Chapter 2.  Type-I CdSe@ZnX (X=S, Se)
Core/Shell Quantum Dots and their
Applications

2.1. Introduction

Due to their remarkable size dependent photophysical properties and versatility
toward chemical modification, semiconductor nanoparticles have received

. . 1Al
considerable attention.'!°

Semiconductor nanoparticles such as cadmium
chalcogenides with high luminescence yield, monodispersion, uniform size and shape
have played an active role in biological labeling reagents.'''® Among numerous
applications, the core/shell types of quantum dots have been proven to serve as a
better probe than the bare core ones owing to their higher emission quantum
efficiency (quantum confinement) and.thermal’stability (protective surface), in
particular when subject to subsequent multiplé=step chemical modification.'*>"

The use of dimethyl cadmium ;Cd(CHz3); as @ precursor in the process for the
synthesis of high-quality cadmium’chalcogenides has been well documented.’'™’
Unfortunately, the high toxicity and pyrophoric liability limit its availability in many
places. Alternatively, CdO has recently been reported to be an ideal precursor toward

synthesizing core Cd chalcogenide nanocrystals.27’35’36

Its lower toxicity and good
thermal stability make the synthetic route to Cd chalcogenides quantum dots feasible
without restrictions on equipment and on severe conditions. Very recently, based on
the CdO precursor Reiss et al.®’ reported a new synthetic route for the core/shell
CdSe@ZnSe nanoparticles incorporating preparation, separation and purification of
core material (CdSe), followed by a second-step shell (ZnSe) deposition.

In the course of developing chemically modified nanoparticles, on the premise of

safety and available resources, I have made attempts to prepare CdSe@ZnX
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nanocrystals via the CdO precursor. Although the two-step approach is salient, a
successful CdSe@ZnSe preparation from CdO in terms of good homogeneity in size
distribution and luminescence efficiency greatly relies on the purity of core CdSe
prior to the shell deposition.”” Furthermore; the second-step core/shell synthesis
involves a subtle mixing procedure between core and reagents for the shell, which
inevitably requires extensive work. These concerns have motivated our and Professor
Chou’s laboratories, as a collaboration project, to seek an alternative modification,
aiming at simplicity in methodology with high particle quality being preserved. On
the basis of one-pot reaction, in this chapter, I will first describe a simple,
reproducible synthetic protocol for preparing high-quality CdSe@ZnX core/shell
nanoparticles.

From the applications viewpoint, I have fusther made attempts to chemically
modify QDs so as to develop-specific molecular probes, of which the metal ion
sensing is of prime importance.-Sensing.toxic-metal 10ns is essential in monitoring of
the environment, the control of chemical processes, and medical applications. Of
particular importance is the selective detection of the mercury ion (II), which is
biologically highly toxic and is known to cause a variety of phenomena in humans,
such as damage to the central nervous system and resulting neuropsychiatric disorders.
Currently existing sensors for the detection of Hg>", such as thin-films device of

38,39

gold,” organic probes,”*’ polymeric materials*” and bio-composites,*' are subject to

certain inferiorities. These include high operation temperatures and complexity,’’

. e . . 3942
relatively low sensitivity, non-aqueous environments,”

and slow response due to
the long-time equilibrium.*' Very recently, Palomares et al.*’ demonstrated an
exquisite system for the colorimetric sensing of mercury ion (II) in aqueous solution,

in which the sensing mechanism incorporates a transformation of the thiocyanate

ligands of the probing Ru(IIT) complex induced by Hg”" ions, resulting in a change of
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the Ru(IIT) energy gap and hence the color.”® To further extend the detection limit, a
mercury ion (II) sensing design exploiting the fluorescence property warrants our
attention. In this thesis, based on the syntheses of highly emissive, water-soluble
CdSe@ZnS (core/shell) quantum dots (QDs) capped by dihydrolipoic acid (DHLA), I
like to present a highly sensitive/selective fluorogenic sensor to probe the mercury ion

(IT) in both aqueous solution and heterogeneous solid film.

From yet another approach, ionophores are usually coupled with a molecular
chromophore, of which the associated spectral properties in either absorption or
emission are sensitive to the environmental stimuli. Up to this stage, a large portion of
chromophores being developed are hydrophobic, which consequently limits their
applications in aqueous media. Recently, metal nanoparticles have been emerged as an
important colorimetric reporter due to their extremely high extinction coefficient (i.e.
absorptivity) that is also very sensitive to the transition from mono-dispersion to the
aggregation, resulting in a distinct color change:*? For the case of gold nanoparticles,
this phenomenon of which is well known-as-the ‘surface plasmon absorption, the color
change upon aggregation is due to the coupling of the surface plasmon resonance as a

result of the proximity between two Au nanoparticles.’*

Recently, based on a
sandwich complex of 2:1 between 15-crown-5 and K*, Chen and coworkers’® reported
on capping the Au nanoparticles with the 15-crown-5 functionality and the resulting
15-crown-5 functionalized Au nanoparticles were successfully exploited as a novel
prototype to probe K", in which the transduction is signified by subtle changes of the
surface plasma resonance, i.e. a colormetry type of sensing mechanism. On this basis,
other crown ether-modified metal nanoparticles, especially those of II-VI and III-V

semiconductor composites, may serve as an alternative, taking advantages of their

superior fluorescence properties such as high quantum efficiency and narrow

52



bandwidth (good contrast luminescence color), etc. In this chapter, I also like to
elaborate the work on the design and synthesis of 15-crown-5 functionalized, water
soluble CdSe@ZnS quantum dots (QDs) as well as their exploitation as a sensing unit
toward K™ in aqueous solution. The sensing mechanism utilizing either aggregation
property in single size QDs as well as the Forster type of energy transfer in dual color

QDs system renders a great versatility and flexibility in view of future applications.

2.2. Experimental Section

2.2.1. Chemicals

Tri-n-octylphosphine oxide (TOPO, tech. grade 90 %), tri-n-butylphosphine
(TBP, tech. grade 98 %) and hexadegylamine (HDA, 90 %) were purchased from
Aldrich, SHOWA and TCI, respectively. In another approach, high purity TOPO (99%,
Aldrich) was also applied for a comparative study. CdO (99.99%), selenium (Se)
powder 200 mesh (> 99.5 %) and sulfur (S) powder (99.5 %) were obtained from
Strem, ACROS and Alfa Aesar, respectively. Zinc stearate (Riedel-deHaén) was
purchased from Riedel-deHaén and used immediately after receipt. Dimethylzinc
(Zn(CH3),, 2M solution in toluene) and hexamethyldisilathiane ((TMS),S) were

acquired from Aldrich. All reagents were used as received.

2.2.2. Method 1 — for Size Tuning

Due to great concerns in the tunability of nanocrystals, a size tunable one-pot
CdSe@ZnX synthesis was described at first. Here, a mixture of CdO (0.04 g), HDA
(5.67 g) and TOPO (5.67 g) was heated up to 340 °C under Ar flow on a Schlenk line.
After the formation of a CdO-HDA complex, as indicated by the solution turning

from color reddish to colorless, the system was allowed to cool to 260 °C. As the
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temperature stabilized at 260 °C for around 3-5 hr, Se@TBP (0.03 g in 6 ml TBP) was
quickly injected (< 2 sec) into the hot CdAO@HDA/TOPO solution to proceed with the
nucleation and the growth of CdSe nanocrystals. Due to the introduction of large
amounts of TBP, the system temperature was further decreased to 230 °C within 30
sec. Subsequently, the ZnX@TBP shell stock solution was injected precisely to the
core solution via the syringe pump at a rate 0.1-0.15 ml/min, while the temperature
remained at 230 °C. The growth of CdSe@ZnX quantum dots then could be extracted.
The injection of shell stock solution was divided into five portions in 20 sec intervals
to minimize the nucleation of shell particles.'” Upon injecting all the ZnX@TBP shell
stock solution, the reaction-mixture was allowed to cool and stir at 110 °C for a period
of 1-2 hr. The final molar ratio between Cd/Se (core) and Zn/X (shell) was kept

constant, typically ~1:4.

ZnX@TBP shell stock soltition was prepared form two types of precursors. For
the first approach, a pyrophoric precursor was‘used by dissolving dimethylzinc (~125
pl) and hexamethyldisilathiane (~130 pl) inFBP (5.3 ml) at room temperature. In
other approach, zinc stearate was used as a shell precursor to achieve safety and green
chemistry, which has been proven to be appropriate for the growth of ZnSe shells
upon the CdSe nanocrystals,”’ even if there is a large lattice mismatch between CdSe
and ZnSe.”®* In this study, zinc stearate (0.76 g) and sulfur powder (0.02 g) in TBP
(5.3 ml) were used and heated to 110 °C around 30 min. The stock solution of shell

was prepared then cooled to room temperature for the subsequent core/shell synthesis.

In the core/shell formation above, the precursor concentrations were diluted
largely by TBP and HDA, resulting in a significant reduction of the particle growth
rate. The resulting nanocrystals with selective diameters/thickness could be extracted

at different aging times. Consequently, the tunability of CdSe@ZnS nanocrystals was
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largely elevated.

2.2.3. Method 2 — for Size Uniform

It was not only attempted to produce on large scale by the one-pot CdSe@ZnS,
but aimed at unique-size distribution. In order to achieve this goal, method 1 (section
2.2.2.) was modified by optimizing the reaction parameters such as Cd/Se ratio,
TBP/HDA concentrations, etc. (vide infra). For a typical approaching, CdO (0.04 g),
TOPO (5.67 g) and HDA (2.83 g) were first loaded in a 50 ml three-neck flask and
heated to 340 °C under argon flow on a Schlenk line. After forming a CdO-HDA
complex, the system was then cooled down to 260 °C, followed by a rapid (< 2 sec)
injection of the Se@TBP stock solution (0.013 g Se in 1 ml TBP). After this process
the temperature was cooled down to 230,°C.within a long period of 20 min, then
passivated the ZnX shell by the addition of ZnX(@TBP. The ZnX@TBP shell stock
solution was similarly prepared-from the aforementioned methods. The injection of
shell stock solution was also divided into five-portions in 20 sec intervals at a rate
0.05-0.15 ml/min to avoid small size particles and/or alloy formation. Upon injecting
all the ZnX@TBP shell stock solution, the reaction-mixture was then incubated at 110
°C for a period of 1-2 hr to obtain CdSe@ZnX particles with an emission maximized

typically at 635 nm.

For the above-described methods, purification was performed by adding
anhydrous methanol to precipitate the resulted nanocrystals, which were then
accumulated by centrifuging. This precipitation/centrifugation process was repeated
several times to further remove unreacted residues. A slight decrease in the quantum
efficiency was observed during the purification process, and could be regained by
adding an adequate amount of TBP in each interval of centrifugation.’* The resulting

nanocrystals were redispersed in anhydrous toluene for further characterization.
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Further attempt is tuning the growth rate of CdSe@ZnS nanocrystals were made
by varying temperatures from [260 °C (Se@TBP); 230 °C (shell)] to [230 °C; 180 °C].
The lower nucleation/growth temperature leads to the large reduction of the growth
rate, so that particles with emission maxima between 560 and 600 nm could be
obtained during a long separated period of 1 hr. The vastly extended aging time at
lower temperatures provides great potential in synthesizing wide-tunable-range
core/shell nanoparticles for future applications in multiple bio-labeling or LEDs.
Unfortunately, the resulting nanocrystals revealed a small fraction of dual emission,

possibly due to the alloy formation (vide infra).
2.2.4. Synthesis and Water-Soluble CdSe(@ZnS QDs
2.2.4.1 DHLA Capping

Although we described the synthetic method F of one-pot synthesis core/shell
type QDs was more conveniently and highly-teproducible in our research (vide infra).
However, it is lack of purification for.the CdSe core step result in QY of the final
product (i.e. CdSe@ZnS QDs) was not maintain as high as well condition. For the
high quality and surface perfect CdSe@ZnS QD used in water-soluble modification,
we decide to prepare the CdSe@ZnS QDs by two-step method. The water-soluble
CdSe@ZnS nanoparticles were prepared using a stepwise procedure reported by
Mattoussi et al.>> with a slight modification. Briefly, TBP/TOPO-capped CdSe@ZnS
core/shell particles were prepared from the growth and annealing of CdO.”
TBP/TOPO capping groups were subsequently exchanged with 20 mg DHLA (freshly
prepared from distilled thioctic acid by sodium borohydride reduction)’® placed in a
reaction vessel. 15 mL of methanol was added and the pH value was adjusted to
10~11 with tetramethylammonium hydroxide pentahydrate. Under dark conditions, 10

mg of CdSe@ZnS nanocrystals were dissolved in the mixture, and the vessel was
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placed under regular airflow. The mixture was heated under reflux at 65 'C overnight,
and then the reaction was terminated and the mixture allowed to cooling to room
temperature overnight. The DHLA-capped nanocrystals were then precipitated with
diethyl ether. For further purification, methanol was added to dissolve the precipitate,
followed by the addition of diethyl ether to reprecipitate the nanocrystals.which

absorption and emission spectra were shown in Figure 2.1.
2.2.4.2 Crown-Dithiolcapping

Preparation of mercaptoalkanoic crown ether (MCE):  Scheme 2.1 depicts the
synthetic route of MCE, in which 2-(hydroxymethyl)-15-crown 5-ether and thioctic

acid were added to CH,Cl,. The mixture was stirred for 15 min at 0 °C under N,. Then

dicyclohexyl carbodiimide (D€C)" and
4-dimethylaminopyridine (DMAP) —in: cold
CH,Cl, were added to the above solution, and

the mixture was stirred for another 15 min at 0

Absorbance (a.u.)
Aisusiu 1d

°C. The cooling bath was then removed, and the

solution allowed to heat up to room temperature.

After stirring for 72 h under N,, the reaction 400 500 600 700
Wavelength (nm)

mixture was filtered through a fine glass frit to Figure 2.1 The absorption and
emission spectra of DHLA capped

yield a clear, pale yellow filtrate and insoluble S:]?ien(@f_'zznos(éﬁoie}é')1_ nm, shell, 1.2

urea byproduct as a fine, white gray powder. The clear filtrate was washed with water,
acetic acid aqueous solution, and finally again with water.

The organic later was subjected to column chromatography on silica gel. 'H
NMR (CDCls, 400 MHz) 6 1.40-1.52 (m, 2H), 1.61-1.73 (m, 4H), 1.84-1.93 (m, 1H),
2.33 (t, J =7.2 Hz, 2H), 2.40-2.48 (m, 1H), 3.06-3.19 (m, 2H), 3.51-3.57 (m, 2H),

3.58-3.76 (m, 16H), 3.78-3.84 (m, 2H), 4.04-4.09 (m, 1H), 4.19-4.23 (m, 1H); "°C
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NMR (CDCl;, 100 MHz) & 24.8, 28.9, 34.1, 34.7, 38.6, 40.3, 56.4, 64.2, 70.3, 70.4,
70.5, 70.6, 70.8, 70.9, 71.0, 71.1, 173; HRMS Cacld. for C;9H3,07S, : 438.1746

found:438.1744

o 0]
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Scheme 2.1 The synthetic route of preparing MCE.

Modification of CdSe@ZnS QDs with MCE: - The water-soluble CdSe@ZnS
QDs were prepared using a stepwise procedure reported by Mattoussi et al.””> with a
slight modification. Briefly, TBP/TOPO-capped CdSe@ZnS core/shell particles were
prepared from the growth and annealing of CdO.*” TBP/TOPO capping groups were
subsequently exchanged with 40 mg MCE placed in a reaction vessel. 15 mL of
methanol was added and the pH was adjusted to > 10 with tetramethylammonium
hydroxide pentahydrate. Under dark conditions, 10 mg of CdSe@ZnS nanocrystals
were dissolved in the mixture, and the vessel was placed under regular airflow. The
mixture was heated under reflux at 65 °C overnight, and then the reaction was
terminated and the mixture allowed to cooling to room temperature overnight. The
MCE-capped CdSe@ZnS nanocrystals were then precipitated with ethyl acetate. For
further purification, methanol was added to dissolve the precipitate, followed by the
addition of ethyl acetate to reprecipitate the nanocrystals.

2.2.5. Measurement
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The shapes of QDs were obtained with a Hitachi H-7100 transmission electron
microscope (TEM). UV-Vis steady-state absorption and emission spectra were
recorded by a Hitachi (U-3310) spectrophotometer and an Edinburgh (FS920)
fluorimeter, respectively. Both wavelength-dependent excitation and emission
response of the fluorimeter have been calibrated. DCM (4-(Dicyanomethylene)-
2-methyl-6-(p-dimethylaminostyryl)-4H-pyran, Aem = 615 nm, Exciton) in methanol
with @ of ~ 0.43° served as the standard for measuring the emission quantum yield.
Nanosecond lifetime studies were performed by an Edinburgh FL 900
photon-counting system with a hydrogen-filled/or a nitrogen lamp as the excitation
source. Data were analyzed using the nonlinear least squares procedure in
combination with an iterative convolution method. The emission decays were

analyzed by the sum of exponential

A CdSe/znS
functions, which allows partial
removal of the instrument time g w
. ‘? 40 min
broadening  and  consequently. @
[}
c
renders a temporal resolution of g .
= .
~200 ps. Solvents such as toluene  © i
. a 3 min ,/ ‘\\\ 2min
were of spectragrade quality (Merck -

T T T T T T T T T T
500 600 700 500 600 700
Wavelength (nm) Wavelength (nm)

Inc.) and used right after received.

2.3. Results and Discussion

Figure 2.2 Absorption and emission spectra of
CdSe@ZnS in toluene prepared from (A) method 1
and (B) method 2 (see text for the detailed description).

2.3.1. Reaction Parameters

Figure 2.2A depicts the The time scale for (A) and (B) is counted from the
addition of Se@TBP (C) Authentic emission color of
absorption and emission spectra of different shell thickness CdSe@ZnS nanocrystals
acquired by a hand-held UV lamp with 366 nm
excitation.

59



various sizes of CdSe@ZnS quantum dots prepared according to the tunable
wavelength, one-pot reaction scheme (i.e. method 1). In each prepared sample the size
distribution is rather small, as indicated by their narrow emission fwhm of 30 nm as
well as uniformity in the excited-state relaxation dynamics (t¢ ~20-25 ns, see Table
2.1). Direct evidence of size distribution was given by the results of the TEM
(transmission electron microscopy) image. For instance, the TEM image of the batch
extracted at tr ~600 nm revealed a fairly homogeneous size distribution of 5.5 £0.6nm
(see Figure 2.4). High luminescence efficiency was observed in all the different sizes
of quantum dots with quantum yields measured to be in the range of 0.4-0.7 (see
Table 2.1). As shown in Figure 2.1B, based on method 2, the nearly time-independent,
unique size CdSe@ZnS nanocrystals were obtained throughout the reaction with a
systematic emission maximized at.635 nm. Usingpyrophoric precursors, the quantum
efficiency of the resulting CdSe@ZnS nanocrystals would consistently exceed 0.5,
while it was slightly lower (0.3-0.5) by using-the zine stearate precursor, possibly due

to its lower reactivity during the one-pot reaction.

Table 2.1 Photophysics of various batches of quantum dots synthesized from this study

Method 1 (tunable size) Method 2 (unique size)
C@S type® CdSe@znSs’ CdSe@znS” CdSe@ZnSe® CdSe@ZnS*
Compound® a b c d f fy f,
PL (Amax) 560 574 598 622 635 630 632
PL QY (%)° 46.2 51.3 67.3 65.1 52.8 48.5 49.7
7 (ns) 18.1(80%  20.3(85)  23.1(81)  21.2(91) 17.2(88) 20.1(80) 19.9(86)

2 Superscript p, z denotes pyrophoric, zinc stearate related precursors respectively. °
Compounds listed here correspond to Fig. 2.3; fi, f.. not shown in Fig.31 correspond to the last
batch (~70min) of CdSe@ZnSe?, CdSe@ZnS” nanocrystals, respectively. ° Reference for the
quantum yield measurement is Rhodamine 6G. 4 9% of the major decay component.

The initial Cd/Se molar ratio and precursor concentrations turn out to be key
factors for obtaining size variable core/shell versus fixed-size nanocrystals within
one-pot reaction. In this study, under optimized experimental conditions the initial

Cd/Se ratio varied from 0.7 (in method 1) to 2.0 (in method 2), indicating the shift of
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the reaction parameters from

[OA]= 0.050mol kg [OA)= 0.25mol kg' [OA] = 1.67mol kg''

a Se-rich to Cd-rich
condition. Because the
one-pot reaction scheme
incorporates simultaneous

growth of core and shell, the

possibility of alloy formation 2/nm —

Figure 2.3 Temporal evolution of the absorption spectrum
has been carefully examined. of the CdS QDs grown in ODE and different OA
concentration.’®

Largely increasing the Cd/Se
ratio caused adverse effects in method 1. For example, if we applied a Cd/Se ratio of
> 2.0, a minor, broad emission peak centered at 500 nm was observed, indicating a

possible formation of CdyZn;S alloy(v@e mfra)ln this study, it was found that the
alloy formation could be avoiderd"‘:i)“y fed:lilc:i nétheCd/ﬁe ratio to < 0.7 in method 1.

condition is suitable in method ..--0n the other hand, due to the extended

y "'agin»g- ti'h;e for core growth prior to the shell

addition in method 2, the possibility of alloy
formation is considered small. Moreover, the higher Cd/Se ratio has been proven to

have advantage in focusing the

size distribution for hours

Counts

2885333

before defocusing occurs.>

3 4 5 6 7 8
Diameter (nm)

Consequently, the Cd-rich 2.

Detailed characterizations of

the core/shell formation are

20 40 60 80 100
Time (ns)

Figure 2.4TEM micrograph of CdSe@ZnS nanocrystals
prepared by the tunable-size method (left), size
distribution (upper right) and relaxation dynamics of
compound ¢ depicted in Figure 2.1.

elaborated in section 2.3.2.
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The large increase of surfactants in method 1 dilutes precursor concentrations
and consequently slows down the growth rate of core particles, so that the reaction
time span is sufficiently long enough to deposit shell reagents at various core sizes.
On one hand, as the precursor concentration is decreased, a large distribution of
particle size is expected according to the Ostwald-Ripening defocusing mechanim,**’
which explains that as the precursor concentrations decrease, the critical size of
particles increases. As a result, the growth of smaller particles during the reaction may
serve as nutrients for the larger ones, resulting in an increase in particle size as well as
size distribution. On the other hand, it has been well documented that an increase of
HDA leads to a reduction of size distribution, of which the phenomenon is analogous
to a refocusing process.””>"® The interplay between these two opposite effects can be
compensated for by optimizing HDA/TBP concentrations, giving rise to decent
particle-size tunablity with small size distribution as described in this study. In
comparison, the time-independent, unique-size-distribution obtained in method 2 can
be qualitatively rationalized by the ‘use-of sufficiently low surfactant concentrations.
Since surfactants act as capping agents as well as solvents, the precursor
concentrations increase accordingly and the growth rate of the core is largely
accelerated, eventually reaching a saturation of the particle size in a very short period.
This synthetic protocol is particularly useful when a quick, large-scale synthesis of
CdSe@ZnS nanocrystals is required without special consideration of the emission

peak frequency.

One reaction parameter deserves to be further discussed is the technical grade
TOPO of 90% purity applied in our synthetic scheme. One might consider the
impurity existing in TOPO, which mainly consists of octylphosphonic acid, may

interfere with the CdO complex formation. To examine such a possibility, we
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performed control experiments by comparing HDA/TBP and TOPO
(tech.-grade)/TBP solvent systems in synthesizing CdSe nanoparticles. In the
HDA/TBP system a color evolution from reddish to colorless was observed during the
elevation of temperature. In contrast, for the CdO-TOPO mixture the reddish color
remained unchanged for more than 4 hr at 340 °C. The results clearly indicate that the
complex formation for CdO is mainly assisted by HDA. Further support was given by
the synthesis of CdSe nanoparticles using high-purity TOPO (99%) in the
HDA/TOPO system. Under the same one-pot reaction condition, we obtained the
corresponding nanoparticles with optical properties similar to that synthesized by the

tech.-grade TOPO.

2.3.2. Products Characterization

Various techniques/spectros¢opy were exploitéd to characterize the prepared
nanocrystals. As shown in Figure 2.5a,b, the'elemental analysis based on the energy
dispersive spectroscopy (EDX) offered an‘unambiguous evidence for the presence of

Cd/Se, Zn/S (or Zn/Se) components. Furthermore, X-ray photoelectron spectroscopy

Counts/s

== =T T === T
158 160 162 164 166 168

Binding Energy (eV)

Figure 2.5 Energy dispersive spectroscopy (EDX) characterization of a) CdSe@ZnS and b)
CdSe@ZnSe nanocrystals prepared by the one pot reaction described in the text. ¢) X-ray
photoelectron spectroscopy (XPS) characterization of CdSe@ZnS core/shell nanoparticles.
The experimental data of CdSe@ZnS is fitted by four Gaussians peaks representing a S2p
(dashed) and Se3p (dotted) contribution.
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(XPS) signals collected on core/shell CdSe@ZnS nanocrystals also clearly indicated
the co-existence of S and Se in the core/shell structure by the appearance of the
characteristic peaks such as S2py, S2p3., Se3pin, and Se3ps, (see Figure 2.5¢). We
have also performed X-ray powder diffraction to examine the patterns of a series of
CdSe and CdSe@ZnS nanoparticles. As shown in Figure 1.8, upon ZnS encapsulation
the diffraction patterns shift gradually to high reflection angles. The result is a similar
trend as that reported by Dabbousi et al.** on the growth of core/shell nanoparticles.
Note recent studies on ternary CdxZn;«S nanocrystals also indicated that by
decreasing the Cd/Zn molar ratio in alloy the diffraction patterns gradually, 26 shifted
to higher values. However, for a homogeneous alloy one would expect a narrowing
XRD peak width upon increasing the particle size.®’ In contrast, a slightly peak
broadening was observed upon theshell addition (see Figure 2.6), supporting the
core/shell formation in the one-pot.reaction scheme. More characterization of the

core/shell composition is elaborated as-follows:

For nanocrystals with alloy compositions‘one would expect a blue shift of the
first exciton peak upon increasing the dopant concentration.®’ Furthermore, for the
Cd«Zn; S alloy a characteristic broad emission band at the region of 480-550 nm is
normally expected.®® In our tunable-size reaction scheme, the systematic red shift of
the absorption/emission spectra upon the encapsulation of ZnS (or ZnSe), in
combination with the absence of < 550 nm emission, negates the possibility of alloy
formation. Nevertheless, as was mentioned in the previous section, when the initial
Cd/Se ratio in method 1 was increased to as high as > 2.0, dual emission appeared, in
which the minor one maximized at 500 nm may partially be attributed to the

formation of CdyZn; S composites.
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Finally, control experiments have been performed based on the tunable-size
synthetic protocol to compare the properties between core only and core/shell
nanoparticles. Under identical experimental conditions, i.e., the same Cd/Se ratio,
surfactant concentrations, aging times, etc., the emission spectrum in each batch of the
core/shell formation is red shifted with respect to that of the core-only one (see Figure
2.8). The result reveals that further increase of the core/shell particle size is mainly
attributed to the shell passivation. Further photophysical supports were rendered by
the enhancement of the quantum efficiency on the core/shell structure in comparison
to the core only particles synthesized via the same approach. The results clearly reveal
the existence of improved passivation as well as the protective type structure
generated on the resulted core/shell particles. The shell passivation was also
confirmed by comparing the resulted particle sizes.from TEM micrographs, in which
within an identical aging time the average size'calculated for core/shell particles is

larger than that of the core only. 0.50

Taking the thickness of ZnS

045 -
monolayer to be 0.31 nm,** the

number of ZnS monolayer (ML)

o
Y
o
!
—~
2
S

overcoated on CdSe of batches 4

and 6 in Figure 2.8 was estimated

035 ‘ ‘

030 | Pk

Quantum efficiency
e

to be 1.5 and 3.6 ML,

respectively.

0.25

T T T T T T T
560 580 600 620
Wavelength (nm)

Figure 2.8 Control experiments performed on method
1 (tunable-size) with 6 different aging times (12
aliquots) are compared. Line (a) shows the evolution
and properties of core/shell formation, while (b)
depicts the properties of core only during the growth
process. Note: the shell stock solution applied here
for core/shell formation is zinc stearate/sulfur/TBP.
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The above experiments/observations provide unambiguous evidence for the
one-pot core/shell nanoparticles formation. One of our future aims is to develop
chemically modified nanoparticles toward the biochemical application. To achieve
this goal, we herein also demonstrated the feasibility of water-soluble quantum dots
preparation based on the synthesized core/shell nanoparticles. In this preliminary
study, a water-soluble 2-(12-Mecaptododecyloxy) methyl-15-crown ether capped
CdSe@ZnS core/shell was prepared by a standard surfactant desorption/ligand

1633 in which 2-(12-Mecaptododecyloxy) methyl-15-crown ether

exchange technique,
was synthesized by the alkylation of 2-(hydroxymethyl)-15-crown-5 ether with

dibromododecane, followed by

the replacement of the bromo- by
thio- group in the presence of

thiourea.’*®® The resulted two

different size QDs show naked
eye detectable emission light with

fluorescent quantum efficiency

/ \
(Q.Y.) of 0.1, possessing about 30 . J : W

500 550 600 650 700 750 800
nm bandwidth maximized at 580 wavelen gth (n m)

Normalized PL intensity (a.u.)

nm and 636 nm, respectively (see Figure 2.9 Emission spectra of two different size
’ 2-(12-Mecaptododecyloxy) methyl-15-crown ether

capped CdSe@ZnS nanoparticles in aqueous
solution (pH ~9). Inset shows the authentic
emission color of these two water-soluble
study, the same synthetic protocol =~ CdSe@2zZnS quantum dots acquired by a
hand-held UV lamp with 366-nm excitation.

Figure 2.9). In a comparative

was applied on the core-only
CdSe. The fluorescence of the resulting water-soluble CdSe was completely quenched

in aqueous solution, possibly due to the lack of shell protection.

2.3.3. Comparing Current Methods
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Finally, comparisons have been made here regarding other synthetic
approaches. Using CdO as a precursor, the synthesis of core Cd chalcogenides has
been reported by exploiting a combination of TDPA (tetradecylphosphonic acid)
/TOPO/TOP (tri-n-octylphosphine) ligands.* From the economic viewpoint, HDA
used in this study is much less expensive than TDPA. Although TDPA exhibits higher
reactivity than HDA in complexing CdO, the aging time for the complex formation
can still be fully accomplished within 1 hr using HDA. As shown in Figure 2.10,
using CdO as a precursor, in combination with the HDA ligand, we have also
successfully prepared high-quality core CdSe with a uniform size distribution.’®’
Obviously, this advantage may play a key role for future scaled-up production. As
described in an earlier section, Reiss et al.*” have developed a method incorporating
safer agents into the core/shell prepzlirat;on, yé;. TDPA and a nontrivial, two-step
synthetic process are involved. In additimg,i tﬁeshell ﬁ;aterials (zinc
stearate/Se@toluene) applied iﬁrReiss :qt.»ré‘l.—r’_&_work:wére found inappropriate in our
one-pot reaction scheme, althougl;l the -qctual ‘mechei‘r‘lism remains unsolved at this
stage. To make a successful one-pot reaction, shell composites were modified by
substituting toluene to TBP. Furthermore, we also succeeded in synthesizing
CdSe@ZnS nanocrystals simply by replacing Se with sulfur powder, indicating the
versatility and simplicity of the one-pot reaction scheme.

Using Cd(CH3), as a precursor encapsulated by HDA ligand, Talapin et al.”
reported on the preparation of
CdSe@ZnS nanocrystals based on
a two-step synthesis incorporating

preparation and separation of core

CdSe, followed by the second

Figure 2.10 TEM image of core CdSe nanoparticles
prepared from the CAO@HDA reaction system.
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reaction involving pyrophoric Zn/S stock solution. Finally, via the Cd(CH3), precursor
Hines and Guyot-Sionnest have reported on the one-pot synthesis of CdSe@ZnS
nanocrystals in the TOP/TOPO system.'® Under their reaction circumstance described,
we have attempted to synthesize naocrystals via CdO precursors but unfortunately
failed. Interestingly, in Hines et al.’s work, the spectral shift in terms of peak
frequencies is small between core and core/shell, and could be explained by a
decrease of the kinetic energy of the excited electron wavefunction upon spreading
wavefunctions into the shell. In comparison, a wide range of tunability of 60 nm was
consistently observed in our one-pot synthetic scheme. Similar phenomena were also
observed in Talapin et al.’s work, indicating that the encapsulation of ZnS shell is

accompanied by the growth of CdSe in HDA related systems.

2.3.4. Preparation and Application ‘ofDHLZ Capped CdSe@ZnS QDs

The success in the preparation
of DHLA capped CdSe@ZnS QDs
was supported by the TEM imagé

shown in Figure 2.11. In the case of

QDs with 625-nm emission (5.3 £ gjgyre 2.11 The TEM image of DHLA capped
) CdSe@ZnS nanoparticles before and after adding
0.2 nm) a quantum yield of Hg* (1.6 x 10* M).

0.18~0.25 in aqueous solution can be reproducibly prepared. As shown in Figure 2.12,
except for the 625 nm emission attributed to the charge recombination, no additional
band resulting from the deep trapped emission was observed in the region of 500-750
nm, demonstrating the superiority of core/shell QDs over the core-only QDs in view
of the molecule/ion recognition. Figure 2.12 also shows the emission spectra of the
QDs in neutral water titrated by Hg(ClO4)s@aq) from 107 to 10" M. Apparently, the

emission intensity decreased as the Hg2+ concentration ([C,]) increased, while no
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additional new  band
appeared throughout the
titration.  Taking  the
emission peak intensity of
Hg*'-free and Hg’"-added
QDs to be Fy and F,
respectively, the plot for
Fo/(Fo-F) versus 1/[C,]
revealed a straight line.
(see section 2.6. Appendix

for detailed derivation)

2.4+
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o
1

Relative Intensity (A.U.)
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—T— T 1
600 700 800
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Figure 2.12 The fluorescence spectrum of CdSe@ZnS QDs
(absorbance = 0.5 at 410 nm) in water (pH ~ 7) by adding
Hg(ClO,), concentrations (C,) of (a) 0, (b) 1, (c) 2, (d) 4, (e) 8,
(f) 12, (g) 16, (h) 20, (i) 24, (j) 32, (k) 64, (I) 128 equiv (1

equiv = 1.2 x 10°® M). Insert: The plot for Fo/(Fo-F) versus
1/[Cg4] (see text for definition). Aey : 410 nm.

The results indicate a 1:1 QDs:Hg?*" stoichiometry type of quenching process. Based

on the slope and intercept~of.'the plots, the-equilibrium constant for the

reaction/association of as high as (2.5:#0.2)-x-10* M"' was derived.

The titration experiments were also performed with the addition of other metal

jons, including Pb*",

Ba2+, Zn** and Cd*

specified by U. S.
Environmental
Protection Agency

(EPA)® as common

Relative Intensity

pollutants in drinking
water as well as other
metal ions such as Na',

K, Ca2+, Mn*" and
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Figure 2.13 The plot of QDs fluorescence as a function of

concentrations for various metal-ion salts and anions.
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Ni** (in perchlorate salts). Regardless of their concentrations, negligible change in the
emission intensity was observed upon increase of those metal ions up to 107 M.
Similarly, the effect of anionic species was also examined by adding NaNOs, NaOAc,
NaHCO;, Na,SO4 and various halogen anions (tetrabutylamonium salts) to the
QDs/Hg”" aqueous solution, and was found to cause negligible interference to the

luminescence intensity (see Figure 2.13).

or

S < {i‘x Hg% 2 HgS + Zn?* + Defected QDs

*-\;fp e 1. Hg(;}/R + Defected QDs

hv

uench of emission

strong emission

Figure 2.14 The tentatively proposed Hg®* recognition mechanisms based on DHLA capped
CdSe@2znS QDs. The resulting fluorescence changes (a) in solution containing Hg** (1.6 x
10 M) and (b) in a TLC plate soaked in aqueous Hg?* (5 x 10™° M) solution for 20 seconds.

From the viewpoint of application, we have also examined whether a similar
recognition capability can be applied in the heterogeneous solid film. To simplify the
process, a silica-based TLC plate was used as a solid support. This was dipped into an
aqueous solution containing QDs (optical density ~ 1.0 at 500 nm) for ~20 sec, and
then vacuum-dried to remove water. With the use of a commercially available
UV-lamp (366 nm) as an excitation source, bottom left of Figure 2.14 demonstrates
the bright orange-red emission for the Hg*'-free QDs soaked TLC plate, and, as
shown in Figure 2.14b, drastic diminution of the emission was immediately observed
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upon dipping the QDs coated TLC plate into an aqueous solution containing Hg™" (5 x
107> M). In comparison, no change in either intensity or colour of the QDs emission
upon being soaked in other metal-ions and anions applied above, regardless of their
concentrations. The selectivity for Hg”>" can be shown by competitive experiments, in
which the bright QDs emission in solution or TLC plate containing metal ions
specified above (except for Hg*") immediately diminished upon being immersed in
the Hg”" solution (107*-10° M). Alternatively, the quenched emission in QDs/Hg”"
containing aqueous solution (or TLC plate) remained unchanged by the addition of

metal ions specified above.

As supported by the 600
] 2+
lack of the growth of any 500 - OM Hg o
- —2.88x10"M Hg
. c - 5 2
new emission bands G 40 1.28x10"M Hg .
B —— system response function
e
during Hg*" titration, the &
& 300-
) c
quenching seems to be S
S 200+
@)
mainly due to the
100
increase of the
0

radiationless deactivation

Delay Time (ns)
of QDs upon the addition Figure 2.15 The decay dynamics of the QDs in H,O at various
added ng+ concentrations shown in the insert. Note that
although the initial intensit%/ of the long decay component
decreases as increasing Hg”", its decay time constant more or
less remains the same.

of Hg*". This viewpoint
can be further supported
by the associated QDs decay dynamics shown in Figure 2.15. In the Hg*'-free QDs
solution, the 625-nm emission can qualitatively be fitted by single-exponential decay
kinetics with a lifetime of ~30 ns. During the titration, we observed dual decay
components. The slower one with the initial intensity decreased as increasing the Hg”"

concentration was fitted to be 20-30 ns, which, within experimental error, can be
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ascribed to the emission of the Hg*"-free QDs. Conversely, the faster one was beyond
the system response limit (~200 ps) and could reasonably be attributed to the Hg”"
reacted QDs. Since the titrant concentration was around 107°-10™* M it is not likely
that the system-response-limit nonradiative decay is induced by a bimolecular
quenching process. Moreover, as indicated by the TEM image (Figure 2.11), both the
shape and size of the QDs remained intact before and after adding Hg*". This, in
combination with negligible changes of the absorption spectral features during the
titration, rules out either the breakdown or self-assembly of the QDs during the Hg”"

titration.

Having gathered the above information, we herein tentatively propose two
possible mechanisms, both of which incorporate the chemical reaction between Hg*"
and DHLA capped QDs. One proposed mechaniisminvolves the redox reaction in that
DHLA is oxidized to form a disulfide linkage and detached from QDs, accompanied
by the reduction of Hg*" that possibly co-deposits on the surface of QDs (see Figure
2.11). Alternatively, it would also be plausible that substituted reaction takes place
between Hg*" and the shell material ZnS, forming HgS on the QDs. Both reaction
mechanisms create crystal defects, so that a deep trap of the electron may take place,
resulting in drastic quenching of the emission intensity. For the latter case, a similar
mechanism has recently been proposed by Liang et al.” based on the reaction of Ag”
with the mercaptoacetic acid capped, bovine serum albumin stabilized CdSe, forming
Ag>S on the surface. Both mechanisms would be able to make they possible to
rationalize the high selectivity of Hg”" mainly by the highest reduction potential for
Hg”" (0.851 V)" among the studied metal ions catalogued by EPA as drinking water
contaminants.®® Another supportive evidence can be rendered by a titration pattern

similar to that of Hg2+ for Ag" (~0.80 eV) and Au’" (1.50 eV, to Au”),” the reduction
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potentials of which are equivalent or higher than that of Hg*" (see Figure 2.12 for the
fluorescence titration). Note that Ag” and Au’" are not common pollutants catalogued
in EPA.®® However, since the actual surface nature of the QDs remains unclear, more
advanced experiments are required to shed light on the actual reaction mechanism.
For example, it has been previously proposed that Hg** could be used in the catalytic
desulfurisation of organic moieties.*’ Thus, it is possible that a large portion of the
dithiol linkages on the surface of QDs have been strip off due to a catalytic process. In
this case, despite numerous dithiol capped sites provided for each QD to react with
Hg”", a 1:1 (Hg*":QDs) reaction stoichiometry still holds, as determined from the

fluorescence titration study.

2.3.5. Preparation and Application of 15-Crown-5 Functionalized
CdSe@ZnS Quantum Dots

Figure 2.16A and B depicttypical transmission IR spectra of neat MCE and
MCE-capped CdSe@ZnS QDs, tespectively.-The gross resemblance in both spectral
features and peak positions for several vibrational modes such as C-H stretching
(2800-3000 cm™) and bending (~1100 cm™), and especially the C=0 stretching
motion of the ester functional group at 1732 cm™ seems to guarantee a successful
attachment of MCE onto CdSe@ZnS QDs. Further firm support of this viewpoint can
be provided from the subtle differences between Figures 2.16A and B. As shown in
the range of 2400-2600 cm™, the absence of S-H stretch band in Figure 2.16B
unambiguously supports the formation of the CdSe@ZnS-sulfur bond. Figure 2.16C
also depicts the TOPO capped CdSe@ZnS QDs prior to the modification with MCE.
Apparently, the spectrum shown in Figure 2.16C is entirely different from that of
Figure 2.16B. Especially, the characteristic band associated with TOPO at 1165 cm’™

(>P=0) disappears upon encapsulating MCE (see Figure 2.16B), suggesting that
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MCE-capped particles have very few of adsorbed TOPO remained. In summary,
various experimental evidences lead to a clear scheme that the preparation of

MCE-capped CdSe@ZnS QDs was successful.

|8 i | :
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o~ !
C |
2925 2548 1732 1165
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4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm'1)

Figure 2.16 Transmission IR spectra of (A) neat MCE, (B) MCE-modified CdSe@ZnS QDs
(5.6 nm/0.8 nm, KBr pellet), (C) TOPO capped CdSe@ZnS QDs. Note that the arrow pointing
to the disappearance of S-H stretching in the MCE-modified CdSe@2ZnS QDs.

Figure 2.17 depicted the fluorescence titration spectra of CdSe@ZnS (3.2/0.9 nm)
and CdSe@ZnS (5.6/0.8 nm) QDs in water (pH ~ 7) by adding KClO4 concentrations
(Cg) up to ~ 1.8 x 10° M. To shorten the results and discussion, hereafter, the terms
“green” (540 nm) and “red” (640 nm) QDs were used to represent CdSe@ZnS
(3.2/0.9 nm) and CdSe@ZnS (5.6/0.8 nm), respectively, unless specified elsewhere.
Also, for the clarity of the following discussion, the absorption spectrum of the
corresponding QDs prior to the K" titration is also depicted. However, negligible

changes on the absorption features were observed during the K' titration is also
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depicted. Furthermore, it is difficult to determine the actual concentrations of green
and red QDs due to the lack of precise molar absorptivity (extinction coefficient) for
CdSe@ZnS QDs. Qualitatively, we simply took the € value at 420 nm for green and
red QDs to be the same as those for core only, i.e. CdSe (3.2 nm) &~ 5.0 x 10*
M'em™ and CdSe (5.6 nm) & ~ 5.0 x 10° M'em™, reported by Peng and coworkers.”"
Since green and red QDs were prepared to be 0.16 and 0.14 at 420 nm, the
concentration was estimated to be 3.0 x10 (green QDs) and 3.0 x 10”7 M (red QDs),

respectively.

Prior to titration, dual emission was observed with peak wavelengths at 540 and

630 nm. Since the excitation

—O0Mm
spectra monitored at 540 and ——34x10°M
ﬂ 1.0x10°M
630 nm resembled each o | —14x10°M |
o ‘ 2.7x10:M —
individual, i.e. solely green S °:5x10 M| =
o 11x10" M | =
. = | —22x10"M| 5
O |
or red QDs absorption 7 | 44x10°M | @
= | —88x10"M [<
< \ .0 X <
spectra (not shown here), * 18x10°M
there 1is no interaction
T T T T T T T T T
between the prepared green 400 500 600 700 800

Wavelength (nm)

Figure 2.17 The fluorescence titration spectra of
CdSe@ZnS (3.2/0.8 nm) and CdSe@ZnS (5.6/0.8 nm)
can safely conclude that QDs (absorbance = 0.15 at 420 nm) in water (pH ~ 7) by

adding Hg(ClO,), concentrations (Cg) of (a) 0, (b) 1, (c) 2,
negligible energy or electron (d) 4, (e) 8, (f) 12, (g) 16, (h) 20, (i) 24, (j) 32, (k) 64, (1)
128 (m) 256, (n) 512 equiv (1 equiv = 3.4 x 10° M). For
the clarity of reading the absorption spectrum of the
corresponding QDs prior to the K titration is also depicted.
. . However, negligible changes of absorption features were
green and red QDs in this  observed during the K titration.

and red QDs. As a result, we

transfer takes place between

dilute solution. Upon adding KCIO, appreciable precipitation was promptly formed
and visualized by naked eyes. This phenomenon can be best demonstrated by an

experiment in that a single color CdSe@ZnS (4.8/0.8 nm) QDs was prepared and
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served as a host for the K" titration. As
shown in Figure 2.18A-C, the K'-free

solution with bright orange-hue emission

(Amax ~ 595 nm) undergoes aggregation

Figure 2.18 Photographs of (A) 54.9 nM
. . . . . CdSe@ZnS QDs in CH;CN, and (B)
resulting in a snowing-like luminescent subsequently addition of KCIO, of 10?M.

(C) Similar to (B) except for a span of 5
QDs during the precipitation (Aex ~366 nm  minutes.

upon adding a batch of [K] of 2 x 107 M,

with a conventional UV lamp). Moreover, significant difference in the TEM images
can be promptly perceived. For the case of K™ free CdSe@Zn$ (4.9/0.8 nm) the TEM
images (see Figure 2.19) show semi-separately, dispersed particles, although the
contrast for each individual QDs is vague possibly due to the interaction of MCE
chains among QDs when concentréféa: In c;%i{rﬁst, an apparent aggregation of QDs
was seen upon adding 107 MKJr Beé‘élilée-"thefe.-lare multiple binding sites (i.e.
multivalency) on the sphere of MCE-cappeéQDs .‘forfthe reversible complexation, the
aggregates may be further evc;)l"ved-. into a h“e;i‘agonally close-packed structure.
Unfortunately, the MCE interaction among QDs makes this evolution impossible.

It is well documented that the recognition of K™ based on 15-crown-5 derivatives
incorporates a 2:1 (15-crown-5: K") 15-crown-5/K/15-crown-5 sandwich type of
association. Quantatively, Flink et al.®* has determined the trimolecular formation

constant of K’ with

15-crown-5 in  aqueous
solutions to be as large as

27100 M2 In view of

MCE-capped QDs, two A Fad AN

. R Figure 2.19 TEM micrographs of 15-crown-5

possible binding schemes for  fynctionalized CdSe@znS (5.0/0.5 nm) QDs (A) before
and (B) after addition of 0.1 mM K" into 54.9 nM colloidal
CdSe@ZnS solutions.
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the sandwich complexation are proposed, one of which incorporates two 15-crown-5

6465 clipping a K ion (i.e. the

molecules from neighboring arms of the same QDs
intramolecular association). Alternatively, two 15-crown-5 molecules may originate
from different QDs, forming an intermolecular type of association. For the
intramolecular case, the exterior of sandwiched crown ethers and thus the entire
nanoparticle may turn out to be hydrophobic. As a result, the polar aqueous medium
enhances the van der Waal’s interaction among hydrophobic nanoparticles, inducing
the aggregation and subsequently the precipitation.”” For the intermolecular type of
recognition, QDs and K" are networked via sandwich complexes, followed by the
precipitation as soon as the entire network becomes water insoluble (see Sceme 1).
Two key experimental results elaborated afterward support the mechanism of

1.°* has*determined that the Na* recognition

intermolecular association. First, Elink et a
by the 15-crown-5 molecules should be from 1:1 K'/15-crown-5 association with a
bimolecular association constant of 60-—-M-. in “aqueous solution. Thus, upon
encapsulating Na™ by 15-crown-5, the:QDs become more hydrophobic, the structure
of which should be very similar to intramolecular type of K binding. However, given
the fact that excess addition of Na' (~ 0.1 M) does not induce any precipitation, the
scenario based on intramolecular type of association is less likely responsible for the
efficient recognition of K.

Secondly, if the recognition mechanism were mainly based on the intramolecular
association, there would be a lack of interplay between QDs. In contrast, for the case
of dual color systems, the decrease (increase) of green (red) QDs intensity upon
increasing the K concentration strongly suggests the occurrence of energy transfer
between green and red QDs bridged by K". Via semi-empirical (AM1) calculation, on

the geometry optimized QD/K/QD, the distance between K bridged two QDs was

estimated to be ~30 A. Thus, the occurrence of a Coulombic, i.e. Férster, type of
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energy transfer is plausible. The rate of Forster type of energy transfer for an energy

donor and acceptor separated by a distance r is given by

kr(r)

B QDk2 9000 (In10)
1287° Nn*

] [F, (e, ()2 dA (1)

r,r’
where @, isthe quantum yield of the donor in the absence of acceptor; n is the
refractive index of the medium, which is typically assumed to be 1.4 for biomolecules
in aqueous solution.; N is Avogadro’s number;z,, is the lifetime of the donor in the
absence of acceptor; £, (A)1s the corrected fluorescence intensity of the donor in the
wavelength range 4 to A+ AA, with the total intensity (area under the curve)
normalized to unity; &,(1) is the extinction coefficient of the acceptor at A, which
is typically in units of M cm™; k?is a factor describing the relative orientation in
space of the transition dipoles of the donor and acceptor and assumed to be equal to
2/3, which is appropriate for dynamic random-averaging of the donor and acceptor.
Note that in eq. | we wrote the transfertatek,—as afunction of r,and k,(1),to
emphasize its dependence on distanee.

On the above basis, it is apparent that the 545 nm green emission overlaps well
with the continuous absorption of red QDs. These, in combination with an ¢ value of
~5.4 x 10*M"em™ around 545 nm for the red QDs and large transition dipole (short
radiative lifetime of 50 ns, vide infra) for the green QDs, unambiguously support the
occurrence of Forster, type of energy transfer upon K association. Statistically, there
will be three possible combinations regarding QDs/K'/QDs association, namely the
green/K /green, red/K'/red and green/K'/red structures, in which the probability of
forming the green/K /red configuration is predicted to be 50% under the condition of
equal molarity for green and red quantum dots. Supplementary support for the Forster
type of energy transfer is provided by the decay dynamics. Figure 2.20 shows the

relaxatgion dynamics of green QDs before and after the addition of K'. In this
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experiment the green QDs was monitored at 545 nm in a mixture of green and red
QDs in CH;CN free from K' (upper one). The decay can be well fitted by single
exponential decay kinetics with an average lifetime of 18 ns. Similar to the upper
trace, except for the addition of 10° M KClO,, the decay trace is best fitted by two
single exponential decay components with decay times of ~20 ns and 8.0 ns,
indicating the occurrence of energy transfer and hence the reduction of green/K /red
structure.

Finally, one remarkable feature is in that the luminescent properties are

insensitive  to  addition of 1500 -
numerous physiologically —— Without K"
. 1000] | With K*
important cations, such as Li’, o
c
>
Cs", NH,", Mg®", and Ca*". The 8

high selectivity again indicates

the formation of 2:1 sandwich

, . 0O 20 40 60 80 100 120
complexes with K'. The Delay Time (ns)

) Figure 2.20 (black) The emission trace of green QDs
unusually large formation  monitored at 545 nm in a mixture of green and red
QDs in H,O. (gray) Similar condition, except for the

constants are attributed to the addition of 1.8 x 10 M KCIO, Amax ~ 400 nm.

less polar environment inside the monolayers, which resembles the aforementioned
less polar solvents.**® Similarly, in this present study, the 15-crown-5 moiety poises
at the interface of the aqueous phase and alkanethiol monolayers. The curvature of the
nanoparticle renders a lower packing density further away from the surface and thus
creates space facilitating preorganization of 15-crown-5 for K'. Therefore,

complexation of K™ with MEC-capped QDs is facile in water.

2.4. Conclusions
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In the beginning of this chapter we have elaborated the strategy of one-pot
syntheses of CdSe@ZnX QDs and it associated wavelength tunability and suitability.
In view of convenience it is undoubted that one-pot reaction scheme can shorten the
reaction time, whereas the fine-tuning of color is still feasible, if one does not greatly

consider the quantum efficiency.

For the view point of applications, we have demonstrated a practical system
based on DHLA capped CdSe@ZnS (core/shell) QDs to fluorogenically probe Hg*"
in aqueous solution and solid film at room temperature. Submicromolar sensitivity has
been achieved promptly with this system, of which the mechanism is tentatively
ascribed to crystal defects created by the substituted reaction between Hg”™ and
DHLA capped QDs, resulting in the quench of the emission. The sensor is found to be
highly selective, being insensitive: to other metalsions of concern as drinking water
pollutants. The high quantum “yield, narrow-bandwidth and impurity-emission-free
fluorescence make this DHLA capped-€dSe@ZnS QDs suited to monitor Hg*"

environmentally.

In another approach, we have demonstrated that CdSe@ZnS QDs modified with
15-crown-5 in water exhibit excellent selectivity toward K'. The recognition is
achieved by aggregation networked by the QDs/K'/QDs sandwich type of
complexation depicted in Scheme 2.2. Single transduction can be achieved coarsely
by precipitation and thus via the quenching of the fluorescence. Alternatively, in view
of fine-tuning at low K concentration, recognition can be reported through the
sandwich type of association so that energy transfer takes place between dual color
QDs. Unfortunately, due to the unknown multiple recognition sides for each QDs as
well as the complicated network structure of the association, further quantitative

studies such as the thermodynamics of complexation (association constant, free
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Scheme 2.2 The proposed K" recognition scheme through an intermolecular
MCE-CdSe@ZnS| K| MCE-CdSe@Zn$S sandwich type of association. Note that an
intramolecular type of MCE-CdSe@ZnS| K'| MCE-CdSe@2Zn$S association is quite unlikely
due to a possible large steric barrier for the deformation of MCE.

energy, etc) cannot be resolved at this stage! Nevertheless, in a qualitative manner,
other than extending the sensitivity range, we present the dual color energy transfer
method as a general detection scheme, which renders-a great versatility and flexibility

in view of future applications.
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2.6. Appendix
Based on a 1:1 QDs@Hg"" ratio of the reaction and the assumption of negligible
consumption of the Hg”", the stoichiometry of flie reaction can be expressed as
QDs + Hg2+ = QDs (defected) + associated product
Initial Co i 0 0
Final Cy-C,=Cwm Ce-Cp~ Gy Cp Cp

Prior to the addition of Hg(ClOy4),, the absorbance A4y of QDs can be expressed as

I I
4y =5,Cy = ———in =ty . _Lw
2.303 1,” 23031,

o1, =2303C,z, 1,

Where &) is the molar extinction coefficient of QDs, Iy and /,, denote number of
photons being applied and absorbed at a specific wavelength of e.g. 500 nm. The
fluorescence intensity, Fy, of QDs should be proportional to /,,®, where @), denotes

the fluorescence yield of QDs, and can thus be expressed by

F,=2303al,¢,C,D, where a is an instrumental factor including sensitivity,
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alignment, etc. of the detecting system. After adding Hg™",

1,=23031(¢,C, +&,C,), and based on a similar derivation, the fluorescence

intensity F can be expressed by F =2.303k/,(¢,C, P, +¢&,C, @ ) where & and

@, denote the molar extinction coefficient and fluorescence quantum yield of the
defected QDs, respectively. @) and @, are assumed to be constant throughout the
titration. Note that the reaction equilibrium constant K, of the reaction can be

expressed as

K = Cp =C0_CM C. = ¢
©c,c, C,C, YOK,.C, ]
C tly, F=2.303kI ¢, ( S D, +¢&,(C S )D ]
onsequently, =< oley " 77T 0" o ~ 1
IO ’ K,C,+1" 7
£y Coeu® y

Fy-F [, C
Coey @, =] 2oy ® = | C)——— " |¢,®
R [KanJrl]M 4 (0 Kan+1]p !

o (Kan +1)®M8M _ q)MgM 1 +1 (l)
Kan(d)MgM —gpq)p) (D,,e, —q)pgp) Kan

For the case that @, is ~0 equation (1) can be simplified and rewritten as

ot Y B )
F,-F | K,C,

The validity of this approach can be examined from a linear plot for Fo/(Fo- F)
versus [guest] . Accordingly, K, can be deduced from the ratio of the intercept versus
the slope. Using data shown in Figure 2.9 of the text linear plots of Fo/(Fy- F) versus
[Hg* ™" are depicted in the insert, supporting the 1:1 complex formation. K, was then

deduced to be ~ (2.5 +0.2) x 10* M.
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