CHEMISTRY OF

MATERIALS

Aqueous Route to Biocompatible ZnSe:Mn/ZnO Core/Shell Quantum
Dots Using 1-Thioglycerol As Stabilizer

Abdelhay Aboulaich," Lavinia Balan,” Jaafar Ghanbaja,§ Ghouti Medjahdi,# Christophe Merlin,J‘ and
Raphaél Schneider™"

"Laboratoire Réactions et Génie des Procédés (LRGP), UPR 3349, Nancy-University, CNRS, 1 rue Grandville, 54001 Nancy Cedex,
France

Institut de Science des Matériaux de Mulhouse (IS2M), LRC 7228, 15 rue Jean Starcky, 68093 Mulhouse, France
SSCMEM and “IJL, Nancy-University, BP 70239, 54506 Vandoeuvre-lés-Nancy Cedex, France

Laboratoire de Chimie Physique et Microbiologie pour 'Environnement (LCPME), UMR 7564 CNRS-Nancy-Université,
15 Avenue du Charmois, 54500 Vandoeuvre-les-Nancy, France.

eSuppurting Information
ABSTRACT:
H
;OH
S
HO_ OH I r_(o H 3
\"&‘S\ ZnoO /S OH L] % —_
22 44 cCB—
50 T,
OH ® > ——
Ho A _s— —S"YTOH g2 ;|
\V o
OH s g mvﬂw - z
25 6+ —_FA,
/ Ns c 8
HO | 3\ w> -1 VB— o
HO HO' om 2
-+
HO ZnSe Mn ZnO
HO

Water-dispersible 1-thioglycerol-capped Mn-doped ZnSe quantum dots (QDs) were prepared in aqueous solution through the
nucleation-doping method by using safe and low-cost inorganic salts as precursors. Influence of the Zn/Se ratio, precursors
concentrations and reaction pH on the particle size, colloidal stability, and photoluminescence (PL) were investigated. Under
optimal conditions, thioglycerol-capped ZnSe:Mn QDs with an average diameter of 3.5 nm and a PL quantum yield of 3.5% in water
at neutral pH were produced. X-ray powder diffraction, X-ray photoelectron spectroscopy, transmission electron microscopy,
UV —visible spectroscopy and spectrofluorometry have been used to characterize the crystal structure and the optical properties of
the dots. Remarkable improvements of stability in biological medium and PL were achieved by introduction of a ZnO shell through
basic hydrolysis of Zn(NOs),. ZnO was found to eliminate the surface-trap state from Mn**-doped ZnSe cores and enhance their PL
quantum yield to 12%. Growth inhibition tests showed that core/shell ZnSe:Mn/ZnO@TG QDs do not exhibit any cytotoxicity
toward E. coli bacterial cells up to a concentration of 0.14 mg/mL, indicating that these nanocrystals can be considered as building
blocks for the synthesis of bioprobes for cells and tissues imaging.

KEYWORDS: quantum dots, Mn-doped ZnSe, thioglycerol, surface modification, ZnO, core/shell, photoluminescence,
cytotoxicity

1. INTRODUCTION ZnS, or CdTe/ZnTe) that are more robust against chemical
degradation or photooxidation than the parent cores.'”'" Un-
fortunately, the toxicity of cadmium is a concern that will limit
the use of these visible or near IR emitting nanocrystals,
especially for applications directly related to human health. With
regard to the inherent problems of heavy metal-containing QDs,
the search for alternative probes has become one of the most
challenging aspect of working with these materials in biological

Quantum dots (QDs) or semiconductor nanocrystals are of
great interest to fundamental studies but have also potential
applications as biological probes,"* fluorescent biosensor,” light-
emitting diodes (LEDs),* and solar cells.® Compared to conven-
tional organic dyes, QDs possess many advantages, including
high photoluminescence quantum yields (PL QYs), photo-
bleaching stability, continuous absorption band, and size-tunable
photoluminescence.’” For biological labeling, the most studied Received: ~ May 6, 2011
QDs are the nanocrystals of CdSe and CdTe and the corre- Revised:  July 12,2011
sponding core/shell structured QDs (such as CdSe/ZnS, CdTe/ Published: July 27, 2011
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and medical fields. Promising Cd-free QDs are doped semicon-
ductor nanocrystals.">~ '

Doping with atomic impurities is an eflicient way to manip-
ulate the fluorescence emission spectra of wide bang gap
semiconductors like ZnS or ZnSe that emit in the violet or blue
region. A system of recent interest has been Mn>*-doped ZnSe
(ZnSe:Mn). In ZnSe:Mn dots, a small amount of Mn>" is
incorporated into the host ZnSe nanocrystalline lattice, which
results in visible fluorescence at ca. 590 nm attributed to a *T; —
6A1 transition of Mn>* ions in T, symmetry.ls’17 Moreover,
doping with Mn>* can impart remarkable magneto-optical
properties to QDs."®

In the past decade, numerous organometallic routes were re-
ported to synthesize ZnSe:Mn QDs."”*® These syntheses require
pyrolysis (around 300 °C) in hot coordinating solvents such as
tri-n-octylphosphine (TOP), tri-n-octylphosphine oxide (TOPO)
and hexadecylamine (HAD), followed by the crystal growth at
lower temperature (typically between 200 and 300 °C). QDs
thus produced are capped by hydrophobic ligands and are only
dispersible in low polar organic solvents such as toluene or
chloroform.

Direct synthesis of ZnSe:Mn QDs in water is a promising
alternative route to organometallic reactions and facilitates the
use of the dots in biological systems. Hydrothermal synthesis
offers also the following advantages: (1) lower reaction tempera-
ture (80—100 °C) with comparable PL QY; (2) does not use
toxic and expensive organometallic reagents; (3) surface func-
tionalization during synthesis without further treatment; (4)
comparatively smaller sizes (3—8 nm) than those obtained after
encapsulation of hydrophobic QDs with amphiphilic lipids or
polymers (generally >20 nm); (5) more reproducible. Significant
advances have been made in the aqueous synthesis of ZnSe:Mn
QDs during the past two years. Wang et al. have reported the first
aqueous route to ZnSe:Mn QDs capped by 3-mercaptopropionic
acid (MPA).”” This method was very recently extended to color-
tunable ZnSe:Mn QDs.*® Fang et al.** and our group®® have very
recently described the preparation of core/shell ZnSe:Mn/
ZnS@MPA QDs in aqueous media with improved PL QYs
compared to the ZnSe:Mn cores.

The interface between the organic molecules stabilizing the
QD dispersion and the surrounding medium largely influences
the colloidal properties of the nanoparticles, such as the hydro-
dynamic size, charge and intermolecular/interparticle interac-
tions. Hydrophilic thiols bind to QD surface atoms and sim-
ultaneously stabilize QD dispersions in polar solvents, and as
such, are responsible for the surface-related optical properties of
the QDs. 1-Thioglycerol (TG) is an effective size-regulating and
stabilizing agent for II—VI semiconductor nanocrystals.>' >’ On
the basis of the classical model of La Mer, the nucleation is
followed by crystal growth via coalescence and fusion of smaller
clusters.”®>? Because the two hydroxyl groups of TG are partially
charged at pH values higher than 9, TG was found to significantly
affect coalescence and fusion of ionic monomers or clusters
during CdSe and CdTe QDs syntheses.

Herein, for the first time, we describe the preparation of TG-
capped ZnSe:Mn QDs in aqueous solution using a mixture of the
dopant and of the host precursor during the nucleation step (also
called nucleation-doping strategy). The resulting QDs grown by
this alternative method were found to be with high optical
quality. Only pure dopant emission at ca. 590 nm without trap
state emission was observed. Capping QDs with inorganic
shells is an efficient strategy to optimize their PL QYs, surface

functionality, and photochemical stability. A few studies, how-
ever, have demonstrated that introduction of an inorganic shell at
the surface of TG-capped QDs is often prol:)lemzitic36’40 and
could only efficiently be achieved by ultrasonic irradiation of
aqueous dispersions of the nanocrystals in the thiourea used to
deposit a sulfur containing shell.*' In this work, we take
advantage of the hydroxyl groups of TG to use TG-capped
ZnSe:Mn QDs as template cores to introduce a ZnO shell. This
passivation allows a marked improvement of the emission
properties of the nanocrystals. The core/shell ZnSe:Mn/
ZnO@TG QDs have a PL QY of 12% in water at neutral pH.

2. EXPERIMENTAL SECTION

2.1. Reagents and Materials. Zinc sulfate heptahydrate (ZnSO,.
7H,0, 99.99%), zinc nitrate hexahydrate (Zn(NOj3),. 6H,0, 98+%),
manganese acetate tetrahydrate (Mn(OAc),. 4H,0, 99%), 1-thiogly-
cerol (TG, 99%), selenium powder (99.5%, 100 mesh), sodium bor-
ohydride (NaBH,, 98%), and acetone (HPLC grade) were used as
received without additional purification. All solutions were prepared
using Milli-Q water (18.2 MQ cm™ ', Millipore) as the solvent.

2.2. Synthesis of TG-Capped ZnSe:Mn QDs. The preparation
of NaHSe was performed according to Klayman et al.* with some
modifications. Under an argon atmosphere, 76 mg (2.009 mmol) of
NaBH, was added to a small flask cooled with ice containing 1 mL of ultra-
pure water. 79 mg (1.004 mmol) of selenium powder was then added
and a small outlet was connected to the flask to discharge the hydrogen
pressure generated by the reduction of Se into NaHSe. After 3h at 4 °C,
the black selenium powder disappeared and a white NaHSe solution was
obtained. The solution was diluted with 19 mL of argon-saturated water
and the concentration of the final NaHSe solution was 0.05 M.

In a typical procedure, solutions of 0.1 M ZnSO,. 7H,0 (S mL), 0.01 M
Mn(OAc),. 4H,0 (2 mL) for a Mn** doping of 4% relative to Zn** and
0.1 M TG (20 mL) were mixed and the pH of the mixture was adjusted
to 9.5 by dropwise addition of a 2 M NaOH solution. The molar ratio
7Zn>"/Se*” /TG in the solution was 1/0.9/4. The solution was placed in
a three-necked flask fitted with a septum and valves, and further stirred
under argon for 1 h. Nine mL of a freshly prepared NaHSe solution
(0.05 M) were then injected through a syringe into the mixture at room
temperature. Subsequently, the reaction mixture was heated to reflux at
100 °C for 16 h under argon flow with a condenser attached. The
reaction was terminated by allowing the reaction mixture to cool down
to room temperature. The obtained TG-capped ZnSe:Mn nanocrystals
were purified by centrifugation in acetone, washed 3 times with acetone,
and then dried in vacuum at room temperature for 2 h before
measurements.

2.3. Deposition of ZnO Shell around ZnSe:Mn QDs. For the
ZnO shell growth, a simple procedure based on hydrolysis and con-
densation of Zn(NO3), in basic medium was adopted. Typically, 20 mg
of ZnSe:Mn QDs were dispersed in 40 mL of water. The pH was
adjusted to 10 with 0.1 M NaOH. Then, an appropriate amount of 0.05
M Zn(NOj3),.6H,0 aqueous solution was added dropwise to the ZnSe:
Mn@TG suspension under vigorous stirring at room temperature. The
ZnO/ZnSe:Mn molar ratio was varied (by varying the volume of 0.05 M
Zn(NO3),.6H,0 aqueous solution) from 0.05 to 0.3. The reaction
mixture was concentrated down to approximately S mL, TG-capped
core/shell ZnSe:Mn/ZnO nanocrystals were precipitated with acetone
and dried in vacuum (30 mmHg, 2 h, room temperature).

2.4. Instrument. Transmission electron microscopy (TEM)
images were taken by placing a drop of the particles in water onto a
carbon film-supported copper grid. Samples were studied using a Philips
CM20 instrument operating at 200 kV equipped with Energy-dispersive
X-ray Spectrometer (EDS). The X-ray powder diffraction (XRD)
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Figure 1. Schematic representation of the two-step synthesis of ZnSe:
Mn/ZnO@TG core/shell QDs.

diagrams of all samples were measured using Panalytical X'Pert Pro
MPD diffractometer using Cu Ko radiation. The average particle size
was calculated from line broadening using the Topas application (Bruker
XAS). We used the Fundamental Parameters approach (FP)** and the
instrumental broadening was determined using standard LaB6 powder.
The X-ray powder diffraction data were collected from an X'Pert MPD
diffractometer (Panalytical AXS) with a goniometer radius 240 mm,
fixed divergence slit module (1/2° divergence slit, 0.04 rd Sollers slits)
and an X' Celerator as a detector. The powder samples were placed on
zerobackground quartz sample holders and the XRD patterns were
recorded at room temperature using Cu K, radiation (4 =0.15418 nm).

XPS measurements were performed at a residual pressure of 10™°
mbar, using a KRATOS Axis Ultra electron energy analyzer operating
with an Al Kot monochromatic source. Absorption spectra were
recorded on a Perkin-Elmer (Lambda 2) UV—visible spectrophot-
ometer. Fluorescence spectra were recorded on a fluorolog-3 spectro-
fluorimeter F222 (Jobin Yvon) using a 450 W xenon lamp. The QY
values were determined from the following equation:

QY(SW"PZC) = (Fsample /Fref) (Aref /Asample) (nsamlpcz/nmfz) Q,Y(ref)

where F, A, and n are the measured fluorescence (area under the
emission peak), absorbance at the excitation wavelength and refractive
index of the solvent respectively. PL spectra were spectrally corrected
and quantum yields were determined relative to Rhodamine 6G (QY =
94%).** The fluorescence lifetimes were measured by a FluoroMax-4
spectrofluorometer (Jobin Yvon) using a NanoLED emitting at 372 nm
as an excitation source with a nanoled controller module, Fluorohub
from IBH, operating at 1 MHz. The detection was based on an R928P
type photomultiplier from Hamamatsu. Fourier transform infrared
spectroscopy (FT-IR) was performed using a Bruker Vector 22 spectro-
meter. Dynamic light scattering (DLS) was performed at room tem-
perature using a Malvern zetasizer HsA instrument with a He—Ne laser
(4 x 107 W) at a wavelength of 633 nm. The QDs aqueous solutions
were filtered through Millipore membranes (0.2 um pore size). The data
were analyzed by the CONTIN method to obtain the hydrodynamic
diameter (dy;) and the size distribution in each aqueous dispersion of
nanoparticles.

2.5. Cytotoxicity Tests. Bacteria were routinely cultured at 30 °C
in 100 mL conical flasks filled with 20 mL of MOPS-buffered RM
medium®® supplemented with 0.2% gluconate, 0.02 mM Fe(+3)-
(NH,)citrate and 0.1% (v/v) of the trace elements solution SL 7 of
Biebl and Pfennig,46 using an Innova 3100 water bath shaker (New
Brunswick) set at 160 rpm. Growth inhibition tests were carried out on
Escherichia coli MG1655* as previously described.* Briefly, bacteria were
pregrown in RM medium without QDs until the cultures reached midlog
phase (optical density [OD] at 600 nm around 0.2). Cultures were then
diluted one-tenth in prewarmed amended RM medium supplemented
with the desired concentration of QDs and the DOgo was measured at
intervals of 20 min (using a UVmc2 safas spectrometer UV—visible
spectrometer). The doubling times of exponentially growing cultures
were calculated and compared from one experiment to another in order
to evaluate the toxic effect of a given QD when compared to the control
(extended doubling time). Typically, under these conditions, E. coli
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Figure 2. Temporal evolution of (a) UV—visible and (b) photolumi-
nescence spectra of ZnSe:Mn@TG QDs during the growth of nano-
crystals at 100 °C.

MG16SS exhibits a doubling time of 119 min with a standard deviation
of 8 min in absence of QDs.

3. RESULTS AND DISCUSSION

A two-step procedure was adopted for the preparation of
core/shell ZnSe:Mn/ZnO QDs. In the first step, thioglycerol-
capped ZnSe:Mn core QDs were prepared using a mixture of the
dopant and of the host precursor. The ZnSe:Mn cores were
further overcoated with different thicknesses of ZnO shell in
aqueous solution through precipitation reaction (Figure 1).

3.1.Influence of Precursors Ratio, pH, and Concentrations
on ZnSe:Mn Core Synthesis. The aqueous synthesis of ZnSe:
Mn core nanocrystals commences with the reaction between
Zn**, Mn>", and Se”~ in the presence of TG at room tempera-
ture. Similarly to our previous report,>® we found that good
quality ZnSe:Mn@TG QDs (PL QY = 3.5%) were obtained (i)
using NaHSe in short supply (by ca. 0.9-fold) relative to the mole
amount of the Zn** precursor, and (ii) using 4% Mn”" relative to
Zn>*. All samples prepared with Se/Zn ratios higher than 1
showed almost no Mn>" emission but only ZnSe bandgap
emission together with strong trap emission. The pH of the
reaction mixture played a determining role for the reproducibility
of the synthesis. If the preparation of TG-capped ZnSe:Mn QDs
is conducted at pH 10.3 like described for MPA-capped ZnSe:
Mn QDs, a brown color, most likely associated to the high
susceptibility of the primary formed Mn>"/thioglycerol clusters
to yield manganese oxide or hydroxide at pH > 10, appeared in
the reaction flask. The formation of these compounds was
avoided by performing the reaction at pH 9.5.

We also explored the aqueous growth at different precursor con-
centrations ranging from 1 to 10 mM, whereas other experimental
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conditions were kept the same: the molar ratio of Zn>*/Mn*"/
TG/HSe ™ was 1/0.04/4/0.9, pH 9.5, and temperature =100 °C.
A fast crystal growth was observed at the early stage of the
reaction and was accelerated by lowering the precursor concen-
tration in the reaction medium. Moreover, ZnSe:Mn@TG QDs
synthesized at low precursor concentration have a better quality
as compared to those produced at higher concentration and
exhibit only pure dopant emission (>99% in intensity). It was
finally observed that the QDs derived from the more concen-
trated solutions of precursors (>3 mM) led to formation of
macroscopic aggregates either during the heating period or upon
storage at room temperature of the crude colloidal solutions.

ZnSe:Mn QDs obtained at low precursor concentration
(2.7 mM or less) usually exhibit a prominent absorption band,
leading to a distinguished temporal evolution of the QD size. A
typical temforal evolution of the ZnSe:Mn@TG grown at 100 °C
with a Zn*" concentration of 2.7 mM is shown in Figure 2a.
Immediately after the injection of NaHSe (t = O min), an
absorption band centered at 370 nm was observed indicating the
rapid formation of the ZnSe host material. The growth of the
nanocrystals during reflux is indicated by a low-energy shift from
370 to 378 nm after 30 min heating. Figure 2a shows also that the
absorption band of ZnSe:Mn QDs becomes broader and more
dissymmetric after 1 h heating, suggesting a broadening of QDs size
distribution due to Ostwald ripening (small nanocrystals dissolve
in the reaction medium while larger ones keep growing). The
progressive blue-shift observed after 1 h reflux (368 nm after
16 h heating) may be due to the release of >~ by the partial
decomposition of TG at 100 °C, leading to a sulfur-enriched shell.

The corresponding PL spectra are given in Figure 2b. The initial
PL is negligible and only a very weak trap-emission band at ca.
480 nm was observed. The pseudotetrahedral (*T; — °A))
transitions of the Mn" jons incorporated into the ZnSe dots could
already be observed after 15 min reflux, increased gradually and
reached its maximum value after 16 h heating. The PL QY
measured from the purified ZnSe:Mn@TG QDs prepared under
these synthetic conditions and dispersed in water at neutral pH is
3.5%. Because Mn>" has a lower reactivity than Zn”* toward Se*~,*
we suppose that Mn>" ions are not incorporated into the ZnSe
lattice at the early stage of growth. Indeed, Mn*" ions have to be
incorporated into the host lattice and be isolated from the solution
environment before they can act as electron—hole recombination
centers that give rise to dopant photoluminescence.”' In the current
work conducted with TG as ligand, we also found that the room-
temperature PL emission spectra obtained after excitation at
360 nm exhibit the Mn>*-related “T; — °A, photoluminescence
at 598 nm regardless of the heating time. As recently observed by us
and others,”>*° during aqueous syntheses of ZnSe:Mn QDs capped
by MPA, the d-orbitals of the Mn®* centers of doped ZnSe QDs will
experience a high electric field difference along different directions
because of the negatively charged MPA ligand, which results in a
higher splitting of the energy levels. The crystal field for each Mn>"
ion is more symmetric for syntheses conducted with TG, and
consequently, the crystal field splitting of the d-orbitals is less
affected by the ligand surrounding the nanocrystals. These results
demonstrate also a clear decoupling of the nucleation-doping and
of the growth steps and indicate that the host ZnSe semiconductor
layer grew epitaxially onto the surface of the doped ZnSe:Mn
particles.

3.2. Size, Shape, Crystal Structure, and PL Properties of
TG-Capped ZnSe:Mn Dots. Figure 3a shows wide-field TEM
image together with a representative high-resolution TEM
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Figure 3. (a) TEM image of ZnSe:Mn@TG QDs. A representative
HRTEM is given as the inset. (b) Corresponding particle size distribu-
tion. XRD patterns of ZnSe:Mn@TG QDs (c) before and (d) after
introduction of the ZnO shell.

(HRTEM) image of ZnSe:Mn@TG QDs obtained after 16 h
heating at 100 °C. The dots are seen to be uniform, disperse and
have an average size of 3.6 &= 0.5 nm, which is slightly larger than
ZnSe:Mn QDs capped by MPA prepared under similar
conditions.*® The HRTEM image indicates the distances be-
tween the adjacent lattice fringes to be 0.32 nm, value consistent
with the literature value for the (111) d spacing, 0.324 nm
(JCPDS 80—0021), which shows the ZnSe:Mn@TG dots are in
the cubic phase.

The powder XRD patterns recorded from ZnSe:Mn@TG
solid sample precipitated from aqueous solution with an excess of
acetone are shown in Figure 3c. No diffraction peaks from
impurities were detected in the sample. The intense and wide
peaks, characteristic for nanoparticles, are positioned at 20 =
26.9, 45.8, and 53.2°, which oriented along the (111), (220), and
(311) directions, and are in agreement with the JCPDS file
80—0021 for cubic zinc blende ZnSe. This result shows that
Mn** doping into the ZnSe host nanocrystals does not disturb
the crystal structure. Using the Rietveld refinements with the
Fundamental Parameters approach built-in Topas application, a
crystallite size of 2.7 £ 0.3 nm with a standard deviation
(anisotropy) of 0.2 nm was calculated. It is also worth noting
that the diffractive peaks for ZnSe:Mn@TG QDs are located at
higher angle compared to that of pure ZnSe probably because the
TG ligand partially decomposed during the heating phase leading
to nanocrystals with a ZnS-rich surface (also called gradient
core/shell nanocrystals).

Since XPS is powerful for identifying the compositions and
structures of the surface of nanosized materials, it was used to
characterize the ZnSe:Mn@TG nanocrystals (see Figure S1 in
the Supporting Information). The binding energies of 1019.5
and 53.9 eV correspond respectively to the Zn 2p and Se 3d
levels. Because XPS is mostly sensitive to the surface atoms, it is
not surprising that Mn could not be observed in the ZnSe:Mn
QDs obtained after 16 h heating at 100 °C. This result also
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Figure 4. Schematic energy level diagram for ZnSe:Mn/ZnO core/
shell nanocrystals. The transition from Mn***T, state to the °A, state
results in orange light emission.

corroborates our hypothesis that Mn>* ions are close to the
center of the dots and surrounded by a relatively uniform en-
vironment as previously observed in PL emission spectra.

Mn*" ions could however be detected through Energy Dis-
persive Spectroscopy (EDS) measurements conducted on pur-
ified QDs (see Figure S2 in the Supporting Information). The
Mn** at % was found to be 3.2%, value close to the theoretical
dopant concentration in the dots (4%). This result indicates also
that Mn®" ions are substitutionally incorporated into the ZnSe
host lattice. Finally, the atomic composition of the QDs is close
to that of the ratios of precursors (experimental Zn/Se ratio of
1.18). An average diameter of 3.6 nm represents about 139 ZnSe
structural units in each nanocrystal (using a theoretical lattice
parameter a of 0.56 nm, JCPDS file No 80—0021). Using 3.2%
Mn”" dopant means about 18 Mn*" ions per nanocrystal.

The capping of ZnSe:Mn QDs by 1-thioglycerol was also
confirmed by FTIR spectroscopy (see Figure S3 in the Support-
ing Information). The FTIR spectrum of the nanocrystals is
similar to that of 1-thioglycerol except for the absence of the
S—H vibration band at 2557 cm ™" because the thiolate functions
of the TG ligands are connected to the Zn*" sites on the ZnSe
nanocrystals surfaces.

Absorption, PL and PL excitation (PLE) spectra for the ZnSe:
Mn@TG QDs obtained after 16 h heating are shown in Figure S4
in the Supporting Information. A strong orange emission around
596 nm is evident in the PL spectrum of ZnSe:Mn dots, and the
PLE spectrum shows the optimal excitation wavelength for the
orange emission is 377 nm. Using Rhodamine 6G as reference, a
PL QY of 3.5% was evaluated.

Equation 1 shows the relationship between the radius r of
spherical nanocrystals and their band gap E, using the formula of
Brus based on the effective mass approximation.

Rt (1 1 1.8¢
E=E + — 4+ —) - (1)

2r2 \me = my er

where E, is the band gap of the bulk material (2.80 eV, 460 nm),
f is the reduced Plank’s constant (6.58 X 107 eV), ¢ is the
charge of the electron (1.6 x 10~ '? C), ¢ is the semiconductor
dielectric constant (9.2), m, and my, are effective masses of the
electrons and holes, respectively, and m, is the free electron mass
(my =9.11 x 107 %® g). With the effective masses of electrons
(m. = 0.15 m,) and holes (m;, = 0.66 m,) and using the absorp-
tion peak for TG-capped ZnSe:Mn QDs after 16 h growth yields
a nanocrystal diameter of 3.42 &= 0.4 nm, which is in good agree-
ment with the diameters obtained from the TEM data. The
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Figure S. Evolution of absorption and PL emission of ZnSe:Mn QDs
upon addition of the ZnO shell. Excitation wavelength is 360 nm.

deviation of 0.4 nm corresponds to =10 nm for the determina-
tion of the onset of absorption.

3.3. Epitaxial Growth of the ZnO Shell. In general, the
maximum PL QY is directly related to a minimum density of
surface-trap states on nanocrystals.so*52 An important strategy
to improve QDs’ surface passivation is their overgrowth with a
shell possessing a wider band gap than that of the core (type I
core/shell nanocrystals).>®> Consequently, both electrons and
holes are confined in the core and radiative recombinations are
improved (Figure 4).

Attemps to add a ZnS shell according to our previous report™’
were unsuccessful with ZnSe:Mn@TG QDs. Only large pre-
cipitates accompanied by the loss of fluorescence were observed
during the decomposition of Zn**/MPA complexes at 100 °C in
the presence of ZnSe:Mn@TG QDs. Introduction of a shell on
the core nanocrystals requires generally a lattice matching
between shell and core materials to achieve a better passivation
and minimize the structure defects.”* Despite the high lattice
mismatch between ZnSe and ZnO (37%), we were pleased to
find out that a thin ZnO shell could successfully be installed at the
surface of ZnSe:Mn@TG QDs. Among the various Zn*" salts
tested for the ZnO capping (Zn(OAc),, ZnSO,, Zn(NOj3),),
best results were obtained with Zn(NOs),. In alkaline condi-
tions, Zn(NO3), is hydrolyzed into Zn(OH),, which dehydrates
to produce ZnO clusters that grow at the surface of ZnSe:Mn
nanocrystals to form the ZnO shell (Figure 1). Using a Zn-
(NO3),/ZnSe:Mn molar ratio of 0.1, a marked decrease of pH
from 10 to 8 was observed during the addition of Zn(NO3),, thus
confirming the consumption of NaOH in the hydrolysis reaction.
As can be observed in Figure S, the PL emission intensity
increases markedly for Zn(NOj3),/ZnSe:Mn molar ratio of
0.05 (PL QY of 9%), reached its maximum value for a ratio of
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Figure 6. Optical absorption (dotted line), PL excitation (dashed line),
and PL emission (solid line) after excitation at 360 nm of core/shell
nanocrystals prepared with a ZnO/ZnSe:Mn ratio of 0.1. Inset shows
digital pictures of the QDs before (left) and after (right) the overcoating
with ZnO.

0.1 (PL QY = 12%) and then decreased as the shell thickness
growth (7.2 and 5.8% PL QYs for Zn(NO3),/ZnSe:Mn ratios of
0.2 and 0.3, respectively). Similar observations made on core/
shell/shell CdTe/CdS/ZnO QDs were ascribed to a saturation
effect.” The PL QY of ZnSe:Mn/ZnO core/shell QDs (ZnO/
ZnSe:Mn ratio of 0.1) is 12%, which compares favorably when
compared to the QY of ZnSe:Mn QDs capped by 3-mercapto-
propionic acid.”’** The final ZnSe:Mn/ZnO materials were
also found to be stable in ambient conditions for months.

A visual comparison of uncoated and of the ZnO-coated QDs
prepared using a molar ratio ZnO/ZnSe:Mn of 0.1 is shown as
inset in Figure 6. Both samples are fluorescent under a hand-held
UV lamp providing 366 nm multiband irradiation, and it is obvi-
ous that the ZnO-passivated d-dots are much brighter. Spectro-
scopic measurements show that the distinctive absorption and
emission profiles of QDs after ZnO coating are preserved. No
change in peak position of emission and excitation was observed
for core/shell nanocrystals prepared with a ZnO/ZnSe:Mn ratio
0f 0.1 probably because the thickness of the ZnO shell around the
ZnSe:Mn core is too weak to induce a significant effect on the
photophysical properties of the nanocrystals. A quite similar
result was observed by Jiang et al. when overcoating uncapped
ZnS:Mn nanocrystals with a ZnO shell.*®

Using TEM, the average diameter of ZnSe:Mn/ZnO core/
shell nanocrystals prepared with a ZnO/ZnSe:Mn ratio of 0.1
was found to be 4.0 £ 0.5 nm (Figure 7). From the HRTEM
image, the lattice spacing (0.32 nm) agrees well with that of the
ZnSe:Mn core indicating that the introduction of the ZnO shell
keeps unchanged the lattice spacing of ZnSe nanocrystals.
Because the ZnO layer introduced at the periphery of ZnSe:
Mn@TG QDs is very thin, it is difficult to recognize the interface
by image contrast, even if the core and the shell do not have the
same crystal structure. These results are consistent with the XRD
pattern of ZnSe:Mn/ZnO core/shell nanocrystals (Figure 3d)
which exhibited no shift from the original positions of ZnSe:Mn
core nanocrystals. Calculation of the crystallite size resulted in 3.4
+ 0.8 nm, which correlates well with the value obtained from
TEM analysis (4.0 nm). Apparently, the introduction of the ZnO
shell around the ZnSe:Mn core does not cause aggregation,
which is also confirmed by dynamic light scattering (DLS)
measurements in aqueous solution. The DLS results showed a
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Figure 7. (a) TEM and HRTEM (inset) images of ZnSe:Mn/ZnO
core/shell nanocrystals, (b) the corresponding particle size distribution,
and (c) hydrodynamic size of ZnSe:Mn/ZnO dots measured by DLS.

hydrodynamic diameter of 13.2 4= 2.4 nm, much larger than the
particle size. This can be explained by the thiol ligands outspread
in aqueous solution while they are highly contractive after drying
on TEM copper grids but also by the solvatation layer around the
QDs in aqueous media.

The slow PL decay curves of Mn”" ions for the core ZnSe:
Mn@TG and the core/shell ZnSe:Mn/ZnO@TG QDs are
shown in Figure SS in the Supporting Information. The slow
decay times, attributed to the emission of the single isolated Mn™*
ions in a cubic site,56758 were 0.66 and 0.82 ms for the core and
core/shell QDs, respectively. The enhancement observed for
ZnSe:Mn/ZnO QDs is a direct consequence of the deeper
embedding of Mn>" emission centers in the nanocrystals and
of their increased isolation from the surface defects.

3.4. Effect of pH and Saline Levels on TG-Capped ZnSe:Mn
and ZnSe:Mn/ZnO QDs PL. For biological applications, QDs
should be stable between pH S and 8, because (i) most bio-
conjugation reactions are performed in this pH range and be-
cause (ii) pH values found in the human body also fall in this
range. QDs are however sensitive to chemicals in their surround-
ing environment such as acids, bases, metallic ions and biomo-
lecules like proteins. For example, pH values can be directly
correlated with QDs’ PL intensity because QD fluorescence is, in
general, enhanced in basic medium and quenched in acidic one.>
Contrary to MPA-capped ZnSe:Mn core QDs which exhibit the
highest PL QY at pH 12, TG-capped ZnSe:Mn QDs show the
highest PL for pH values ranging from 8 to 10 (PL QY = 5.3% for
ZnSe:Mn@TG QDs and 12.0 for ZnSe:Mn/ZnO@TG QDs at
pH 9) (see Figure S6 in the Supporting Information). Rapid
decays of PL intensity are observed for pH values below 6 or
above 11. Under pH 4, the QDs became unstable in the aqueous
environment, they precipitated and the PL disappeared.

The stability of the ZnSe:Mn/ZnO QDs in highly electrolytic
environments is also an important issue for potential biological
applications as well as for long-term storage. To evaluate this
stability in different media, we dispersed ZnSe:Mn/ZnO QDs
into deionized water (DI) (as a control) and 3-(N-morpholi-
no)propanesulfonic acid (MOPS)-medium. Due to the sensitivity
of the QDs photoluminescence to processes occurring at the
nanocrystals surface, UV—vis absorbance and fluorescence peak
position and intensity were used to monitor their stability. In DI,
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Figure 8. Growth inhibition of E. coli MG 1655 by (a) ZnSe:Mn@TG
and (b) ZnSe:Mn/ZnO@TG QDs. MG 1655 was cultivated in RM
medium until ODgyy reached 0.2 and was diluted in RM medium
supplemented with various concentrations of ZnSe:Mn core QDs.

the photophysical properties of the dots remained unchanged for
at least 2 weeks. Similar behavior was observed in MOPS, which
contains 80 mmol/L of NaCl. We saw the stability results
obtained in the MOPS medium as an initial screening test for
compatibility with physiological conditions.

3.5. Cytotoxicity. Because in vivo bioimaging and drug
delivery are expected to be some of the major applications for
QDs, we finally evaluated the cytotoxicity of core ZnSe:Mn and
core/shell ZnSe:Mn/ZnO QDs using a simple and sensitive test
based on growth inhibition of E. coli cells (Figure 8).* At 0.07
mg/mL, neither of the two QDs exhibited any cytotoxic effect as
evidenced by generation times matching those of control cultures
(119 = 8 min). It is worth mentioning that this concentration is
far higher than those classically used for in vitro or in vivo
imaging with QDs (uM to nM concentrations). For ZnSe:
Mn@TG QDs, the first signs of cytotoxicity appeared as altered
growth rates past 160 min of cultivation, for concentrations
of 0.14 and 0.7 mg/mL, where an extended generation time (ca.
204 min.) and cell lysis could be observed, respectively. On the
contrary, the core/shell ZnSe:Mn/ZnO@TG nanocrystals dis-
played no toxicity until a concentration of 0.7 mg/mL where a
growth arrest could be seen early after QD addition. This tends to
demonstrate that the ZnO protective shell not only enhances the
brightness of the dots but also improves their compatibility with
biological material.

4. CONCLUSION

We have demonstrated a simple effective method for produ-
cing photoluminescent and water-dispersible thioglycerol-capped

Mn-doped ZnSe nanocrystals and core/shell ZnSe:Mn/ZnO
QDs. The structure, optical properties, and cytotoxicity have
been studied. The fabricated ZnSe:Mn QDs overcoated by a thin
ZnO shell have small diameters (ca. 4 nm) and hydrodynamic
diameters (ca. 13 nm) and possess a good photoluminescence
quantum yield (12%). Surprisingly and despite the high lattice
mismatch between the core ZnSe material and the ZnO shell, this
combination yields nanocrystals with lower cellular toxicity and
better biocompatibility and photostability than the parent core
QDs. We also note that the current work is mainly focused on
technology development and characterization of the new nano-
crystals prepared. Applications of these nanoprobes in bioima-
ging and nanodiagnostic are currently under investigation.
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