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ABSTRACT: We report a new class of derivatized 4,4′-bipyridinium ligands for use in synthesizing highly fluorescent, extremely
stable, water-soluble CdSe and CdTe quantum dots (QDs) for bioconjugation. We employed an evaporation−condensation
technique, also known as solvated metal atom dispersion (SMAD), followed by a digestive ripening procedure. This method has
been used to synthesize both metal nanoparticles and semiconductors in the gram scale with several stabilizing ligands in various
solvents. The SMAD technique comprised evaporation condensation and stabilization of CdSe or CdTe in tetrahydrofuran. The
as-prepared product was then digestively ripened in both water and dimethyl formamide, leading to narrowing of the particle size
distributions. The ligands were synthesized by nucleophilic substitution (SN2) reactions using 4,4′-bipyridine as a nucleophile.
Confocal microscopy images revealed the orange color of the nanocrystalline QDs with diameters of ∼5 nm. The size has been
confirmed by using transmission electron microscopy. As a part of our strategy, 85% of the 4,4′-bipyridinium salt was synthesized
as propionic acid derivative and used to both stabilize the QDs in water and label basic amino acids and different biomarkers
utilizing the carboxylic acid functional group. Fifteen percent of the 4,4′-bipyridinium salt was synthesized as N-propyl maleimide
and used as a second ligand to label any protein containing the amino acid cysteine by means of a 1,4-Michael addition.

■ INTRODUCTION
The discovery of quantum dots (QDs) and their bright
luminescence has inspired scientists to explore their application
as bioimaging agents in medical diagnostics,1,2 as photosensitiz-
ing agents in the photodynamic therapy of cancer,3,4 and as
components of solar cells5,6 and light-emitting devices
(LEDs).7,8 QDs have size- and composition-tunable electronic
and optical properties with sharp Gaussian emission spectra, in
addition to large absorption coefficients across a wide spectral
range.9−11 These are definite advantages of QDs over
traditional dyes as imaging agents in vivo and in vitro. Most
reported syntheses of QDs are carried out by using hydro-
phobic ligand encapsulation.12,13 However, the importance of
synthesizing biocompatible, aqueous QDs is immense,
especially for the purpose of labeling monoclonal antibody
and biomarkers. Dubois et al. reported a synthesis of aqueous
QDs by exchanging the initial hydrophobic ligand trioctylphos-
phine oxide (TOPO) with the hydrophilic ligand dithiocarba-
mate. This ligand exchange method required the presence of a
ZnS shell around the CdSe core to prevent photoluminescence
(PL) quenching.14 Other synthesis procedures involved QD
surface modification through imidazole-based random copoly-

mer ligands15 and surfactant/lipid micelles,16 resulting in large
(diameter >10 nm) supramolecular assemblies. Chemical
aerosol flow method also has been employed to synthesize
CdTe/CdS//ZnS core/shell/shell QDs, which lack the free-
dom to choose ligands of interest.17 These aqueous QDs can be
monoconjugated through either carboxylate terminal or amine
terminal groups. Direct synthesis of aqueous QDs from bulk
CdSe or CdTe by “twin ligands” for bioconjugation was not
known to date. Our synthesis comprises the environment
friendly evaporation−condensation method known as solvated
metal atom dispersion (SMAD) technique,18,19 followed by
digestive ripening to obtain stable, monodisperse, orange-
colored QDs. The SMAD technique has already been used to
synthesize hydrophobic QDs,20 both aqueous and nonaqueous
gold colloids,20−23 and silver nanoparticles with biocidal
activity.23 The biggest advantages of this synthesis are the
independence of the solvent and the ligand choice, no metal
salt byproduct formation, and the possibility to scale up the
reaction to gram scale for industrial applications. The choice of
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4,4′-bipyridinium salts as ligands for QD stabilization and
bioconjugation was inspired by the success of ligand exchange
experiments in our lab, although the stability of QDs after
ligand exchange was not sufficient for further application. We
decided to use 4,4′-bipyridinium salts for direct surface
passivation of CdSe and CdTe QDs through SMAD. The
synthesis of aqueous CdSe and CdTe QDs was achieved by the
following twin ligands: (1) 4,4′-bipyridinium carboxylic acid (3)
used for water solubility through H-bonding with water and (2)
4,4′-bipyridinium maleimide (7) used for coupling with
cysteine-SH through 1,4-conjugate addition or Michael
addition reaction (Figure 1).

QDs synthesized in gram quantities in a SMAD reactor in
water had narrow size distributions from 4 to 4.5 nm. This is
achieved by using the “digestive ripening” technique pioneered
at Kansas State University.24−26 This process involves refluxing
of the as-prepared SMAD colloid in a solvent resulting in a
remarkable narrowing of the size distribution observed in
transmission electron microscopy (TEM) experiments.

■ EXPERIMENTAL SECTION
General Synthesis of a Water-Soluble CdSe/CdTe-Colloid

Using 4,4′-Bipyridinium Ligands for Stabilization. A 39-boron
nitride crucible (from Mathis) was assembled in the SMAD reactor,
and 0.20 g of CdSe (1.04 mmol) was added to the crucible. Ligand 3

(9.71 g, 31.4 mmol) and ligand 7 (2.2 g, 5.2 mmol), dissolved in 40
mL of degassed nanopure water, were placed at the bottom of the
reactor together with a stir bar. The reactor was attached to 100 mL of
degassed tetrahydrofuran (THF) in a Schlenk tube. The reactor was
then cooled down to 77 K by immersing it in a liquid nitrogen filled
dewar, followed by the complete evacuation of the reactor until a
vacuum or 0.53 Pa was reached. Fifteen milliliters of THF was
evaporated in 30 min forming a layer of solvent on the walls of the
reactor. Bulk CdSe on the crucible was heated slowly and cocondensed
with THF (60 mL) over a period of 3 h. The frozen matrix had a
brownish red color at the end of the vapor deposition process. Once
the process was complete, the dewar was removed, and the reactor was
filled with argon. The frozen matrix was melted by heating the exterior
of the reaction vessel using a heat gun. The melted matrix was allowed
to stir for 30 min. The brown red matrix was siphoned under argon
into a Schlenk tube.

The Schlenk tube containing the freshly prepared CdSe-colloid,
which was stabilized by the twin-4,4′-dipyridinium ligands in THF/
water and was connected to a vacuum line, and the THF was
evaporated overnight. The total volume of the final colloid was 40 mL
containing 0.20 g of CdSe.

A CdTe-colloid was also synthesized using the above procedure in
which CdTe (0.2 g, 0.83 mmol) was added to the crucible while ligand
3 (7.73 g, 25 mmol) and ligand 7 (1.74 g, 4.15 mmol) were dissolved
in degassed nanopure water (40 mL).

Digestive Ripening. The CdSe-colloid, stabilized by the twin-4,4′-
dipyridinium ligands in water, was divided into two parts. Twenty
milliliters of this suspension was filled in a 100 mL round-bottom flask
with a glass window for UV/vis detection. The round-bottom flask was
connected to an UV/vis spectrometer on-a-chip through an optical
fiber for the recording of continuous UV/vis spectra. The colloid was
refluxed under argon for 8 h.

Another 20 mL of colloid was subjected to high vacuum to
evaporate the water, thus forming the dry product. It was transferred
to a 100 mL round-bottom flask and dissolved in 20 mL of dry
dimethyl sulfoxide (DMF). Five milliliters of oleylamine was also
added to increase the rate of monodisperse particle formation.19 The
reaction was refluxed for 3 h under argon (T = 154 °C). QDs in DMF
were placed in an ultracentrifuge (8000 rpm) for 15 min, and the
precipitate was dissolved in water. The synthesis of water-soluble
CdSe- and CdTe-nanoparticles is summarized in Scheme 1. The
overall yield of the synthesis of CdSe was 82 ± 2% and for CdTe was
80 ± 2%.

Figure 1. 4,4′-Bipyridinium salt-based twin ligands used to synthesize
aqueous QDs.

Scheme 1. Flow Diagram of Synthetic Steps of Water-Soluble QDs through Evaporation−Condensation (a) CdSe Ripened in
DMF for 8 h and (b) CdTe QDs Ripened in DMF for 3 h
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Toluene-soluble CdTe QDs were synthesized in SMAD using
trioctylphosphine-hexadecylamine ligands followed by refluxing in
toluene and t-butyltoluene as reported earlier.20 The photostability of
toluene-soluble QDs was to be compared with aqueous QDs to test
the viability of aqueous QDs for biomedical imaging.
Nanoparticle Characterization. TEM. TEM images were

taken on a Philips CM100 operating at 100 kV. The samples
were prepared by a drop of 3 μL of CdSe and CdTe solution in
water on a carbon-coated Formvar copper grid. The grids were
allowed to dry overnight under vacuum in a desiccator.
X-ray Diffraction (XRD). Powder XRD (Scintag XDS 2000

spectrometer) was used to characterize the composition of the QDs.
Cu Ka radiation was used with a curved crystal graphite
monochromator. The operating range for the X-ray target was 45
kV and 45 mA. The X-ray scans were in range of 20 > 2f > 70°.
UV/vis Spectroscopy. UV/vis absorption spectra were measured by

using a DH-2000 optical spectrophotometer (Ocean Optics Inc.)
Fluorescence Spectroscopy. Fluorescence spectra were obtained by

using Fluoro Max-2 instrument from HORIBA Jobin Yvon Company.
These samples were excited at 400 nm with slit width of 5 nm.
PL Spectroscopy. The PL quantum yield of CdSe and CdTe was

calculated relative to Rhodamine 6G in methanol assuming its PL
quantum yield as 95%.27,28
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where IQD and Is (s, standard) are the integrated emission peak areas,
AQD and As are the optical absorptions (<0.1) at 480 nm, nQD and ns
are the refractive indices of the solvents at 480 nm, and Φem and Φs are
the PL quantum yield for the QD and standard, respectively.

■ RESULTS AND DISCUSSION
The SMAD technique was first reported in 1986. It has been
successfully used to synthesize metal nanoparticles and

semiconductor nanocrystals.20,25,29 We have performed the
facile synthesis of two 4,4′-bipyridinium ligands with high yields
affording grams of the products, which were required for
stabilizing CdSe and CdTe semiconductor nanocryctals
synthesized by SMAD.

Synthesis of the 4,4′-Bipyridine-Based “Twin Li-
gands”. The choice of the ligand was inspired by our
preliminary work in ligand exchange between 4,4′-bipyridine
and TOPO, although the QDs resulted after the ligand
exchange had broad size distribution making them less useful
for bioconjugation. The two 4,4′-bipyridine-based “twin
ligands” were chosen, because they feature very similar shapes
[the dihedral angles between the pyridine and the pyridinium
rings are 33.4° (3) and 34.1° (7) according to AM1
calculations] and charge densities at N6 [−0.084 (3) and
−0.087 (7); see Figure S17 in the Supporting Information], the
nitrogen center for coordination to CdSe and CdTe. It is our
working hypothesis that we can vary the ratio of the twin
ligands (3 and 7) at the QDs' surfaces without significantly
changing the properties of the organic layer around the QDs.
The logic behind the use of 85% carboxylic acid terminal
derivative of 4,4′-bipyridine (3) was to solubilize the QDs in
water. The one step synthesis of (3) consisted of a nucleophilic
substitution reaction by a SN2 mechanism in DMF affording
80.2% yield (Scheme 2).
Our initial attempt to use a terminal maleimide derivative of

4,4′-bipyridine (7) as ligand for QD stabilization was not
successful, as the ligand was water-soluble only before binding
with the QDs, resulting in their rapid aggregation after QD
synthesis. Compound 7 was prepared in a two-step chemical
synthesis. The maleimide (4) served as a nucleophile in a
Mitsunobu reaction, leading to compound 6 in 70% yield.30 In
the second step, 4,4′-bipyridine acted as a nucleophile to
displace the bromide in the C−Br bond of 6. It is important to
permit this reaction to run for 3 days at 35 °C to form the
monosubstituted product (Scheme 3).

Scheme 2. Synthesis of Carboxylic Acid Derivative of 4,4′-
Bipyridine (3)

Scheme 3. Synthesis of Maleimide Derivative of 4,4′-Bipyridine (7)

Figure 2. UV−vis spectra of CdSe ripened in water and in DMF: black
line, reflux in DMF (8 h); red line, reflux in water (8 h).
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The 85:15/3:7 ligand ratio approach solved not only the
water solubility problem but also introduced two sites for
potential double bioconjugation. The double bioconjugation
schemes through −COOH and maleimide termini will be
reported in an upcoming paper.
UV/vis Data Analysis. It is noteworthy that the positions of

the UV/vis absorption maxima/shoulders of the CdTe QDs
that have been prepared in DMF and in water differ by 50 nm.
In accordance with the literature, the observed red shift can be
attributed to a larger particle size when ripened in DMF, as
compared to in water31,32 (Figure 2). The CdTe QDs growth
was expedited by addition of 5 mL of oleylamine, which acted
as a weak amine stabilizer, thereby helping with growth
kinetics.27

The evolution of the particle size during digestive ripening of
QDs was monitored through dynamic UV/vis spectra. It was
observed that there was change in the particle size distribution
as well as enhanced absorbance as the particles were ripened for
extended period of time (Figure 3). It must be noted that the
successful digestive ripening procedure had to be performed in
DMF in the presence of oleylamine to be efficient.
The fluorescence spectra of CdSe and CdTe QDs

complimented the UV/vis data, as there was a red shift by
about 50 nm in CdTe spectrum, emphasizing larger sized CdTe
QDs (Figure 4).
The (quantum yield) QY of the aqueous QDs was found to

be 12%, which is comparable to QY of 16−28% for QDs in
organic solvents, when QDs are excited at 390 nm with slit
width of 5 nm18,25 (Table 1). Quantum yields in the range from

Figure 3. Evolution of absorbance spectra for CdSe (A) and CdTe (B)
during digestive ripening in DMF. (A) Red line, after 4 h of reflux;
black line, after 8 h of reflux. (B) Black line, after 1 h of reflux; red line,
after 3 h of reflux.

Figure 4. Fluorescence spectra of CdSe and CdTe QDs synthesized by
twin ligand strategy. (A) Water-soluble CdSe synthesis, λEM(max) =
530 nm. (B) Water-soluble CdTe synthesis, λEM(max) = 572 nm;
concentration, 5.0 mM (CdSe).

Table 1. Quantum Yield of Water-Soluble QDs

QDs absorbances λ max,fluorescence (nm) QY (%)

CdTe 0.09 572 12 ± 1
CdSe 0.09 530 25 ± 2

Figure 5. TEM images of (a) CdSe ripened in DMF for 8 h and (b)
CdTe QDs ripened in DMF for 3 h.

Table 2. Comparison of Lifetime of Aqueous QDs with
Organic QDs

QDs lifetime (ns)

CdTe in water 13.5 ± 1.0
CdSe in water 3.0 ± 0.5
CdTe in toluene 3.5 ± 0.5
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0.5 to 0.9 for QDs that have been prepared in nonaqueous
systems have been reported.31 The significantly lower QY of
QDs from aqueous preparations may be attributed to the
presence of water in the organic ligand sphere. We did not find
evidence from XRD spectroscopy for chemical reactions
occurring at or within the QDs (Figure S5 in the SI).
The TEM images showed the average particle size of both

CdSe and CdTe QDs to be 4.0 and 4.5 nm, respectively (Figure
5). The histogram of the QDs size distribution, as obtained by
using IMAGE/NIH, is shown in Figure S4 in the SI. The
orange color of these QDs was confirmed with confocal
microscopy.
Time-Resolved Decay Study of QDs. The photostability

of aqueous QDs was compared with QDs synthesized in
toluene through SMAD technique-digestive ripening20,21

(Table 2). The lifetime of the samples was measured in a
time-domain spectrometer, which used cavity-dumped output
of a mode-locked Ti:sapphire laser (λmax = 780 nm, repetition
rate = 2 MHz, average power = ∼80 mW) passing through a
nonlinear crystal to double the frequency (λmax = 390 nm),
which was used to excite CdSe in water, CdTe in water, and
CdTe in toluene and collected by 520, 570, and 610 nm filters,
respectively. The Ti:sapphire laser produced 20 fs pulse, and
the time resolution of our measurement is 70 ps. Suitable band-
pass filters collected the emitting light. The fluorescence was
collected to the perpendicular direction of the incident light to
avoid any laser light going to the detector. A sensitive
photodiode was used to collect the emitted photons. The
collected data were then fit with exponential functions, and the
best fit was obtained by either single or multiple exponential
functions. Then, the fluorescence decay time was obtained from
the fitted data (Figure 6).
These results suggest that the aqueous CdTe QDs are of

similar photostability as their toluene soluble analogues. This is
an important finding, because it indicates that these water-
soluble materials can be used as cellular probes. However, the
stability of the QDs in aqueous solution is achieved at the
expense of their fluorescence quantum yields. It should be
noted that our data prove that the QDs are not aggregating/
oxidizing in water, as this could have been expected from CdTe
in water. Therefore, the photostable aqueous QDs have
potential applications in both in vitro and in vivo imaging.

■ CONCLUSIONS
We have achieved the direct synthesis of aqueous CdSe and
CdTe QDs by SMAD, followed by digestive ripening. The
synthesis of QDs from aqueous precursors in the presence of
two chemically closely related ligands (“twin ligands”) leads to

water-soluble QDs with tunable ligand spheres. The results
revealed that water-based QDs are equally photostable as
conventionally prepared QDs. Although the fluorescence
quantum yields of water-based QDs are lower than of
conventional QDs, they are sufficient for biological applications.
We will report the use of these QDs as imaging “tools” in
detecting DNA−estrogen adducts, potential biomarkers for
breast and prostate cancer.33−35 In vivo tumor imaging with
these QDs conjugated with tumor homing peptide iRGD36 is
currently carried out. Beside the water solubility, another
advantage of these QDs is the possibility of double
bioconjugation through both −COOH and maleimide termini.
We believe that aqueous QDs will open a window of
opportunity for biomedical application in future.
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