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SEMICONDUCTOR LIQUID CRYSTAL COMPOSITION AND
METHODS FOR MAKING THE SAME

REFERENCE TO GOVERNMENT SUPPORT
[0001] This invention was made with Government support under the U.S.
Department of Energy under Contract No. DE-AC03-76SF00098 and by the Air Force Office
of Scientific Research (F49620-98-1-0243). The Government has certain rights in this

invention.

CROSS-REFERENCE TO RELATED APPLICATIONS
[0002] This application claims the benefit of the filing dates of U.S.
Provisional Patent Application No. 60/395,064, filed July 12, 2002, and 60/346,253, filed
October 24, 2001. These patent applications are herein incorporated by reference in their

entirety for all purposes.

BACKGROUND OF THE INVENTION
[0003] [norganic nanocrystals may be viewed as an emerging new class of
macromolecules. Since methods were developed to encapsulate nanocrystals with a
monolayer of protective surfactant (see M. L. Steigerwald, ef al., J. Am. Chem. Soc. 110,
3046 (1988); G. Schmid, Chem. Rev. 92, 1709 (1992)), nanocrystals have been assembled as
active components inside plastic electronics (see V. Colvin, M. Schlamp, A. P. Alivisatos,
Nature 370, 354 (1994); B. O. Dabbousi, M. G. Bawendi, O. Onotsuka, M. F. Rubner, 4ppl.
Phys. Lett. 66, 316 (1998); and W.U. Huynh, X. Peng, A.P. Alivisatos, Adv. Mat. 11, 923
(1999)), and they have been assembled into dimers, trimers (C. J. Loweth, W.B. Caldwell, X.
Peng, A.P. Alivisatos, P.G. Schultz, Angew. Chem., Int. Ed. Engl. 38, 1808 (1999)), and
crystals of nanocrystals (C. B. Murray, C. R. Kagan, M. G. Bawendi, Science 270, 1335
(1995); C. A. Mirkin, R. L. Letsinger, R. C. Mucic, J. J. Storhoff, Nature 382, 607 (1996)).
In each case, the nanocrystals are treated as a conventional polymer or biological
macromolecule from the assembly point of view. This enables a wide range of chemical
macromolecular assembly techniques to be extended to inorganic solids, which possess a

diverse range of optical, electrical, and magnetic properties (A. P. Alivisatos, Science 271,

033 (1996)).
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[0004] One notable characteristic of some organic macromolecules is their propensity
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to form liquid crystalline phases when they possess a rod-like shape (J. C. Horton, A. M.
Donald, A. Hill, Nature 346, 44 (1990); and T. E. Strzelecka, M. W. Davidson, R. L. Rill,
Nature 331, 457 (1988)). While organic liquid crystals are widely used today, there has been
a growing interest in inorganic liquid crystals. Existing inorganic liquid crystals include
nanoparticles made from gibbsite (A1(OH);) and boehmite (A10(OH)) (J.-C. P. Gabriel, P.
Davidson, Adv. Mat. 12, 9 (2000); and A. S. Sonin, J. Mat. Chem. 8, 2557 (1998)).

[0005] Improvements could be made to the liquid crystal compositions described
above. For example, liquid crystal compositions including gibbsite or boehmite
nanoparticles have poor optical and electrical properties, and therefore, the potential
application of the liquid crystal compositions with gibbsite or boehmite is very limited.

It would be desirable to provide for improved inorganic liquid crystal comp ositions with
components with interesting optical, electronic properties so that they can be used in devices.
Embodiments of the invention address the above problems, individually and collectively, as

well as other problems.

SUMMARY OF THE INVENTION

[0006] Embodiments of the invention include inorganic liquid crystal composition,
methods for making these inorganic liquid crystal compositions, and devices comprising

these liquid crystal compositions.

[0007] One embodiment of the invention is directed to a liquid crystal composition
comprising: (a) a solvent; and (b) semiconductor nanoparticles in the solvent, wherein the
solvent and the semiconductor nanoparticles are in an effective amount in the liquid crystal

composition to form a liquid crystalline phase.

[0008] Another embodiment of the invention is directed to a liquid crystal

wherein each of the semiconductor nanoparticles is rod-shaped or disk-shaped, and has an
aspect ratio greater than about 2:1 or less than about 1:2, and wherein the semiconductor

nanoparticles in the liquid crystal composition comprise a semiconductor.
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[0009] Another embodiment of the invention is directed to a method for forming a
liquid crystal composition comprising: (a) forming semiconductor nanoparticles; (b) mixing
the semiconductor nanoparticles and a solvent to form a mixture; and (c) forming a liquid
crystal phase 1n the mixture.

[0010] These and other embodiments of the invention will be described in further

detail below.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] FIGS. 1(a)-1(f) show transmission electron micrographs of CdSe nanorods.
FIGS. 1(a)-1(c) show nanocrystals with widths of about 3.2 nm and lengths of about il, 20,
and 40 nm, respectively. FIGS. 1(d)-1(f) show nanocrystals with widths of about 4.2 nm and
lengths of about 11, 20, and 40 nm, respectively.

[0012] FIGS. 2(a)-2(b) show birefringence observed under a polarizing optical
microscope during evaporation of solvent. FIG. 2(a) shows droplets (tactoids) formed from
the 1sotropic phase with the evaporation of solvent. FIG. 2(b) shows Schlieren textures in a

later stage. The background was red due to the absorption spectra of CdSe nanocrystals. The

scale bars are 20 pm.

[0013] FIGS. 3(a)-3(d) show 1mages of liquid crystalline phases 1n a concentrated
solution of CdSe nanocrystals under a polarizing optical microscope. Isotropic phases appear
dark in these images. All the bright areas in the image correspond to the liquid crystalline
phase, with dark lines corresponding to disclinations or the area where the orientation of the
nanorods are parallel to either of the polarizers. FIG. 3(a) shows droplets of liquid crystalline
phase mixed with isotropic phase. FIG. 3(b) shows an interface between a big liquid
crystalline droplet (right) and an 1sotropic phase (left). FIGS. 3(c) and 3(d) show
disclinations of strength of 1/2 (FIG. 3(c)) and 1 (FIG. 3(d)), respectively. The arrows point
to the disclinations.

[0014] FIGS. 4(a)-4(b) respectively show wide angle x-ray diffraction and small
angle x-ray scattering of the same nematic solution of CdSe nanorods in a 300 um thick
capillary tube. They show the preferential alignment of these nanorods albng the axis of the
capillary tube. In both measurements, the capillary tube is held vertically. FIG. 4(a) shows a
wide angle x-ray diffraction pattern. The vertical sharp, intense arcs correspond to the (002)
planes of wurzite CdSe lattice. At about the same radius, weak arcs corresponding to the

(100) and (101) planes can also be seen, but they are much more diffuse due to the small
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lateral dimension of these nanorods. FIG. 4(b) shows a small angle x-ray scattering pattern.

The two diffuse arcs at Q ~1.5 nm™ on the equator correspond to the lateral spacing between

the rods in the nematic phase. The arcs corresponding to the longitudinal spacing are not

resolved.
DETAILED DESCRIPTION
[0015] I. Liquid crystal compositions
[0016] Embodiments of the invention include liquid crystal compositions having a

solvent and semiconductor nanoparticles in the solvent. The solvent and the semiconductor
nanoparticles are in an effective amount so that the liquid crystal composition is capable of
exhibiting a liquid crystalline phase.

[0017] As used herein, a “liquid crystalline phase” includes a phase that is
intermediate to a liquid phase and a crystalline phase. In a liquid crystalline phase, the
orientations of substantially all nanoparticles are correlated to each other (i.e., the orientation
of each individual nanoparticle is affected and is affecting the orientation of the neighboriné
nanoparticles), and the correlation extends to a large scale (e.g., equal to or larger than 1
micron) so that to a large scale the nanoparticles are orientated uniformly unless disrupted by
a local environment such as an impurity, non-uniformity on the container wall, etc. More
importantly, the orientation-correlation in the liquid crystals allows one to control the
orientations of the nanoparticles with the aid of an electrical field, a magnetic field, or a
pre-treated surface, so that one can switch the orientation or diminish the unwanted effect ot
the local environment (e.g., impurities). This is unlike an isotropic phase where the
orientations of nanoparticles in solution are random.

[0018] The semiconductor nanoparticles can have any suitable form and can have any
appropriate shape. For example, the semiconductor nanoparticles may be in the form of rods
(e.g., uniaxial rods), disks, or ribbons. ‘“Nanoparticles” can refer to particles that have at least
one dimension less than about 100 nm whether crystalline, amorphous, or any combination
thereof. ‘“Nanocrystal particles” can refer to crystalline particles that have at least one
dimension less than about 100 nm.

[0019] The semiconductor nanoparticles used in this invention generally have high
aspect ratios. In some embodiments, the nanoparticles have aspect ratios greater than 1,

greater than about 2, or greater than about 4. In some specific embodiments, the aspect ratios
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of the semiconductor nanoparticles can vary from about 1 to about 100. They can have
widths from about 1 to about 100 nm, and lengths from about 1 nm to about 100 microns. In
some embodiments, at least about 50% or at least about 80% of the nanoparticles in the
composition can have one or more such characteristics.
[0020] The distribution of the semiconductor nanoparticles may be narrow. For
example, the distribution of the semiconductor nanoparticles in the liquid crystal composition
can be about 5%, 10%, or 20% for the particle widths and about 5%, 10%, 20%, or 30% for
the particle lengths. A 5% width distribution generally means that 638% of the rods have
diameters between 95% and 105% of the mean width value. A 10% length distribution
means that 68% of the rods have diameters between 90% and 110% of the mean width value.
[0021] The optical properties of the semiconductor nanoparticles can depend upon
their diameters and lengths (see L.-S. Li, J. Hu, W. Yang, A. P. Alivistaos, Nano Lett 1,349
(2001)). The photoluminescence wavelengths produced by the semiconductor nanoparticles
can be tuned over the visible range by variation of the particle size, and the degree of
polarization can be controlled by variation of the aspect ratio. Accordingly, by tuhing the
size of the semiconductor nanoparticles, the liquid crystal compositions may emit different
colors (i.e., different wavelengths of light). For instance, when the semiconductor
nanoparticles in the liquid crystal composition are about 3 nanometers wide and are about 5
nanometers long, the liquid crystal composition can produce green light. When the
semiconductor nanoparticles in the liquid crystal composition are about 3 nanometers wide
and are about 60 nanometers long, the liquid crystal composition can produce orange light.
When the semiconductor nanoparticles in the liquid crystal composition are about 4
nanometers wide and about 6 nanometers long, the liquid crystal composition can produce
red light. Accordingly, in embodiments of the invention, the optical properties of the liquid
crystal composition can be “tuned” by adjusting the size of the nanoparticles in the liquid
crystal composition. Also, because the semiconductor nanoparticles are aligned in
embodiments of the invention, any light that is produced by the aligned semiconductor
nanoparticles can be polarized. Accordingly, embodiments of the invention can be used as
polarized light sources.
[0022] The semiconductor nanoparticles may comprise any suitable semiconductor
material. For example, suitable semiconductors include compound semiconductors. Suitable
compound semiconductors include Group II-VI semiconducting compounds such as MgS,
MgSe, MgTe, CaS, CaSe, CaTe, SrS, SrSe, SrTe, Bas, BaSe, BaTe, ZnS, ZnSe, ZnTe, CdS,
CdSe, CdTe, HgS, HgSe, and HgTe. Other suitable compound semiconductors include
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Group III-V semiconductors such as GaAs, GaP, GaAs-P, GaSb, InAs, InP, InSb, AlAs, AlP,
and AISb. The use of Group IV semiconductors such as germanium or silicon may also be
feasible under certain conditions.

[0023] Any suitable solvent can be used in the iquid crystal composition. The
solvent may comprise an organic solvent. For example, the solvent may include saturated or
unsaturated cyclic (or linear) hydrocarbons alone, or in combination with other molecules.
Preferably, the solvent comprises at least one of hexanes, benzene, toluene, cyclohexane,
octane or decane. Other examples of suitable solvents include chloroform or tri-butyl
phosphine, tri-octyl phosphine, any alkyl phosphine, or any mixture of alkyl chains with the
functional groups listed above. The solvent can be polar, non-polar, amphiphilic,
amphiphobic, hydrophobic, hydrophilic, lyotropic, surfactant-based, etc.

[0024] Other solvents may be used in other embodiments of the invention. For
example, if a surfactant is used and the semiconductor nanoparticles are coated (e.g., with a
silica shell), then a polar solvent such as water, acetone, and alcohols may be used.

[0025] The semiconductor nanoparticles can be combined with an effective amount of
the solvent to form a liquid crystal composition with a liquid crystalline phase. In some
embodiments, the following equation can be used as a guide for determining the approximate
volume of solvent to use with a given volume of semiconductor nanoparticles:

4 o Tne

o

AR - VSOLUTION

AR is the average aspect ratio of the semiconductor nanoparticles, while Vc 1s the volume of
semiconductor nanoparticles, and Vsorution is the volume of the solution. See generally, L.
Onsager, Ann. [N.Y.] Acad. Sci. (1949) Vol. 51, p. 627. Of course, the volume ratio of the
semiconductor nanoparticles to the solution can be less than or greater than this. The volume
ratio of the semiconductor nanoparticles to solution may depend on the size and shapes of the
nanoparticles used, as well as the particular properties of the solvent used. In some
embodiments, the specific proportions of semiconductor nanoparticles and solvent can be
empirically determined.

0026] In some embodiments, the semiconductor nanoparticles may be coated with
amphiphilic molecules. For example, CdSe nanocrystal rods (or other semiconductor
nanoparticles) can be coated with organic molecules such as alkyl phosphine, alkyl phosphine
oxides, and alkyl phosphonic acids. Such molecules keep the nanoparticles well-separated

and dispersible in organic solvents. The coated semiconductor nanoparticles could be the as-
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made product of semiconductor precursors in a surfactant mixture. Processes that use a

surfactant mixture to form semiconductor nanoparticles are described below.

[0027] In other embodiments, the semiconductor nanoparticles need not be coated
with amphiphilic molecules. For example, in some embodiments, semiconductor

nanoparticles with or without amphiphilic molecules can be added to a solvent along with a

separate surfactant (or combination of surfactants).

[0028] Having amphiphilic molecules bound to the surfaces of the nanoparticles 1s
one way to disperse them in a liquid medium comprising, for example, a nonpolar solvent. It

is also possible to treat the surfaces of the nanoparticles with, e.g., alkylamines, alkylthiols,
carboxylic acid functional groups, etc. If desired, a polyelectrolyte material or an oxide

material such as silica could be used to coat the semiconductor nanoparticles to make them

soluble 1n water.
[0029] II. Methods for Forming Liquid Crystal Compositions

[0030] The liquid crystal compositions according to embodiments of the invention
can be made in any suitable manner. The semiconductor nanoparticles are first synthesized.
The synthesized semiconductor nanoparticles can then be mixed with a solvent to form a

mixture. A liquid crystalline phase can then be made from the mixture. These steps are

described in detail below.
[0031] A. Forming semiconductor nanoparticles

[0032] The semiconductor nanoparticles can be made in any suitable manner.

Suitable processes for forming high-aspect ratio semiconductor nanoparticles can be found in,
for example, J. Hu, L.-S. Li, W. Yang, L. Manna, L.-W. Wang, A. P. Alivisatos, Science 292,
2060 (2001), and U.S. Patent Nos. 6,225,198 and 6,306,736. All of these references are
herein incorporated by reference in their entirety for all purposes.

[0033] The process for forming anisotropically shaped compound semiconductor
nanocrystals can comprise mixing a solution of semiconductor nanocrystal precursors with a
surfactant mixture capable of promoting the growth of high-aspect ratio semiconductor
nanoparticles (e.g., rod-like or disk-like nanocrystal nanoparticles). As explained in U.S.
Patent Nos. 6,225,198 and 6,306,736, the shapes of the semiconductor nanocrystal

nanoparticles can be controlled by adjusting the ratio of the surfactants used to make them.

7
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[0034] In some embodiments, the precursors used to synthesize the shaped
semiconductor nanocrystals include Group I, III, V, and/or VI precursors. For example, 1n
embodiments of the invention, semiconductor nanoparticles including a Group II-VI
compound semiconductor can be the reaction product of at least one precursor containing a
Group II metal containing precursor and at least one precursor containing a Group VI

element, or a precursor containing both a Group II and a Group VI element. In other

“embodiments of the invention, semiconductor nanop articles including a Group 1II-V

compound semiconductor can be the reaction product of at least one precursor containing a
Group ITI element and at least one precursor containing a Group V element, or a precursor
containing both a Group III and a Group V element.

[0035] If Group III-V semiconductor nanoparticles are to be synthesized, a Group Il
precursor, such as a Galll salt, InIII salt, or Allll salt (e.g., of a halide, or corresponding
metal 1-6 carbon trialkyls) can be reacted directly with an arsenic, phosphorus, or antimony
source such as arsine, phosphine, or stibine; an alkyl arsine, phosphine or stibine; or an alkyl
silyl arsine, phosphine or stibine in liquid phase at an elevated temperature. Representative
metal sources include GaCls, GaBr3, Gals, InCls, InBrs, AICl;, Ga(Me)s, Ga(Et)s, Ga(Bu)s, or
the like. Representative arsenic, phosphorus and selenium sources include AsH;, PH3, SeHs,
AsH, (1-6 carbon alkyl), As(1-4 carbon alkyl)s, P(1-4 carbon alkyl)s, As(S1(1-6 carbon
alkyl)s)s, P(Si(1-6 carbon alkyl)s)s, Se(Si(1-4 carbon alkyl);); and the like.

[0036] If Group II-VI semiconductor nanoparticles are to be synthesized, they may be
the regction product containing at least one precursor comprising a Group I element such as
7n, Cd, or Hg, and at least one precursor comprising a Group VI element such as O, S, Se, or
Te, or a precursor containing both a Group II element (Zn, Cd, or Hg) and a Group V1
element (S, Se, or Te). Those of skill in the art can select the appropriate precursors to form
the appropriate compound semiconductor. For example, Cd(CHa) and Se are examples of
precursors respectively containing Group II and Group VI elements that can be used to form
CdSe nanoparticles.

[0037] Embodiments of the invention preferably use a surfactant mixture to make the
semiconductor nanoparticles. The surfactant mixture can be a high boiling point liquid
mixture of two or more non-reactive organic surfactants. The mixture of non-reactive
organic surfactants is capable of promoting the growth of high-aspect ratio semiconductor
nanoparticles.

[0038] The surfactant mixture can have a boiling point that is high enough so that a
reaction between the Group II and Group VI precursors, or the Group III and Group V
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precursors, can take place to form the desired semiconductor nanocrystals. For example, 1n
some embodiments, the surfactant mixture can have a boiling point between about 200 °C to

about 400 °C.
[0039] The surfactant mixture may include any suitable number of different

5  gsurfactants. For example, the surfactant mixture may include a first organic surfactant, a
second organic surfactant, and an optional third organic surfactant. As noted above, the
surfactant mixture can be capable of being heated to a crystal-growing temperature, and can
promote the growth of high-aspect ratio semiconductor nanocrystals.

[0040] The first surfactant in the surfactant mixture may comprise a

10  phosphorus-containing surfactant capable of withstanding such crystal-growing temperatures.
Examples of such first phosphorus-containing liquid surfactants include liquid surfactants
such as 3-18 carbon trialkyl phosphines (e.g., tributyl phosphine), or 3-18 carbon trialkyl
phosphine oxides (e.g., trioctyl phosphine oxide or “TOPQO”).
[0041] The surfactant mixture can include a second organic surfactant. The second

15  organic surfactant may be capable of being heated to crystal-growing temperatures and may
be capable of promoting the growth of high-aspect rat1o semiconductor nanoparticles.

Preferably, the second liquid surfactant capable of promoting the growth of rod-like shaped
semiconductor nanoparticles can comprise a phosphorus-containing surfactant capable of
withstanding such crystal-growing temperatures.

20  [0042] The second organic surfactant may comprise an organic-substituted acid, or
acid salt surfactant containing phosphorus such as, for example, phosphonic and pho sphinic
acids. Suitable phosphinic acids may include mono and diphosphinic acids having the
general formula R’R,H1..POOH, where R and R’ are the same or different 3-18 carbon (but
preferably 6-10 carbon) organic groups such as alkyl or aryl groups, and x 1s 0-1. In some

75  embodiments, the second organic surfactant comprises a 6-10 carbon alkyl phosphonic acid,
e.g., hexyl phosphonic acid. The purity of the second organic surfactant in the surfactant

mixture can be at least 95 wt. %.
[0043] An optional third surfactant can be optionally added to the surfactant mixture.

For example, a third surfactant including tetradecyl phosbhonic acid can be used in the

30  surfactant mixture along with a first and a second surfactant (e.g., TOPO and hexyl
phosphonic acid). As an alternative to tetradecyl phosphonic acid, other alkyl phosphonic
acids could be used.
[0044] While not intending to be bound by theory as to how the surfactants operate in

the reaction to control both the size and shape of the semiconductor nanocrystals, 1t 1s
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believed that one or more of the surfactants in the surfactant mixture binds or associates with
one or more of the precursors to slow the initial growth of the semiconductor crystal, thus
resulting in the formation or growth of the desired nanoparticles, rather than macro crystals.
It is also believed that the second surfactant (and possibly the third surfactant if present) in
the mixture further binds to certain faces of the growing crystallites, depending upon the
concentration of the second surfactant in the surfactant mixture, to control the shape of the
growing crystallite as well.

[0045] With the above in mind, the presence of greater than a certain weight
percentage of the second surfactant in a surfactant mixture results in the formation and
growth of high-aspect ratio semiconductor nanoparticles (e.g., nanorods). Thus, for example,
when tri-octyl phosphine oxide (TOPO) is used as the surfactant in the surfactant mixture as a
first surfactant and hexyl phosphonic acid is used as the second surfactant, concentrations of
5 wt. % (10.91 molar %), 10 wt. % (20.54 molar %), and 20 wt. % (37 molar %) hexyl
phosphinic acid in the surfactant mixture, with the balance comprising TOPO, reproducibly
produces rod-like shaped semiconductor nanocrystals.

[0046] Thus, to grow nanocrystals having two axes of very small dimension, with an
enlarged third dimension, i.e., a rod of very small cross sectional area, larger concentrations
of the second surfactant can be used in the surfactant mixture. Exact concentrations of the
surfactants needed to form high-aspect ratio semiconductor nanocrystal nanoparticles can
depend upon the particular first and second surfactants (and the third surfactant if present)
used and the particular precursors being used. Concentrations of surfactants can be
empirically determined for each mixture of surfactants.

[0047] During the initial introduction of the dissolved precursors, the solution of
precursors can be injected into a boiling surfactant mixture, while the surfactant mixture 1s
maintained at a first temperature, which results in the instantaneous nucleation of seed
crystals. This temperature, for example, when cadmium selenide (CdSe) nanocrystals are
being formed in a surfactant mixture of TOPO and hexyl phosphonic acid, may be about 360
oC. While initiation of the crystal growth at this higher first temperature is preferable to the
preferential growth of nanocrystals of the precursors rather than macro crystals, it is equally
preferable that the continued nucleation of such seed crystals be arrested in favor of growth
of the already formed seed crystals.

[0048] The solution of precursors can be injected, preferably as a cold solution, e.g.,
at room temperature, so that immediately after the 1y ection the temperature of the high

boiling mixture of surfactants drops to a second temperature of lower value which is kept
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constant during the nanocrystal growth. This temperature, for example, when cadmium
selenide (CdSe) semiconductor nanocrystals are formed in a solution of TOPO and hexyl
phosphonic acid, may range from about 250 °C to about 300 °C 1f the initial temperature
ranges from 280 °C to 360 °C.

[0049] Subsequent nanocrystal growth is then stopped by a further reduction of the
temperature to below the temperature at which nanocrystal growth occurs. Since this
temperature may vary from precursor to precursor, and precise control of the time period for
crystal growth is desirable, cessation of the crystal growth may be conveniently accomplished
by rapidly reducing the temperature to ambient temperature or even lower, e.g., down to
about 25 °C or lower, e.g., by removing the heating mantle, that was used as a heat source.
The temperature can be reduced more rapidly if the solution is cooled with a stream of air.
[0050] The precursors may be dissolved in any organic liquid compatible with the
surfactant mixture. Examples of organic liquids include polar organic solvents including
trialkyl phosphine, e.g., tributyl phosphine. In some embodiments, the precursors may be
dissolved in the same solvent or may be dissolved separately to form two solutions.

[0051] The solution or solutions containing the dissolved precursors can be
maintained at a temperature below crystal growth temperature (conveniently at ambient
temperature or lower), while the surfactant mixture is heated to the first (nucleation)
temperature. The solution (or solutions) containing the precursors 1s then injected 1nto the
surfactant mixture at a high rate of speed, for example, through a needle or a pressurized
nozzle, to rapidly heat the precursors up to the first nucleation temperature. The
concentration of the precursors in the boiling liquid medium can initially be about 0.18 M at
the time of initial injection of the precursor solution into the liquid medium.

[0052] Although injecting a solution including a combination of precursors mto a
heated surfactant mixture is described, it is understood that the different precursors could be
in their own separate solutions and these different solutions could be separately injected 1nto
the heated surfactant mixture in other embodiments of the invention. For example, 1f CdSe
nanoparticles are to be formed, a Cd precursor solution and a Se precursor solution can be
separately and sequentially injected into a hot surfactant mixture to produce CdSe nanorods.
[0053] The time of the reaction to grow the semiconductor nanocrystals can vary with
the type of semiconductor precursors used, the composition and temperature of the mixture of
surfactants constituting the liquid media in which the crystals are growing, and the
concentration of the precursors in the surfactant mixture, as well as the desired aspect ratios

of the semiconductor nanocrystals. For example, for the growth of CdSe semiconductor
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nanorods having an average length of 15 nm, and an aspect ratio of 5, in a liquid medium
maintained at a temperature of about 300 °C, and at a precursor concentration of 0.18 M, the
desired semiconductor nanocrystals may be grown in a period of from about 300 seconds to
about 600 seconds. »

[0054] After they are formed, the semiconductor nanoparticles are separated from the
liquid medium that is used to form them. In some embodiments, a solvent such as methanol
or acetone is added to the liquid medium containing the semiconductor nanoparticles to
precipitate them. For example, CdSe nanorods are generally not soluble in polar solvents
such as methanol or acetone. Any appropriate solvent can be added to precipitate
semiconductor nanoparticles from the solution.

[0055] After the semiconductor nanoparticles have precipitated, the precipitated
nanoparticles are separated from the rest of the solution. In some embodiments, centrifuging
can be used to separate the semiconductor nanoparticles from other solution components.
After centrifuging, the supernatant can be separated from the nanoparticles. The
nanoparticles can then be stored as precipitate or can be dried in a vacuum.

[0056] After the nanoparticles are separated from the liquid medium that 1s used to
make them, an appropriate solvent or a mixture of several different solvents for the liquid
crystal composition is selected. The solvent may include saturated or unsaturated cyclic
hydrocarbons alone, or in combination with other molecules. Preferably, hydrocarbons such
as hexanes, toluene, cyclohexane, octane or decane could be used. The semiconductor
nanoparticles can be combined with a solvent to form a liquid crystal composition.

[0057] The appropriate solvent to semiconductor nanoparticle volume ratio may be
achieved in any suitable manner. For example, the solvent may be added to the nanoparticles
until the appropriate solvent concentration is achieved. In other embodiments, a solution
comprising the nanoparticles and the solvent may be produced, and the amount of solvent 1n
the solution may be reduced until the concentration of nanoparticles is sufficient to form a
liquid crystal composition with a liquid crystalline phase. For example, blowing or heating
could be used to remove solvent from a composition including semiconductor nanoparticles
and the solvent to form a liquid crystalline composition with a liquid crystal phase.

[0058] The nanoparticles can be controlled with external aids. Alignment aids can
include aids that can produce an electrical, or magnetic field that can be used to align the
semiconductor nanoparticles. In yet other embodiments, it is possible to align the
semiconductor nanocrystal nanoparticles in the liquid crystal composition by contacting the

liquid crystal composition with a pretreated surface that automatically aligns the nanocrystal
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nanoparticles. Such pretreated surfaces and alignment methods are known to those of
ordinary skill in the art of the organic liquid crystal devices.

[0059] Embodiments of the invention can be used in any number of suitable end
applications including liquid crystal displays, light emitting diodes (e.g., polarized light
emitting diodes), photovoltaic devices or solar cells. They can also be used as optical devices
for producing image converters, electrooptical or magnetooptical switches, spectacle lenses,
or other variable transmission objects, etc. The liquid crystal compositions could also be
used in polarizing light sources, because the semiconductor nanocrystals can be aligned. The
electronic components of devices such liquid crystal displays, light emitting diodes, etc. are

known in the art and need not be described in detail here.

10060] Examples
[0061] CdSe nanorods were formed, because they could be synthesized m large

quantity (~100 mg) with variable aspect ratios and with excellent monodispersity (Hu, L.-S.
Li, W. Yang, L. Manna, L.-W. Wang, A. P. Alivisatos, Science 292, 2060 (2001)). The CdSe
nanorods were made by pyrolysis of organometallic precursors of Cd and Se 1n a hot
surfactant mixture. By varying the composition of the surfactant, CdSe nanocrystals were
synthesized with variable widths and lengths. The specific procedures in J. Hu, L.-S. L1, W.
Yang, L. Manﬁa, L.-W. Wang, A. P. Alivisatos, Science 292, 2060 (2001) were used to form
the CdSe nanocrystals.

[0062] The aspect ratios of the formed nanoparticles varied from 1 to 15. The widths
varied from 3 to 7 nm, and lengths varied from 3 to 70 nm. The distribution was 5% for
width and 10% for length. As noted above, a 5% width distribution generally means that
68% of the rods have diameters between 95% and 105% of the mean width value. A 10%
length distribution means that 68% of the rods have diameters between 90% and 110% of the
mean width value.

[0063] After they were formed, the CdSe nanorods were separated from the solvent
that was used to form them. A liquid was then added to the solution containing the nanorods
to precipitate them. After the nanorods precipitated, the precipitated nanorods were separated
from the rest of the solution by centrifuging. After centrifuging, the supernatant was

separated from the nanorods.
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[0064] The CdSe nanorods were combined with cyclohexane to form the liquid
crystal composition. In this example, the CdSe nanorods were combined with cyclohexane
so that the weight percent of cyclohexane was 10% by weight of the composition.

[0065] The transmission electron micrographs of samples are shown in FIG. 1. These
micrographs illustrate the range and quality of the nanorods produced. The CdSe nanorods
were functionalized with amphiphilic mé)lecules, such that polar functional groups were
bound to the nanocrystal surfaces, and long alkyl chains projected outward. The alkyl chains
provided the nanorods with high solubility in an organic solvent. '
[0066] The formation of liquid crystalline phases of the CdSe nanorods was verified
by examining birefringence in solutions of nanorods in an optical microscope with crossed
polarizers. The solution of CdSe nanorods (in cyclohexane, 10% wt.) with a length of 40.0
nm and a width of 4.0 nm was sealed in a capillary tube. The solution itself was isotropic at
such a low concentration. When it was mounted on the microscope, the heating caused by
the incident light slowly evaporates the solvent at the focusing spot, causing the solution to
become more concentrated, leading to the formation of a birefringent liquid crystalline phase.
The anisotropic refractive index of the liquid crystalline phase alters the polarization of
transmitted light, leading to light and dark patterns 6n the micron scale. Because the
capillary tube was sealed and the light only changes the distribution of solvent within the
tube, the local concentration of the solution could be changed by varying the intensity of
incident light. The speed of evaporation could be controlled and it was possible to monitor
the evolution of the liquid crystalline phase reversibly.

[0067] FIGS. 2(a) and 2(b) show the birefringent pattern observed at two different
stages. Isotropic liquids show complete extinction, and no pattern is observed from
concentrated solutions of mixtures of the surfactants used in the synthesis of these nanorods.

The intensity of the transmitted light reveals the orientation of the nanorods.

[0068] FIG. 2(a) shows the nucleation of the liquid crystalline phase. Small (~ 2 pm)

and large (~ 10-20 um) birefringent droplets (tactoids) emerge from an isotropic solution as
the concentration increases. The solution was colored red, because of the band gap of the
CdSe nanocrystals. As they have higher optical density than the isotropic medium, the
present inventors concluded that these droplets have higher concentrations of nanorods. The
variations in the intensity of the transmitted light through the droplets indicate alignment of
the rods within each droplet. The patterns are generally dipolar, but some higher modes have

been observed as well. The slightly elongated non-spherical shape of the droplets provided
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another clear indication that the nanorods were oriented within each droplet. This distortion
is due to the balance between surface tension and anisotropic elasticity (J. D. Bernal, I.
Frankuchen, J. Gen. Physiol. 25, 111 (1941)), in which the former favors a spherical surface

while the latter favors a cylindrical uniaxial surface. This effect is more obvious in smaller

droplets than in bigger ones.

[0069] Once the liquid crystalline phases had fully developed, a new set of patterns
was observed. FIG. 2(b) shows the Schlieren structures formed at a later stage. Dark
threadlike brushes are observed sticking out from some singular points. The singular points
(disclinations) were identified as the positions where the alignment direction of nanoparticles
is not well defined. The dark brushes were due to the nanoparticles with alignment parallel to
either of the polarizers. When the sample was rotated, these singular points remained fixed,
but the dark brushes moved around them. When one end of the capillary tube was lifted, the
patterns flowed and deformed easily, suggesting the fluidity of the birefringent phase.

Similar observations were also reported in colloidal boehmite rod suspensions (P. A. Buining,
H. N. W. Lekkerkerker, J. Phys. Chem. 97, 11510 (1993)).

[0070] To demonstrate that it was possible to form a stable liquid crystalline phase 1n
CdSe nanorod solutions, nanorods with a diameter of 3.8 nm and length o1 49.0 nm were
dissolved in excess of anhydrous cyclohexane. Some solvent was blown away with nitrogen.
FIGS. 3(a)-3(d) show some images taken under a polarizing optical microscope from a
solution with CdSe nanorods ~ 88% by weight (~ 50% v./v.). FIG. 3(a) shows the solution
as a mixture of liquid crystalline droplets and an isotropic phase one day after
homogenization. Although a complete phase separation could have taken months, two weeks
later large domains of liquid crystalline phase could be seen by eye. FIG. 3(b) shows an
image of the interface between the liquid crystalline phase and the isotropic phase obtained
after the droplets have grown and coalesced. Schlieren structure can also be seen. When the
solution is diluted to ~ 80% (~ 38% v./v.), the liquid crystalline domains disappear, and the
solution becomes isotropic. Shaking the solution causes flow birefringence, which slowly
vanishes when at rest. This concentration is higher than the critical concentration expected
from numerical study (S-D. Lee, J. Chem. Phys. 87, 4972 (1987)) pertormed on hard
spherocylinders, even when the change of effective volume caused by the surface capping
ligands is considered (Assume the surface molecules increase both diameter and length by 1.1
nm. A critical concentration of 27% v./v. is given for hard rods with an aspect ratio of 10)

(see S-D. Lee, J. Chem. Phys. 87, 4972 (1987)).
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[0071] FIGS. 3(c) and 3(d) show some defects observed with Schlieren structures
characteristic of a nematic phase. FIG. 3(c) shows disclinations with a strength of 2. The
strength of a disclination is defined to be a quarter of the number of dark brushes sticking out
of it. In FIG. 3(d), disclinations with strength of about 1 can be seen. The disclinations with
strength of about 1 are observed less often than those with strength of /2, and sometimes even
slight heating by light can anneal them out. Because the formation of disclinations in liquid
crystalline phases costs elastic energy (S. Chandrasekhar, Liquid Crystals (the University
Press, Cambridge, 1992)), and the energy involved increases with strength, the mventors
concluded that the CdSe nanorods in the liquid crystalline phase have much higher elastic
constants as compared to regular organic liquid crystal molecules, as expected from the high
rigidity and the large size of the CdSe nanorods.

[0072] The anisotropy of intermolecular interactions plays an important role in the
formation of liquid crystals. The orientation of liquid crystals is sensitive to external field,
flow and pretreated surface (S. Chandrasekhar, Liquid Crystals, the University Press,
Cambridge, 1992), and therefore liquid crystalline phases of CdSe nanorods provide a way to
align and manipulate their orientation on a large scale. Because they have tunable and
linearly polarized photoluminescence as well as anisotropic nonlinear optical properties (L.
Brus, Appl. Phys. A 53, 465 (1991)), liquid crystals of CdSe nanorods can be used as
functional components in electro-optical devices such as polarized light emitting diodes, flat
panel displays and electro-optic modulators.

[0073] In the liquid crystalline phase, the nanorods exhibit cooperative phenomena
that extend the available methods for aligning the nanorods, for instance, using external
magnetic or electric fields, or by interaction with a surface. To demonstrate the liquid
crystalline character of these solutions, a combination of wide and small angle X-ray
diffraction techniques was used. FIGS. 4(a) and 4(b) respectively show the wide-angle x-ray
diffraction (FIG. 4(a)) and small angle X-ray scattering patterns (FIG. 4(b)) from a nematic
solution in a 300-micron thick capillary tube. These rods have a length of ~ 60 nm and width
of 3.0 nm. In both FIGS. 4(a) and 4(b), the capillary tube remained vertical. In FIG. 4(a), the
sharp arcs in the vertical position are due to (002) planes of the CdSe crystalline lattice within
individual nanorods. The high intensity and sharpness of the arcs are determined by the
elongated shape of the CdSe nanorods. The anisotropy of the pattern demonstrates
macroscopic alignment of the long axis of the rods. Consistently, in FIG. 4(b), the diffuse
arcs in the equator direction correspond to the lateral distance of the nanorods, suggesting the

short axis is aligned as well. Together, the patterns demonstrate the preferential alignment of
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the CdSe nanorods along the capillary tube axis direction, which is attributed to the curved
surface of the capillary tube. It can be estimated that about 70% of the nanorods are oriented
within 20° from the axis of the capillary tube.

[0074] All patents, patent applications, and publications mentioned above are herein
incorporated by reference in their entirety for all purposes.

[0075] The terms and expressions which have been employed herein are used as
terms of description and not of limitation, and there is no intention in the use of such terms
and expressions of excluding equivalents of the features shown and described, or portions
thereof, it being recognized that various modifications are possible within the scope of the
invention claimed. Moreover, any one or more features of any embodiment of the mnvention
may be combined with any one or more other features of any other embodiment of the

invention, without departing from the scope of the invention.
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WHAT IS CLAIMED I85:
1.  Aliquid crystal composition comprising:

(a) a solvent; and
(b)  semiconductor nanoparticles in the solvent,
wherein the solvent and the semiconductor nanoparticles are in an effective

amount in the liquid crystal composition to form a liquid crystalline phase.

2. The liquid crystal composition of claim 1, wherein the semiconductor

nanoparticles comprise rod-shaped nanoparticles.

3. The liquid crystal composition of claim 1 wherein the semiconductor

nanoparticles have an aspect ratio greater than about 2.

4. The liquid crystal composition of claim 1 wherein the semiconductor

nanoparticles comprise a Group III-V compound semiconductor.

5. The liquid crystal composition of claim 1 wherein the semiconductor

nanoparticles comprise a Group II-VI compound semiconductor.

6. The liquid crystal composition of claim 1 wherein the solvent

comprises an organic solvent.

7. The liquid crystal composition of claim 1 wherein the semiconductor

nanoparticles are functionalized with amphiphilic molecules.

8. The liquid crystal composition of claim 1 wherein each of the

semiconductor nanoparticles has an aspect ratio of greater than 1.

9. The liquid crystal composition of claim 1 wherein each of the

semiconductor nanoparticles comprise a compound semiconductor.

10.  The liquid crystal composition of claim 1 wherein the semiconductor

nanoparticles comprise CdSe.
11. A device comprising the liquid crystal composition of claim 1.

12.  The device of claim 11 wherein the device is a polarized light emitting

diode, or a solar cell.
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13. A liquid crystal display comprising the liquid crystal composition of

claim 1.

14. A liquid crystal composition comprising:

(a) a solvent; and

(b)  semiconductor nanoparticles in the solvent,

wherein each of the semiconductor nanoparticles is rod-shaped or disk-shaped,
and has an aspect ratio greater than about 2:1 or less than 1:2, and wherein the semiconductor

nanoparticles in the liquid crystal composition comprise a semiconductor.

15.  The liquid crystal composition of claim 14 wherein the solvent is a

non-polar solvent.

16.  The liquid crystal composition of claim 14 wherein the semiconductor

nanoparticles are rod shaped.
17. A device comprising the liquid crystal composition of claim 14.

18.  The device of claim 17 wherein the device is a polarized light emitting

diode, or a solar cell.

19. A liquid crystal display comprising the liquid crystal composition of

claim 14.

20. A method for forming a liquid crystal composition comprising:
(a) forming semiconductor nanoparticles;

(b)  mixing the semiconductor nanoparticles and a solvent to form a

mixture; and

(c) forming a liquid crystal phase in the mixture.

21.  The method of claim 20 wherein the semiconductor nanoparticles are

rod-shaped.

22.  The method of claim 20 wherein forming the semiconductor

nanoparticles comprises:

introducing compound semiconductor precursors into a heated solution

containing at least two different surfactants.
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23.  The method of claim 20 wherein forming the semiconductor
nanoparticles comprises:

introducing compound semiconductor precursors into a heated solution
containing at least two different surfactants, wherein the compound semiconductor precursors

include a Group II-VI element, a Group III-V element, or a Group IV element.

24.  The method of claim 20 wherein the semiconductor nanoparticles

comprise semiconductors.

25.  The method of claim 20 wherein mixing the semiconductor

nanoparticles and the solvent comprises:

adding the semiconductor nanoparticles to the solvent.

26.  The method of claim 20 wherein forming the liquid crystal phase from
the mixture includes:

adjusting the amount of solvent in the mixture to form the liquid crystal phase.
27.  The method of claim 20 wherein the solvent is a non-polar solvent

28.  The liquid crystal composition of claim 1 wherein the semiconductor

nanoparticles comprise a Group IV semiconductor

29.  The liquid crystal composition of claim 1 wherein the semiconductor

nanoparticles are disk shaped.

30. The device of claim 11 wherein the device is a light emitting diode.
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