
Quantum Confinement and HosdGuest 
Chemistry: Probing a New Dimension 

Nanoparticulate metals and semiconductors that have 
atomic arrangements at the interface of molecular clusters 
and "infinite" solid-state arrays of atoms have distinctive 
properties determined by the extent of confinement of 
highly delocalized valence electrons. At this interface, the 
total number of atoms and the geometrical disposition of 
each atom can be used to significantly modify the elec- 
tronic and photonic response of the medium. In addition 
to the novel inherent physical properties of the quantum- 
confined moieties, their "packaging" into nanocomposite 
bulk materials can be used to define the confinement 
surface states and environment, intercluster interactions, 
the quantum-confinement geometry, and the effective 
charge-carrier density of the bulk. Current approaches for 
generating nanostructures of conducting materials are 
briefly reviewed, especially the use of three-dimensional 
crystalline superlattices as hosts for quantum-confined 
semiconductor atom arrays (such as quantum wires and 
dots) with controlled inter-quantum-structure tunneling. 

T HE EVOLUTION OF ELECTRONIC TRANSPORT MEDIA TO- 

wards the nanosize regime has revolutionized electronic 
device development in terms of response times and transport 

efficiency. As one approaches this dimensionality, however, a point 
is reached where the differentiation between surface and bulk atoms 
can no longer be ignored in describing either structural or physical 
behavior, and the number and disposition of even a few atoms with 
respect to each other becomes critical in understanding the electron- 
ic or optical behavior. This is a meeting ground for the chemist and 
the solid-state physicist. Traditionally, chemists have thought in 
terms of isolated molecules where the electronic wave function is 
defined in terms of only a few atoms, while at the other end of the 
spectrum, physicists have viewed bulk solids as extended periodic 
arrays of atoms with a nearly continuous distribution of states and 
bands of energy levels that define the electronic wave function. 
Science has created the necessary tools and language to model these 
two extremes but only with the synthesis of nanostructures at this 
interface is it possible to study and develop a working, predictive 
science for understanding quantum-confined structures. 

In highly polarizable materials such as intrinsic semiconductors, 
the availability of vacant states can result in extended anharmonic 
potential surfaces and correspondingly large nonlinear responses. As 
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one might expect, changes associated with quantum confinement, 
that is, restriction of the electronic wave function to smaller and 
smaller regions of space, will have profound effects on the nonlinear 
displacement of charge with optical electromagnetic fields. The 
ability to generate nanostructure quantum-confined materials atom 
by atom in the context of recent scientific developments in nonlinear 
phenomena (1) is both an intriguing and potentially rewarding 
challenge. 

As an example, consider electrooptic and optical switching. 
Because photons travel three orders of magnitude faster than 
electrons in media, they have obvious advantages for signal trans- 
mission (2). The combination of electronics and photonics that has 
been used in optical signal processing and particularly optical 
switches can be dramatically improved if the slowest member of the 
chain, that is, the electric signal used to induce refractive index 
changes necessary for optical switching, is eliminated. Recent 
theoretical and experimental results indicate a dramatic change in 
the linear and nonlinear optical (NLO) response as a function of 
decreasing the size of semiconductor atomic clusters (3, 4) to the 
point of quantum confinement. The use of the NLO response of 
these near c'molecular" clusters provides a means to optically switch 
with photons alone at correspondingly faster response times. 

In order to demonstrate this, consider an idealized experimental 
device based on the old idea first described by Fabry-Perot in 1897 
(Fig. 1). Transmittance of light through the resonant cavity is 
permitted only if the cavity dimensions are a half integral of the 
wavelength. The resonance path length d can be changed by varying 
the wavelength of light, the length of the resonant cavity, or the 
refractive index of the media within the cavity. In the classical 
experiment the refractive index is varied only by changing the optical 
medium of the cavity. With NLO nanosize (quantum-confined) 
semiconductors as the optical medium, the refractive index and the 
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Fig. 1.  Fabry-Perot resonant cavity. 
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absorption edge vary with the light intensity so that one can create 
an optical transistor (5) (Fig. 2A). 

In Fig. 2A the currently realistic point of view is taken that our 
efforts at quantum confinement have resulted in the generation of 
narrow valence and conducting bands. As the intensity of the 
excitation light is increased, the absorption edge (A1) at first changes 
slightly with filling of the lowest energy states (6). This in itself is a 
nonlinear process with a corresponding change in the refractive 
indices. Upon saturation of the transition, when the rate of filling is 
equal to the rate of depletion of the lowest energy excited state band, 
any additional photons absorbed must have higher energy (A2) in 
order to promote electrons into the next available state. Photons 
with lower energy are then transmitted so that the intensity 
selectivity in Fig. 2A is achieved. In short, when saturation condi- 
tions as a function of the laser intensity are obtained, the interferom- 
eter becomes transparent for the laser light (Al) and optical switch- 
ing takes place. 

Obviously, the effectiveness of this experiment will depend on 
how well the resonance cavity can be defined. In reality the "device" 
would consist of a collection of resonance cavities, the quantum- 
confined particles, which should all have identical dimensions, 
absorption, and optical transmission properties. The optical matrix 
that supports them must maintain their individual structural and 
electronic integrity with well-defined potential barriers between 
clusters, ideally creating a three-dimensional (3-D) quantum super- 
lattice. 

Considerable effort has gone into the design and study of 
molecular clusters. In this article we focus on the strategy of using a 
3-D crystalline' surface to selectively assemble clusters of a given 
topography and size in a periodic lattice. This is preceded by a brief 
summary of the methods currently being used to generate the 
molecular clusters themselves. 

Quantum Structures and Atom Assemblies 
The basic ideas of quantum confinement or quantum wells were 

introduced in the early 1970s (7 ) .  In these nanostructures, the 
dimensions of the wave function of the electron-hole pair (exciton) 
in the lowest excited state of the nanocluster are comparable to the 
physical size of the particle. This quantum confinement of the 
exciton means that the continuum band of energies becomes more 
molecular in character, with narrow ranges of energy and line 
structure in the optical spectra, as illustrated in Fig. 2B (8). For the 
chemist, less delocalization means less energy stabilization; a reflec- 
tion of this is that the absorption band for direct transitions of 
nanosized semiconductor clusters is shifted to higher energies than 
in the extended bullr parent materials. As noted above, "photocharg- 
ing" of the semiconductor particle, that is, photoinducing high 
electron concentrations into a narrow conduction band with a small 
effective density of states, also changes the band gap and the 
resulting absorption edge. In addition to NLO applications, the 
phenomena can be used to carry out electron-transfer processes that 
are otherwise inaccessible to the bulk semiconductor (6). 

Most importantly for NLO is that strong nonlinear responses are 
observed near exciton resonances, a feature not available in compara- 
ble materials with no quantum confinement (15, 16). In quantum 
structures the number of states that are available in the relatively 
small energy band can be very limited, so that adding or removing 
only a few carriers can substantially change the absorption edge and 
thus the optical coefficients (such as the index of refraction). 
Conversely, perturbation of the quantum cluster by light can modify 
the optical coefficients and the absorption edge. Small changes in the 
dielectric properties of the confining structure or the surface states 

of that cluster also can introduce large changes in optical properties. 
Quantum confinement can therefore be used to change the position 
and nature of the resonance absorption transitions, as well as to 
make the NLO response particularly susceptible to modification by 
optical and low-frequency electric fields. An additional and equally 
important property of quantum-confined materials is that ultrafast 
response times become accessible because of the increased impor- 
tance of surface states (10). 

The quantum-structure size that is desirable for optimum NLO 
response depends on the exciton diameter, the effective separation of 
hole and electron in the first excited state of the semiconductor. For 
large band gap semiconductors such as zinc sulfide (ZnS, Eg = 3.6 
eV) or cadmium sulfide (CdS, E, = 2.58 eV), quantum confine- 
ment will not take place until the particle size is 515 A or -35 A, 
respectively, although for the small band gap indium antimonide 
(InSb, Eg = 0.23 eV) the exciton will be delocalized over =lo6 
atoms with a diameter of = 1400 A. These numbers are "particle-in- 
the-box" estimates for quantum boxes or wells, and different 
considerations apply to quantum wires or sheets. 

Experimentally, the architecture of quantum confinement can be 
achieved in a variety of ways with very different anticipated elec- 
trooptic and electronic consequences. An important goal of all 
approaches is that the synthesis results in monosize configurations 
(same number of atoms in the confinement dimensions) with a 
single geometrical arrangement of atoms. For confinement within a 
single dimension, the Langmuir-Blodgett technique allows one to 
sequentially deposit a single layer of semiconducting particles within 
an insulating lattice and then generate a film from multiple layers. In 
this way, monoatomic layers of CdS, each with a thickness of 
approximately 3 A, can be generated by treating Langmuir-Blodgett 
layers of cadmium arachidate with hydrogen sulfide (H2S) (1 1). The 
onset of absorption of a layer is blue-shifted by 0.38 eV with respect 
to bulk CdS and insensitive to the number of Langmuir-Blodgett 
layers deposited (up to seven), which suggests no strong electronic 
interactions between successive layers. For optical applications a 
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Fig. 2. (A) Quantum-confinement effects on optical absorption. As the 
photon intensity I is increased, a small blue shift (A, -+ A,') is first observed 
that is due to photoinduced changes in the electron concentrations in the 
valence (VB) &d conduction banas (6). At saturation, only photons with 
wavelenmh A, are absorbed. f BI The auantum-confinement effect results in a 
band edie shift (dark line on left) t d  higher energies from hvbulk and line 
structure in the optical absorption spectrum. The discrete energy levels hv,, 
hvz, and so forth arise as a result of limiting electron-hole delocalization by 
particle-size dimensions. 
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Table 1. T, Comer-shared molecular sieve compositions. limitation of this approach is the difficulty in obtaining films with an 
optical thickness on the order of a micrometer or more. 

Recently, chemists have approached the problem of controlling 3- 
D constrained cluster geometries by a molecular approach (12). The 
procedure is to use solution chemistry with arrested precipitation to 
form the semiconductor cluster followed by kinetic capping of these 
clusters with organic groups (13-16). Quantum confinement is then 
in all three dimensions, and the structures are referred to as quantum 
dots or boxes. Nature also creates similar quantum-dot clusters of 
CdS in an elegant way by using short chelating peptides in yeast as 
part of the biochemical mechanism of entrapping heavy metal atoms 
such as Cd (17). At the time of their characterization, these clusters 
were found to be more monodisperse than those which had been 
prepared chemically. 

The physicist's and engineer's strategy has been based on molecu- 
lar beam (MBE) and atomic layer epitaxy (ALE) (I&'), which makes 
possible the fabrication of ultrathin (monolayer) semiconductor 
epitaxial layers. Carrier confinement is then achieved by sandwich- 
ing the semiconductor layer between two semiconductor epitaxial 
layers with wider band gaps or by introducing lateral barrier walls to 
form quantum boxes (19). Quantum wires, in which carriers and 
electronic wave hct ions have one degree of freedom along an 
axis, can be formed in the MBE approach by corrugation of 
quantum layers or by lateral structuring (20). A promising new 
development is the use of the scanning tunnel microscope (STM) as 
a lithographic tool to create the barriers on the 10 to 1000 A scale 
(21). 

The actual real world results that have been reported to date for 
quantum dots are in consensus with the observation of a blue 
(higher energy) shift in the optical absorption spectrum with 
decreasing particle size. However, even in the best samples of 
quantum structures, there is a distribution of sizes and consequently 
a smearing or inhomogeneous broadening of the optical spectrum 
so that the sharp optical spectrum and narrow energy bands are lost 
(22). These results are a reflection of the extremely high resolution 
and synthetic quality that is required to generate a precisely defined 
individual quantum clusters and the super quantum lattices. In the 
growth of quantum clusters by arrested precipitation from solution, 
the clusters are obtained by quenching a kinetic process in which the 
systems' drive towards thermodynamic equilibrium is interrupted. 
These methods are capable of the reproduction of quantum-particle 
diameters on the order of 20 to 100 A to within 3 to 5% by mak- 
ing use of lattice matching or by using a host nucleation site such as 
inverse micelles in arrested precipitation (15). If we assume an 
atomic diameter of 2 A, this corresponds to 4 to 5 atoms out of 
every 100 atoms. In order to achieve the necessary resolution to see 
the exciton bands, either more carefully controlled synthetic condi- 
tions or another approach is needed. Alivisatos and co-workers (22) 
have estimated that a 1% variation in cluster diameter (roughly 1 
out of every 100 atoms) must be achieved to observe discrete 
excitonic features in the absorption spectra. At these levels of 
accuracy in building quantum structures, phonon-electron coupling 
can be equally important in determining the sharpness of the 
quantum-structure exciton transitions. 

The bulk NLO response depends on the number of polarizable 
electrons per unit volume so that a high-density collection of 
quantum nanoclusters is required, both for achieving a basic under- 
standing of the quantum-structure phenomena and for device 
development. In designing such devices, one, by necessity, must 
consider not only the atomic construction of the individual quantum 
wires, boxes, sheets, and rings, but also the assembly of these into a 
macroscopic unit. Glasses (23) and polymers (4, 24) have the 
advantage of being readily made into thin films for device applica- 
tion, but the disadvantage of having particle size distributions, 

Type Groups Charge Material 

IV-IV Si02 Si02 0 Silicalite 
V-I11 PO2+ w 2 -  0 ALP0 
V-TV-I11 (P02+) l4 (SiO2)&IO2- -6 SAP0 
IV-I11 S102 A102- - 1 Zeolite 
V-I1 PO2+ ZnOZ2- 1 Zinc phosphate 
111-111 B02- B02- -2 Boralite 
V-I1 Si02 Be02'- -2 Beryllium silicate 

(helvite) 

which in present commercial samples typically vary by more than 
10% (25). The consequence is that the exciton resonances are 
broadly distributed in energy so that wavelength-selective NLO 
phenomena are difficult to achieve. 

In summary, the most challenging problems in the development 
of quantum-confinement structures have been (i) to reproducibly 
obtain uniform monosize clusters so that the quantization is accom- 
panied by the concentration of bulk oscillator strength into single 
spectral lines and (ii) to package these quantum structures in a 
defined and functionally useful way while maintaining the quan- 
tum-well electronic and atomic structure. These two problems 
have not yet been simultaneously dealt with successfully in any 
medium. 

Inclusion Chemistry and Quantum Structure 
In fact, the packaging requirement can be used to good advantage 

in controlling optical and electronic properties, particularly if mate- 
rials can be synthesized by producing periodic arrays of these 
quantum structures, that is, quantum superlattices. The periodicity 
of these arrays will result in a new mechanism to control band 
structure, and therefore the photonic and electronic properties. In 
addition, deviations from periodicity might be selectively intro- 
duced which can be expected to both give insight to the effects of 
disorder, defects, and order-disorder transitions as well as present an 
opportunity to tune or modify device response. 

One way to achieve this is by the self-assembly of quantum- 
confined clusters or wires in a crystalline host framework. The self- 
assembly is accomplished by "ship in the bottle" chemistry in which 
molecules and atoms are reacted within molecules and atoms are 
reacted within the angstrom-sized channels of a molecular sieve or 
zeolite host (26, 27). It is not like arrested precipitation, since the 
reactions can go to their thermodynamic completion within the 
constraints of the 3-D surfaces that define the "reaction chamber" 
topology. The inclusion chemistry that is used allows selective access 
one atom or molecule at a time by ion exchange or gaseous diffusion 
to the cages or channels in which the self-assembly is carried out. 

The molecular sieve structures permit one to vary the cluster 
concentration, intercluster geometry, nature of the quantum well 
barrier, and the defect chemistry in a controlled manner over the 
periodicity defined by the host molecular sieve lattice. The fiame- 
work charge of the open molecular sieve frameworks can be 
controlled by the types and relative amounts of different metal atoms 
used in a given host framework (Table 1). For example, pure silicate 
molecular sieves are hydrophobic, selectively adsorbing aromatic 
hydrocarbons from water, while the more highly charged frame- 
works make excellent water traps. 

The cages and channels that make up molecular sieves have 
diameters of up to 13 A such as those found in zeolite Y (28) and 
ALPO-5 (29). The 8 to 13 A size constraints limit the cross section 
of individual clusters, although with the appropriate host geometry 
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(Fig. 3) quantum wires of indefinite length that are one-dimensional 
or form a 2-D or 3-D grid network are possible. The quantum 
confinement is not however determined solely by the cross-sectional 
dimensions of the host channels, since the barriers between the 
quantum dots are one or two insulating atomic layers thick. This 
means that resonant and indirect tunneling is possible by phonon- 
assisted mechanisms through the overlap of wave functions of 
adjacent clusters (30). 

Depending on the thermodynamics of the self-assembly and the 
host/guest interactions, the small clusters might also be used as 
atoms are in the arrested precipitation approach, that is, a collection 
of small clusters are used instead of atoms to build the quantum- 
confined structure. Such structures can be made by controlling the 
concentration of atoms during the self-assembly. This feature allows 
one to characterize quantum-lattice effects, systematically starting 
from the isolated molecular cluster to an arbitrarily large collection 

Fig. 3. (A) View looking into the 12-ring openings of three supercages of 
zeolite Y (see Fig. 4B). Oxygen atoms vertices are not included. (B) View 
looking into 12-ring channels (including oxygen atom sites) of ALPO-5. 

Table 2. Comparison of selenium band gaps (36). 

Se sample Band gap (eV) Basic unit 

Helical chain 
Se8 ring 

of clusters connected by resonance or nonresonance tunneling 
through the mono- or dilayer insulator walls. 

The two major limitations of these materials for NLO applica- 
tions are the limited cluster sizes and the difficulty in obtaining large, 
optical quality crystals, with the largest currently available being on 
the order of 1 to 3 mm and more commonly 0.1 to 0.8 rnm. They do 
provide an important opportunity to study intercluster interactions 
for charge carrier units in a periodic host so that it is possible to 
accurately characterize interatomic separations, the details of cluster 
topography and orientation, and insulator charge effects as a 
function of optical response. In addition, their chemical composi- 
tion is the same as that of glasses, so that the chemistry and physics 
that can be studied in detail by the incorporation of quantum- 
confined clusters into the crystalline host is particularly useful in the 
design of devices based on glass hosts. An additional note of 
promise is that Bein and co-workers have recently successfully been 
able to synthesize zeolite membranes (31) that consist of zeolites 
imbedded in a glassy matrix. Since the glasses can be made with the 
same chemical composition and refractive indices as the zeolite host, 
thin-film optical devices derived from these "chemical sensors" 
appear to be feasible. 

Elemental Semiconductor Su erlattices: Se and 
Te Quantum Confinement an ‘I! Quantum Wires 

Elemental semiconductor confinement represents an almost ideal 
case to study, since stoichiometry is not a concern during the 
synthesis. By using the molecular sieve as a host, one can study 
intercluster interactions either by controlling the guest concentra- 
tion within the host, or by using different host topographies. The 
first attempts to synthesize nanocomposites of semiconductor-based 
clusters in zeolites were carried out more than 10 years ago by 
Bogomolov (32), who also was extensively concerned with the use 
of zeolite hosts as a means of self-assembling superconducting 
quantum wires (23). 

When Se and Te are absorbed into the pore structure of molecular 
sieves, dramatic differences in the band gap and optical absorption 
spectra are observed in these materials from the bulk forms (Table 
2). The thermodynamically favored form of Se at room temperature 
and pressure is trigonal Se (t-Se), which consists of helical chains 
with three Se atoms per repeat unit (34). Selenium has several other 
bulk allotropes that consist of six-, possibly seven-, and eight- 
membered rings (35). Different allotropes can be generated selec- 
tively within the molecular sieve framework depending upon the 
internal 3-D topography. In zeolite A, the optical spectra suggest 
that rings are formed similar to the monoclinic bulk form (Ses) (36, 
37), and Tee rings have been observed by Raman spectroscopy in 
the a cages of zeolite A and in the supercages of zeolite Y (38). In 
the large-cage systems the cluster selectivity begins to break.down, 
as demonstrated by solid-state 77Se magic angle spinning nuclear 
magnetic resonance (MAS-NMR) spectra, which suggests that 

SCIENCE, VOL. 247 



Fig. 4. (A) t-Se helical chain (in yellow) in a hexagonal 12-ring channel of 
ALPO-5. (B) Zeolite Y supercage structure, showing selected cation sites. except for the SIII site. (C) (CdS)4 clusters in the sodalite cages of zeolite Y. 
Verticies represent T atoms; oxygen atoms have been excluded for clarity, Cadmium and sulfur atoms are orange and yellow, respectively. 

several different Se allotropes exist in zeolite Y (39). 
Selenium loaded in channel systems like ALPO-5 and mordenite 

appears tiom optical, 77Se MAS-NMR spectra, and extended ab- 
sorption x-ray fine structure spectroscopy (EXAFS) (36, 39, 40) to 
exist only in a helical chain conformation similar to that in the 
uigonal allotrope. Lack of spinning sidebands in the NMR spectra 
also imply that interchain interactions are minimized and that the Se 
atoms are in a more nearly spherical environment, as would be the 
case for an isolated chain that is tiee to rotate. 

A computer-stimulated picture (41) of an Se helical chain in the 
12-ring (42) channels of ALPO-5 based on the above experimental . . .  . -. .A - .. . I : . . -  aata IS snown ~n rlg. 4n. Yacmg conslaerauons suggesr omy one 
Se helix per channel. If the Se atoms are packed against the walls, the 
closest interchain approach would be 5.2 A, which is considerably 
greater than for bulk t-Se (3.44 A), where the interchain distance is 
less than the van der Waals distance (3.8 A). The observed band gap, 
2.4 eV, for Se in ALPO-5 is substantially greater than that of bulk t- 
Se (1.98 eV) and less than that of Se-A (2.85 eV) or or-& (2.53 eV), 
which contain Se8 rings, as one would expect for isolated quantum- 
wire helices. The molecular sieve VPI-5 (43) is an aluminum 
phosphate that is similar in structure to ALPO-5, but with larger 1- 
D 18-ring channels that are 13 A in diameter. Packing consider- 
ations show that two- and perhaps three-strand wires within these 
channels are feasible. These systems are excellent models for extend- 
ed quantum-wire confinement in a periodic lattice. 

Binary Semiconductors Confinement: Cluster 
Topography and Quantum Lattices 

Host/guest chemistry can also be applied to more complicated and 
inherently more interesting systems than elemental semiconductors. 
The inclusion chemistry of I-VII (44, 45), 11-VI (46-50), and 111-V 
(51) semiconductors has been investigated concentrating on the 
structural, optical, and photochemical (52, 53) aspects of the 
clusters. 

In the following discussion on binary semiconductor systems, two 
roles of the superlattice host are emphasized: (i) to define the 
quantum-confinement geometry, and perhaps more importantly, 
(ii) to provide the 3-D periodicity to form a "supra-molecular" 
composition and the overall quantum lattice. Some examples of the 
use of selective siting and the use of host internal-surface topology 
to define cluster geometry follow. 

Control of Cluster Topography 

Zeolite Y, a high-dielectric aluminosilicate host, has two types of 
cages available for cluster formation, the smaller 8 A sodalite units 
and the larger 13 A or supercages (Fig. 4B). For the purposes of this 
discussion there are five sites (I, 1', 11, 11', 111) available for cation 
siting within the sodalite and supercages. 11-VI and I-VII quantum- 
confined dusters can be synthesized by well-understood ion-ex- 
change methods, followed in the 11-VI case by treatment with H2S 
or H2Se. It is important to note that the ion-exchange process can 
yield very different siting of cations depending on temperature, pH, 

* .  . * .  I . C I .- . solvent versus melr Ion mcluslon, orner exrra-rramewor~ lorn, 
calcination, and loading levels. This process must be systematically 
controlled along with the conditions for treatment with H2S or 
H2Se to obtain materials that can be consistently reproduced and 
that contain monosize clusters. 

For the synthesis of CdS in zeolite Y, careful control of the above 
ion-exchange parameters permits selective siting of Cd2+ at I' (54), 
which is within the sodalite cage. The zeolite is then treated with 
H2S to form the CdS superlattice. At a low loading level of CdS in 
zeolite Y, isolated CdS molecular units are formed with an absorp- 
tion peak around 290 nm and no emission even at 4.2 K. At higher 

CdS 

C .  

200 400 600 800 
Wavelength (nrn) 

Fig. 5. Absorption spectra as a function of loading level in zeolite Y (49). 
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loadings, x-ray single-crystal (55) and powder diffraction, EXAFS, 
and optical absorption data show that eight-atom (CdX)4 (X = S 
or 0) clusters c& be precisely located within the sodalite cages 
(4660) (Fig. 4C). The discrete clusters within the small sodalite 
units of the CdS zeolite Y structure begin to interconnect electroni- 
cally by quantum tunneling as the loading density within the zeolite 
rises. As is evident in Fig. 4C, the Cd atoms point toward each other 
through the double 6-rings linking the sodalite units with a Cd-Cd 
distance of 6.2 A. As this 3-D interconnection proceeds, the 
corresponding changes in optical properties (Fig. 5 )  indicate a 
progression toward a semiconductor supercluster with behavior 
intermediate between that of the discrete clusters and buU: semicon- 
ductor. The transition from clusters to aggregates upon increasing 
CdS loading is not continuous but rather abrupt, as judged from 
optical absorption and emission spectra. This suggests that the 
aggregation of the individual clusters inside the zeolite may be a 
percolative process. 

When fully loaded, the quantum superlattice shows an exciton 
shoulder near 340 nm and emits at low temperature. Neither 
heating nor increasing CdS concentrations can further shift this 
exciton shoulder to the red. In contrast, when CdS is on the exterior 
surface of the zeolite crystallite, a continuous red shift of the 
absorption threshold toward the bulk value is observed, paralleling 
the behavior of CdS colloids. 

The window and cage size of the sodalite unit selectively deter- 
mines the sodalite cage content. The anionic radii of Se (1.98 A) and 
Te (2.21 A) are sufficiently greater than that of S (1.84 A) for the 
formation of the (CdX)4 unit (X = Se or Te) within the sodalite 
cage to no longer be thermodynamically unique or feasible (56). 
After cd2+ ion exchange and treatment with H2Se, 70% of the Cd 
ions are found at site  within the sodalite cage and 30% are at site 
I11 within the large supercage in 12-ring windows where they are 
coordinated to Se atoms within the supercage. Large-cation 11-VI 
units such as PbS can also be synthesized within the large supercage 
of zeolite Y (46, 52, 55). The PbS molecule is inherently quite stable, 
and detailed analysis of synchrotron x-ray absorption data of the Pb 
LIII-edge shows that monomolecular P~s:- species are anchored to 
the zeolite supercage framework, but to date no polynuclear clusters 

Temperature PC) 

Fig. 6. Adsorption isotherms of dimethylzinc and dimethylmercury in Nay 
and dealuminated Y; Si:AI -700: 1. Arrows indicate the order in which the 
data was obtained. Full vacuum was applied to the samples for the last point 
when it is on the left axis. 

have been identified. 
Telluride siting has been worked out in detail by Olson and co- 

workers (57) from single-crystal x-ray diffraction studies. Zeolite X 
has the same framework geometry as does zeolite Y, but with an 
A1: Si ratio of 1.25. A different synthetic approach was used, namely 
high-temperature diffusion of Te into the cages of a dehydrated Na 
zeolite X, followed by treatment with hydrogen. In a lightly loaded 
zeolite (4.5% by weight of Te) the Te atoms are distributed be- 
tween the supercage and the center of the sodalite cage in a 3 :  1 
ratio. In the sodalite cages, the cluster unit is Na4Te (Na-Te distance 
of 2.59 A), which is analogous to the Ag4Br, Cd4S, or Ga4P units 
that have been synthesized in the sodalite-structural-type crystallo- 
graphic phases (see below). 

The Te siting in the supercage is particularly interesting as it 
defines the preferred potential surface siting within the supercage 
for Te ions. By using the crystallographic coordinates of Olson, one 
can address the question of the feasibility of forming a large Te 
cluster within the supercage of a zeolite X structure at full loading. 
The formal oxidation state of Te in such a cluster and the extra 
framework cation charges could be adjusted to balance the cage 
charge. 

The hll-occupancy model of the NaloTelz supercage cluster 
derived from the single-crystal x-ray diffraction coordinates has Te- 
Te distances of 2.73 A and 3.36 A (compare with 2.84 to 3.00 A in 
elemental Te and 2.68 to 3.10 A for Te:+) (58). Since the supercage 
Te sites are not fdly occupied at the loading levels used by Olson, 
such a 22-atom cluster is yet to be synthesized. However, the data 
give a good indication of the size and type of clusters that might be 
self-assembled within the zeolite Y supercage structural type from 
known potential well siting. 

Another method for controlling the individual cluster topology is 
to use organometallic precursors that are sterically restricted to large 
channels or cages with either a metal organic chemical vapor 
deposition (MOCVD) (51) or photochemical dissociation and 
reaction (59) approach to accomplish cluster synthesis. For example, 
in zeolite Y the organometallic precursor molecules are too large to 
enter the "P" cages, and cluster formation can selectively take place 
in the supercages. Either of these methods requires that one carehlly 
consider the role of the host cage or channel walls and how they will 
ultimately define the quantum-confined structure. 

In general, molecular sieve host frameworks can be regarded as 3- 
D accessible surfaces consisting of monolayer TOz (T is a framework 
atom, such as Si, Al, or P) units. The 3-D internal surface of the 
zeolite can be used to both delineate the ultimate quantum- 
confinement geometry, such as clusters or wires, and as a reaction 
framework upon which to build the cluster. The 3-D host surface 
can be functionalized by attaching molecular units such as phos- 
phates (60) or silicates (61) and the framework charge can be varied 
by atom substitution (Table 1). 

One example of the importance of this in zeolite cluster formation 
is illustrated in Fig. 6, which shows the adsorption isotherms of 
dimethylzinc and dimethylmercury in zeolite Y with Si:Al ratios of 
3.2 and 700 from vacuum torr) at -45°C to the vapor 
pressure of the organometallic at 20°C (62). The greater reactivity of 
dimethylzinc with the molecular sieve framework is shown in the 
nearly complete irreversibility of its adsorption into Nay (Fig. 6 ,  
upper left). Dimethylmercury in Nay (Fig. 6, lower left) shows a 
two-step adsorption curve indicating that above about six molecules 
per supercage, which may correspond to a monolayer of surface 
coverage, there is fully reversible adsorption. In dealuminated Y, 
which has essentially zero framework charge, both dimethylzinc and 
dimethylmercury adsorb reversibly. Opportunities clearly exist to 
use the electric (charge carrier and insulator) and chemical-bonding 
properties of the molecular sieve internal surface to control both the 



Fig. 7. (A) Ga,Pl3 dusters in the supercages of zeolite Y, as viewed through 
the 12-ring windows into the supercages. Gallium and phosphorus atoms are 
yellow and green, respectively. (8) GaZ8Pl3 duster model showing three 
coordination spheres around phosphorus, based on EXAFS and 31P h4AS- 
NMR study of GaP in zeolite Y. 

self-assembly chemistry and the ultimate quantum-confinement 
geometry. 

The 111-V synthesis of "Gap has been carried out by the 
MOCVD reaction of trimethylgallium and phosphiie in the cages 
of zeolite Y. The supercage point-group symmetry is 33m, the same 
as bulk GaP, which is expected to help in obtaining periodic and 
local ordering. The synthesis cannot be readily achieved by ion 
exchange of the group 111 metal cation into the zeolite because of 
pH resLictions. The &e of organometallic precursor chemistry can 
result in the formation of clusters as large-as the 26 to 28 atoms 
[(Gal?) 13-14] in the supercages (Fig. 7), (51) while restricting Ga atom 
migration into the smaller sodalite cages. The course of the reaction 
has been c a r m y  monitored by 31P MAS NMR (51) and optical 
spectroscopy as a function of reaction temperature and loading for 
both Nay and the acid zeolite HY. For example, near the optimum 
reaction temperature in Nay, a 25°C change in pH3 reaction 
temperature dramatically changes both the optical properties and 
the structural character of the end material. In HY, trimethylgallium 
molecules are first anchored at room temperature by the elimination 
of methane to give [(CH3)2Ga]OZ, where OZ refers to the zeolite 
framework 0 atoms. 

The GaJ? duster structure in zeolite Y has been studied by E ~ S  
and synchrotron x-ray difiaction. A model consistent with the 
results of these studies and 31P MAS NMR is shown in Fig. 7. The 
figure shows the largest cluster formed, and it should be emphasized 
that full occupancy of each atomic site in every supercage has not 
been demonstrated. Gal? has both an indirect and direct band gap 
with E, = 466 nm direct, 546 nm indirect. The absorption spec- 
trum in Fig. 8 shows pronounced peaks at 350 nm or less that are 
blue-shifted relative to bulk Gal?. The sam~les absorb to the red of 
bulk GaJ?, which may result from the tradformation of an indirect 
to a direct band gap in the quantum-confined material. 

The organic-capped molecular dusters of "CdSn described above 
(15) actually have Cd:S ratios that are significantly different than 
1: 1. A ten-Cd atom cluster that has been structurally characterized 
has the empirical formula Cd10S4(SC6H5)16 with a Cd:S (sulfide) 
ratio of 10:4, the rest of the metal atom sites being occupied by 
"surface staten thiol S atoms (13). The atomic composition of the 
Gap duster in Fig. 7B is GaZ8Pl3, with the Ga atoms on the surface 
of the cluster completing their first coordination sphere by bonding 
to the framework 0 atoms of the host. 

An important new approach to synthesizing transition metal 
oxide quantum-confined structures in molecular sieve hosts has been 
recently reported by Ozin and Ozkar (59). In this case the precursor 
organometallic molecule is a binary metal carbonyl such as W(CO)6. 
Instead of a MOCVD thermal epitaxy approach to the quantum- 

confined cluster, tungsten oxide (W03, E, = 2.7 eV) is synthesized 
at room temperature or below by photochemical dissociation in the 
presence of 0 2 .  Thii method greatly reduces the possibility of C and 
H atom impurities that must be dealt with in the MOCVD 
synthesis. 

At loadings of less than one W03 unit per supercage, the 
absorption edge is blue-shifted from the bulk W03 band gap edge to 
3.5 eV. When the concentration is more than one W03 unit per 
supercage, there is an abrupt shift of the absorption edge to a 
limiting value of 3.3 eV, which is maintained to the highest loading 
composition of roughly four W03 units per supercage. Fourier- 
transform infi-ared spectroscopy (FTIR), MAS-NMR, x-ray photo- 
electron spectroscopy, and preliminary x-ray diffraction data suggest 
the formation of (W03)4 cubane-like structures within the super- 
cages. Ozin and Ozkar have been able to make use of the host 
framework chemistry to anchor the clusters by using the add HY 
zeolite to generate hydrogen bondiig between the framework and 
the W03 oxygen atoms. For the I11-volume filling of the super- 
cages, the quantum-confined W03 clusters are organized into a 
quantum superlattice with long-range coupling through tunneling 
between cage clusters. The known electrochromic, solid-state ion 
insertion, and electronic-ionic transport of bulk W03 make this a 
fascinating quantum-confinement system to study. 

Control of Intercluster Properties: 
The Quantum Superlattice 

The high stability of quantum-confined clusters inside the sodalite 
units in zeolite Y is due to the coordination of Cd atoms with the 
framework 0 atoms of the double 6-ring windows. Quantum well 
tunneling through the aluminosilicate cage wall is suggested to be 
responsible for the interaction between dusters (46, 48, 49). If this is 

. correct, one would expect to be able to vary the absorption edge by 
changing either the periodicity, that is the spacing between clusters, 
or the framework composition. Zeolite A can be structurally derived 
using the same sodalite cage as in zeolite Y (Fig. 9A). The 
geometrical difference is that in zeolite Y the sodalite cages are 

200 400 600 800 

Wavelength (nm) 

Fig. 8. UV-visible specua of bulk GaP, and GaP induded in zeolite Nay, 
treated at 22S0, 250°, and 275°C in pH3. 
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Fig. 9. (A) (CdS), dusters in the a cages of zeolite A. Cadmium and sulfur 
atoms are orange and yellow, respectively. (B) ZQS dusters in the sodalite- 
type host, boralite. Zinc and sulfur atoms are orange and yellow, respective- 

connected through two adjacent cage "double 6-ring" faces, whereas 
in zeolite A the sodalite units are hooked together with adjacent cage 
"double 4-ring" faces. The consequence of this is that in zeolite Y 
the eight-atom duster comers are directed t o w a r d  a 
dosest duster-duster contact distance of 4.4 A based on van der 
Waals radii (Fig. 4C). The corresponding duster contact distance in 
zeolite A is 7.6 A (Fig. 9A) with a corresponding blue shift of the 
CdS absorption band edge from 370 to 320 nm. 

Another-way in whidr-the sodalite cage units can be assembled is 
shown in Fig. 9B. In this case, the cages are packed sharing faces in 
an all space filling, cubic framework (a Federov solid) to give the 
dosest possible approach between the cage contents. The framework 
composition and charge ofthe sodalite P cage in this structure can 
be varied as shown in Table 1 to give compositions such as 
(B204)3'&S (63), (B204)3.aGaP, and (BeSi04).Cd,,Se (64). In 
the sodalite-type struaures, the cage has the same acentric point 
group symmetry as ZnS or GaP, that is, 33m, and contains, for 
example, the tetrahedral Zn4S fragment, which is the first coordina- 
tion sphere of the S atom in the bulk ZnS structure. 

0k therefore has an expanded semiconductor superlattice of 
Zn$ molecular dusters. If one uses a larger anion X at the center of 
the sodalite cage, the Zn atoms are forced more toward the ultimate 
limit of being positioned at the center of the 6-ring openings. At 
that point the system becomes an expanded semiconductor lattice 
with all Zn atoms equally spaced from all X atoms at the centers of 
the cages (Fig. 9C). In the real structure of (B204)3-Zn4S, a 1.1 A 
displacement of the Zn atoms is required to remove the &S duster 
identity. 

Theshift in the absorption edge as one proceeds fiom the furthest 
separated (-5.0 A) sodalite cages in zeolites Y (&S4) and Y 
(CQS4) to the dosest packed sodalite coniigurations with ( a s )  
and (&S) is shown in Fig. 10 (65). The optical absorption spectra 
of these systems for the boralite, berylsilicate, and berylgermanate 
hmeworks are characterized by extremely sharp absorption edges 
that are typically blue-shied from the bulk edge by 20 to 40 nm. 
The emission spectra at room temperature are intense and well 
defined with corresponding excitation spectra that show consider- 
able structure and have a sharp excitation peak at the absorption 
edge. In the case of (BeSi04)3.aS an emission &ton peak is also 
observed at the band edge. 

Studies by Ozin and co-workers on the sodalite family (Al- 
Si04)3*Na4nAg,J have shown that these materials exhibit a variety of 

ly. (C) Expanded semiconductor lattice of h&X molecular dusters (M = 
orange and X = yellow) with equidistant spacings in the sodalite smcture. 

qualitative optical responses including baro-, hydro-, phote, and 
thermochromism. Reversible read-write cydes (-70) with thermal 
erasure were also carried out (44, 66). 

The quantum-confined AgJ (X = group VII atom) dusters that 
make up the superlattice show remarkable structural and spectro- 
scopic transformations as one varies the sodalite cage occupancy 

Wavelength (nm) 

Flg. 10. (A) Comparison of the adsorption spectra of CdS in several hosts 
and with the bulk material: (a) CdS in zeolite Y, low loading; (b) CdS in 
zeolite Y, high loading; (c) CdS in helvite; (d) 1-pn CdS particles; (e) CdS 
in boralite; and (f) bulk CdS. (B) Comparison of the adsorption spcctra of 
ZnS in several hosts and with bulk m a t e d :  (a) ZnS in zeolite Y; (b) ZnS in 
boralite; (c) bulk ZnS; and (d) bulk ZnSe. 
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(45). At very low loadings the AgX is a molecular silver halide unit 
with a Ag-X internuclear distance (2.21 for AgBr in the Na3,7- 
Ago.3 cluster) that is shorter than that reported for gas-phase silver 
halide (2.39 A). Because of the more extensive covalent bonding of 
AgBr compared with NaBr, the Na3AgBr aggregate behaves like a 
slightly perturbed AgBr molecule with nearby Na' ions. In the fully 
exchanged Ag4Br sodalites, the Ag-X (X = C1, Br, or I) distances are 
-8% shorter than in the rock salt bulk materials. The intercage Ag- 
Ag distances are 25 to 12% longer (C1- to I-) than in the bulk 
structure. 

The optical absorption data confirms the increased tunneling 
efficiency and intercage coupling as the distances between centers of 
the cages decrease in the I-  to C1- sequence. At very low cluster 
loadings the transitions are similar to the gas-phase values of 230 
and 320 nm for the AgBr monomer. Another interesting feature is 
evidence of a percolation threshold as seen in an abrupt change in 
the unit cell parameters and FT-far IR  cation translatory modes as 
the silver-ion cage concentration increases. 

In summary, in sodalite-type systems site occupancies, interatom- 
ic distances and overall crystallinity can be determined very precisely. 
Cage dimensions can be fine-tuned by using different framework 
atoms, and the cage occupancy can be easily varied. Mixed semicon- 
ductor lattices without cluster disorder are also possible. The 
sodalite class of materials present the best possibilities for growing 
large single crystals, and near optically useful sizes (3 mm) are 
already available. Most importantly, the quality of the quantum 
superlattice for this family is excellent and further studies can be 
expected to lead to a much clearer understanding of potential 
barriers and tunneling in 3-D quantum-confined superlattices. 

Conclusions 
The use of the 3-D crystalline superlattice as a host adds several 

important dimensions to the design of semiconductor quantum- 
confined structures. Cluster geometry and size distribution are 
controlled by the topography of the 3-D host surface, making it 
possible to create semiconductor quantum superlattices. Novel, 
normally very unstable, nanosized clusters can be synthesized by 
stabilization through encapsulation and coordination to the host 
framework. The use of large 3-D surface areas permits concentration 
studies of cluster interactions over a wide range and at relatively high 
optical densities. Cluster electronic properties can be altered by 
varying the dielectric and charge properties of the nanoporous host. 

For optical studies, larger single crystals or thin films are needed. 
This shortcoming is being addressed by several groups as noted in 
the earlier discussion; and, the possible novel photonic or electronic 
properties of molecular sieve nanocomposites (67) is resulting in a 
new approach to molecular sieve synthesis. Much of the past 
research in the synthesis of such hosts has been in conjunction with 
their use as high-temperature catalysts so that the exploratory 
chemistry was limited by that goal. Low-temperature routes to new 
open framework materials that no longer contain only tetrahedral 
connecting atoms are rapidly becoming available. Some of these, 
such as the recently reported molybdenum(V) phosphates of Hau- 
shalter (68), contain five or six coordinate framework atoms (Mo5+) 
and have host structures built up of Mo4Og4+ cubes. In addition, 
Flanigen and co-workers have recently shown that substitution of S 
for 0 atoms in open-framework materials is possible; this discovery 
changes the insulating nature of the framework and is yielding many 
new structure types (69). These developments and the ability to 
generate zeolite membranes (31) mean that the sometimes tedious 
but necessary process of developing the art of growing optical 
quality centimeter-size molecular sieve crystals or preparing optical 

quality films is around the comer. It also suggests that some 
intriguing combinations of host and guest might be used. 

One final note about the use of hostlguest chemistry to obtain 
both structural information about the clusters and intercluster 
interactions and the ability to measure linear and nonlinear optical 
properties follows. We have thus far described materials that more 
or less fall into two categories, those where the size and interaction 
of particles are controlled by inclusion in crystalline hosts and those 
derived from arrested precipitation approaches where the interclus- 
ter interactions are not defined, but because they are in solution 
their optical properties are easily measured. If there were some way 
of using the complimentary information from these two approaches, 
one might be able to correlate the structural features, that is, cluster 
size, shape, and intercluster interactions, to observed optical proper- 
ties. This would greatly facilitate the definition of parameters for 
improving both the optoelectronic responses and the very subtle 
chemistry necessary to build up extended bulk solids from molecular 
clusters. 

One possible avenue is to take what is known about the chemistry 
of the inclusion of semiconductors in crystalline hosts and do the 
same chemistry in amorphous hosts, that is, porous glasses. Porous 
glasses, of course, can have optical transparency for critical measure- 
ments, but also they can be chemically similar to molecular sieves in 
that they have a pore structure (although random) and they can be 
based on similar framework compositions. The combination of 
molecular sieve quantum confinement and porous g i a ~ ~  chemistry 
could lead to the development of practical NLO devices. With 
further study of both systems (crystalline and glass), one can expect 
new levels of understanding and applications of this fascinating 
regime of the solid state. 
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