoms point toward each other through the double

six-rings linking the scdalite mceities with a Cd-Cd distance of ~6A. As

this three dimensional interconnection proceeds, the corresponding

changes in optical properties indicate a transformation to a semiconductor

supercluster with behavior intermediate between that of the discrete CdS

cubes and bulk semiconductor. Semiconductor superclusters represent a

novel class of materials where the 3-dimensional structure and electronic

properties can be controlled by using different zeolites as the template. <ty * ~ =

|\

The unique stability of (CdS), clusters inside the sodalite units is

due to the coordination of Cd atoms with the framework oxygen atoms of
the double 6-ring windows. The stability of the supercluster comes from

the interaction between (CdS)4 clusters in the adjacent sodalite units. We

suggest that through-borid coupling is responsible for the interaction

between (CdS)4 clusters.
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. INTRODUCTION:

Small metal and semiconductor clusters, having hybrid molecular
and bulk properties, represent a new class of materials and are under
intensive investigation. Many approaches exist for preparing these small
clusters. Well-defined, mass-selected clusters up to hundreds of atoms
can be generated in the gas phase using supersonic jet expansion
techniques1’3. Many interesting properties of these "bare" clusters,

including chemical reactivities, have been studied; although direct
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structure determination of these clusters is still not available. Clusters o ‘
can also be prepared in the condensed phase where the environment E
necessarily piays an important role. Small semiconductor clusters and f
particles have been prepared in solutions4“12, glasses13’14, and ra

polymers15'16. In these systems, the sizes of the clusters are not as ':’\"
well-defined. However, it can be varied to cover almost the entire range “';E
from molecular to bulk'€. Another approach, perhaps the most desirable “’:
one, if it is generally feasible, is through systematic chemical synthetic ;:; |
techniques. The synthesis of large gold and silver clusters have been fﬂf’
reported recently17, To the best of our knowledge, this has not been done ::*‘
for semiconductor clusters. :J(
Well-defined clusters can also be synthesized inside zeolites. _E-‘ :'
Zeolites are crystailine Al-O-Si materials containing pores of molecular - N '
dimensions, interconnected by smaller windows (Figure 1). For example, :CC"
zeolite Y contains both 5A (sodalite cage) and 13A (supercage) pores. .:::‘,:
Using zeolites as hosts, in principle, one can generate well-defined :':
clusters inside these pores. This approach has been used for generating ::
silver clusters inside zeolites 8. Furthermore, by filling up all the E‘-‘:;
internal pores of zeolites, one can build navel 3-dimensional supercluster :i;;::
structures that consist of individual clusters interconnected through the
windows of the pores. Using different zeolites as the template,
superclusters with different structures and electronic properties can be f:::.“:t
built. In this paper we present the synthesis and structure determination Eﬂl:;
of CdS superclusters inside zeolites, and discuss their optical and E*E
electronic properties. Part of the results has been presented in a previous “;
AN
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communication'~. In a separate paperzo, we discussed the properties of

NG R N

selenium clusters in zeolites. b

Il. EXPERIMENTAL:
A. Synthesis of CdS/Zeolite composites

L e N

All three zeolite entrapped semiconductor materials were prepared

by essentially the same procedure, illustrated here for zeolite Y. Starting

)

zeolite materials were commercially available from Linde as zeolite 5A, Ny

zeolite 13X and zeolite LZY-52 (NaY) and were used without further

e S in ¥

purification. Hydrogen sulfide gas was from Matheson while cadmium

; nitrate was from Alfa and again these were used without further i
)

K purification.
f bl
" 10g of zeclite NaY was slurried in 1000 mL distilled water and the o

@ pH was adjusted to 5 with nitric acid. 10g cadmium nitrate was added and

the mixture stirred at room temperature overnight. The Cd ion-exchanged

zeolite was collected by filtration and washed extensively with distilled :

water then suction dried to a damp powder. The material was then dried

and calcined in a 12" tube furnace in flowing oxygen (100mL/min) with the

v powder being a maximum of 1/4" deep throughout the bed. A slow

temperature ramp from room to 400°C over 2 hours followed by a hold at

PN

N
?- 400°C for a further hour gave a dry white powder. The sample was cooled
1

in vacuo to 100°C over 1 hour and then exposed to flowing hydrogen sulfide

H (40mUmin) at 100°C for 30 mins - the effluent H,S being yassed through

Ko R

-t e g

A hypochlorite scrubbers before being vented through an efficient fume hood.

Finally the still white zeolite was evacuated at 100°C fcr 2C minutes in

vacuum before the sample was sealed and transferred to a dry nitrogen
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glove box for storage. During the final evacuation the white zeolite

o

o

Y
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becomes paie yellow/cream and this color change is reversible in that

treatment with additional H,S returns the zeolite to the original white
color?l.

Variations on this basic procedure were in adjusting the original pH
of the zeolite slurry to 6.5 rather than 5 for the more acid sensitive
zeolites A and X. Different Cd loadings were achieved by controlling the
amount of Cd in the ion-exchange solutions.

All samples were water sensitive (including atmospheric moisture)
to a varying extent. Zeolites X and Y immediately become deep yellow
orange upon immersion in water or any polar, non-basic solvent. Zeolite A
slowly evolved a yellow-orange color over a longer (~1 hour) period when
immersed in water. To avoid this semiconductor migration and
aggregation the samples must be stored and handled in a rigorously dry

atmosphere.

B. Characterization of CdS/Zeolite Composites.

Chemical analyses of zeolite composites were performed by
Galbraith Labs., Knoxville TN using atomic absorption. Chemical analyses
of samples used in this study are listed in Table I. X-ray photoelectron
spectroscopy of the samples as prepared was unable to detect any Cd in
the outer 50A of the zeolite particles even in the very highest loaded
samples. This confirms that essentially all of the CdS is within the
zeolite pore structure in the absence of solvent induced migration. ESR
spectra of the samples showed no signal other than that expected for Fe

and Mn impurities in the zeolite host. IR spectra of these materials were
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unable to detect any SH groups after the final evacuation but showed the

expected OH groups. Significant shifts in the framework Tetrahedral atoms

ZRE oF,

(i.e. Si or Al)-Oxygen bonds (T-O bonds), as shown in Figure 2 and listed in

I
P

Table ll, indicate a strong interaction between the encapsulated CdS

2 2]®
’.4

clusters and the zeolite framework which is confirmed by the x-ray

o
-

results listed below.

° '.'-V,f.‘

C. Diffuse reflectance measurements:

-
-

s
TEEr

=

The absolute absorption coefficients of these semiconductor

Pyt~
o

clusters were obtained using the diffuse reflectance theory of
Kubelka-Munk (K-M)22,

A .'-“ ®

s

Ly
o X

ry.

o= S-F(R)/an (1)

r ?‘1‘4. -

P
'

B K M

where « is the absorption coefficient (in units of 1/cm, normalized to the

!

volume fraction of the semiconductor), S is the scattering coefficient, Yp

is the volume fraction of the semiconductor, and F(R) is the K-M function

oo

defined as

A ® Lrria o le Ik

F(R) = 1- R2/2R (2) .:;{

T

where R is the experimentally measured diffuse reflectance. The K-M

@

e

function of the semiconductor, corrected for the zeolite absorption, is:

PR
d RIS

e

F(Rg) = F(Rcomposite)™ (Vg 0p/Vd)F(Rzeolite) (3)
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where vy is the volume fraction of the diluent. The reflectance of the

B CdS/zeclite sample is measured directly if the CdS loading is low. For

:';:. high-loading samples, it is necessary to dilute with either pure zeolite or

, ) BaSO, due to the strong absorption.

)

Q"

! We have used either a Cary 14 or a IBM uv-vis spectrometer, both
“ equipped with a dual-channel diffuse reflectance attachment, to measure
\‘t‘

RN

x;:: the diffuse reflectance. The different responses from the two channels

X

L are corrected by taking the ratio of the diffuse reflectances of BaSO, at
ML

%:3: both the sample and reference ports. The relative reflectances of pure

o

:E:j zeolites and CdS/zeolite composites are then measured against the BaSO4
ot

P reference. The K-M function of the semiconductor, F(Rg), is then

'

‘::: calculated using equations (2) and (3), using the literature value for the

¢

N absolute reflectance of BaSO423.

po To obtain the absolute absorption coefficient, one has to know the
)

" 1 scattering coefficient of the sample. When BaSQ, is used as diluent, the
.

)

: literature value of the scattering coefficient of BaSO, is used?*. When
P

_':: the diluent is zeolite, its scattering coefficient has to be independently

e measured, usin922’24:

N

I

ot S = (1/d)(Rec/(1-Re<)?)+In (RecR-1)(Rg-Rec) (4)

: »

R (Re<Rg-1)(R-Rs)

j N

o .
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where Re, R, and Rg represent diffuse reflectances from a thick sampie, a

thin sample with thickness d, and the dark background, respectively.

Details of this method can be found elsewhere in reference 22. Figure 3
shows the scattering coefficients of zeolite Y and mordenite that we have
measured. It can be seen that the wavelength dependence of the scattering
coefficient of zeolite is gradual in the wavelength region of interest. The
K-M function therefore is a good representation of the absorption

spectrum. In this work, we have determined the absolute absorption
coefficients for certain selected samples only. The K-M function, which

has the same shape as the absorption spectrum, is reported for the rest of

the samples.

D. Powder Synchrotron X-ray Diffraction.

High resolution x-ray powder diffraction data were collected for
two different samples of CdS in zeolite Y on the powder diffractometer at
beam line X13A at the Brookhaven National Synchrotron Light source. The
samples contained 13.5Cd with 10.3S and 18.6Cd with 6.7S per unit cell (8
supercages/ 8 sodalite units). A perfect Ge(111) crystal scattering in the
horizontal plane was used as a monochromator of the incident x-rays. The
sample and LiF(400) analyzer crystal sratter vertically. For a full
description of the diffractometer geometry at X13A see reference 25. The
samples were packed into flat aluminum holders and the contents
protected from moisture by sealing with thin beryllium foil. The data were
collected by step-scanning from 5° to a maximum of 98° in intervals of
0.01° for periods of 2 to 10 seconds. Longer counting times are required at

higher scattering angles to counteract the fall off in the form factor. The
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wavelength was determined to be 1.5466A by calibration with a Si

standard. The sample container was rocked 2° at each data point to reduce

the effects of preferred orientation. An ion-chamber filled with nitrogen
was placed before the sample in order to monitor the incident beam
intensity. Beam size was 2.5x1mm in the horizontal and vertical
directions respectively and the intensity at the sample position was
~10e10 photons/s.c for a storage ring current of 100mA

The Be foil protected the samples from moisture successfully as
judged by the sample coloration after data collection. Since Be is highly
crystalline, the foil showed only a small number of sharp reflections
which could be easily excluded from the refinement with a minimum loss
of zeolite data.

The structural refinements were carried out using standard profile
refinement techniques. The initial normalizations of the data were

performed using programs available at Brookhaven while for structural

refinement a modification of the original Rietveld program was employed.

This program incorporates the Voigt peak shape description that is
essential for analysis of powder patterns collected using the two crystal
configuration employed at X13A. The extra-framework material was

revealed by standard Fourier methods.

E. Extended X-Ray Absorption Fine Structure Studies

EXAFS experiments were carried out at the X-11A beamline at the
Brookhaven National Synchroton Lightsource with a stored electron energy

of 2.5GeV and ring currents between 40-130 mA. Transmission Cd K-edge

(26,711 eV) data were collected using a Si(400) crystal monochromator
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and ionization chambers filled with Ar(l) and Kr(}).

i The zeolite samples were embedded in & 1:1 dodecane/octadecane

-
-
¥ Y-F_ ¥ _F_A

1y mixture under inert atomscophere in a Vacuum Atmospheres drybox. They

v

were kept under nitrogen until the EXAFS measurements were carried out.

=

Data collection was done at liquid nitrogen temperature, scanning up to

K 1500 eV above the absorption edge. At least two scans per sample (20

o M Rl

min.) were taken.

! The sample thickness was calculated to give an absorption step ux

between 0.7-1 and a total absorption of less than 2. The data were

analyzed with the University of Washington EXAFS program following

: published procedures 26, Background removal was accomplished using a 3

, . cubic spline function. The resulting EXAFS modulations were weighed by

E 3 (k, eiectron wavevector) and Fourier transformed (FT) over arange k =

E: 2-15 (A'1). Data of reference and unknown were consistently treated as

; similarly as possible to avoid artefacts. ('

:' EXAFS measurements were performed on t. ¢ following samples:

3 CD1 Cdyg 3Nayg 4Al56Si136 3

W .
R

3 CD2  Cds S5 0Nag 4Al56Si136

: CO3  Cdy5.356.1NageAls6Sitag

CD4  Cdig656.7N219.4156Si136 |

References used were: CdS, Cd(NO3)5*4H,0, and PdO. EXAFS

reference parameters were extracted as follows:

PdO was used a) as reference for the Cd-oxygen coordination sphere g

by applying an inverse Fourier transformation (IFT) to the first shell

11

-i\\‘\
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(Refernce values R = 2.01A, N = 4 27), and b) as reference for the Cd-Cd
contribution in CdO cluster (IFT on the 3. shell, ref. values R = 3.42, N = 8).

Phase- and amplitude transferability can be assumed, since Pd and Cd are
close in the periodic table. Occurrence of four, large deviating bond
distances of cadmium nitrate (2.26-2.59 28) made this sample only useful
as a qualitative reference for the Cd-O scatter pair.

CdS supplied reference data for a) the sulfur scatterer (Reference
values R = 2.52A, N = 4 29) and b) for the Si/Al neighbor contribution from
the zeolite framework. The same argument as above holds for using CdS
as reference for Cd-Si/Al. Distinction between Si and S in the unknown
sample by using the same reference is easily obtained, because their
possible bond distance are about 1A different (Cd-S 2.5A, Cd-O-Si
3.2-3.5A). Application of CdS for a 2. sheil Si reference is assumed to
introduce only minor errors, since bond angles between Cd-O-Si are <150°
and will therefore not contribute to multiple scattering. A mean free path
carrection was applied in all instances where the bond distance of the

reference and the actual value differ by more than 0.1A (see Table .

lll. RESULTS:

A. Optical properties of CdS clusters in zeolite Y.

The optical absorption spectra of CdS in zeolite Y are shown in
Figure 4 and 5. Depending on the concentration of CdS, the optical spectra
can be distinctively different. Below 4£1 wt% of CdS loading, the
absorption spectrum has a shoulder near 280-290 nm. Above 4+1 wt% of
CdS loading, the spectrum shifts to the red and shows a shoulder near

350-360 nm (Figure 4). Once above this critical threshold concentration
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(411 wit%), no major change in the absorption spectrum can be observed
(Figure 5).

As shown in Figure 4, both the low-loading and high-loading
CdS/zeolite Y spectra are blue-shifted from the bulk CdS spectrum. If CdS
is removed from the zeolite pores by exposing the sample to moisture, the
absorption spectrum then evolives into the bulk spec:trum1 ° This
deviation from the bulk spectrum as the semiconductor particle size
decreases, is now commonly observed among colloidal semiconductor
particles and often referred to as the quantum size effect? 16, The origin
of the quantum size effect is simply due to the discrete nature of the
conduction and valence band and can be qualitatively understood on the
simple Huckel MO level16:19,

The unique concentration dependence of the absorption spectra of
CdS in zeolite suggests a percolative phenomenon30. At low
concentrations, CdS exists as isolated molecules or smali clusters within
the pores of zeolites. At high concentrations, they aggregate together,
through the windows of the pores, to form a supercluster by a percolative
process. The percolation threshold is around 4+1 wt%. In the next section
we will present results from a x-ray diffraction study and will show that
these conclusions are supported by the structural data and consistent with

the percolation theory.

The concentration dependence of the emission spectra also parallels

that of the absorption spectra. Atlow CdS concentrations, no emission
can be seen down to 4 K (except the weak zeolite emission). Once above
the threshold concentration of 4+1 wt%, emissions due to defects of CdS

can be observed (Figure 6). The excitation spectrum shows a pronounced

13
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peak at 350-360 nm, consistent with the shoulder of the absorpticn ®
Ry

spectrum of CdS/zeolite. Details of the photophysical stuay will be r; ]

published in a separate paper.

B. Structure of CdS clusters in zeolite Y.

The observed, calculated and difference profiles for the two zeolite
Y samples of different CdS loading are illustrated in Figure 7. The refined
atomic and profile parameters are given in Table IV with selected bond
lengths and angles in Table V. Excellent refinements were obtained for
both the zeolite samples and are reflected in the small vaiues of xz.

The refined structures for both samples show a zeolite framework
which is very similar to that of the parent sodium zeoclite. The average T-O
bond length (Table V) is in excellent agreement with that expected for a
zeolite of this Si/Al ratio (2.61). Space group Fd3m (origin at center) was
used throughout the refinements which assumes a random arrangement of
silicon and aluminum in the tetrahedral atom positions and a suitable

scattering length was calculated based on the analyzed Si/Al ratio. This

proved adequate for refinement purposes. The powder peak shapes could be

accurately described by the convolution of Gaussian and Lorentz functions

10 LS5

- the Voigt function. No asymmetry could be detected in the low angle :;:;
reflections indicating that the analyzing crystals work well at removing S’E
sample displacement effects. The variation in the refined values for U,V,W i
(the Gaussian component) from sample to sample arise from the differing E:;;
amounts of disorder present in the zeolite Y cages. :E:

While the overall framework structure is as expected there are e
small variations in the individual T-O bond lengths. These are rationalized :iS:I

)
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in terms of appreoach of both sodium and cadmium cations and both samples

show these variations. The lower loading sample (Cd13.5) has most of the
sodium cations located at the Sl site illustrated in Figura 8a. Sllis

within the 13A supercage of Y and results in trigonal coordination for the
Na. This location has been shown to be the most energetically favorable
site for sodium®1. The Cd** ion is located primarily at the SI' site
illustrated in Figure 8b. This site, inside the sodalite units of the
framework, is preferred by multivalent cations because some of the high
charge density can be compensated by hydroxyl anions at the SlI' site also
in the sodalite cage (Figure 8¢). The Cd at SI' has an octahedral
coordination geometry resulting from trigonal coordination to framework
oxygens of the sodalite six oxygen ring (which is part of the double
six-ring interconnects of the Y structure) Cd-O 2.48A and the three SII'
atoms Cd-S 2.45A or Cd-O 2.28A. The two alternative SlI' sites were
detected in difference Fourier syntheses and refined separately as S or O

(from water or hydroxyl). The overall structure of the sodalite cage

entrapped species is therefore a distorted cube of Cd4S(0),4 as depicted in

Figure 9. Remaining electron density assigned to Cd is located in the
12-ring window site Il (Figure 8d) and is bound to two framework oxygens
at 2.57A and 2.72A and two water molecules at 2.66A and 2.50A. The total
Cd content based on occupancy of these two positions is 11.8 in reasonably
good agreement with that found in chemical analysis (13.5).

In the higher Cd loading sample the exact same structure is
maintained but now the occupancy of the SI' site has increased so that 37%
of these sites are now filled. Bond lengths within the cube and to the

framework oxygen atoms remain unchanged.
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in both cases we find no evidence for suifur outside the sodalite

cages so that all CdS species must reside there. The high occupancy of the

2 a. ?;?

(a2

sulfur sites within the scdalite cages is a little puzzling since the
chemical analyses have shcwn considerably lower S contents. This may be
explained either by a mixed occupancy of the SII' site by both sulfur and

oxygen (from water or hydroxyl) so boosting the apparent occupancy by S

\n_‘ L -1;‘.‘-'{ o]

ot

or else a problem with the chemical analyses of S in these materials. This

latter is a distinct possibility in view of the equilibrium between CdS and

H,S discussed in section IV.F below. It is conceivable that the freshly -

prepared samples used in the x-ray work were slowly evolving HoS L

continuously prior to their chemical analysis resulting in the S content

e e ega
Al ey ..‘ R

[y

discrepancies.

C. EXAFS Analysis

The experimentally observed EXAFS modulations contain information

? \""\ *‘]‘f 1" -.’ -:

about the local environment of the intrazeolite Cd(li) ions which is

L8

complementary to our X-ray powder diffraction results above. Each
spectrum is a superposition of contributions of different coordination

shells around the Cd absorber atom. After subtraction of the background,

NNl A

normalization and Fourier transformation, a separation of different shells

A

il

on the radial coordinate (R-space) is obtained. All peaks are shifted to

s

lower R values due to phase shift effects. Figure 10 shows FT's of sample
CD1, CD2 and CD3. Sample CD4 is very similar to CD3 and is not further

Pl
£y IR".‘

investigated.
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We discuss first the data analysis of the Cd-exchanced and °
oxygen-treated sample CD1, which is a precursor for the H,S-treated
zeolites. As indicated by multipie nodes in the CHI functions, these EXAFS '§$’
data represent a convolution of several closely positioned backscatterer o
contributions. In a first approach to obtain information about coordination Ej
distances (R) and numbers (N), each of the two broad peaks in the FT was G
backtransformed and fitted separately with appropriate references. An _‘
attempt to fit the first peak (IFT: 1.3-2.3A) with only one oxygen distance Ny
failed. Best fitting results were obtained using three different Cd-O bond ,N
lengths, the result of which is shown in Figure 11a. A qualitative ° |
comparison of the original first shell CHI function with that of cadmium .‘.Ei
nitrate supports the presence of several Cd-O distances: The Cd-Og sphere y .:;
in Cd(NOg)o°4H50 is composed of 4 Cd-O distances ranging from 2.26 to :}_
2.59A, and its CHI function is almost identical with that of sample CD1. ';;3‘:

A similar technique was applied to the second shell of CD1 (IFT it
2.3-3.8A). PdO and CdS were used both isolated and combined as .
references for Cd-Cd and Cd-Si scatter pairs (see experimental). The best c{
fit is shown in Figure 11b. The resulting values for bond distances, ?
coordination numbers and Debye-Waller factors of both shells were finally .
used for a fit of the whole data file (IFT: 1.3-3.8A) and were refined to the ,_'
values listed in Table Ill. The final fit of the CHI function and its Fourier 2
transformation into R-space is shown in Figure 12. N

The results as shown in Table lil are interpreted in terms of a '_'.;:
distorted cadmium oxide cube located in the sodalite cavities of the £
zeolite framework. ::.__ )

\1"

)
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1. From the combined presence of oxygen in the first shell and
Si/Al neighbors in the second shell it is clear that the Cd2* ions are

located in zeolite extra-framework cation positions. A Cd-O distance of

2.44A is common for cations stablized in the C3y six-ring coordination

sites of faujasites. A similar value (2.48A) was also extracted from X-ray
diffraction data in this work and attributed to Cd in SI' positions (Figure
8b). In agreement with the X-ray data, we can exclude the occupation of
the Si sites by Cd(ll) in double sixring positions. The EXAFS data could not
be fitted with the expected longer coordination distances of 2.6A.

2. Additional oxygen neighbors (SI' requires only 3 per Cd2+)

detected at relatively short distances of 2.25 and 2.34A are assigned to

Cd-OH- or Cd-H,0 neighbors in a Cd4O4 cube in the sadalite cage, which

formally would result in three more O atoms per Cd2+,

3. A signficant fraction of the second shell is due to Cd-Cd
scattering at R = 3.29A. A fit with a similar quality was also obtained
with the second shell solely composed of Si/Al neighbors. The total
number of Cd-(Si/Al) would then be higher than 12 (uncorrected). We can
exclude this alternative because it would require that all Cd would reside
in Sl positions. A further indication for the presence of cadmium
neighbors in the second shell is a positive peaking of the imaginary part in

that shell if a phase correction for cadmium is applied.

A similar model based on a Cd4(O,,)4 cube was proposed by

Calligaris et. al 32, who found Cd2* in S positions and HoO occupying Sl

sites in a partially dehydrated CdY-zeolite. The Cd bond distances to

zeolite oxygen (2.40A) and to oxygen of zeolite water (2.36A) closely
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resemble our results. It appears that oxygen species at or close to SII' "'
positions are indispensible as shields of neighboring divalent cations ?Q'E
located in SI'. A similar stabilizing effect of OH™ has been proposed in an ;:'E '
X-ray-diffraction study of Ca faujasites. The data were consistent with a '
Ca“'(OH)20a+ double hydroxide bridge arrangement (Ca in SI', OH in SiI') :u;*,::
which represents a fragment of the Cd,O4 cube proposed in the present , E
study 33, It should be noted that our results for Cd-O and Cd-Cd distances :‘:.:;.
are very close to those of cubic CdO (NaCl type) (Cd-O, 2.35 and Cd-Cd, "?"':
3.32A, 34). The intrazeolite Cd4O4 cube may therefore be considered as a ; '.::'
small fraction of CdO. Deviations in N found between the proposed cube ﬁ:
model and the listed results are within the limits of the fit. :?
Treatment of the cadmium exchanged samples with HoS at 100°C 'h
causes only moderate changes in the overall appearance in the EXAFS g’
spectrum (compare Figure 1a and 1b). Use of a difference-file technique :"'
allows us to detect and analyze the new Cd-S backscattering contribution: 7'
Subtracting the datafile CD1 from CD2 results in a spectrum with a major "’\Q

peak resembling position and imaginary part of bulk Cd-S (see Figure 13a);

L

only the magnitude is shown for clarity). This difference file was fitted "’: ‘
with CdS. The best fit results were used to calculate a Cd-S contribution :::;‘3‘:«
(R =2.52A, N = 1.5, ASS = 0.0009A2), which was subtracted from the __\
original CD2 data file. As shown in Figure 13b, the imaginary part is now '?:.’:’
very similar to that of CD1. A fit of the entire data range resulted in -
ot
values given in Table Ill. The reaction with HoS causes a reduction of the ::‘v;::{
A
total number of first shell Cd-O scatterers, while the second shell values °_
ey
X
A
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of CD-(S/Al) and Cd-Cd are unchanged. We conclude that 1) the overall

structure of the Cd arrangement in the zeolite is unchanged upon reaction
with HZS_,andZ) half of xygens in th re renl

sulfyr. These results are consistent with the XRD data, and beyond that,

they indicate the presence of small, rather localized Cd4(O,S) 4 units in the

zeolite rather than extended chains with lower local coordination number.

It is not clear at this point if the sulfur resides in the zeolite as H,S or as

o (see below).

Sampies CD3 and CD4 are distinguished from CD2 by a strong
decrease in the magnitude of the second shell. Consequently, the number
of the Si/Al and Cd neighbors is markedly reduced. Fit results presented
in Table 1l show only Si/Al scatterers listed however, a small amount of
Cd (N = <1) with concomitant reduction of N for Si/Al would result in a fit
of comparable quality. Bond distances of the oxygen neighbors are close to
sample CD1, but the coordination numbers are considerably smaller. We
suggest that in these samples the Cd2+ ions are still located in lattice
coordination sites. It seems that the cubes have been partially disrupted
as indicated by the loss of strongly scattering Cd neighbors.

In conclusion, the EXAFS data show that the addition of HZS to

Cd2+. exchanged zeolites does not displace Cd from zeolite cation
positions. Furthermore, the formation of bulk-like CdS can certainly be

ruled out by our EXAFS studies. It is shown that sulfur is located in the

neighborhood of Cd. It appears that the sulfur is incorporated into Cd4O,4

cubes present in Cd exchanged and oxygen-treated samples. Since a total
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removal of intrazeolite water is difficult, the absolute amount of residual

water may differ in our samples. The formation of Cd4(O,S), cubes

appears to require the presence of donor ligands, e.g., OH", water or sulfur

species.

IV. DISCUSSIONS:

A. Why (CdS)4 clusters are so stable inside the sodalite
cages?

The first thing to note from the x-ray diffraction study is that ali

the (CdS), clusters reside in the smaller sodalite cages, not in the larger

supercages. This initially surprising result can be immediately understood

when one considers the stability of these cubic clusters. In a bare cubic

(CdS)4 cluster, every Cd atom is coordinatively unsaturated. The need to

satisfy this unsaturation through rehybridization provides a tremendous

driving force to break up the cube. The only way to have a stable cubic

(CdS), cluster is to passivate the cube surface with the surrounding

medium, in this case, the sodalite cages. Examination of the x-ray data
reveals that every Cd atom is surrounded by 3 oxygen atoms of the 6-ring
windows of the sodalite cages (Figure 14). The Cd-O distance, 2.48A, is
somewhat larger tiian the typical Cd-O bond length of 2.348A35. Four
double 6-ring windows, arranged in a tetrahedral symmetry, match
perfectly with four tetrahedrally arranged Cd atoms of the cube. The
saturation of Cd coordination requirements by the framework oxygen

atoms in the sodalite units is therefore the primary mechanism for the
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stability of (CdS), clusters. In the 13A supercage, only one Cd atom of a

cube could coordinate with the framework oxygens. This explains the

instability and the absence of (CdS), cube in the supercages. Our result

also suggests that larger size CdS clusters should be stable in the
supercage. At present, with the ion-exchange method the highest CdS
loading which can be achieved is 23 wt% which just about fills the
sodalite units. In order to fill up the supercages, different synthetic
approachs are needed.

The stabilizing role of oxygen atoms in zeolites may not be unique.
We note that most of the media used for preparing 1I-V! and IV-VI

semiconductor particles, such as polymers 1216 13-14

4-12

, glasses , water and

alcohols , all contain oxygen atoms. Their presence may serve a

purpose, namely, to passivate the particle surface.

B. From clusters to superciusters
The optical spectra of CdS in zeolite Y at low loading levels (< 4+1

wt%) are quite different from those at high loading levels, as shown in

Figure 4. We assign the spectrum at low loading level to isolated (CdS)4_4

clusters, and the spectrum at high loading level to aggregated clusters.
Since the locations of each individual cluster within the aggregates are
well-defined, with structural geometry imposed by the zeolite framework,
it is appropriate to refer to these aggregates as superclusters.

The uncertainty of the cluster size at low loading levels arises from
the symmetry properties of the sodalite cages. X-ray diffraction data of

low-loading CdS/zeolite Y sample shows that Cd atoms are located at the

22
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four SI' ion-exchange sites (Figure 8b). Due to the low loading level, it is

possible that these SI' sites are only partially occupied by Cd. The exact
location of the Cd atom among the four SI' sites cannot be determined by

x-ray since they are all equivalent. Therefore we can only assign the

observed spectrum to (CdS)4_4 clusters. Because of the enhanced
stability of (CdS), inside the sodalite cage and the known instability of
CdS molecules36, we believe that (CdS), is the more likely species

present. We also note that H,S-loaded zeclite has an absorption band in

the 280 nm region which can interfere with the CdS cluster spectrum37,
We have observed abnormally strong absorption in the 280 nm region when

the CdS/zeclite sample has excessively large S/Cd ratio which we believe

is due to the presence of HyS. The spectrum reported here at low-loading

level comes from a sample with an excellent 1:1 Cd/S ratio.

Once the CdS loading level exceeds the critical threshold of 4+1
wt%, the absorption spectra shift to the red and become independent of the
CdS concentration, up to the highest loading level that can be achieved by
the ion-exchange method. The absorption spectrum contains a shoulder
near 350-360 nm, most likely due to the exciton transition. Colloidal CdS
particles with sizes of 25-30 A show a similar absorption spectrumsc.

This implies that the size of the supercluster niust be in a similar size
range. Interestingly, the critical threshold concentration of 4+1 wt%
corresponds to the concentration at which, statistically, CdS clusters
must now populate adjacent sodalite units. The rather abrupt transition

further suggests that the cluster aggregation process may be percolative.
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For a 3-dimensional percolation process, the percolation threshold is

predicted to be around 15 vol%90. If we consider the total free volume of
zeolite Y (0.48 mL per 1 mL of zeclite), then 4 wit% CdS corresponds to

only 2.3% by volume >ased on bulk density of CdS (4.82 gm/mL). However,
x-ray study shows that all of the CdS clusters reside in the sodalite units
and become unstable in the supercages, which suggests that only the free
volume of the sodalite cages should be considered (0.08 mL per 1 mL of
zeolite). In this case, 4 wt % CdS corresponds to 14 vol %, in excellent
agreement with the percolation theory.

A coherent picture emerges from the x-ray and optical data in which

isolated (CdS)4_4 clusters exist at low-loading levels but percolate to

form Jarge superclusters at high-loading levels. It is important to realize

that in a supercluster each individual (CdS), cluster interacts with the

others electronically through the sodalite cage windows (we will discuss

the interaction mechanism in the next section). This is analogous to the
much studied superlattice structure in solid state physi0538 where thin
layers of semiconductor are separated by, and interact through, thin layers
of a different semiconductor. Semiconductor-loaded zeolites therefore
represent a three-dimensional analog of the superlattice structure where
the spatial arrangement of the semiconductor clusters is controlled by the
zeolite host framewaork structure. By using different zeolites as the
template, superclusters (or superiattice) with different three-

dimensional structures and electronic properties can be designed and built.

We believe this truly represents a novel class of materials.
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We also note that if one can simply fill up all the supercages in

-
Ca

zeolite Y, then a different supercluster is generated which has different

s

i

structure and optical properties from the ones reported here. We estimate

o ..
- e -

i

this should occur at about 35 wt% CdS loading level which, unfortunately,

.
' cannot be achieved with the currently used ion-exchange method.
)
)

C. Possible interaction mechanism within superclusters.

?‘ We now discuss the possible interaction mechanism between cubic ;:
E (CdS)4 clusters within a supercluster. In zeolite Y, two (CdS), clusters '0'.
are separated by a double six-ring window (3A width) of the sodalite unit 3
v (Figure 15). The two cubes face each other through the Cd atoms at the
.‘ vertices, the Cd to Cd distance being ~éA. This is too long a distance for :
direct interaction through space (i.e. too long for direct overlap of the .
; y wavefunctions). The only other alternatives for such a long range *
: interaction are: (1) through the zeolite framework, or (2) through bonding E
i with species trapned inside the double 6 ring window, such as Cd or S. -
Thorough examination of the x-ray data shows that the electron density
| : inside the double six-ring window is very low. This eliminates the "
possibility that either Cd or S is trapped inside the window. Interaction 1
:: through the zeolite framework thus remains to be the most likely N
: mechansim.
: Through bond interaction is a well-established concept used to _
N describe long range interaction between orbitals that are connected by ‘.
b sigma bonds3340. Most of the studies involve C-C sigma bonds as the 1
intervening orbitals. It has been shown that (1) through-bond interaction R
,.: can extend over very long distance; up to 6 sigma bonds has been :
' )

[ . X%
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)
demonstrated4o; and (2) through bond interaction is sensitive to the "'
conformation of the molecule. For example, in dehydropolyenyl, strong E:
through-bond coupling exists only when the radical lobes and the carbon E $:
chain are in trans-conformation; cis-conformation gives weak =y
interaction3S. f.'

To apply the through-bond interaction concept to CdS in zeaclite, we g‘; |

- view the 6-member ring windows of the sodalite units as the intervening '.:
bridges. Adjacent (CdS), clusters interact through these "' :
Cd-0O-Al-0O-Si-O-Cd bridges, which contains 6 sigma bonds. Such ‘ 5
interaction is possible because of the strong coupling between Cd and O :
atoms as revealed by x-ray and pointed out in section A. For zeolite Y :“E’ y
there are a total of 6 such bridges for interaction. The existence of 6 ::
bridges should be especially effective in promoting the through-bond ,
interaction since the interacting orbitals can have greater flexibility in E':
choosing the bridge with the right conformation for interaction. The .':
effectiveness of O-Al-O-Si-O bridge compared to the commonly studied 9
C-C bridge is unknown. A recent study*' shows that an Si-Si bond is more .’:
effective than C-C bond in promoting the through-bond interaction. "‘

It is also interesting to note that not only the adjacent (CdS)4 cubes ‘.

can interact through the O-AI-O-Si-O bridges, but Cd atoms in the same E:'
cube can also interact with each other through the same bridge. We E?_

believe this throug'h-bond interaction between and within the (CdS)4 cubes A
provides the "glue" for stabilizing the CdS supercluster. If we take '?:
290 nm as the absorption edge of isolated cluster and 350 nm as that of ;::

the supercluster, then the strength of the through-bond interaction is '
)
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estimated to be about 0.7 ev, which is consistent with the known values of

through-bond interaction39:40
The x-ray and optical data presented above indicate that CdS
clusters can interact through the zeolite framework to form an extended

supercluster structure. This suggests that different types of

superclusters can be built with the same (CdS), building block by using

different zeolites as the templates. An ideal candidate to demonstrate
this principle is zeolite A, which is distinctly different in construction

from Y in that here the sodalite units are linked together via double four

rings in a cubic array (Figure 16). In zeolite A, the (CdS), clusters in the

neighboring sodalite units are expected to face each other through the
facets of the cube separated by ~9A (Figure 1b), instead of the vertices as
in zeolite Y (Figure 15). Preliminary resuits show the exciton shoulder of
a CdS supercluster in zeolite A is now located near 320 nm, instead of
350 nm observed for CdS in zeolite Y. If the structure of CdS clusters in
zeolite A is the same as in Y (we have no reason to believe otherwise),
then the data shows a very interesting orientational effect on the optical
properties of CdS superclusters. Further studies, including structure
determination using synchrotron x-ray diffraction, are in progress and

will be published when completed.

D. Spectral broading mechanisms

It is important to realize that although the size of the CdS cluster

in zeolite is well-defined, i.e. a (CdS),4 cube, the size of the supercluster

is not. In an ideal situation, if one fills up all the sodalite cages with CdS,
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then the size of the supercluster is equivalent to the size of the bulk s
zeolite crystals. In reality, the ion-exchange method cannot totally filt up :,.:
the sodalite cages. In addition, a high density of defects (usually extra Cd) E ‘;
and disorder exist with the current preparation procedures. These partial _
vacancies and imperfections break up the supercluster and introduce :a.
inhomogenity in the supercluster size distribution, which is the primary ::'
reason for the broad exciton absorption peak that we observed. From the :?
low temperature excitation spectrum of CdS supercluster in zeolite 13X \:
(Figure 8), the exciton width is about 3000 cm™1 at4 K. This is much .0:.
broader than one would expect from a perfect supercluster. 1: ;
Broadening due to size distribution of supercluster can eventually '_’?” .g.

be eliminated by improved synthetic procedures, as will be discussed in J ;E
section F. An intrinsic mechanism that cannot be eliminated is the phonon ”;""
broadening. As the semiconductor particle size decreases, the coupling of :‘E ‘
electronic transition to surface and host phonons, especially high ;~
frequency ones, becomes important. This gives rise to multiphonon }:ﬂ
sidebands and spectral broadening. We note that one of the novel features '
of CdS superclusters in zeolites is that every CdS in the supercluster is on ;\\
the "surface". Strong coupling with the host lattice occurs through the *‘. \
interaction between Cd and framework oxygen. One would therefore expect NS
the phonon coupling mechanism to become very effective. In a subsequent
paper on the photophysical properties of CdS superclusters, we will Pt
present experimental data to demonstrate these points. :;:-.,
o
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E. Effects of the environment.
It is clear from the above discussion that interaction with ':::;
framework oxygen is necessary to stabilize the (CdS), clusters. It is then Z ‘:5:
interesting to ask what effect this interaction has on the optical ’::
properties of (CdS), clusters. In principle, the optical properties of very rf“ v‘:
small semiconductor particles can be modified through interacting with ), .'-
the surrounding environment, the extent of the modification depends on the : Y
strength of the interaction. In the extreme case of very strong N ':

interaction, the semiconductor itseif can be destroyed21. For example, we :'
have shown that CdS is unstable in the presence of HoS, which reacts with :
CdS to form Cd(HS)221. We believe that oxygen containing media such as 3’:
zeolites, glasses, polymers, and alcohols have relatively weak interaction L] '
with semiconductors such as CdS and PbS, and the effects on their ‘

L

absorption spectra should be small. This is supported by the observation

oo
X

that the spectra of PbS in ethylene-15% methacrylic acid copolymer film, ‘_g_.
in zeolite Y, and in argon matrix are all very similar®.
Although the effects of zeolite framework on the CdS absorption T
spectrum may be small, its effects on the the excited state relaxation .
Dt
processes of CdS superciuster can be very large. This is analogous to the ?,:.:
o,
solvent effects on the photophysics of a molecule. Often the excited state !':,";
{
molecular relaxation processes are very sensitive to the solvent, while )
w "-
the absoiption spectrum is only weakly perturbed by the presence of :E';
solvent. We will discuss these results in a subsegquent paper on the '-3_‘
photophysical properties of these superclusters. “.A'
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F. Synthesis of clusters and superclusters.

Finally we discuss some of the problems encountered during the
synthesis of CdS superclusters in zeolites that affect the quality of the
superclusters. Possible improvements are also discussed.

While the synthetic approach outlined in the experimental section is
straightforward and leads to materials containing CdS as expected, the
control of the Cd/S stoichiometry presents considerable challenges. If one

considers the chemistry involved in the formation of the CdS clusters
(eg. 5)

Cd*2Zeol? + HoS <======> CdS + 2H*+Zeol2 (5)

it is clear that the reaction as written is readily reversible, ie. while CdS
is generated, the protons of the H,S reagent become the zeolite charge
compensators forcing the CdS clusters to reside in an extremely acidic
enviroment. in such an environment CdS is unstable with respect to the

dissociation into Cd ions and HZS. Therefore, the CdS content of the

zeolite is dependent on the position of the equilibrium in eq. 5 and thus on

the partial pressure of HyS present. We find that, as a result, it is

possible to simply pump on the CdS loaded zeolite and remove all of the
sulfur to return to a Cd zeolite given sufficient time. We believe that
equilibrium (5) is the basic reason for the breaking up of superclusters and
the presence of defects. One way to improve the quality of the
supercluster is to monitor the Cd/S ratio in situ during the growth

process, and to find optimal growth conditions such as temperature, flow
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rate, etc. In essence, one needs the kind of precise control that are
characteristic of modern epitaxial growth techniques. With respect to the
n in situ monitoring of Cd/S ratio, we have done thermogravimetric analysis

of a sample loaded with a 5 fold excess of H5S over that necessary to

: completely convert all Cd sites to CdS. The data shows that all HyS are :
': removed smoothly by flushing with nitrogen so that no break in the weight t
o loss curve corresponding to the 1:1 Cd:S stoichiometry is apparent. This

’:‘; makes the monitoring and control of Cd/S ratio difficult and the empirical .
E:.' trial and error approach is more or less needed. J
R To avoid the problems associated with equilibrium (5) and to bypass ;
:,: the inherent limitation of the ion-exchange method in terms of loading f
-EE capability, alternative organometallic synthetic routes may be needed. As
s we mentioned before, a major reason for the inhomogenity of supercluster
| ’ size distribution is due to the partial vacancy of the sodalite cages, which '
:.:3 in turn originates from the limited ion-exchange capability of zealites. ]

With zeolite 13 X, which has the highest ion-exchange capability, the
highest CdS loading achieved is 25 wt% which is close to the 27 wt% level
needed for full occupancy of all sodalite cages. An organometallic route is
W also necessary if one wants to fili up the supercages which would yield
W superclusters with totally different structures and electronic properties.

, We are currently exploring these alternative approaches.

V. SUMMARY: N
Well-defined CdS clusters and superclusters have been synthesized

: within the pore structure of zeolite Y. At low CdS loading density,

C varatpramas
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(CdS)4_4 clusters are formed inside the sodalite cages. Their absorption

spectra have a shoulder near 220 nm. At high loading density, discrete

(CdS) 4 cubes begin to interconnect to form a supercluster (or superlattice)

structure. The absorption spectrum of the supercluster has a shoulder

near 350 nm. The discrete (CdS)4 cube building blocks consist of

interlocking tetrahedra of Cd and S with a Cd-S bond length of 2.47A. A
supercluster then consists of many such interconnected (CdS)4 cubes with
spatial gecmetry defined by that of the sodalite units. In zeolite Y, cubes

in the adjacent sodalite units have Cd atoms pointing toward each other

through the double 6-ring window with a Cd-Cd distance of ~ 6A.

The unique stability of (CdS)4 clusters inside the sodalite units is
due to the coordination of Cd atoms with the framework oxygen atoms of
the double 6-ring windows. The stability of the supercluster comes from

the interaction between (CdS), clusters in the adjacent sodalite units. We

suggest that through-bond coupling is responsible for the interaction

between (CdS), clusters.

Semiconductor superclusters represent a novel class of materials
where the 3-dimensional structure and electronic properties can be
controlled by using different zeolites as the template. Imperfections do
exist with these materials at present. Alternative synthetic routes and
bet‘er control in fabrication processes need to be explored in the future.
Large single crystal zeolites are required for exploring the optoelectronic

properties.
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Figure Captions

Figure 1. Representations of the tetrahedral atom framework of

zeolites which depict the tetrahedral T atoms (T=Si or Al)

K as connected points. In this depiction oxygen atoms have

o been omitted but would lie approximately midway between

the T atoms. &) orthographic pair view of zeolite Y or X ;b)

zeolite A.

_,’ Figure 2. IR spectra (nujol mull) of: a) zeolite NaY (hydrated), b) Cd2+
f' ion exchanged Y (dehydrated), and ¢) CdS in zeolite Y.

5 Figure 3. Scattering coefficients of zeclite Y and M.

%:‘ Figure 4. Absorption spectra of CdS in zeolite Y compared to that of
& micron size CdS powder and the calculated Lorenz-Mie

,": spectrum (with medium dielectric constant assumed to be

b . 30). The low-loading sample contains 1.1wt% CdS and the

high loading sample contains 7.4 wt% CdS. The absorption

coefficients are normalized to the volume concentration of
Cds.

Absorption spectra of CdS in zeolite Y as a function of CdS

Figure 5.

concentrations: 7.4 wt%, 6.53 wt%, and 5.86 wt%.

iy
: Figure 6. The excitation and emission spectra of CdS in zeolites X, Y,
:_' and A.
f{ Figure 7. The observed (dots) and calculated (solid line) x-ray powder
: : diffractogram profiles and the difference between them for

a) 18.6Cd,6.7S zeolite Y; b) 13.5Cd,10.3S zeolite Y.
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Figure 8.

Figure 9.

Figure 10.

Figure 11.

a)
b)

Figure 12.

a)

b)

Figure 13.

a)
b)

Figure 14.

......

The extra-framework ion sites of zeolite Y shown as
hatched circles. As in Figure 1, the framework is
represented by sticks connecting the T atoms and omitting
the oxygen atoms.

view of a sodalite cage illustrating the Sli site

view of a sodalite cage illustrating the SI' site

view of a sodalite cage illustrating the SiI' site

view of a supercage illustrating the Slil site

Structure of the Cd,S(O) 4 units located within the zeolite

sodalite units (solid circles = Cd open circles = S(O))

k3 Fourier transformation of a) CD1, b) CD2 and ¢) CD3.

k3 EXAFS modulation (straight line) and fit (broken line) of
1. shell of CD1
2. shell of CD1

k3 CHI function of the original data file CD1 (straight line)
and fit (broken line).

k3 Fourier transformation of the calculated EXAFS

k3 Fourier transformation of the difference file of CD2-CD1
k3 Fourier transformation of the difference file CD2 minus a

calculated contripution for sulphur (R = 2.52A, N = 1.5)

Representation of the Cd,S(0O)4 cube inside the sodalite unit

where dotted lines emphasize the bonds between framework
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six-ring oxygen atoms (represented as points connectedto T °

atoms by sticks) and Cd atoms of the cluster (solid circles= %
hehy

Cd open circles = S(O)). o
e
Y

Figure 15. The relative orientation of two CdS clusters in adjacent ®

l’l
o &

sodalite units of the Y structure separated by a double

> -y e ¥
'l"'.:,‘,':.

six-ring linkage. (solid circles = Cd; open circles = S(O))

¢

;l}‘l
'y ¥

Cubes are viewed edge-on.

Figure 16. Relative orientation of two CdS clusters in adjacent
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sodalite units of the A structure separated by a double

)
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TABLE |

D

Unit Cell Formula Calcylated

o

Cdy 6540715651136
Cdy 4151 41Al56Si136
Cdp 354.1AlI56S8i136
Cd3 194 55651136
Cds 554 6Al56Si136
Cd5 855.0Al565i136
Cdg 234 8Als6Si136
Cd10.4511.0A15651136
Cd13.4514.6Al565i136
Cd13.5510.3A15651136
Cdy5.9S17.1AlI56Si136
Cd18.656.7A15651136
Cdp2 6524Al56511 36

< < < << =<<=<<=<<=<<<

a .
X Cd21.0514.081905i102
X Cd29.1530.04'8651106

b .
A Cdp 352671125112
A Cdy 053.3A1125112

Chemical Analysis of CdS Loaded Zeolites

Wﬁ/g ( ;dc

1.0%
1.08%

1.8%

3.0%
5.4%
5.9%
6.0%
11.3%
11.8%
13.0%
15.6%
16.0%
18.2%

18.8%
24.8%

17.0%
25.6%

a. 8 sodalite units/unit cell
b. 1 sodalite unit/unit cell
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TABLEN 0%

IRA rotion Ban f lite Y Durin vnthesi
(Nujol mulls)

SR

r‘ C
L

-1
cm
Asymmetric Symmetric Double T-O Pore
_ Stretch Stretch Rings Bend Qpenin

ede
o C Ko

XY
»

NaY 1130, 1005 784, 714, 572 500, 380, °
(starting 635 455 260 »gx
material)

CdY 1145, 1040, 780, 710 580 450 380 S
(calcined) 945 635

"
CdS/Y 1135, 1050 780,715 555 490, 375 °
955 440
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°
ABLE Il 2:;:
.C::
Q:E:
Scatterer Bond Distance  Coord. Number Deby e-\/\éailer Cube Model T
. : . . o
Pair R (A) N Neo”  AGE(A) N
lq'
'
2
cD1 W
®
' d
Cd-0Z 2.44 2.6 3.0 0.004 3 -
Cd-Olcube 2.34 23 25 0.002 3 oy
2.25 2.2 2.4 0.0007 )
Cd-Si/Al 3.42 e.3 12.4 -0.0014 6 .
Cd-Cd 3.29 2.1 2.0 0.003 3 ]
s
L2
Cd-0z 2.36 3.1 35 0.004 5,':,
Cd-O/cube 2.24 1.7 1.8 0.0007 3
Cd-S//cube 2.52 1.5 0.0008 )
Cd-Si/Al 3.42 9.3 12.4 -0.0014 TN
Cd-Cd 3.29 2.1 2.0 0.003 4 .
N
]
CcD3 : o
®
Cd-0Z 2.44 2.0 2.3 0.004 ":
Cd-Olcube 2.32 1.7 1.9 0.004 ;;
2.23 2.2 24 0.0009 .'1;: f
Cd-S/cube 2.52 1.0 0.001 s
Cd-Si/Al 3.40 6.7 8.9 0.0009 !_
*coordination numbers corrected for the mean free path difference in ‘-_-;.,
reference and unknown \'-‘r‘_t
**theoretical coordination numbers for Cd2+ when 100% are located in SI' '.“'
sites, simultaneously forming a CdO cube. N
N
:::-'
°
2
o ¢
<
A
A
.,‘,:\;i‘, y » ‘-J' »- ) :;._;,{,p‘:f\’.;,-\:} «,,\"eﬁ.r - ,.rNr,&_ r\r; R r\v \ '- " \ ;\}.;;._:’:_;~;;._~ _r’\\-’-- :_'.' AT ::.




TABLE IV
Refined Atomi r ral Param
Cd(13.5)S(10.3). and Cd(18.6)S(6.7)
space group Fd3m (International Tables | No. 227)
origin at center
Cd(15.5)S(10.3) Cd(18.6)S(6.7

T(1)

X -0.0536(1) -0.0534(1)

y 0.1251(1) 0.1250(1)

z 0.0359(1) 0.0356(1)
B A2 0.376(1) 0.72(4)
O(1)

x=0.0

y=-z -0.1063(2) -0.1039(2)
B A2 1.697(2) 2.5(2)
0(2)

X =y -0.0016(2) -0.0021(3)

z 0.142(3) 0.1429(3)
B A2 0.465(2) 1.9(2)
0@3)

X =y 0.0748(2) 0.0753(2)

z -0.0314(4) -0.0305(3)
B A2 0.657(3) 1.0(2)
O4)

X =y 0.0725(2) 0.0737(2)

z 0.3215(3) 0.3223(3)
B A2 1.224(2) 1.0(2)
Na(1)

X=y=2 0.0

1.8(2) 3.3(2)

OCC.
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5, 0% 2% WA
WAl A A

OcCcC.

a=b=c A

WL
ARG,

0.040(3)
2.9(4)

0.2391(4)
13.4(4)

0.4222(7)
0.2220(7)
0.1819(7)
4.1(2)

0.0686(2)

0.1654(4)
23.8(8)

0.139(3)
3.8(4)

0.133(3)
0.481(2)
0.091(3)
15.2(9)

0.097(2)
0.024(2)
0.482(2)
17.5(13)

24.6627(4)

-------------

A . . . T N A AT N R At A ALY
NN, ".)' A N AT "'.'*"}"'u-ra" Wady

0.2453(6)
9.2(2)

0.4220(8)
0.2116(6)
0.1808(7)
8.3(2)

0.0702(1)

0.1685(4)
30.3(8)

0.135(2)
1.5(2)

0.105(4)
0.455(2)
0.109(3)
13.2(8)

24.6080(2)

Ly [




zeropt
U
\Y
w
X
Y
R

n

O
=

wpr

D D X
oo

- onn . o
AN O AN

2.10(4)
1223(60)
-449(32)
92(5)
5.9(9)
4.1(2)
9.3%

21.2%
21.6%
18.4%

W OO KOG T A RO 0 Y R R e A

N LIV P I“')
L A A RS A A S Y S AN

1.94(3)
352(20)
-247(18)
70(4)
1.2(5)
4.6(2)
10.5%

21.3%
22.0%
16.3%

0.0°0.879,%70, '.u X X
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8
X

o
23
Selected Bonds Distances (A) and Angles (°) R

o
o
M ¢
Cd(13.5)S(10.3) 18.6)5(6.7) g

b

'Y
T)  -O(1) 1.64 1.61 2
-0(2) 1.64 1.63 ¥
-0(3) 1.66 1.66 o
-0(4) 1.64 1.64 v

mean 1.643 1.635 :
expected 1.639 1.639 e
0
\'::4'

o

o) -T(1) -O@) 113 112 e
-0(3) 111 110 35
-0(4) 108 110 o

0@ -T(1) -0@) 105 106 g
t

-0(4) 109 110 B

o@) -T(1) -O@) 111 109 o
pht

SR

T -0 -T(1) 138 143
0(2) - 145 144 ;
-0@3) - 139 138 ]
-0(4) - 143 143 w3
Na(2) 3x0(3) 214 “
Na(3) 3x0(2) ~ 243 .
N
Cd(1) 3x0(3)  2.48 . 2.48 §
-O(5) 2.28 2.22 )
-S(1) 2.45 2.45 &
o
Cd(2) -0(7) 2.33 236 7
oy
ol) -0(7) 257 31
265 o
oy
e
R
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