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Water soluble CdTe nanocrystals covered with cationic thiol
derivatives are efficiently transferred into a hydrophobic ionic
liquid, in which they show enhanced photoluminescence.

Semiconductor nanocrystals,' also referred to as quantum dots
(QDs), have attracted much attention as highly luminescent nano-
materials whose applications range from biological labels® to
optoelectronics.” Luminescent QDs of metal chalcogenides are
successfully prepared either in aqueous medium* or viz organo-
metallic routes.” While the former method gives water soluble
QDs, the latter gives lipophilic ones. The solubility of QDs
depends mainly on the nature of the organic protecting layer
covering the QDs surface. Several approaches, such as encapsula-
tion with surfactants or exchange of protecting molecules, have
been used to make the water soluble QDs hydrophobic® and vice
versa.” Such surface-modifications sometimes adversely affect their
photophysical properties.

Room-temperature ionic liquids are receiving much interest as
environmentally benign solvents for organic chemical reactions®
and separations,” and recent developments include their use for
materials chemistry.'® Since ionic liquids have been also investi-
gated as the electrolytes'! for dye-sensitized solar cells and light-
emitting electrochemical devices, the QD-ionic liquid hybrids are
among the most promising materials for future optoelectronic
applications. We describe herein an efficient extraction of cationic
CdTe nanocrystals prepared by an aqueous synthetic approach
into a hydrophobic ionic liquid. Characteristic enhancement in
photoluminescence of CdTe nanocrystals in the ionic liquid are
reported for the first time.

Water soluble cationic CdTe nanocrystals whose surface is
passivated with 2-(dimethylamino)ethanethiol hydrochloride were
synthesized by following the literature procedure.* The size of the
CdTe nanocrystals was ca. 2.5 nm as determined by TEM
observation. 1-Butyl-3-methylimidazolium bis(trifluoromethane-
sulfonyl)imide''* was employed as a water immiscible ionic liquid.
Addition of an aqueous solution of cationic CdTe nanocrystals
onto an ionic liquid of equivolume resulted in phase separation
and the fluorescent aqueous layer was on top of the colorless ionic
layer. The CdTe nanocrystals were immediately extracted from the
water into the ionic liquid upon stirring for several minutes. The
emission from the aqueous layer disappeared and the ionic phase
became emissive after the extraction. The ionic phase was then

1 Electronic supplementary information (ESI) available: Photo-
luminescence spectra of three different sized CdTe nanocrystals in the
ionic liquid. See http://www.rsc.org/suppdata/cc/b4/b418001a/
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subjected to spectroscopic measurements after separation from the
mixture and drying in vacuo.

Fig. 1 shows the absorption and photoluminescence spectra of
the aqueous and ionic liquid phases before and after the extraction.
The absorption band at 520 nm observed in the water phase
completely transferred to the ionic liquid and the distribution ratio
of the CdTe nanocrystals is larger than 10*. No noticeable change
was observed between the absorption spectra of the nanocrystals in
either phase (Fig. 1a). The size of CdTe nanocrystals therefore
seems to be unchanged during the extraction. In addition, neither
precipitation nor degradation of CdTe nanocrystals was observed
in the ionic liquid even after centrifugation at 13,000 rpm, and the
dispersion was stable for more than three months. These results
clearly indicate that effective protection of the CdTe nanocrystal
surface with cationic thiol derivatives is maintained in the ionic
liquid. Since the extraction of nanocrystals presumably occurs via a
simple cation-exchange process™ at the water—ionic liquid inter-
face, the extraction process has little effect on the surface.

Interestingly, the photoluminescence intensity of CdTe nano-
crystals was markedly enhanced in ionic liquid in comparison with
that in aqueous solution. The photoluminescence quantum yields
(¢) in water (n = 1.333) and that in the ionic liquid (n = 1.427)
were estimated to be 16% and 27%, respectively. In these
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Fig. 1 Absorption (a) and emission (b) spectra of CdTe nanocrystals in
water before (A) and after (B) extraction, and those in the ionic liquid after
extraction (C) (e = 450 nm).
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evaluation, rhodamine 6G was used as the standard sample
(¢ = 95%) and the relative integrated emission intensity was
corrected by the square of the refractive index of the medium. The
emission properties of the CdTe nanocrystals were also studied
with time-resolved photoluminescence measurements by using an
ultra-short pulse laser (Az = 80 fs, 1 ~ 400 nm). The numerical
fitting of the emission decay profiles indicated dual exponential
kinetics with time constants of 7; = 0.95 ns (4; = 0.41) and 7, =
7.5 ns (4> = 0.59) in the aqueous solution and those of 7; = 0.93 ns
(A; = 0.42) and 1, = 9.3 ns (4, = 0.58) in the ionic liquid. Since
the absorption spectra of CdTe nanocrystals in both media agreed
well, rate constant of direct emission, k., might not be affected by
the medium. Therefore, these changes in the emission properties
are attributed to the suppression of quenching processes in the
ionic liquid. On the basis of a simple two-state model, the
photoluminescence quantum yield ¢ is expressed by the product of
the emission rate constant and the photoluminescence lifetime,
¢r = Tem X kem. This model seems to be oversimplified for the
present case, since the change of ¢¢ upon extraction from the
aqueous solution to the ionic liquid was considerably larger than
that of the emission lifetime. Ha ez al.'> have recently proved that
the dissociation of surface protecting thiolate from CdSe
nanocrystals causes loss of emission quantum yield. Since thiolate
anions cannot be hydrated in the ionic liquid and should be much
more unstable than in aqueous solution, dissociation of thiolate
anions seems to be much suppressed in the ionic liquid, resulting in
improved photoluminescence properties.

We expected that the ionic liquid stabilizes the surface protecting
layer and makes the CdTe nanocrystals fatigue resistive even under
light irradiation. Fig. 2 shows the degradation behavior of the
photoluminescence intensity of the CdTe nanocrystals upon UV
light irradiation. In these measurements, the samples were
irradiated with an ultra high pressure Hg lamp (150 W) through
a UV pass filter (A = 313-365 nm). The irradiation power was
about 0.2 mW cm 2. The photoluminescence intensity of the CdTe
nanocrystals in the aqueous solution decreased gradually with
irradiation time, while an almost constant intensity was observed
in the ionic liquid under the same conditions. The decrease in
photoluminescence intensity can be attributed to either a loss of
CdTe nanocrystals or the generation of quenching centers such as
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Fig. 2 Relative photoluminescence intensity (#/1;) of CdTe nanocrystals
as a function of irradiation time in water (a) and in the ionic liquid (b).

surface defects formed by dissociation of thiolate groups. Cleary,
in the ionic liquid, the organic layer effectively protects the CdTe-
core from light-induced decomposition or the generation of surface
defects.

Although higher preparation temperatures of QDs is effective
for enhancing photoluminescence intensity, the preparation
temperature of water-soluble CdTe nanocrystals was limited by
the boiling point of water.* We thus studied effects of heat
treatment in the ionic liquid on the photoluminescence properties
of CdTe nanocrystals, since ionic liquids are stable at much higher
temperatures. Fig. 3a shows the changes in the absorption and
emission spectra of CdTe nanocrystals in ionic liquid after heat-
treatment. In these experiments, the nanocrystal-ionic liquid
composite was heated at 120 °C for different periods. The heat-
treatment resulted in marked red-shifts in the emission peaks,
which suggests growth in the effective size of the nanocrystals
though there was no Cd and Te source in the medium. The
nanocrystal size can be evaluated from the absorption peak
wavelength to be 1.7 nm and 2.4 nm in the A and C states in
Fig. 3b, respectively. Moreover, the photoluminescence intensity
significantly enhanced from ¢y = 11% (A) to ¢ = 43% (C) after
heat-treatment for 4 h. It should be noted that the original CdTe
nanocrystals showed relatively weaker photoluminescence emis-
sion at 520 nm with ¢y = 11% than the sample discussed in Fig. 1
whose emission wavelength was about 550 nm. Another sample
also showed significant improvement in the emission properties,
which exhibited a photoluminescence quantum yield as high as
¢r = 54% after heat treatment in the ionic liquid. Tt should be also
noted that the full width at half maximum (FWHM) of the
emission profile decreased after the heat-treatment as can be seen
in Fig. 3a. Therefore, the average and the distribution of the size of
the nanocrystals seem to be changed upon heat-treatment. Since
the surface ordering and reconstruction of CdTe nanocrystals
should take place at high temperature, heat treatment in the ionic
liquid is regarded as being responsible for the partial growth of the
nanocrystals and correction of the imperfections in the nanocrystal
structure. Although a detailed mechanism is now under considera-
tion, the present findings may provide a conventional but effective
method for improving the photoluminescence properties of CdTe
nanocrystals.

In conclusion, we have demonstrated an efficient introduction
method of water soluble CdTe nanocrystals into an ionic liquid
and their improved emission properties in the ionic liquid. The
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Fig. 3 Effects of heat treatment on the photoluminescence of two CdTe
nanocrystal samples in the ionic liquid. (a) Absorption and photolumines-
cence spectra before and after heat treatment. (b) Temporal evolution of ¢¢
and emission peak wavelength. A, 0 h; B, 1 h; C,4 h; D, 8 h; E, 10 h; F,
0 min; G, 15 min; H, 60 min.
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phase transfer behavior of CdTe nanocrystals was independent of
their size (see ESI fdata). A remarkable enhancement in
photoluminescence intensity was demonstrated by heat-treatment
in the ionic liquid. Since ionic liquids are easily solidified by
thermal polymerization'? or by gelation,'*!'” the QD-ionic liquid
hybrids seem to play a considerable part in future optoelectronic
devices such as solar cells and light emitting devices.
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