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This invention relates to low dimensional semiconductors and, in
particular, to quantum confined light-emitting dot materials for low
dimensional semiconductor systems. 10 Background to the Invention Low
dimensional inorganic semiconductor systems have been of much scientific
and technological interest in the past three decades due to their potential
applications in products such as diode lasers, optical modulators,
selfelectrooptical devices, optical waveguide switches and cavity-less
nonlinear 15 optical bistability. Compared to bulk semiconductors, low
dimensional semiconductors (ie nanostructures) exhibit novel and/or
modified electronic and optical properties that can be attributed to
spatial confinement of charge carriers or excitons. Excitons are elementary
excitations in solids and arise due to Coulomb interaction between 20
electrons and holes. Electron-hole pairs are typically formed when an
excitation (such as a photon) is applied to a semiconductor. The electrons
and holes are oppositely charged and (assuming a Coulomb interaction
exists) a hydrogen-like bound pair (ie an exciton) is formed in place of a
free electron-hole pair. In semiconductor materials, the excitons which are
created extend cover many 25 atomic sites in the crystal. These excitons
can move quite freely through the crystal. In bulk semiconductors, excitons
have generally low binding energies and, consequently, the electron-hole
pairs dissociate relatively readily (even at room temperature). In low
dimensional semiconductors, however, the confinement of the excitons leads
to higher excitonic binding energies (so that 30 excitons still exist at
room temperature). In the abovementioned low dimensional semiconductors,
the free carriers or excitons are confined to a small region of space by
potential barriers, and if the size of this region is less than the
electron wavelength, the electronic states become quantized at discrete
energy levels. The materials can then exhibit    2 quantum effects. The
two-dimensional electron gas in a quantum well (and other low dimensional
systems) exhibits a large number of novel phenomena. As a consequence, a
large number of new electronic and opto-electronic devices have been made
using quantum wells. 5 In a quantum well, a thin layer of material of lower
energy gap (eg GaAs) is sandwiched between 2 thick layers of a higher
band-gap material (eg AIXGa1_xAs). The thickness of the middle GaAs layer
is comparable to the de Broglie wavelength of electrons. In quantum wells,
the electrons and holes enter into the quantum regime. The particle wave
function is reflected at the walls of the 10 potential well existing at the
two heterointerfaces and a standing wave pattern is thus formed. The
electrons are then allowed to stay in distinct sub-bands. The resulting
electron (hole) gas has two degrees of freedom and therefore constitutes a
two-dimensional electron (hole) gas. The fundamental absorption edge in a
bulk semiconductor occurs when the 15 photon energy equals the band gap
energy. With a reduction of the thickness, the semiconductor enters into
the quantum regime and the quantised energy levels move away from the
nominal band edges. The absorption edge therefore shifts to higher energy
and as the thickness is still further reduced, a further increase in the
threshold is observed. This expected shift in the absorption edge has been
20 observed in practice. One feature of optical absorption and
re-combination in all kinds of quantum well structures is that sharp
excitonic features are present in the spectra even at room temperature.
When the carrier density is quite large, as in a laser structure, the
excitonic peak is completely bleached out; the absorption and re 



25 combination are then due to transitions between valence sub-bands and
conduction sub-bands. In addition to the usual band-to-band transitions,
these processes may also occur between the sub-bands belonging to the same
band. For example, an electron in the ground sub-band in the conduction
band may absorb a photon and go to the next higher sub-band belonging to
the same 30 conduction band. This is an inter-sub-band transition. Such
processes may also take place between two sub-bands belonging to the
valence band. Also, in a quantum well or other low-dimensional system, the
confinement of the carriers (eg free electrons and holes) leads to
relatively high excitonic binding energies so that excitons persist even at
room temperature. In bulk   3 semiconductors, on the other hand, higher
temperatures often result in disassociation of excitons (owing to the
relatively low binding energy of the exciton). The tremendous success of
two-dimensional quantum wells has prompted 5 further enquiry into systems
having still lower dimensionality (eg one dimension and zero dimension). A
one-dimensional system is known as a "quantum wire" in which the electron
motion is confined along two dimensions and a onedimensional electron gas
is created. The theoretical ultimate limit of low dimensional structures is
the quantum 10 dot, in which the carriers are confined in all three
directions. Therefore, a quantum dot can be thought of as a
zero-dimensional electron gas. In quantum dots, the potential confines the
particles in all three dimensions. The motion of the particles is then
completely quantised and only discrete bound states are found. The energy
levels correspond to the levels for an isolated atom. 15 Therefore, a
quantum dot is sometimes referred to as an artificial atom (or a super
atom). Generally, quantum dots have been formed as two-dimensional arrays
in which the quantum dots are formed from modulation doped heterostructures
such as GaAs/AIGaAs heterostructures. The electrons are strongly confined
to the 20 heterointerface between GaAs and AIGaAs. A periodic array of
photoresist dots serves as the mask for further processing and, by
employing a dry etching technique, deep grooves are cut all the way down to
the active GaAs. The etching leaves behind cylindrical mesas (eg about 500
nm in diameter). Some of the electrons from the doped AIGaAs regions are
trapped by the surface states at 25 the open etched side walls and modify
the potential profile electrostatically. Thus, the boundaries of the
confining potentials do not coincide with the physical side walls of the
dot and the effective diameter of the quantum dots is then about 100 nm.
Other known quantum dot systems are nano-crystallites embedded in a 30
solid optically transparent matrix like glass. These exhibit interesting
non-linear optical properties. The fabrication of quantum dots has however
presented a formidable challenge because the small dimensions required for
quantum dots are at the limit of lithographic and semiconductor processing
techniques and also because the   4 dot interfaces should be kept
defect-free in order to obtain the high-quality electronic properties that
are required for device applications. As a consequence, many efforts have
been made to develop alternative routes for the fabrication of quantum dots
that are based on the principle of self-organization. Also, although 5
single quantum dots would exhibit extremely sharp and atomic-like
luminescence properties, the self-organization process results in
inhomogeneous dot sizes. This causes considerable inhomogeneous line
broadening to occur in larger dot ensembles and this has posed considerable
limitations for devices applications. Organic semiconductors with reduced
dimensionality are also of growing 10 interest owing to their expected
unique features compared to the corresponding inorganic semiconductors.
Defect-free heterostructures can be more readily fabricated due to the weak
Van der Waals interactions between organic molecules. The smaller
dielectric constant of organic molecules and polymers compared to inorganic
semiconductors could result in strong Coulomb 15 interactions between
electrons and holes, leading to strong excitonic effects and large exciton
binding energies. Studies of low-dimensional organic semiconductors
(prepared from block conjugated copolymers) have revealed remarkable new
phenomena due to quantum confinement effects (eg one- and two-dimensional
confinement). For 20 instance, new discrete excitation states have been
detected which confirm the low-dimensional nature of the excitons in the
particular semiconducting polymer heterostructures. Additional evidence
confirming the quantum confinement of excitons in such heterostructures
included large enhancements of photoluminescent quantum efficiency,
enhanced exciton lifetime, and the 25 exceptional exciton stability with
temperature and large electric field. Layered organic quantum-well
heterostructures) which are stacks of alternating thin films of different
organic dye molecules, have been prepared (by ultra-high vacuum organic
molecular beam deposition). Such layered nanostructures (eg formed of
napthalene and perylene derivatives) have been 30 shown to exhibit the
characteristics of multiple quantum wells with onedimensional exciton
confinement. The resulting two-dimensional excitons in such crystalline
multiple quantum wells have been shown to be spatially extended and to have
relatively large binding energies. However, the characteristic new discrete
excitonic features in absorption or excitation spectra commonly observed
5 in inorganic semiconductor multiple quantum wells were not observed in
the layered organic nanostructures. 



In spite of the theoretical studies which have predicted quantum
confinement effects in heterostructured organic semiconductors, clear 5
experimental observation of such effects (eg from one- and two-dimensional
confinement) was not reported until recently. One major experimental
difficulty arises from the rather small exciton Bohr radii in bulk organic
semiconductors (as 1.0 - 2.0 nm), which places severe limitations on
suitable techniques for preparing the nanoscale structures. Recently,
quantum confinement in one 10 dimension (ie a quantum well) and in two
dimensions (ie a quantum wire) have been demonstrated. Such quantum
confinements exhibit facilitation of stimulated emission and low-threshold
amplified spontaneous emission. It has been postulated that organic
semiconductor systems in which the motion of charges or excitons is
confined to one-dimension (eg quantum wire) or 15 zero-dimension (ie
quantum dot) will provide materials with desired new properties compared to
layered quantum-well heterostructures. Although these theoretic
calculations have given rise to such postulations, there have been no
reports of any successful formulation of organic quantum dot materials (in
which there is exciton confinement in all three dimensions). 20 Polymeric
light-emitting materials have become of particular interest. The ease of
production of bright and efficient polymer light-emitting diodes has
stimulated intensive research on synthesis and photophysical property
studies of conjugated polymers within the last decade. Certain linear
conjugated copolymers have also been synthesized, characterized and used to
investigate 25 quantum confinement effects in semiconducting polymer
heterostructures. Theoretical studies have also been done on various
aspects of the electronic and excitonic properties of quasi one-dimensional
semiconducting polymer superlattices which are periodic copolymers. These
theoretical studies have suggested that alternation of sufficiently long
sequences of a lower energy gap 30 polymer with those of a higher gap one
could result in electron confinement in the segments of the chain with
lower energy gap. However, experimental attempts to produce such materials
have not been successful as the materials have failed to show quantum size
effects.   6 Studies on the photophysics of fully conjugated polymers,
main-chain polymophores and polymers with pendant lumophores reveal an
occurrence of strong interchain or intrachain interactions between the
lumophores. The interactions, including excimers, exciplexes, and
aggregations, can lead to a red s shift or generation of a new peak on the
longer wavelength side in the fluorescence spectrum and this usually leads
to a lower quantum efficiency of photoluminescent. The presence of
aggregations, excimers or exciplexes within conjugated polymers inevitably
changes their emitting colors and lowers the quantum 10 efficiencies which
is not desirable for most optical and optoelectronic applications. One
example of a known system involving organic light emitting diodes (OLED's)
and hybrid light emitting diodes (HLED's) is the system disclosed in
PCT/US01/41351 in the name of Canon Kabushiki Kaisha. This specification
discloses a range of organic-inorganic HLED materials based on
silsesquioxane 15 architectures. The invention disclosed in this
specification is directed to HLED light-emitting compositions in which
electron transport (ET), hole transport (HT) and emissive material (EM)
moieties are covalently linked to polyhedral silsesquioxanes. The materials
disclosed in the specification contain a silsesquioxane core to which
multiple layers of organic-inorganic luminescent 20 materials can be
covalently linked (eg see pages 6 to 8). The specification further states
that "each layer can be based upon luminescent material having different
function moiety substituents selected from hole transport, electron
transfer and emissive material moieties". The specification discloses a
number of silsesquioxane-based compounds 25 which incorporate certain
organic moieties being electron transport (ET), hole transport (HT) and/or
emissive material (EM) moieties. The specification states that these
compounds can be used in the manufacture of single layer or multilayer
light emitting devices. Where a single layer device is being formed, the
relevant compounds each contain more than one type of organic moiety. For
30 instance, each compound may contain ET and HT moieties, ET and EM
moieties, HT and EM moieties, or ET, HT and EM moieties. Devices containing
a layer of such compounds can then exhibit a number of desired properties
(eg electron transport and emission) Where a multi-layer device is being
formed, the specification states that different compounds are used for each
layer, each   7 compound having only one type of the above moieties. For
example, one layer may be formed of compounds having only ET moieties.and
another layer may be formed of EM moieties. The choice of compounds is
dependant upon the desired functionality of the device. Devices containing
multiple layers of such compounds 5 may also exhibit a number of desired
properties. PCT/US01/41351 does not, however, make any mention of the
disclosed materials having any quantum dot properties. Specifically, it
does not make any mention of moieties having quantum dot properties (or
quantum confinement effects). Nor does it make any mention of selecting the
identity and location of the 10 organic moieties in the compounds so that
the compounds exhibit quantum dot properties. Similarly, the specification
does not claim any benefits which could be achieved if such quantum
confinement effects were produced. Blending of two or more polymers is a
well-established strategy for manipulating the physical properties and
performance of materials without the 15 need to synthesize new polymers. As
such, blends of conjugated polymers are expected to be `supramolecular'
materials or 'alloys' in which novel properties not found in the
homopolymers can emerge as a result of synergistic intermolecular
interactions between components,of the mixture, spatial confinement effects
and self-organization. Recent studies of blends of conjugated polymers have
indeed 20 shown them to exhibit novel supramolecular electronic,
optoelectronic and photonic properties such as optical absorption
modulation, photoinduced charge transfer, bipolar conductivity, enhanced
photoconductivity, efficient energy transfer, enhanced electroluminescence
and enhanced nonlinear optical properties. The enhanced electroluminescence
(EL) from blends of conjugated 25 polymers has been described in some
recent reports. The mechanism of the observed EL enhancement has been
attributed to Forster-type energy transfer from high band-gap polymer to
low band-gap polymer. 



The observed EL enhancement in polymer blends is caused primarily from the
spatial confinement of excitons which leads to improved exciton stability
and 30 electron-hole recombination efficiency. Larger EL enhancement in
blended materials can be expected if both larger exciton confinement and
excitation energy transfer could be facilitated. It is however the
aggregation of the light emitting medium which limits further improvement
of quantum efficiency.   8 The present invention is directed towards
providing novel organic quantum dot semiconductor materials having desired
particle sizes, quantum confinement in three dimensions, high PL quantum
efficiencies, stable electroluminescent emissions, non-aggregation (or
reduced aggregation) in solid state for photo- and 5 electron-excited
emissions, narrow emission widths, facile synthesis methods and processes,
and tailorable properties based on structure modification. Such materials
would combine many of the advantages of inorganic semiconductor materials
with organic and polymeric semiconductor materials. For instance, like
organic and polymeric materials, these materials would generally have
molecular 10 weights which are typically more than 2500g/mol. Thus, they
could be fabricated into devices via spin coating or printing processes
rather than vacuum sublimation, thereby providing a more cost-effective
application route. On the other hand, like inorganic materials, such
materials would be thermally stable, easy to purify, have narrow molecular
weight polydispersity, and have precise 15 particle sizes with unique
properties. Furthermore, these organic quantum dot materials would have
intrinsic structures which not only inhibit crystallization (better than
many inorganic semiconductor materials) but they would also inhibit
aggregation (better than many other organic and polymeric semiconductor
materials). 20 The invention is also directed to designing, synthesizing
and characterizing organic or hybrid compounds with a core structure and
multiple surrounding layers. Either the core or multiple layers typically
have precise sizes and different functions. The multiple layers generally
give rise to one or more effects such as quantum confinement, improved
solubility, suitable energy band gap for energy 25 transfer,
photoluminescent or electron luminescent, spacer function of separation of
different layers or functions, etc. Summary of the Invention According to a
first aspect of this invention there is provided a quantum dot 30
semiconductor compound comprising an inner core adapted to have 3 or more
substituents attached thereto, wherein at least one of the substituents
includes an organic functional moiety adapted to exhibit three dimensional
quantum confinement. The inner core is preferably formed of a carbon atom,
a silicon atom, or a polyhedral silsesquioxane structure.   9 An inner core
formed of a polyhedral silsesquioxane structure is particularly preferred.
Such a polyhedral silsesquioxane structure may have a general formula of
(Si0~,5)~, wherein n ranges from 6 to 100, preferably from 6 to 12. The
silsesquioxane structure is typically an octahedral or cubic structure.
When 5 formed of such a polyhedral silsesquioxane, the inner core may have
up to 8 substituents, each of which may include one of said organic
functional moieties. It is also possible that the substituents may each
have more than one of the organic functional moieties. In a preferred
embodiment, each of the substituents surrounding the inner core consists
only of one of said organic functional 10 moieties. In this embodiment, the
energy band gap of the organic functional moiety is less than the energy
band gap of the inner core. The functional moieties surrounding the inner
core may all be the same. However, they need not all the same. There may be
some which are the same and others which are different, or alternatively,
they may all be different. It is 15 however generally preferred that the
said functional moieties within a given compound are the same. In an
alternative preferred embodiment, each organic functional moiety may have
an additional functional group attached thereto, and each such functional
group has an energy band gap greater than the band gap of the organic 20
functional moiety to which it is attached. Each of these additional
functional groups may in turn have a further functional group attached to
it. This ensures exciton confinement to the region of said functional
moiety. It is further preferred that each of the substituents includes a
functional moiety and an additional functional group attached thereto. Such
a compound 25 can be viewed as having 2 layer shells about the inner core -
an inner layer shell formed of the functional moieties of the substituents,
and an outer layer shell being formed of the additional functional groups
of the substituents. Accordingly, the inner layer shell will have a lower
band gap than the outer layer shell and quantum confinement will occur in
the region of the inner layer shell. 30 It is further preferred that each
said substituent consists of 2 or more of 



said organic functional moieties. These 2 or more moieties may be attached
together in blocks. These blocks may be separated by one or more additional
functional groups (or blocks of such functional groups), wherein the
functional groups have a higher energy band gap than that of the organic
functional   10 moieties. It is also possible that a number of single
organic functional moieties exist within the substituent and which are
separated by one or more of the abovementioned functional groups. In a
further preferred embodiment of this invention, a terminal end of each 5
substituent comprises an alkyl chain. The additional functional groups, the
further functional groups and/or the alkyl chains can be selected from a
large range of groups. Their selection will depend upon the desired
purposes or uses of the compounds and, consequently, they may be chosen for
their desired properties, such as quantum confinement, 10 hydrophilicity
(to improve water solubility), improved solubility in organic solvents,
energy band gap (for desired energy transfer), photoluminescence,
electrical luminescence, spacer function (for separating different layers)
etc. Each substituent may comprise a number of said functional groups which
again can be chosen for their desired properties. Accordingly, each
substituent 15 may in fact consist of a polymer chain wherein the polymer
chain comprises the functional moiety and the attached one or more
functional groups. The compound may be structured so that (instead of the
functional moieties being attached directly to the inner core) the
substituents may include a functional group attached to the inner core and
the functional moiety attached to 20 the functional group. As noted above,
the functional group will have a higher energy band gap than the functional
moiety attached thereto. In a further preferred embodiment of the
invention, each substituent comprises a polymer and the organic functional
moiety forms part of the polymer. The organic functional moiety may be
connected to the inner core in which case 25 the energy band gap of the
organic functional moiety is lower than that of both the inner core and a
monomeric unit adjoining the organic functional moiety. Alternatively, the
organic functional moiety may be positioned between 2 monomeric units of
the polymer, both of which have energy band gaps higher than that of the
organic functional moiety. 30 Each polymer may comprise 2 or more of said
organic functional moieties. These 2 or more moieties may be attached
together in blocks or they may be located as single units along the polymer
chain. In either case, they will preferably be bound on either side by
monomeric units of the polymer which have energy band gaps higher than that
of the organic functional moiety.   11 The above polymers are preferably
oligo-conjugated polymers, such as oligo-polyphenylene and
oligo-polythiophene. In a preferred form of the invention, all of the
substituents include one of said organic functional moieties attached to
the inner core, said inner functional 5 moieties forming a first layer
shell about said inner core. It is further preferred that all of the
substituents also include an additional functional group attached to the
organic functional moiety, thereby forming a second layer shell about the
inner core. Each additional functional group may be a polymer, preferably
an oligoconjugated polymer, such as oligo-polyphenylene and
oligo-polythiophene. 10 Each substituent may further include a further
functional group attached to the additional functional group, thereby
forming a third layer shell about said inner core. Such a further
functional group may be an alkyl chain. As noted above, the inner core is
preferably a polyhedral sifesquioxane structure having from 6 to 12
substituents attached thereto. It is particularly 15 preferred that the
polyheydral silesquioxane structure has substituents selected 



from the group consisting of: - an organic functional moiety adapted to
exhibit three-dimensional quantum confinement; - such an organic functional
moiety having a functional group 20 attached thereto, said organic
functional moiety having a lower energy band gap than the functional group;
- a functional group having such a functional moiety attached thereto, said
functional group having a higher energy band gap than the organic
functional moiety; and 25 - a polymer which includes such an organic
functional moiety wherein any monomeric unit which adjoins the organic
functional moiety has a higher energy band gap than the organic functional
moiety. It is particularly preferred that the substituents are such
polymers. As noted above, oligo-conjugated polymers are particularly
preferred in this 30 regard. The polymers may include an alkyl chain
attached thereto, typically at a terminal end of the polymer. The polymer
may comprise 2 or more of the organic functional moieties. These 2 or more
functional moieties are preferably attached together in blocks, typically
of 2-9 units. Alternatively, the polymer may comprise only 1 organic
functional moiety. In either case, the functional moiety, or block of   12
moieties, is typically positioned between monomeric units having energy
band gaps higher than that of the organic functional moiety. Where the
substituent includes more than one functional groups, or consists of a
polymer chain, the functional moiety may be positioned in any 5 desired
location within the substituent. For instance, it may be attached to the
inner core. Alternatively) it could be located between 2 monomeric groups
in the polymer chain, or it could be at a distant end of the chain. In such
embodiments, any functional group or monomeric group adjoining the organic
functional moiety will typically have an energy band gap which is greater
than that of the functional 10 moiety. This is so as to ensure exciton
confinement in the region of the functional moiety. The polymer may
comprise, in addition to said organic functional moiety, 2 or more
monomeric units which may be the same or different. In a preferred
embodiment of the above aspect of the invention, the 15 compound may have
the structural formula: Rn `, ` R3` ~ Rn Rz R3 . R' ~R~ O R i z Rn.,_ ~~
~~i~ `R3~Rz~R~. r O ~'_ , S; Rd- Rz _ R3r___. Rn Rn-___R3-RzO O ~ i ~i 



~d ~.R~. Rz` R; ~ ~ SRi Ra. _ _ . Rn ~2 Rz ` R3 Rn `` Rn wherein R1,
R2...Rn can consist of aromatic ring structures and multi aromatic 20 ring
structures arranged so that a structure of low energy band gap is located
either between the inner core and a structure of higher energy band gap, or
between two such structures of higher energy band gap. These aromatic ring
structures may be selected from the group consisting of phenyl, substituted
phenyl, vinyl phenyl, substituted vinyl phenyl, arylene, heteroarylene,
fused ring 25 arylene, fused ring heteroarylene, alkoxy, alkylene,
vinylene, ethynyl, and   13 combinations thereof. The aromatic ring
structures may be substituted by one or more functional groups, including
electron-donating groups, electron-withdrawing groups, solubilising groups,
silicon containing groups, metal containing groups, or Group III to V
element containing groups or epoxy. The aromatic ring structures 5
specifically include substituted phenyl wherein the phenyl substituents are
selected from the group consisting of hydrogen, fluorine, chlorine,
bromine, amino, alkoxy and alkylene. Accordingly, a preferred embodiment of
the above aspect of the invention relates to a hybrid light-emitting device
material having a core structure and 10 multiple surrounding layers,
wherein the core structure is based on silsesquioxane architectures. The
multiple layers may be formed of the same or different organic materials
which are selected for their ability to provide one or more of the
following effects, quantum confinement, improved solubility, suitable
energy band gap for energy transfer, photoluminescence or electron
luminescence, and spacer 15 function of separation of different layers or
functions. The core structure of silsesquioxane material has the general
formula (RSiO~.s)~ wherein n typically ranges from 6 to 12 for discrete
cage structures. More preferably n=8. R~ is selected either as the first
layer or the part of the first layer having at least one function of
providing the possibility of growing the 20 second layer. The above
multi-layered quantum dot compound can be synthesized from a series of core
polyhedral silsesquioxane intermediates having a variety of reactive
substituent groups to provide the starting point of subsequent growth of
multiple layers. Examples of typical reactive substituent groups of
silsesquioxane 25 intermediates include, but are not limited to, hydrogen,
vinyl, phenyl, substituted phenyl, where the phenyl substituents include
halo, amino, hydroxyl, vinyl, unsaturated alkyl, haloalkyl, silyl, etc. The
core-multiple-layer structure can be realized either via layer by layer
additions to the core structure or a one step reaction combining core and
pre-prepared multiple layer components. 30 One such organic quantum dot
material having an octahedral silsesquioxane structure has the structure
set out above, namely:   14 Rn ., Rn R3, Rz R3 . Ri Rn.` ~~0~ . Ri i `R3
`Rz ~Rl~ O' S' d-Rz-R3~___.Rn Rn-___R3-Rz O O ~ 



i~ i . d~~R~. Sip S~ Rz ~ Rs R~ ~ ~t `~ Rn / .Rz Rz / , R3 Rn Rn wherein
R1, R2, R3,...Rn are the multiple layer components which can be any group,
such as, but not limited to, aromatic ring or multi-aromatic ring, the 5
aromatic ring may be selected from the group consisting of arylene,
heteroarylene, fused-ring arylene and fused-ring heteroarylene, alkoxy,
alkylene, vinylene, ethynyl, and combinations of above moieties. The above
moieties can be substituted by one or more functional groups such as
electron-donating or electron-withdrawing groups, solubilising groups,
silicon containing, metal 10 containing, or III-V element containing
moieties, and epoxy. As will be appreciated, the additional functional
groups chosen will depend upon the particular purpose for which the
compound is intended to be used. Accordingly, in certain circumstances,
other functional groups, having other desired properties) may be used. For
this reason, the above specified functional groups should not 15 be
regarded as a closed list. Other groups could be used without departing
from the nature and scope of this invention. The above components can be
synthesized from a series of core polyhedral selsequioxane intermediates
having a variety of reactive substituent groups to provide the starting
points of subsequent growth of multiple layers. For 20 instance, typical
reactive substituent groups of silsequioxane intermediates include, but are
not limited to, hydrogen, vinyl and substituted phenyl. The phenyl
subsituents may include halo, amino, hydroxyl, vinyl, unsaturated alkyl,
haloalkyl, silyl etc. The components (e.g. the core-multiple layer
structures) can be 25 synthesized by multiple reactions, adding the layers
to the core one at a time, or   15 by a one-step reaction which combines
the core with pre-prepared multi functional group components, such as
polymers. In one preferred form of the invention, the inner core is formed
of a cubic polyhedral digomeric silsesquioxand (POSS) structure. In this
embodiment, the 5 substituents are added to the inner core by grafting the
eight corners of the POSS structure with oligo poly-phenylene or oligo
poly-thiophene (e.g. POSS-2Ph, POSS-3Ph, POSS-4PH and POSS-Ph-2Th). The
size of the quantum dot increases with increase in the number of phenyls or
thiophenes grafted onto the structure. 10 When the quantum dot size is
smaller than the Bohr radius of the bulk exciton (which is generally about
2nm for organic semiconductor materials), the electronic excitation is
strongly confined in all 3 dimensions. This collapses the continuous
density of state of the bulk solid into discrete electronic states of the
dot. Decreasing the dot diameter leads to large band gap energy and a blue
shift 15 in UV absorption spectra. Similarly, there tends to be a blue
shift in photoluminescence as the quantum dot size decreases. These shifts
in UV absorption and photoluminescence, with changing quantum dot size,
confirms the quantum confined effect of such organic quantum dot systems.
The quantum efficiencies of such quantum confined organic quantum dots are
quite high 20 typically between about 25% and 45%. It has been found that
the colour of the quantum dot emission can be controlled both by
manipulating the quantum dot size and by using different band gap
materials. For example, if the oligo polyphenylene is substituted with
oligo polythiophene (which has a lower band gap energy), the UV absorption
and the 25 photoluminescence spectra undergo a red shift to longer
wavelength. Similarly, for POSS-3Ph, the photoluminescence peak is at about
380nm, whereas for POSS-Ph-2Thio, the photoluminescence peak is at about
500nm. The compounds of a preferred embodiment of this invention can be
considered as being 3-layered structures comprising an inner core (such as
a 30 polyhedral silsequioxane structure), a middle layer of
oligo-conjugated polymers and an outer layer of alkyl chains. The energy
band gap of the relevant oligoconjugated polymers is less than that of both
the inner core and the relevant alkyl chains. The electrons are thereby
confined between the inner core and the outer alkyl chains.   16 The
compounds of this invention are able to be formed having particular 



particle sizes, quantum confinement in 3 dimensions, thermal stability,
high photoluminescent quantum efficiencies, stable electroluminescent
omissions, non-aggregation of particles and narrow emission widths. The
methods of 5 synthesizing these compounds are relatively straightforward.
Also) the compounds can be tailored to have certain desired properties by
modifying or varying the structure of the compounds. Accordingly, the
compounds facilitate colour-tuneability and property tailorability of the
devices made from them. Therefore, the compounds of the present invention
have great potential in the field 10 of semiconductor technology and other
fields, including electroluminescent devices and diode lasers, wherein
these materials can be used as emission materials or charge carrier
transporting materials. Furthermore the compounds of this invention can be
used as host or guest materials for energy transfer or quantum confinement
for other materials. They also have applications in 15 photovoltaic cells
and as biosensors and biodetectors (e.g. fluorescent biological labels).
Throughout this specification, unless the context requires otherwise, the
word "comprise" or variations such as "comprises" or "comprising", will be
understood to imply the inclusion of a stated element, integer or step, or
group of 20 elements, integers or steps, but not the exclusion of any other
element, integer or step, or group of elements, integers or steps. Any
discussion of documents, acts, materials, devices, articles or the like,
which has been included in the present specification, is solely for the
purpose of providing a context for the present invention. It is not to be
taken as an admission 25 that any or all of these matters form part of the
prior art base or were common general knowledge in the field relevant to
the present invention as it existed before the priority date of each claim
of this application. Description of the Drawings 30 In order that the
invention may be better understood, preferred forms will be illustrated by
reference to the following drawings: Figure 1 is a graph showing
photoluminescence of a compound 4 thin film and dilute solution in the THF.
17 Figure 2 is a graph showing photoluminescence of compound 5 thin film
and dilute solution in the THF. Figure 3 is a graph showing
photoluminescence of blending a conventional polymer (having a higher band
gap than compound 5) with compound 5 in thin film. Figure 4 is a graph
showing current against voltage in respect of a double layer
electroluminescent device ITO/HTL/3a/Ca. Figure 5 is a graph showing time
resolved photoluminescence for a film of compound 5, a film in matrix
(1:3wt) and a dilute solution in THF. 10 Detailed Description of the
Preferred Embodiments In a preferred embodiment of this invention, the core
structure is based on polyhedral octameric or cubic silsesquioxanes. Such a
structure can represent building blocks from which subsequent reaction can
add multiple layers one by 1 s one with desired properties or functions on
each layer. The core structures are easily prepared in high yields from low
cost starting materials which are commercially available. This rigid
framework offers many appealing properties. Not only does it provide the
crucial core structure with eight or more starting points to enable growth
into a sphere-like quantum dot material, but it also 2o enables development
of unique models of silica surfaces which have special advantages in
semiconductors. In the above structural formula, R~ is preferably hydrogen,
phenyl, substituted phenyl or vinyl, wherein the phenyl substituents
include halo, amino, hydroxyl, vinyl, unstaturated alkyl, haloalkyl, silyl,
etc. As mentioned above, the organic quantum dot materials can be 25
synthesized from polyhedral silsesquioxane intermediates having reactive
substituent groups capable of reacting with other functional groups to form
either the core-multiple-layers or core-first-layer structures followed by
subsequent reactions adding layers one by one. Several possible reactions
that can be used for this purpose are illustrated generally below. Such
reactions include, but are 3o not limited to, metal catalyzed
hydrosilation, Gragnard reaction, Heck reaction, Suzuki coupling reaction,
and Buchwald Hartwig amination. The multiple layers have a variety of
functions or results, including but not limited to, quantum confinement,
improved solubility, matching of energy band gap for energy transfer,
photoluminescence or electroluminescence, electron or 



5 18 hole transporting or injection; isolation of different layers or
functions, etc. The components of each layer can be selected from
conventional structures with desired properties. For example, the emissive
layer can be formed of any arylene, heteroarylene, fused-ring arylene and
fused-ring heteroarylene. The solubilising or quantum confinement layer and
spacer can be formed of any of alkoxy, alkylene, or single atom such as S,
O, N, Si, metal, etc. Some example structures of compounds of the present
invention are: By \ I d ~S~ O OS, _  l 0 l /~~ 1 ~ ; 1 r P ~ 0 0 / ,~ S, Br
~ s1 ~o \ / ~ Br Br \ r 1  ', I \ ,\ / ~I/ S4~ Ov S,-  O _ _ Si / ~O \ l 'l
P ~~~0 ~~ ~` O i SI  _ \ _ \ / \ \ l / \ o \/ 0 2 0 li I \ \ I  os, _ , o o
~ l \ l P o of ~ 1 / /, wsw'~ 0 _\ \ ., \ l / \ ~ o   2a   19 0 '\ . ., ',
I , I 
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. . ~. 5 CH3 O li        21 Turning to the drawings, the graph of Figure 1
contains 2 curves showing the photoluminescence of compound 4 both in
solution and as a film. The graph of Figure 2 also contains 2 curves which
represent the photoluminescence of compound 5, both in solution and as a
film. As can be seen, the well matched PL 5 spectra of the solution and the
film in each case indicates that there is no significant aggregation of the
compound in the solid state. For conventional polymers and oligomers, there
is a common phenomenon of PL spectra red shifts of film over solution due
to aggregation of the compounds in their solid states. This lack of
aggregation is a substantial benefit of the compounds of the present 10
invention. In a blending system there is an effective energy transfer from
higher band gap environment (polymer) to a material, such as one of the new
compounds, having a lower band gap. Figure 3 shows a blending system in
which there is an effective energy transfer from the higher band gap
material (ie a polymer) to the material of compound 5 which has lower band
gap than the polymer. The PL peak of compound 5 (486nm) remains unchanged
as polymer content increases and PL quantum gets higher. This demonstrates
the intrinsic three dimensional quantum confinement exhibited by compound
5. Materials without intrinsic quantum confinement will have their PL peak
blue shift as blending with higher 2o band gap materials occurs. This is
because the higher band gap surrounding material will help lower band gap
molecules separate from each other causing their excitons to become more
and more localized. Figure 4 is a graph showing the change in
current/luminescence as the voltage increases across a double layer device
formed of ITO/HTLI3aICa (where 25 3a is the compound 3a referred to above).
This graph shows the preliminary results of the double layer
electroluminescent device. The substantial delay in the increase of
luminescence compared to the current suggests that the electron injection
and transporting are the crucial step. Consequently, better performance is
expected if an ETL (electron transporting layer) is added between the
cathode 3o and compound 3a. This indicates that the materials can be used
as emissive candidates. Figure 5 is a graph showing time resolved
photoluminescence of a film of the compound 5, a film in matrix of compound
4 (1:3 wt), and a dilute solution in THF. As can be seen, the
photoluminescent decay of the solution, the film in   5 10 



15 20 25 22 matrix (higher band gap material), and the film all have
similar decay times (150ps-180ps). This suggests that the carriers are
localized even in the film sample, again demonstrating the intrinsic
quantum confinement in compound 5. Conventional polymers normally show a
big difference in photoluminescence depending on whether they are in the
form of a film (e.g. about 100ps) or a solution (e.g. about 1000ps).
Preferred embodiments of the invention are exemplified below. Example 1:
Compound 1 can be formulated as shown below: t I `~' i s ti 4 1_~t ~s ~si \
t _n , Brt % I ; r o i ~ Si 0 Br2/CHC B ~ r t ~ 1 ~ ~_~ r ~" FeCl3 * 4~-
Br sl~ ,f `~  . ~~Br Dr r 1 Bromine (7.2g, 45mmol) was added dropwise to a
suspension containing phenylsilsesquioxane (5.16g, 5mmol) and ferric
chloride (0.4g, 2.4mmol) in 300m1 chloroform. After stirring for 96 hrs at
room temperature, the solution was poured into a saturated sodium carbonate
water solution 2000m1. The water phase was washed with 400m1 chloroform two
times and all the organic phases were combined together and washed with
400m1 water. The organic phase was filtered through a 0.45um syringe filter
and the solvent was removed from the filtrate. A white crystal of compound
1 (4.9g, 60%) was obtained by adding methanol and filtering out the
methanol. Proton NMR indicated that there was no starting material
remaining and this is consistent with the expected structure. 29Si NMR
(solid): -69.8, 70.9, -74.2. GPC showed only one sharp peak and
polydispersity index of 1.02 which means there are no polymers present. The
results are shown in Table 1, together with the results of the other
examples (see below).   23 Example 2: Compound 3 can be formulated as shown
below: B /~ I : r s~ o os~ i _ o ~ s. r /  I~r P ~~~ 0 0 s. Br ~ sl` ~~ \ l
Br Br 



r Mg/THF /Pd(0) OCgHi~ (A) 0 /~ I r I d s~ o~o ~~ s 1 1~ r r r \ ' ~ o o i
I ,~s~ I I o 3 ~r 0 5 10 15 20 Following Gragnard reaction procedures,
compound A (4.67g, 12mmol) in 30m1 dry THF was added dropwise into a RBF
containing 0.302g Mg under Argon and refluxing. After 8 hrs the solution
was cooled to room temperature and transferred to another RBF (under Argon)
which contained compound 1 and catalyst
tetrakis(triphenyl-phosphine)palladium(0) resolved in 10m1 dry THF under
stirring. The solution was then refluxed for 24 hrs and the reaction
mixture was then cooled to room temperature. Saturated NH4C1 solution was
then added into the RBF and the organic phase was then extracted. The
compound 3 (1.9g, 54%) was obtained as white crystals through silica gel
column chromatography purification. GPC indicated that there is only one
sharp peak with polydispersity index of 1.03. 29Si NMR (CDCI3): -69.2)
-69.8, -70.5. XRD indicated that the compound 3 has uniform size that
corresponds with theoretical calculations. The results are again summarised
in Table 1. DSC revealed there is no Tg. Photoluminescent emission is 386nm
for the compound as a thin film and 388nm for the compound as a dilute
solution, both of them giving off bright blue light. Absolute quantum
efficiency (integrating sphere) giving a photoluminescent efficiency above
30% was achieved for the thin film (as summarized in Table 1 ). Example 3:
Compound 2 can be formulated as shown below:    5 10 24 0 l~ sl,i ~ r ~, ~
1 ' s~~S. o ~ Mg/THF/Pd(0) ~o~ S ~ s. i ~~ o B \ l P ~~~  ~r Br OCgH(~ o \
l P ~~~ o o ~ o 'sl o 



Br ~ sl` o~~ \ l (B) ~ ~ ~ ~ _ ~ _ Br ~ \ / Br / \ / / \ \ \ l o 1 \ / 0
Compound 2 was obtained, through the reaction exemplified above, by
reacting compounds 1 and B. The same procedures were followed as in Example
2 to give a white solid in a yield of about 60%. GPC indicated that there
is only one sharp peak with polydispersity index of 1.02. XRD indicated
that the compound 2 has uniform size that corresponds with theoretical
calculations. DSC revealed there is no Tg. Photoluminescent emission is
368nm for the compound as a thin film and 366nm for it as a dilute
solution, both of them giving off bright blue light. Absolute quantum
efficiency (integrating sphere) giving a photoluminescent efficiency of
above 25% was achieved for the thin film. Again, the above results are
summarized in Table 1. Example 4: Compound 4 can be formulated as shown
below: 15 B~ r _ ~~~ Bu-LdBnCH2CH2Br~h~6'THF.'Pd(0) B ~r ~ , I / `,~r B~
OCsH" ~ sr "~ ~~ z / Br Br ~ " ~ ~ c~ " r I I / \ . 4    5 10 15 25
Butyllithium (1.2M in hexane) (2.6m1) was added dropwise into a solution of
compound C (1.0962g, 2.357mmol 0.4M in dry THF) at -78C under Argon and
stirring. After 1 hr, a solution, prepared by BrCH2CH2Br (0.8648g, 4.6mmol)
and Mg (0.1159g, 4.83mmol) reacted in room temperature for 30mins, was
transferred to the reaction mixture under stirring and gradually the
temperature was increased to room temperature. After 2 hrs the whole
mixture was transferred to a RBF which contained compound 1 (0.3047g,
0.1755mmol) and catalyst tetrakis(triphenyl-phosphine)palladium(0) under
Argon. This mixture was then refluxed for 24hrs and the organic phase was
extracted following the same procedures as performed in Example 2. After
purification by a silica gel column a white crystal of compound 4 (0.156,
21 %) was obtained. GPC indicated that there is only one sharp peak with
polydispersity index of 1.03. 29Si NMR (CDC13): -69.35. XRD indicated that
the compound 4 has uniform size that corresponds with theoretical
calculations. DSC revealed there is no Tg. Photoluminescent emission is
380nm for the thin film and 387nm for dilute solution, both of them giving
off bright blue light. Absolute quantum efficiency (integrating sphere)
giving a photoluminescent efficiency of about 40% for the thin film was
achieved. The results are again summarised in Table 1. 2o Example 5:
Compound 5 can be formulated as shown below: B r ; ~ > r s.- - s _ ~0 0 B ~
~ / 01' 1 1" r Q 9ii n o e~ Br~rl ~ ~u Br Br r 1 Mg/THF/Pd(0) ~~s 



~~s~~ ~-Br (D)    26 Compound 5 was obtained through the above reaction by
reacting compounds 1 and D, following the same procedures in Example 2 to
give a green solid in yield 35%. Photoluminescent emission is 486nm for
thin film and dilute solution, both of them giving off bright green light.
Time-resolved Photoluminescent analysis for s thin film and dilute solution
revealed the decay time of excitons are almost the same in both cases. The
similar result was obtained from a matrix system by blending compound 4
(having a higher band gap) with compound 5. This provides strong evidence
demonstrating the quantum confinement, even in solid state, of compound 5.
See Figure 5. 10 Table 1: Particle size by XRD and Mw by GPC CompoundSize
calculationSize XRDMw GPCPDIPLQE (absolute for thin film11 nm1
nm6571.0122nm2nm17771.0325%2a2nm2nm21001.0333nm3nm22931.0334%3a3nm3nm213b3n
m3nm26351.0244nm4nm27141.0340% Table 1 shows the results of analyses
performed on the compounds produced in the Examples. For instance, Table 1
shows the particle sizes of the compounds, 15 determined from wide-angle
XRD, compared with the size of the compounds determined by theoretical
calculations. The Table also shows the compounds' molecular weights (g/mol)
from GPC and absolute photoluminescent quantum efficiencies (PLQE) from the
integrating sphere. 2o Table 2: Time resolved Photoluminescent for 2, 3, 4
of dilute solution in THF
Compound234Size2nm3nm4nmDecaytime840ps940ps1000psEmission360nm374nm390nm   



27 Table 2 shows the time resolved photoluminescence for dilute solutions
of compounds 2, 3 and 4 in THF. The increase of decay time with molecular
size, together with the increase of emission wavelength, indicates the
presence of quantum confinement effects. 5 It will be appreciated by
persons skilled in the art that numerous variations and/or modifications
may by made to the invention as described herein without departing from the
spirit or scope of the invention. The present embodiments are therefore to
be considered in all respects as illustrative and not restrictive.   28
CLAIMS: The claims defining this invention are as follows: 1. A quantum dot
semiconductor compound comprising an inner core adapted to have 3 or more
substituents attached thereto, wherein at least s one of the substituents
includes an organic functional moiety adapted to exhibit three dimensional
quantum confinement. 2. A compound according to claim 1 wherein the inner
core is formed of carbon, silicon, or a polyhedral silsesquioxane
structure. 3. A compound according to claim 2 wherein the inner core is
formed of a polyhedral silsesquioxane structure. 4. A compound according to
claim 3 wherein the polyhedral silsesquioxane has a general formula of
(Si0~.5)r,, wherein n ranges from 6 to 100. 5. A compound according to
claim 4 wherein n ranges from 6 to 12. 6. A compound according to claim 5
wherein the silsesquioxane structure is an octahedral or cubic structure.
7. A compound according to claim 6 wherein the silsesquioxane structure has
up to 8 substituents attached thereto, each of which includes at least one
of said organic functional moieties. 8. A compound according to any one of
claims 1 to 7 wherein one organic 2o functional moiety of each substituent
is attached to the inner core and the energy band gap of the organic
functional moiety is less than the energy band gap of the inner core. 9. A
compound according to claim 8 wherein each organic functional moiety has an
additional functional group attached thereto, and each such 25 functional
group has an energy band gap higher than the energy band gap of the organic
functional moiety to which it is attached. 10. A compound according to
claim 9 wherein each additional functional group has a further functional
group attached thereto. 11. A compound according to any one of claims 7 to
10 wherein each said 3o substituent consists of 2 or more of said organic
functional moieties. 12 A compound according to claim 11 wherein the 2 or
more moieties are attached together in blocks. 13. A compound according to
claim 11 or claim 12 wherein the organic functional moieties are located in
blocks of one or more moieties,   29 separated by one or more additional
functional groups, said functional groups having a higher energy band gap
than said moieties. 14 A compound according to any one of claims 7 to 13
wherein the organic functional moieties are the same. 5 15. A compound
according to any one of claims 7 to 13 wherein the organic functional
moieties are not all the same. 16. A compound according to any one of
claims 1 to 15 wherein a terminal end of each substituent comprises an
alkyl chain. 17. A compound according to claim 9, claim 10 or claim 16
wherein the additional functional group, the further functional group or
the alkyl chain are selected from groups which confer on the compound
desired properties selected from quantum confinement, improved solubility,
hole transport, electron transport, electroluminescent, and
photoluminescent properties. 



18. A compound according to any one of claims 1 to 7 wherein each 15
substituent comprises a polymer and the organic functional moiety forms
part of the polymer. 19. A compound according to claim 18 wherein the
organic functional moiety is connected to the inner core and the energy
band gap of the organic functional moiety is lower than that of both the
inner core and a monomeric 2o unit adjoining the organic functional moiety.
20. A compound according to claim 18 wherein each polymer comprises 2 or
more of said organic functional moieties. 21. A compound according to claim
20 wherein the 2 or more moieties are attached together in blocks. 25 22. A
compound according to claim 18 wherein the polymer comprises one organic
functional moiety and said moiety is positioned between 2 monomeric units
of the polymer, both of which have energy band gaps higher than that of the
organic functional moiety. 23. A compound according to claim 21 wherein the
blocks of 2 or more of said 3o moieties are positioned between 2 monomeric
units of the polymer, both of which have energy band gaps higher than that
of said moieties. 24. A compound according to any one of claims 18 to 23
wherein the polymers are oligo-conjugated polymers.   30 25. A compound
according to claim 24 wherein the polymers include oligo polyphenylene or
oligo polythiophene. 26. A compound according to any one of claims 1 to 25
wherein all of the substituents include one of said organic functional
moieties attached to the 5 inner core, said functional moieties forming a
first layer shell about said inner core. 27. A compound according to claim
26 wherein all of the substituents include one of said additional
functional groups attached to the organic functional moiety, forming a
second layer shell about said inner core. 10 28. A compound according to
claim 27 wherein each additional functional group is a polymer. 29. A
compound according to claim 28 wherein each polymer is an oligoconjugated
polymer. 30. A compound according to any one of claims 27 to 29 wherein all
of the 15 substituents include one of said further functional groups
attached to the additional functional group, forming a third layer shell
about said inner core. 31. A compound according to claim 30 wherein the
further functional group is an alkyl chain. 32. A compound according to any
one of claims 26 to 31 wherein the inner 2o core is a polyhedral
silsesquioxane structure having from 6 to 12 substituents attached thereto.
33. A compound according to claim 32 wherein the polyhedral silsesquioxane
structure has substituents selected from the group consisting of: - an
organic functional moiety adapted to exhibit three dimensional 25 quantum
confinement; - such an organic functional moiety having a functional group
attached thereto, said organic functional moiety having a lower energy band
gap than the functional group; - a functional group having such a
functional moiety attached thereto, 



3o said functional group having a higher energy band gap than the organic
functional moiety; and - a polymer which includes such an organic
functional moiety, wherein any monomeric unit which adjoins the organic
functional moiety has a higher energy band gap than the organic functional
moiety.   31 34. A compound according to claim 33 wherein each substituent
comprises said polymer. 35. A compound according to claim 34 wherein the
polymer is an oligo conjugated polymer. 5 36. A compound according to claim
34 or claim 35 wherein said polymer includes an alkyl chain attached
thereto. 37. A compound according to any one of claims 34 to 36 wherein the
polymer comprises one organic functional moiety and said moiety is
positioned between 2 monomeric units of the polymer, both of which have
energy band gaps higher than that of the organic functional moiety. 38. A
compound according to any one of claims 34 to 36 wherein the polymer
comprises 2 or more of said organic functional moieties. 39. A compound
according to claim 38 wherein the 2 or more moieties are attached together
in blocks. 15 40. A compound according to claim 39 wherein the blocks of 2
or more of said moieties are positioned between 2 monomeric units of the
polymer, both of which units have energy band gaps higher than that of said
moieties. 41. A compound according to claim 34 having the structural
formula: Rn ., Rn R3, R R3  Rz Rn., ~~p` i~R~ ~Ra ~ Rz ~ R~~ o' /p S; d- RZ
_ R3 ~ _ _ _ . Rn Rn-___R3-RZ i~ i ~~R~ ~ Rz, Sip S~ Ra_ R/ ~ ~R~ ' ~ Rn /
' ~z R2 / . R3 Rn 



20 `~ Rn wherein R1, R2...Rn are selected from the group consisting of
aromatic ring structures and multi aromatic ring structures. 42. A compound
according to claim 41 wherein said aromatic ring structures 25 are selected
from the group consisting of phenyl, substituted phenyl, vinyl   32 phenyl,
substituted vinyl phenyl, arylene, heteroarylene, fused ring arylene, fused
ring heteroarylene, alkoxy, alkylene, vinylene, ethynyl, and combinations
thereof. 43. A compound according to claim 42 wherein said aromatic ring
structures 5 are substituted by one or more functional groups, including
electron donating groups, electron-withdrawing groups, solubilising groups,
silicon containing groups, metal containing groups, or Group III to V
element containing groups or epoxy. 44. A compound according to claim 42
wherein the aromatic ring structures 1o include substituted phenyl and the
phenyl substituents are selected from the group consisting of hydrogen,
fluorine, chlorine, bromine, amino, alkoxy and alkylene. 45. A quantum dot
semiconductor compound selected from the following: 15 BI; ~ > r s,- ~ s
B ~ I ~  _ ~ ;_~ r of s. Br ` sl i - ~ I Br Br r 1  '; ,\ , ~- ~ s O',U U _
~ ~ Si /  \ l / W ~y0 0l ` ~, D ~ ` 
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46. A quantum dot semiconductor compound substantially as hereinbefore
defined with reference to any one of Figures 1 to 5 and any one of the
examples. .AE.AH?.AHR.A[R.A[.AnR.A[.An?.Ane.AHR.AHR.A5.AH
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