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Fluorescent semiconductor nanocrystals (NCs) have size-tunable wo Mmoo w0 Bm e e
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toward photobleaching. NCs emitting in the far-red and near- = =
infrared regions have garnered much interest for in vivo biological 6 g 8 5
imaging?3 the optoelectronics industfyand therapeutics. Biologi- E 05§ § ' 05 %
cal imaging should especially be enhanced with infrared probes g 21 g &
due to separation from autofluorescence background and increasec £
penetration of excitation and emission light through tissue. Previ- Y as 225 zm ams % 3m 2w s s
ously reported synthetic routes of low band gap CdTe, CdHgTe, EleV Elev
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possibility for a large range (,)f wavelength gmlssmns m, t.he near (b) 2.5 nm CdHgTe cores before (black) and after (red) shell growth of
IR, tunable not only with size but also with composition (by 7.3s

lowering the band gap with increased mercury conteiano-

crystals synthesized by this method, however, are cytotoxic, consisting of diethyl zinc, hexamethyldisilithiane, and tributylphos-
unstable, and easily photobleachable in biological environments. phine was injected dropwise into the flask until the completion of
In contrast, NC synthesis in trioctylphosphine/trioctylphosphine the shell at the desired shell thickness. Optionally, dimethyl
oxide (TOP/TOPO) at higher temperatures yields cores and shellscagmium was added to the shell solution to ease the large lattice
of better crystallinity. Shells synthesized in these solvents improve mismatch between the core and she#{20%). No noticeable
boththe photostability and quantumyields of the cores dramaticdlly.  gitferences in fluorescence emission peak shifts or quantum yields
Thus far, there has been much more development of higher bandyere observed for CdS/ZnS shells.
gap shells as well as bioconjugation techniques on TOP/TOPO A decrease in photoluminescence for both CdTe and CdHgTe
synthesized NCs than on water-based R4 Unfortunately, there  ¢ores was observed upon phase transfer. The photoluminescence
is an increased difficulty of incorporating mercury into NCs in  of the cores was further decreased after injection into a flask of
organic solvents at high temperature. This is due to the fact that TopQ and tributylphosphine solvents. During the shell synthesis,
mercury precursors suitable for organic solvents are either highly the quantum yields of the core/shell NCs increased to values similar
toxic (dimethylmercury) or are difficult to control, especially at  to those for original cores and higher. Absorption and emission
higher temperatures-(100 °C).> spectra before phase transfer and after shell growth are shown in
Recently, CdTe and HgTe NCs synthesized in water were Figyre 1. Accompanied by a large increase in quantum yield (from
successfully transferred into organic solvents by exchanging water-0os, in water to over 50% in TOPO) of CdTe (initial size of 2.5
soluble ligands to dodecanethiol, a hydrophobic ligand (*phase nm) is a large red shift of greater than 130 nm (from 550 to 680
transfer”)1® We utilized phase transfer to combine the two synthesis nm) in the absorption and emission peaks. Compared to CdTe cores,
methods. This hybrid approach affords a facile growth of shells 2 5 nm ternary cores of CdHgTe with 40:1 Cd:Hg molar content,
(grown in organic solvents at high temperature) around cores \yere red-shifted by 90 nm (from 550 to 640 nm). They were further
(synthesized in water), to yield small-diameter, highly luminescent g(-shifted by 110 to 750 nm upon shell growth. A large range of
near-IR NCs. Previously established recepiésere used for the  \yavelength emissions could be reached from the visible to the near-
two synthesis steps, with only slight modifications, as described jnfrared (from 630 to greater than 800 nm, Supporting Information,
below (and in more detail in Supporting Information). CdTe and Figures S1 and S2) varying the amounts of mercury precursors (core
CdHgTe cores were synthesized in water by injecting NaHTe composition) and/or varying the thickness of the shells. It is
solution into a solution containing Cd(ClJ2-6(H,0) and mercap-  jmportant to note that the full width half-maximum (fwhm) of the
toacetic acid or 2-aminoethanethiol. Small-diameter cor&sF—3 red-shifted photoluminescence peak (red in Figure 1, a and b) did
nm) were grown with emissions ranging from 550 to 690 nm. The ot change appreciably in comparison to the cores (black in Figure
emission wavelength could be controlled by varying the amount 1 3 and b). This indicates that there was no significant change in
of mercury precursors injected into the solution. Cores were phase-NCs size distribution.
transferred to dodecanethiol/toluene using a modification of a TgMm images of both CdTe/ZnS and CdHgTe/ZnS core/shell NCs
previously established procedift¢Supporting Information). The  (Figure 2) indicate that these NCs were monodisperse and
dodecanethiol-capped cores were precipitated, washed, redissolvegnaintained small size after shell growth4—5 nm). CdHgTe cores
in chloroform, and injected into a tributylphosphine and tri- \yere still crystalline after coating with ZnS (Supporting Information,
octylphosphine oxide mixture. For shell synthesis, a solution Figure S3). Evidence for shell growth was provided by elemental
analysis using inductively coupled plasma/atomic absorption (ICP/

T University of California at Los Angeles. ; .
* Current address: Institut”fuPhysikalische Chemie, Univer&itédlamburg, AA). The molar ratio Of Zn:S content Was_found to _be C|0§e to
Germany. ~1. Also, the Cd:Zn ratio was-1:2, suggesting a relatively thick
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quantum yields high. Live P815 mast cells were incubated with
near-IR NCs (emission 728 nm) overnight and washed. Confocal
laser microscopy images taken within a spectral range between 650
and 750 nm clearly show that the cells have been stained with NCs
(Figure 3). Control experiments show no autofluorescence within
the detection range. After 3 days of incubation the cells were still
healthy and the IR fluorescence was still detectable. However, the
NCs photobleached after repetitive laser scans. Other bioconjugation
schemes that were developed for CdSe/ZnS NCs could also be used
ks S L because of identical shell composition and environrignt.
Figure 2. TEM pictures: (a) CdHgTe/ZnS core/shell NCs (emission 750 Nanocrystals synthesized using the hybrid approach are highly
nm); (b) CdTe/znS c ore/shell NCs (emission 680 nm) luminescent, stable for months in butanol, and have a higher
( a) (b) ( c) resistance to photobleaching compa_red to cores (l_)ut they are not
. as photostable as CdSe/ZnS). The high quantum yield (over 50%)
E: of these NCs is among the highest reported for the far-red region
(670—-700 nm). Quantum yields are also high {Z80%) in the
near-IR region ¥ 700 nm). This wavelength region is attractive
for various biological applications because of reduced autofluo-
rescence background, improved penetration into scattering tissue,
and enhanced photostability.

Figure 3. Cell staining of IR-emitting CdHgTe/ZnS NCs in micelles on Apknowledgment. This work was funded by the National
live P815 mast cells, DIC image of cells (a), confocal microscopy image INnstitute of Health, Grant No. RO1 EB000312-04 and the Deutsche
(b), merge (c). Detection range 65050 nm. Forschungsgemeinschaft, PF 432/1-1. Confocal laser scanning
microscopy was performed at the UCLA/CNSI Advanced Light
shell grown over a small CdHgTe core. Finally, the cadmium: Microscopy/Spectroscopy Shared Facility.
mercury content of 40:1 indicates that a small amount of mercury
incorporation is enough to considerably red shift the emission.
There are a couple of possibilities for the observed large,
permanent red-shifted emission after shell growth. In principle,
Ostwald ripening may occur because of nanocrystal surfaces that
may have more defects and reactivity due to ligand exchange. This
R B : ; (1) Alivisatos, A. P.Sciencel996 271, 933.
would aHOV\_I for,eaSIer dIS.SOIUtlon of some partldesland grgwth ‘?f (2) Dubertret, B.; Skourides, P.; Norris, D. J.; Noireaux, V.; Briovanlou, A.
others. If ripening does indeed occur, larger particles will emit H.; Libchaber, A.Science2002298, 1759.
i i 1 (3) Larson, D. R.; Zipfel, W. R. Williams, R. M.; Clark, S. W.; Bruchez, M.
Iop_ger wavelengths due to reduc_tlon in quantumoconflr_lement. B Wise, . W.: Webb, W. WScience2003 300 1434,
Initially we used temperatures ranging between-1#60°C during (4) Rogach, A. L.; Harrison, M. T.; Kershaw, S. V.; Kornowski, A.; Burt,
i i M. G.; Eychniller, A.; Weller, H.Phys. Status Solidi B001, 224, 1553.
the shell synthesis (much hlghEI_’ than t.he reflux temperat_ure of the 5) Kuno. Masaru: Higginson, K. A Oadri. . B vousuf, M.. Lee. S H.:
water-based core synthesis). Dissolution of dodecanethiol-capped Davis, B. L.; Mattoussi, HJ. Phys. Chem. B003 107, 5758.
cores was observed at the higher CdSe cores, but at much higher (6) Hines, M. A.; Guoyot-Sionnest, B. Phys. Chem1996 100, 468.

. . 7) Dabbousi, B. O.; Rodriguez Viejo, J.; Mikulec, F. V.; Heine, J. R.;
temperature. Subsequent reactions were therefore carried out at @ Mattoussi. H.: Ober, R_;%ense’ K! F.. Bawendi, M.JGPhys. Chem. B

Supporting Information Available: Detailed nanocrystal synthesis
procedures and X-ray diffraction data (PDF). This material is available
free of charge via the Internet at http:/pubs.acs.org.
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