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Relatively monodisperse and highly luminescent?*Mioped zinc blende ZnSe nanocrystals were
synthesized in aqueous solution at 100°C usingntieeation-doping strategy. The effects of the
experimental conditions and of the ligand on thentlsysis of nanocrystals were investigated
systematically. It was found that there were sigaiit effects of molar ratio of precursors and imgat

time on the optical properties of ZnSe:Mn nanoedgstUsing 3-mercaptopropionic acid as capping
ligand afforded 3.1 nm wide ZnSe:Mn QDs with vesylsurface defect density and which exhibited
the Mrf*-related orange luminescence. The post-preparatir@luction of a ZnS shell at the surface of
the Mrf*-doped ZnSe QDs improved their photoluminescenepagties, resulting in stronger emission.
A 2.5-fold increase in photoluminescence quantueidy{from 3.5 to 9%) and of M ion emission

lifetime (from 0.62 to 1.39 ms) have been obsema#er surface passivation. The size and the streictu
of these QDs were also corroborated by using tresssom electron microscopy, energy dispersive

spectroscopy and X-ray powder diffraction.



1. Introduction

Semiconductor nanocrystals or quantum dots (QDg¢ h@come one of the most attractive areas of
current research because of their tremendous [pateagplications in photonic devices, biological
detection and labelling and imagifij.The wide interest in QDs arises from their unigyical and
electrical properties, including broad absorptiond anarrow emission spectra, large extinction
coefficients, resistance to photobleaching, longpriéscence lifetime, and size-tunable emiséibn.
Moreover, QDs with different emission colors cansbaultaneously excited with a single light source,
with minimal spectral overlap, thus providing siggant advantages for multiplexed detection of
molecular target>*?

During the last ten years, cadmium-based QDs, apéotlly core/shell CdSe/ZnS, have been the
workhorse of the QD emitters. Because of the uligngimination of highly toxic class A elementsdik
Cd, Hg and Pb, numerous researches are curremtjucted to develop QDs without any heavy metal.
Transition element-doped nanocrystals (d-dots) maran alternative to Cd-based ones for numerous
applications=>** Over the various non-cadmium II-VI semiconductitrat constitute hosts for dopants,
zinc selenide ZnSe with a room temperature bulldlgap of 2.80 eV (442 nm) is especially interesting
because it is widely used for various applicatibke light-emitting diodes (LEDs), photovoltaic sol
cells, photocatalysts, and biological sens$dré.In d-dots, the dopants lead to phenomena not faind
the bulk state because their electronic states@méned in a very small volume. Nfhis one of the
most common dopant for many II-VI semiconductorsawse (i) its location inside the crystal lattide o
the host material can be confirmed by electron pagmetic resonance (EPR), and (ii) it exhibits a
typical photoluminescence from the MAT, — °A; transition centered at ca. 595 fm.

Over the last ten years, a few groups have repthedynthesis of Zn8¥*and of the related Mn-
doped ZnSe nanocryst&is? via organometallic synthesis. This approach gdiyautilizes pyrolysis of
organometallic complexes in coordinating solventghs as trin-octylphosphine (TOP) or tn-

octylphosphine oxide (TOPO). The exchange of therdphobic TOP or TOPO ligands with
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hydrophilic ligands, such as thioacids, and subsefgtransfer of QDs from oil to aqueous solution ca
significantly reduce the photoluminescence quantieid (PL QY) of the nanocrystafsDirect
synthesis of thiol-capped QDs in water is a prongisalternative route to organometallic reactiond an
offers the following advantages: (1) it uses lesgctreagents, (2) it is cheaper and simpler, (8)es
lower reaction temperatures (100°C) to obtain QDih womparable PL QY and size-tunable
fluorescence, (4) the surface functionalizationhwitater-soluble ligands occurs during the synthesis
and (5) the QDs obtained have a small diameterciwis suitable for biological applications. Recent
studies have demonstrated that good quality ZnSes @&n be prepared in water either under
hydrothermal conditiori$° or under microwave irradiati8hby reaction of a Zn(+2) salt with NaHSe,
generally in the presence of a thioalkyl acid sizdn. Using a mixture of the dopant and of thethos
precursor during the nucleation step (also calledeation-doping strategy), Wared al. succeeded
recently in the preparation of Mhdoped ZnSe QDs with a PL QY of 2.4%, which repnes¢he first
direct synthesis of fluorescent Kfrdoped ZnSe QDs in aqueous solutfon.

In the present study, we report an alternative agsieoute to prepare ZnSe:Mn QDs stabilized by 3-
mercaptopropionic acid (MPA). The trap state eroissit 480 nm of the d-dots obtained was found to
be very weak and could completely be suppressezhbgivating the Mn-doped ZnSe core material with
the wider band gap shell material ZnS. Using thiategy, MPA-capped core/shell ZnSe:Mn/ZnS

nanocrystals with PL QYs up to 9% in water at raytH could be readily prepared.

2. Experimental Section

2.1. Reagents and Materials. Zinc sulfate heptahydrate (ZngO7H,O, 99.99%), zinc acetate
dihydrate (Zn(OAcg). 2H,0O, 98+%), manganese acetate tetrahydrate (Mn(OAEH,0, 99%),
mercaptopropionic acid (MPA, 99%), selenium powd@9.5%, 100 mesh), sodium borohydride
(NaBH;, 98%), and ethanol (HPLC grade) were used asvetenvithout additional purification. All

solutions were prepared using Milli-Q water (18.2Mmni*, Millipore) as the solvent.



2.2. Synthesis of ZnSe:Mn QDs. The preparation of NaHSe was performed accordirjagmanet
al.*> with some modifications. Under an argon atmosph#eng (2.009 mmol) of NaBfvas added to
a small flask cooled with ice containing 1 mL ofrapure water. 79 mg (1.004 mmol) of selenium
powder was then added and a small outlet was ctethéx the flask to discharge the hydrogen pressure
generated by the reduction of Se into NaHSe. Adthrat 4°C, the black selenium powder disappeared
and a white NaHSe solution was obtained. The swmiuivas diluted with 20 mL of argon-saturated
water and the concentration of the final NaHSetgwiuvas 0.05 M.

Typical procedure for the preparation of MPA-cappgtse:Mn QDs: Solutions of 0.1 M Zn%O
7H,0 (5 mL), 0.01 M Mn(OAc). 4H,0 (2 mL) for a MA" doping of 4% relative to Z# and 0.5 M
MPA (20 mL) were mixed and the pH of the mixturesveadjusted to 10.3 by dropwise addition of a 2
M NaOH solution. The solution was placed in a thmeeked flask fitted with a septum and valves, and
further stirred under argon for 1 h. 9 mL of a figsprepared NaHSe solution (0.05 M) were then
injected through a syringe into the mixture at rommperature. The molar ratio Zt8&/MPA in the
solution was 1/0.9/20. The growth of the MPA-capge&e:Mn nanocrystals proceeded on refluxing at
100°C for 24 h under argon flow with a condenséacied.After cooling to room temperature, the
MPA-capped ZnSe:Mn nanocrystals were precipitatgdethanol, the precipitate was centrifuged,
washed 3 times with ethanol, and then dried in uac(B0 mmHg, 2 h, rt).

Thioglycolic acid (TGA), 6-mercaptohexanoic acid HM), mercaptosuccinic acid (MSA), and
cysteine(Cys)-capped ZnSe:Mn QDs were preparetiat p0.3 using a molar ratio of ZSe/ligand
of 1/0.9/20, similarly to MPA-capped QDs.

2.3. Synthesis of MPA-capped ZnSe:Mn/ZnS cor e/shell nanocrystals. For the ZnS shell growth, 10
mL of 0.2 M Zn(OAc). 2H,0 solution and 0.7 mL of MPA were mixed togethed éime solution was
diluted to 88 mL with water. The pH was adjustedlt3 with 4 M NaOH and the solution was
saturated with argon by bubbling for 1h. The ZnSeddre solution was prepared by dispersing 20 mg
of ZnSe:Mn QDs in 130 mL of water, transferred iatdhree-necked flask fitted with a septum and

valves and purged by argon bubbling for 1h. Theh,nd of the ZA*-MPA complex were added
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dropwise to the ZnSe:Mn solution and the mixturs Wwaated at 100°C for 10 h. After cooling to room
temperature, the reaction mixture was concentrdt®un to approximately 15 mL, nanocrystals were
precipitated with ethanol and dried in vacuum atmmdemperature for 12 h before measurements.

2.4. Instruments. Transmission electron microscopy (TEM) images waken by placing a drop of
the particles in water onto a carbon film-supporteg@per grid. Samples were studied using a Philips
CM20 instrument operating at 200 kV equipped wittekgy dispersive X-ray Spectrometer (EDX). The
X-ray powder diffraction (XRD) diagrams of all salep were measured using Panalytical X'Pert Pro
MPD diffractometer using Cu & radiation § = 1.5405 A). Absorption spectra were recorded on a
Perkin-Elmer (Lambda 2) UV-Visible spectrophotonnetéluorescence spectra were recorded on a
fluorolog-3 spectrofluorimeter F222 (Jobin Yvon)ingsa 450 W xenon lamp. The QY values were
determined from the following equation:

QY(sample) = (EumpidFref) (Aref Asampid (Nsampie/NreP) QY ref)

where F, A and n are the measured fluorescenca (arder the emission peak), absorbance at the
excitation wavelength and refractive index of th@vent respectively. PL spectra were spectrally
corrected and quantum yields were determined velato Rhodamine 6G (QY = 94%).The
fluorescence lifetimes were measured by a FluorcMaspectrofluorometer (Jobin Yvon) using a
NanoLED emitting at 372 nm as an excitation sowite a nanoled controller module, Fluorohub from
IBH, operating at 1 MHz. The detection was basedmiiR928P type photomultiplier from Hamamatsu.
Fourier transform infrared spectroscopy (FT-IR) wasformed using a Brucker Vector 22 spectrometer.
Dynamic light scattering (DLS) was performed atnmotemperature using a Malvern zetasizer HsA
instrument with a He-Ne laser (410V) at a wavelength of 633 nm. The QDs aqueousisoliwere
filtered through Millipore membranes (Oidn pore size). The data were analyzed by the CONTIN
method to obtain the hydrodynamic diametky) @nd the size distribution in each aqueous dispes

nanoparticles.

3. Resultsand discussion



A series of ZnSe:Mn QDs were synthesized in aquesolsition containing thioalkylacids
(thioglycolic acid TGA, 3-mercaptopropionic acid MP6-thiohexanoic acid MHA, mercaptosuccinic
acid MSA or cysteine Cys). Thioalkyl acids contawo functional groups possessing lone pair elestron
that might influence the nucleation, the growth #mel stabilization of ZnSe:Mn QDs and hence affect
their physical and optical properties. Since thetlsgsis of the d-dots is conducted at basic pH, the
negative charges of thioalkyl acids will also impaskinetic barrier for the growth due to Coulombic
repulsions between the ligand shells of neighbo@iy and thus favour stable and small nanocrystals.

3.1. Preparation of Thioalkyl Acid-capped ZnSe:Mn Nanocrystals. We first studied the synthesis
and the optical properties of 3-mercaptopropiocid-@apped ZnSe nanocrystals.

Influence of the Zn/Se ratio and of the’*Znoncentration Initial experiments performed with 4 %
doping in Mrf* and a 2.7 mM ZnS{solution demonstrated that good quality QDs (pliotinescence
guantum yield = 3.5%) were obtained when using NakiShort supply (by ca. 0.9-fold) relative to the
mole amount of the Z# precursor. A decrease (0.4 or 0.6) or an increéiiee Zn/Se ratio (1.2 or 2.0)
yielded ZnSe:Mn QDs with poor PL efficiency. It vgell-known that ZA" precursors have a low
reactivity towards NaHS¥' Increasing the concentration of ZnS(.0 or 10.0 mM) while maintaining
a Zn/Se molar ratio of 1/0.9 did not effectivelyprave the PL properties of ZnSe:Mn QDs (PL QY <
2%).

Influence of the pHTo improve the PL properties of the Mn-doped ZG#2s, that is, improvement
of the Mrf*-related*T; — °A; emission and suppression of the trap emissiorals@investigated the
influence of the pH of the Zi*MPA precursors solution using 4 % doping in #and a ZA'/Sé&
IMPA molar ratio of 1/0.9/20. We found that whee thH of the ZA/MPA precursors solution was set
at 10.3 (the pH increased to 10.4 after the impectif the NaHSe solution), the as-prepared nantaisys
obtained after 24 h heating showed a strong oramgssion at ca 595 nm and a very weak trap

emission. When the pH value of the’ZIMPA precursors was decreased below 10.0 (9.0@) the



trap emission increased and the PL QY decreaseth)(<iVe fixed the pH value of the ZHVIPA
precursors solution at 10.3 in latter experiments.

Influence of the heating timéfter the injection of NaHSe, small aliquots weemnoved from the
reaction solution with a syringe to monitor thewtio of nanocrystals via optical absorption. Using a
Zn*'/SE&IMPA molar ratio of 1/0.9/20 and 4% Ninrelative to ZA*, a well-resolved peak at 343 nm
was observed after 15 min heating at 100°C indigdaihe homogeneous nucleation of small crystallites
(Figure 1). The absorption peak attenuated shdoplionger growth times becoming a shoulder due to
the Ostwald ripening process (formation of larganacrystals at the expense of smaller ones) and
gradually red-shifted to 378 nm, which was consisteith the growth of the ZnSe host. The subtle
blue-shift in absorption spectra observed afteh 2dflux (375 nm) may be a consequence of theglarti

decomposition of the MPA ligand surrounding the &M core, leading to a sulfur-enriched shell.
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Figure 1. Temporal evolution of the UV-vis spectra of ZnSe@MPA nanocrystals grown at 100°C

with a Zrf*/S&/MPA molar ratio of 1/0.9/20 and 4 % doping in Mn



The photoluminescence of the clear pale yellow temiuwas also monitored in the course of the
nanocrystals growth. All aliquots taken during fivet 5 h of growth exhibited at first no PL. Upon
resting at room temperature, a strong orange-rasisean evolved over a matter of hours (in somesase
minutes) (Figure 2). PL QYs measured from nanoalysbbtained after 30 min or 2 h of growth at
100°C and respectively 6 and 21 h storage at ra@nperature were high (23 and 19%, respectively,
without any post-preparative treatment and the radesef the broad trap-emission centered at ca. 480
nm) (Figure 2). The photoluminescence decreaseagvewgradually and disappeared after 24 h for the
dots synthesized during 30 min at 100°C (Figure Raphould also be pointed out that the stabiity
the d-dots obtained after short heating times ® @vas found to be modest. A deterioration of these
nanocrystals accompanied by precipitation was gdlgeobserved after 48 h storage at room
temperature. Good quality powder X-ray diffractibdRD) patterns could also not be obtained for
MPA-capped ZnSe:Mn QDs prepared during short readimes (< 3 h). As the reaction prolonged,
widths of the diffraction peaks were found to daseeand were more resolvettg infra). The stability
of ZnSe:Mn d-dots was markedly increased by extendhe heating time at 100°C. No sign of
macroscopic aggregation or loss of fluorescence wbserved for the dots obtained after 24 h heating
upon storage at room temperature for up to 3 months

One interesting feature during the early stageg@ivth (15 min to 2 h) is the significant blue-s$iuf
the maximum wavelength of the KT, — °A; emission from 609 to 595 nm after excitation a 35
nm. Negatively-charged MPA ligands strongly intéraith surface zinc atoms of small doped-ZnSe
nanocrystals formed at the beginning of the grostdge. As a consequence, the d-orbitals of the Mn
center will experience a high electric field diface along different directions, which results imgher
splitting of the energy levefs.Once the thickness of the ZnSe shell increasamdrthe doped-ZnSe
cores, the lattice field around Kfhions becomes more symmetric leading to smalldttisigl of the

energy levels and a change of the PL color fromgeaed to orange.
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Figure 2. Temporal evolution of the PL spectra of ZnSe:Mn@WRanocrystals prepared with a
Zn**/S&IMPA molar ratio of 1/0.9/20 and 4 % doping in Mm=nd grown at 100°C (a) during 30 min,

(b) during 2 h. Excitation wavelength is 350 nm.

Influence of the ligandWe also tested the impact of various thiols (TGAJA, MSA and Cys) on
the PL properties of ZnSe:Mn QDs when theé'Z®€¢/ligand molar ratio and the doping percentage
were fixed at 1/0.9/20 and 4, respectively. Allatgans were conducted at 100°C for 24 h. It wastbu
that TGA-, MHA-, MSA-, and Cys-capped ZnSe:Mn QDdibited the MA* “T; — °A; transition at

ca. 595 nm but the emissions were found to be bfthedfull-width-at-half-maximum increased up to
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94 nm while it was of ca. 60 nm for MPA-capped QDO%)e PL QYs were also found to be weaker (<
1%) compared to nanocrystals prepared with MPA. ideocrystal growth with TGA, MHA, MSA,
and Cys ligands occurred finally with higher defdensities (increase of the ZnSe band-edge transiti
at ca. 460 nm). Compared to the other thiols usetis study, we suggest that MPA provides theebett
surface passivation of the QD crystalline lattioeler our synthetic conditions.

Influence of the Mii concentration The ratio of MA" relative to ZA" was varied from 1 to 6% to
evaluate the effects of Mhon the optical properties of the d-dots under shene experimental
conditions (ZA*/NaHSe/MPA = 1/0.9/20, heating time of 24 h). WHhe dopant PL peak position and
spectral contour were found to be independente@Mr* concentration in the solution (PL emission at
596 nm and full-width-at-half-maximum of ca. 60 nrah increase of the Mhconcentration from 1 to
4% relative to ZA" leads to an increase in the PL emission intensibjch also proves the successful
incorporation of MA" into ZnSe QDs (Figure 3). Further increasing tbecentration of Mfi" to 5 or
6% leads to a decrease of the PL QYs. The effedirf ion concentration on the PL properties of
Mn**-doped II-VI semiconductors QDs has been extengistidied in recent years and a so-called
“concentration quenching effect” has been demotestfa“® When the concentration of Mhbecomes
higher than a certain threshold, the non radiaivergy transfers between neighboring?Miiopant ions
reduce and even annihilate the fluorescence. Umalesynthetic conditions, the formation of suchrpai
of Mn?" dopant ions is probably observed when the amofiMr3* ions in QDs is higher than 4 %.
Energy Dispersive X-ray (EDX) spectroscopy experitadyvide infrd conducted on ZnSe:Mn@MPA
QDs after purification indicated that the Mrat. % was ca. 3%. This value is slightly higherttthose
used in organometallic syntheses (0.5-3% in grosaiutions leading to nanocrystals doped with ca.
0.02-2.0 % MA" ions).

It was also surprising to observe that tfie - °A; transition of MA" ions is red-shifted by ca. 25 nm
compared to the MPA-capped ZnSe:Mn QDs preparetlVapg et al** using an aqueous route. As
demonstrated by several grodps? the position MA" emission peak is sensitive to the electric field

imposed by the organic capping layer, to the*Madial positions, to the heating time, and toNre*
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concentration inside the nanocrystals. Wang andodavs used a theoretical concentration offMn
twice lower than ours (4 versus 2) and heated ¢aetion mixture for 5 h, while the growth of our
nanocrystals was performed during 24 h. A possiixglanation for the red-shift observed with Mn-
doped ZnSe dots prepared under our synthetic ¢ongdiis that the crystal field for each dopant ion
became more symmetric in long range due to thé&ehiénSe shell formed. As a result, the crystatifie

splitting of Mrf* d-orbitals became smaller, which resulted in adl-shift.
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Figure 3. Influence of the concentration of Kfnrelative to ZA" on PL spectra of ZnSe:Mn@MPA
nanocrystals prepared with a Z#s€/MPA molar ratio of 1/0.9/20 and grown at 100°C &4 h.

Excitation wavelength is 350 nm.

3.2. Size, Shape, Crystal Structure and PL Properties of MPA-capped ZnSe:Mn d-dots. The
dopants might also change the lattice structurth@fZnSe host material because the diameter of the
Mn?* ion (0.83 nm) is larger than that of the?Zion (0.74 nm)? To confirm that the crystal lattice of

the ZnSe host nanocrystals was intact, powder XRem of the MPA-capped ZnSe:Mn QDs was
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recorded (Figure 4a). The XRD pattern of the naysials exhibited characteristic peaks at ca. 27.5,
45.6, and 54.3° corresponding to the (111), (22@) @11) reflecting planes of cubic zinc blende &nS
(JCPDS Card N° 80-0021). The peaks are broadeneddlthe finite crystalline size. These results
prove that the ZnSe:Mn d-dots have a cubic zinadgestructure similar to undoped ZnSe QDs and
confirm that the crystal lattice of the ZnSe hosatenial is intact after doping with Mhions. A
crystallite size of 3.5 + 1.0 nm was estimated frtme diffraction line broadening, value which
correlated well with the results obtained from TENRlysis (vide infra). Finally, it is worth notinat

the XRD patterns of the ZnSe:Mn QDs are locatedhigher angle compared to that of the pure ZnSe
material probably because the MPA ligand partiddgomposed by heating leading to a sulfur-enriched
ZnS shell with smaller lattice parameters compadoednSe. The formation of alloyed doped-ZnSe(S)

QDs is likely after 24 h heating at 100°C.

| | ZnS Zinc blende
i1‘11 220 31

(b)

ZnSe:Mn/ZnS@MPA

ZnSe:Mn@MPA

111 -
_ fau

: _ ZnSe Zinc blende
20 40 60 80 100
2 Theta (deg.)

Figure 4. XRD patterns of ZnSe:Mn@MPA QDs (a) before andafigr introduction of the ZnS shell.
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Figure 5 presents UV-vis, PL, and PL excitation EPlspectra of ZnSe:Mn dots d-dots (~ 3 nm in
size). The quantum confinement of an electron-ipale caused a marked blue-shift in the absorption
peak of ZnSe:Mn QDs obtained after 24 h heatinP@fC in comparison to the 442 nm (2.80 eV) band
gap of the bulk ZnSe material. The nanocrystal dRusawas calculated using the equation of quantum

confinement written in the form:

E=Eg+ n2F12< 1,1 > 1.8¢°

2R? \ m, mh eR

where E is the energy of the first exited state=E3)80 eV is the band gap energy of bulk ZnSg, m
and m, are the effective masses of the electron andihaIaSe (m = 0.15m, m, = 0.66 m3, where g
=9.11 x 108 g is the free-electron mass), respectively,9.2 is the semiconductor dielectric constant,
h = 6.58 x 10° eV is the reduced Planck constant, and e = 1&%Clis the electron charge. Using the
absorption peak for MPA-capped Mn-doped ZnSe QRer &4 h of growth yields a nanocrystal
diameter of 2.7 + 0.4 nm. The deviation of 0.4 romresponds to £ 10 nm for the determination of the
onset of absorption. The PLE spectrum correspontindpie 600 nm emission exhibits maximum at

about 345 nm corresponding to the band gap exaitati host ZnSe nanocrystals.
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Figure 5. Optical absorption (solid line), PL excitation {ed line) and PL emission (dashed line) after

excitation at 365 nm of MPA-capped ZnSe:Mn d-dots.

FT-IR spectra of the neutral MPA ligand and of pleified and dried ZnSe:Mn@MPA QDs are given
in Figure 6. The acid function of MPA can clearlyibentified on Figure 6a both through the veryaloro
3150 cni O-H stretching vibration and through the 1718'c@=0 stretching vibration. The strong
vibration of the carbonyl group of MPA vanished nmurface functionalization of QDs. The symmetric
and asymmetric stretching vibrations of the carleteygroup of the charged MPA appear at 1438 and
1575 cni, respectively. The absence of SH stretch band dEtw2682-2561 cth supports the
attachment of the MPA ligand through covalent bdoetsveen thiols and surface Zn atoms of ZnSe:Mn
QDs. The spectrum of ZnSe:Mn QDs also displayedbtmeds assigned to the hydroxyl group of the

acid function at 3432 cthand of C-H stretching at 2921 &m
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Figure 6. FT-IR spectra of (a) MPA and (b) ZnSe:Mn@MPA QDs.

Figure 7 shows a transmission electron microscdM) micrograph of 3.1 £ 0.3 nm diameter Mn-
doped ZnSe QDs, corresponding to the final spectfifigure 1 with 3.5% PL QY (labelled a), which
is in good accordance with the value calculatethftbe quantum confinement equation. Dynamic light-
scattering (DLS) measurements indicate that the @s well-dispersed in water and that their
hydrodynamic diameters range from 5 to 11 nm (aeraydrodynamic diameter of 7.6 nm). The
hydrodynamic diameter is larger than the diamefethe inorganic core due to the solvatation layer
around the QDs in aqueous solution. Energy dispesgiectroscopy (EDS) measurements revealed that
the atomic composition of the d-dots had a valuslar to that of the ratios of precursors (seeiteia

the core/shell subsection). An average diamet& Ihm represents ca 88 ZnSe structural unitsah ea
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monocrystal (using a theoretical lattice paramatef 0.56 nm, JCPDS Card N° 80-0021). Using 4%

Mn?* dopant means ca 14 Kfrions per nanocrystal.
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Figure 7. (&) TEM micrograph of ZnSe:Mn@MPA d-dots, (b) tlerresponding particle size

distribution, and (c) hydrodynamic size of ZnSe:MM@A d-dots measured by DLS.

3.3. Epitaxial Growth of the ZnS Shell. A synthesis of core/shell ZnSe:Mn/ZnS QDs was also
developed with the goal to improve the chemical,d®dbilities and QY of the QDs but also with the
hope that the higher band gap ZnS shell with aldatéite mismatch with ZnSe (ca. 5%) will provide
diffusion barrier by stabilizing the M# doping ions. Although, there is no report on theparation of
ZnSe:Mn/znS d-dots, the preparation of ZnSe/Zn®s-th organit->**®or aqueou¥® solution has
already been investigated by a few research grotips.ZnS shell was successfully introduced at the

periphery of ZnSe:Mn cores by thermal decompositibasic pH of Zf{/MPA complexes. The PL
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intensity of Mrf* that corresponds to tH&; — °A; transition within the 3dconfiguration of MA*
increased gradually upon heating at 100°C and sshil maximum value (PL QY = 9%) after 10 h
(Figure 8a). No improvement was observed by furtfeating. For ZnSe:Mn@MPA nanocrystals under
the same heating conditions but in the absenckeoZtf /MPA complex, there is almost no change of
PL QY. This suggests that the enhancement of PLiMlated to the growth of the ZnS shell. The
enhanced QY of ZnS-capped ZnSe:Mn d-dots is atdi@tsequence of an effective surface passivation
by which nonradiative recombination that competeéhwihe regular luminescence are reduced
significantly. A visual comparison of non-cappeddanf the ZnS-capped QDs is shown as inset in
Figure 8b. Both samples are fluorescent under atedd UV lamp providing 366 nm multiband
irradiation, and it is obvious that the ZnS-passdad-dots are much brighter. As shown in Figure 8b
the PL is shifted at 610 nm while it is locateds@0 nm for the ZnSe:Mn core. Since ¥had a higher
affinity for ZnS than for ZnS&° we suppose that surface #Mions of the ZnSe:Mn core diffuse into the
ZnS lattice in which they are subjected to thetelefield of the deprotonated MPA ligand. In th&R
pattern (Figure 4b), the peak positions shift tghler angles towards the position of ZnS, with peak
widths and shapes being nearly unchanged, whictieprthe formation of core/shell ZnSe:Mn/ZnS
QDs. This deviation could also result from the coespion of the ZnS shell on the lattice planesef t
doped-ZnSe core. Using TEM, the average diameteoi@/shell nanocrystals obtained was found to be
4.3 + 0.5 nm (average hydrodynamic diameter = &) (Figure 9). EDX measurements of the core
ZnSe:Mn and of the core/shell ZnSe:Mn/ZnS QDs coréd the nature of the materials (Figure 10). Zn,
Se, and Mn peaks arise from the doped core whleddtected S mainly comes from the capping MPA
ligand. The presence of silica (peak at ca. 1.7)kedy originate from a contamination of the samples
by glassware during their storage. The growth @& ZmS shell around the ZnSe cores was clearly
demonstrated by EDX experiments. With the depasitibthe ZnS shell, the Zn/Se ratio increased from
1.02 in the ZnSe:Mn cores to 9.88 in the core/shatiocrystals. In the meantime, the Zn/S atomic

percentage decreased from 5.17 to 1.03.
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Figure 8. (a) Evolution of PL spectra during the overcoatoigZnSe:Mn QDs with the ZnS shell. (b)
Absorption and PL spectra of ZnSe:Mn@MPA QDs be{eotid) and after (dot) the introduction of the
ZnS shell. Excitation wavelength is 350 nm. Ind&tives digital pictures of the QDs before (left) and

after (right) the overcoating with ZnS.
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Figure 9. (a) TEM micrograph of core/shell ZnSe:Mn/ZnS@MPAats, (b) the corresponding particle

size distribution, and (c) hydrodynamic size of Ei#n/ZnS@MPA d-dots measured by DLS.
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Figure 10. EDX spectra of ZnSe:Mn@MPA QDs (a) before andaf@r the introduction of the ZnS

shell.

The overcoating of ZnSe:Mn d-dots with ZnS wasHertconfirmed by measuring the slow PL decay
of the nanocrystals before and after surface mmatifin. Indeed, Ml ion emission lifetime is
dependent on the diameter of the nanocrystals suhmhger for QDs with thicker overcoating layer or

thicker diffusion region? The slow PL decay curves of Kfnions for the core ZnSe:Mn and the
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core/shell ZnSe:Mn/ZnS QDs are shown in FigureTlie slow decay times, attributed to the emission
of the single isolated M# ions in a cubic sit€’®? were 0.62 and 1.39 ms for the core and core/shell
QDs, respectively. Interestingly, the shell deperweeof the PL lifetime is related to the PL QY. ekft
introduction of the shell, the PL QY increased 7% (from 3.5 to 9%) while the PL lifetime was

found to increase by 224%.

10”5

— ¢ — 7nSe:Mn/ZnS@MPA
— " — ZnSe:Mn@MPA

Intensity (counts)

Time (ms)
Figure 11. PL decay curves recorded at room temperature 8e2vin and ZnSe:Mn/ZnS QDs at a

wavelength near 605 nm.

3.4. Effects of pH on MPA-capped ZnSe:Mn/ZnS QDs PL . For the efficient and reliable utilization
of semiconductor nanocrystal technology especiallyiological applications, it is important to euate

the external factors that may affect the opticalperties of the QDs. As shown in Figure 12, MPA-
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capped ZnSe:Mn/ZnS QDs are sensitive to pH witlatgrefluorescence at higher pH (PL QY = 12.5%
at pH = 12). The PL QY at neutral pH is 8.9 %. pidadecay of PL was observed when the pH was
below 6.0 (PL QY = 2.5% at pH = 4). Under pH = 4lt¢ QDs became unstable in the acidic aqueous

environment, they precipitated and the PL disapgzbar

~~
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Figure 12. (a) Fluorescence spectra of ZnSe:Mn/ZnS QDs ire@gsl solution at different pH values.

(b) Effect of pH on the PL QY of ZnSe:Mn/ZnS@MPA D
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4. Conclusions

We have developed a new synthetic method to prapaagueous solution highly luminescent and
monodisperse Mn-doped ZnSe d-dots and demonstrdtad molar ratios of precursors, Kin
concentration, pH value, heating time and stabiilgday an important role in determining the stapili
and optical properties of these nanoparticles. Agnitve tested stabilizer, 3-mercaptopropionic asid i
superior in terms of high PL QY and low trappingigsion. The PL properties were markedly improved
by overcoating the Mn-doped ZnSe core with a Zn8lslihe core/shell ZnSe:Mn/ZnS QDs had a PL
QY of ca. 9% in water at neutral pH, a good crysti@y and a diameter of ca. 4.3 nm. It is hopedtth
ZnSe:Mn/ZnS core/shell QDs prepared by this corer@nprocedure will find diverse biological
applications in areas where water-soluble QDs witth PL efficiency and long-term stability are

needed.
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SYNOPSIS TOC (Word Style “SN_Synopsis_TOC”).

ZnS
ZHSO4
* NaHSe Zn(OAc), |
Mn(OAc), pH=—IO§ ZnSe:Mn HSCH,CH,CO,Na ZnSe:Mn
" 100°c 100°C
HSCH,CH,CO,H

Highly luminescent manganese-doped zinc selenide&sé2Vin) quantum dots were synthesized in
aqueous solution at 100°C using the nucleationsapptrategy. The influence of various experimental
variables, including Mfi concentration, Z1i/S€"/3-mercaptopropionic acid molar ratio, and reaction
time have been systematically investigated to ab¢giantum dots with high optical quality and pure
dopant emission. Overcoating a high bandgap Zn$ atwind the ZnSe:Mn cores allows significant
improvement of the photoluminescence propertiesthed nanocrystals. A 2.5-fold increase in
photoluminescence quantum yield (from 3.5 to 9% af Mn** ion emission lifetime have been

observed after surface passivation.
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