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Abstract: We report a new strategy based on mercury cation
exchange in nonpolar solvents to prepare bright and compact
alloyed quantum dots (QDs) (Hg«Cd;—«E, where E = Te, Se, or
S) with equalized particle size and broadly tunable absorption
and fluorescence emission in the near-infrared. The main rationale
is that cubic CdE and HgE have nearly identical lattice constants
but very different band gap energies and electron/hole masses.
Thus, replacement of Cd?* by Hg?" in CdTe nanocrystals does
not change the particle size, but it greatly alters the band gap
energy. After capping with a multilayer shell and solubilization
with a multidentate ligand, this class of cation-exchanged QDs
are compact (6.5 nm nanocrystal size and 10 nm hydrodynamic
diameter) and very bright (60—80% quantum yield), with narrow
and symmetric fluorescence spectra tunable across the wave-
length range from 700 to 1150 nm.

Semiconductor nanocrystals with near-infrared (NIR) absorption
and emission spectra are currently the subject of intensive research
and development for biomedical imaging and diagnostics applications.™?
In comparison with visible quantum dots (QDs), NIR nanocrystals
with emission spectrain the 700—21700 nm wavelength range offer
several advantages such as improved tissue penetration, lower
background interference, and reduced photochemical damage. To
date, several strategies have been explored to synthesize NIR QDs,
including the use of narrow-band-gap materials (CdSe;—4Te,, INAS,
PbS, CdsP,, and CulnS,),® charge carrier separation by staggering
band offsets (type-1l QDs),>* and | attice-mismatch strain tuning.>®
However, the resulting NIR nanocrystals have found only limited
applicationsin biology and medicine due to their large sizes, broad
emission spectra, low quantum yields, or poor photostability. In
addition, traditional multicolor QDs have very different physical
dimensions (by a factor of 3—4 in diameter, and by a factor of
27—64 in volume), leading to large variations in signal brightness,
steric hindrance, and binding kineticsin biological environments.”

Here we report a strategy based on mercury cation exchange to
prepare bright and compact HgCd; «Te and related 11—VI QDs
with equalized particle size and tunable NIR fluorescence emission.
The central rationale for this approach is that cubic CdTe and HgTe
have nearly identical lattice constants (acgre = 6.48 A, apgre =
6.46 A) but very different band gap energies and electron/hole
masses. The bulk band gap energy of CdTeis 1.5 eV whereas that
of HgTe is —0.15 eV (a near-zero band gap in which the bottom
of the conduction band is almost aligned with the top of the valence
band). Thus, starting with CdTe seed nanocrystals, substitution of
Cd?" by Hg?" does not change the | attice parameter or the particle
size, but this cation substitution reaction greatly alters the band
gap energy. As shown schematically in Figure 1, this strategy leads
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Figure 1. Structure and energy band diagrams of CdTe and cation-
exchanged Hg,Cd;—,Te QDs. (a) Schematic illustration of Cd?* replacement
by Hg?". (b) Diagrams depicting the potential energy wells (black lines),
quantum-confined kinetic energy levels (blue lines), and wave functions
(red) of electrons and holes in CdTe and Hg,Cd;—«Te QDs, as calculated
using the effective mass approximation.®

to constant-sized QDs with optical absorption and emission spectra
that are tunable by the extent of cation exchange. Due to the large
exciton Bohr diameter (90 nm) of binary HgTe and the strong
quantum confinement for the alloyed Hg,Cd;—«Te QDs, the mercury
exchanged nanocrystals have substantially wider band gaps than
their bulk counterparts. As aresult, their electronic absorption and
fluorescence emission spectraare not infinitely shifted to the infrared
(as might be expected for nanocrystals with a nearly zero band
gap). This new class of cation-exchanged QDs can be capped with
a multilayer shell for high quantum yield and photostability and
also can be solubilized in water by using low-molecular-weight
multidentate ligands. The capped and solubilized QDs are compact
(6.5 nm in core/shell crystal size and 10 nm in hydrodynamic
diameter) and very bright (fluorescence quantum yield of 60—80%),
with narrow and symmetric fluorescence spectra tunable between
700 and 1150 nm. This result is a significant improvement from
the broad and poorly resolved NIR absorption and emission spectra
of HgCdTe nanocrystals reported previously.®

In contrast to the “wet” aqueous synthesis method used by
Rogach, Weller, and co-workers,® we have devel oped a new method
to synthesize CdTe seed nanocrystals and Hg,Cd;—«Te aloyed QDs
in entirely nonpolar organic solvents. We find that this nonpolar-
solvent approach permits unmatched control over the nanocrystal
growth process (with narrow size distribution and high crystallinity)
aswell asthe overgrowth of crystalline and coherent capping shells.
Brightly fluorescent and monodisperse CdTe core nanocrystals were
first synthesized by using cadmium oxide and tellurium in a high
temperature mixture consisting of oleylamine, trioctylphosphine,
tetradecyl phosphonic acid, and octadecene.>*° After purification,
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the nanoparticles were subject to Hg?" cation exchange in chloro-
form (see Supporting Information). This resulted in a partial
exchange of Cd?" in the nanocrystal lattice by Hg?", leaving
the anion lattice unchanged. A critical factor for the success of
this mercury-exchange reaction in nonpolar solvents is the use of
mercury octanethiolate as a precursor. We have studied various
mercury complexes including carboxylates, phosphonates, and other
thiolates and have found that the octanethiolate precursor provides
the best results for controlling the extent of mercury exchange and
for ensuring that the exchange reaction is homogeneous across the
nanocrystal population. After cation exchange, transmission electron
microscopy (TEM) reveals that the particle size indeed does not
change (see Figure 2), while energy dispersive X-ray spectroscopy

Figure 2. (a) High-resolution transmission electron micrograph showing
the high crystallinity of 4.0 nm CdTe nanocrystals, which have a primarily
cubic lattice structure® (b, ¢) TEM micrographs of CdTe (left) and
Hgos1CdosgTe (right) showing constant crystalline sizes before and after
cation exchange. (d, e) Particle size histogram data of CdTe (left) and
Hgos1CdozoTe (right) showing that the particle size distributions do not
change after cation exchange.

confirms the incorporation of mercury and depletion of cadmium
in the nanocrystal lattice (see Supporting Information). Significantly,
the cadmium-to-mercury exchange strategy is not limited to
HgxCd,—Te but can be readily extended to other mercury-containing
nanomaterials such as Hg,Cd;—4Se and Hg,Cd; S, as described in
more detail in the Supporting Information. Previous work™ has
exploited cation exchange to synthesize nanocrystals of various
shapes and compositions, but mercury cation exchange was not
demonstrated, most likely due to the difficulties in controlling the
chemical reactivity of mercury precursors. The reaction kinetics
of mercury compounds can be better controlled in agueous solution,
but the resulting core—shell and alloyed QDs have poor optical
properties as judged by their broad and poorly resolved absorption
and emission spectra.®

In contrast, narrow and well-defined absorption and photolumi-
nescence spectra are obtained from Hg,Cd;_,Te QDs synthesized
by mercury cation exchange. As shown in Figure 3 for two
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Figure 3. Absorption spectra (left panels) and photoluminescence (PL)
spectra (right panels) of CdTe and cation-exchanged Hg.Cd;—4Te QDs for
two nanocrystal sizes with a series of chemical compositions, indicated by
the values of X in the absorption spectra. The compositions were determined
quantitatively by inductively coupled plasma mass spectrometry.

nanocrystal sizes (2.3 and 4.0 nm), the absorption and emission
spectra are both shifted toward the NIR as the extent of mercury
exchange increases (increasing X), while the particles maintain their
origina sizes. Thus, the particle size and the degree of cation
exchange can be independently controlled to achieve broad tuning
of the photoluminescence peak across the wavelength range of 500
to 1100 nm (Figure 3b and d). Also, the cation-exchanged QDs
exhibit discrete electronic transitions and symmetric fluorescence
peaks without deep trap emission. The overall shapes of the
absorption spectrafor CdTe and Hg,Cd,—«Te nanocrystals are quite
similar, indicating that these particles are nearly homogeneous aloys
without a core/shell or gradient-type structure. Thisis corroborated
by the absence of a high-temperature alloying point that was
observed in CdSe/ZnSe nanocrystals.*

It is aso worth noting that that CdTe cores with wider size
distributions result in a proportional increase in peak width after
mercury aloying, apparently due to inhomogeneous broadening in
both particle size and composition. In addition, the line widths are
strongly dependent on the nanocrystal size, with larger particles
consistently yielding narrower peaks (compare Figure 3b and 3d).
The 4.0 nm cation-exchanged QDs show spectral widths of 40—50
nm full width at half-maximum (FWHM) in the wavelength range
700—800 nm (after capping), which are much narrower than that
of other NIR QDs such as CdTe/CdSe nanocrystals (70—80 nm
fwhm), InAs (80—90 nm), CdsP, (75—100 nm), and I—=1I1-VI
materials such as CulnS, (100—140 nm).>4°

For potential biomedical applications, we have developed a
method to cap the cation-exchanged QDs with a multilayer shell
(see Figure 4a). A monolayer of CdTe is first deposited on the
nanocrystal using dimethylcadmium and trioctylphosphine telluride,
followed by three monolayers of CdZn;_S using dimethylcad-
mium, diethylzinc, and sulfur. An important finding is that a CdTe
interim layer is critical for stabilizing the optical properties; without
this layer, direct deposition of CdS or ZnS results in a dramatic
red shift in the photoluminescence peak. This is likely caused by
tensile strain in the Cd,Zn;—,S shell, which decreases the conduction
band energy and results in the formation of atype-1l interface, as
observed in CdTe/CdS and CdTe/ZnS materials.® With the inclusion

J. AM. CHEM. SOC. m VOL. 133, NO. 1, 2011 25



COMMUNICATIONS

(b) [x=0014 023 o041

@ Hg,cd,,Te

PL Intensity (AU)

700 900 1100
Wavelength (nm)

’ \ x=041
3
2 x=0.23
=014
1
0| ol N
10 100

Diameter (nm)

Figure 4. (a) Schematic diagram of a cation-exchanged Hg,Cd; «Te QD
capped with a multilayer shell. (b) Photoluminescence spectra of 3.5 nm
HgxCd;xTe QDs capped with CdTe and CdyZn; S with tunable emission
between 750 and 1000 nm. (c) Electron micrographs of the capped QDs
with the same particle size. (d) Dynamic light scattering data showing that
the multicolor QDs have similar hydrodynamic sizes (approximately 10
nm) after solubilization by using multidentate polymer ligands. Chemical
compositions (x) of the Hg,Cd,—Te cores are indicated in (b), (c), and (d).

of a CdTe interim layer, carrier electrons are insulated from the
Cd.Zn; S shell, and only asmall red shift is observed during shell
growth.

After capping, the fluorescence emission of the cation-exchanged
QDs can be tuned between 700 and 1150 nm, with quantum yields
as high as near 80% at room temperature. This high quantum
efficiency islikely aresult of two factors: (i) the high crystallinity
of theinitial QD cores, which also have fluorescence quantum yields
over 80%; and (ii) the high crystallinity of the epitaxial shell, which
strongly confines the charge carriers to the core materials.® It is
worth noting that, immediately after cation exchange, the
Hg,Cd;_4Te nanocrystals often have a substantially reduced quan-
tum yield, sometimes less than 1%, but the efficiency is nearly
entirely recovered after shell growth. This effect is not surprising
because the cation exchange process modifies the particle surface,
which has previously been shown to quench the fluorescence of
semiconductor nanocrystals.*®

Figure 4b shows the fluorescence spectra of a series of cation-
exchanged and capped QDs prepared from 3.5 nm CdTe cores.
TEM reveals that all of these particles are smilar in crystal size
(~6.5 nm) (Figure 4c). After water solubilization with a multiden-
tate polymeric ligand,** these nanoparticles remain bright and
compact, with quantum yields over 60% and hydrodynamic sizes
around 10 nm (Figure 4d). In comparison with current NIR QDs
(often with elongated shapes and hydrodynamic sizes of 20—30
nm), the cation-exchanged NIR dots are 2—3-fold smaller and are
expected to show improved hinding kinetics for both live cell
imaging and in vitro diagnostic applications. In terms of potential
toxicity, divalent mercury has been reported to have a similar or
lower acute toxicity profile in comparison with divalent cadmium,*®
but work isin progress to evaluate the chemical stability and cellular
toxicity of cation-exchanged QDs relative to traditional core—shell
particles.

In conclusion, we have reported a cation-exchange strategy in
nonpolar solvents to prepare bright and compact Hg,Cd;_«Te and

26 J. AM. CHEM. SOC. = VOL. 133, NO. 1, 2011

related [1—-V1 QDs with equalized particle size and tunable NIR
fluorescence emission. After capping with a multilayer shell and
solubilization with multidentate polymers, the cation-exchanged
QDs offer anumber of attractive properties including high quantum
yield, narrow spectral width, broad wavelength tunability, and an
overall compact size. This class of bright and compact QDs is thus
well suited for multiplexed imaging and detection in the NIR optical
window with improved tissue penetration and detection sensitivity.
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