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Abstract 

Highly photoluminescent and water dispersible ternary alloyed Mn-doped ZnSeS and 

core/shell Mn:ZnSeS/ZnS quantum dots (QDs) with pure dopant emission were synthesized 

through a simple aqueous route using thiolactic acid (2-MPA) as a capping ligand. 

Transmission electron microscopy and X-ray diffraction show that Mn:ZnSeS nanocrystals 

are of spherical shape, with a diameter of 2.4 nm and a cubic zinc blende structure. With the 

overcoating of the ZnS shell, the particle size increases to 3.7 nm, which confirms the 

epitaxial growth of the shell on Mn:ZnSeS cores. The photoluminescence (PL) quantum yield 

depends on the Mn loading and reaches 22% for Mn:ZnSeS cores doped with 10% Mn and 

41% after the growth of ZnS at the surface of the cores due to the effective elimination of 

surface-trap states. Mn:ZnSeS QDs exhibit also long PL lifetimes (up to 681 μs) indicating 

that the emission originates from the spin forbidden Mn
2+

 
4
T1 → 

6
A1 transition. Electron 

paramagnetic resonance and X-ray photoelectron spectroscopy results suggest that Mn
2+

 ions 



2 
 

are located at the interface of core/shell Mn:ZnSeS/ZnS QDs. Further, the stability of 

Mn:ZnSeS/ZnS QDs was also investigated along with their transfer in organic phase using 

octanethiol. 

 

Keywords: Quantum dots; Mn-doped ZnSeS; core/shell Mn:ZnSeS/ZnS; 2-mercaptopropionic 

acid; Photoluminescence; Stability 

 

1. Introduction 

 

In recent years, doped semiconductor nanocrystals (quantum dots, QDs) have attracted high 

interest due to the novel properties like optical, electronic or magnetic brought to QDs by the 

dopant [1-4]. Doping QDs with Mn
2+

 ions allows the engineering of nanocrystals with an 

emission usually located between 570 and 590 nm originating from the 
4
T1 → 

6
A1 transition 

of Mn
2+

 ions in the host material [1-8]. Large bandgap QDs doped with Mn
2+

 exhibit a high 

Stokes shift that avoids self-absorption and the photoluminescence (PL) is of higher thermal 

stability than conventional binary or ternary semiconductor QDs which makes Mn-doped QDs 

of high potential for light-emitting diodes (LEDs) or laser applications [9]. Moreover, the PL 

lifetime of Mn-doped QDs is in the ms scale which allows to easily distinguish the dopant 

related emission from the background, which is of high interest for bio-applications [5,10,11]. 

Mn-doping is usually performed using wide bandgap semiconductors like ZnO, ZnS or ZnSe 

as host materials because the doping allows to tune their PL emission to the visible range but 

also due to the lower cytotoxicity of these QDs compared to Cd
2+

-based ones. Mn-doped ZnS 

or ZnSe QDs can be prepared in organic or aqueous phase via the growth-doping or the 

nucleation-doping strategies, the latter being of high interest to uniformly dope the host 

nanocrystals [12-14]. High quality Mn:ZnS and Mn:ZnSe QDs with pure dopant emission and 

PL quantum yields (QYs) up to 50% are usually prepared at high temperature on organic 

medium using fatty acids or amines or tri-n-butylphosphine as capping agents [15-19].  

Aqueous phase synthesis is an alternative method to produce Mn-doped ZnS or ZnSe QDs 

and affords dots dispersible in water without any ligand exchange or encapsulation. 

Moreover, the aqueous phase synthesis is cheaper and uses fewer toxic reagents than 

syntheses conducted in organic phase. However, the PL QYs of these QDs are lower than 

those prepared in organic media (values are usually below 24%) [20-23]. A dual emission of 

the dopant and of the host material is also sometimes observed. The PL QY of water 
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dispersible Mn:ZnS or Mn:ZnSe QDs can markedly be increased by introducing a ZnS shell 

at their surface [24]. When the shelling is conducted at high temperature under hydrothermal 

conditions or under microwave irradiation, S
2-

 ions diffuse from the shell into the ZnSe core 

to form ternary alloyed ZnSeS core QDs capped by a ZnS shell [25]. The formation of 

gradient alloyed ZnSe/ZnSeS with improved optical properties was also observed after the 

irradiation of thioacid-capped ZnSe QDs due to the light induced decomposition of the thiol-

based ligand that generates S
2-

 ions [26]. Due to their high stability and enhanced PL QYs, 

ZnSeS and core/shell ZnSeS/ZnS QDs have been demonstrated to be of high potential for 

lasers, sensing and bioimaging [27-30]. 

Mn:ZnSeS and Mn:ZnSeS/ZnS QDs with PL QYs up to 50% and exhibiting pure dopant 

emission can be prepared at high temperature in organic media via the nucleation-doping 

strategy [31-33]. Only one recent report describes the hydrothermal synthesis of Mn:ZnSeS 

QDs with a dual dopant and defect related PL emissions and the PL QY of these nanocrystals 

was not provided [34]. 

We report here a new and easy aqueous synthesis of 2-MPA-capped Mn:ZnSeS and 

Mn:ZnSeS/ZnS QDs exhibiting PL QYs up to 41% for the core/shell nanocrystals, value that 

favourably compares with hydrophic Mn:ZnSeS/ZnS QDs prepared in organic phase after 

their transfer to water. Moreover, Mn:ZnSeS and Mn:ZnSeS/ZnS QDs show almost pure 

dopant emission located at ca. 580 nm. Electron paramagnetic resonance (EPR) and X-ray 

photoelectron spectroscopy (XPS) results suggest that the dots were formed via a growth 

doping mechanism and that the Mn
2+

 dopant is localized at the interface between the core and 

the shell. Mn:ZnSeS and Mn:ZnSeS/ZnS QDs were also demonstrated to be of high stability 

under UV irradiation. Ligand exchanges can also be conducted on these nanocrystals without 

alteration of their optical properties. 

 

2. Experimental section 

 

2.1. Materials 

 

Zinc nitrate hexahydrate Zn(NO3)2.6H2O (> 99.0%, Sigma Aldrich), manganese acetate 

tetrahydrate Mn(OAc)2.4H2O (99%, ABCR), thiolactic acid, 2-MPA (95%, Sigma Aldrich), 

3-mercaptopropionic acid, 3-MPA (> 99%, Sigma Aldrich), selenium powder (99.5+%, 

Sigma Aldrich), sodium borohydride (99%, Sigma Aldrich), sodium sulfide nonahydrate 
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(98.0% min, Alfa Aesar), 1-octanethiol (98%, Alfa Aesar), L-glutathione reduced GSH (> 

98.0%, Sigma Aldrich), N-acetyl-L-cysteine NAC (> 99%, Sigma Aldrich) and 2-

dimethylaminoethanethiol hydrochloride DMAT (95%, Acros Organics) were used without 

further purification. 

 

2.2. Synthesis of Mn-doped ZnSeS cores 

 

A one-pot three-steps method was developed for the preparation of Mn
2+

-doped ZnSeS cores. 

The following synthetic protocol describes the preparation of the 10% Mn
2+

-doped cores. In a 

three-necked flask, the metal precursors (0.75 mmol of Zn(NO3)2 and 0.075 mmol of 

Mn(OAc)2) and 2-MPA (100 μL, 1.147 mmol ) are solubilized in 20 mL of ultrapure water at 

room temperature. The pH of the solution is adjusted to 7 by adding dropwise a 1 M NaOH 

aqueous solution and oxygen is removed from the reaction medium by bubbling with argon 

for 30 min. In another reaction flask, the NaHSe solution was prepared by reacting 0.215 

mmol of Se(0) with 7.93 mmol of NaBH4 in 4 mL of ultra-pure water. The solution becomes 

colorless after 10 min of stirring under argon. The NaHSe solution is then quickly injected 

into the reaction flask and stirring is maintained for 15 min. Next, Na2S.9H2O (0.215 mmol) 

in 2 mL of water was quickly injected into the above mixture which is further stirred for 5 

min at room temperature. Finally, the reaction mixture was heated at 100°C under argon. 

During the growth of Mn:ZnSeS QDs, aliquots were taken at various time intervals for UV-

visible absorption and fluorescence analyses. After cooling to a room temperature, Mn:ZnSeS 

QDs were recovered by adding ethanol to the reaction mixture followed by centrifugation 

(1700 g for 15 min). Mn:ZnSeS QDs were purified by washing with ethanol (2 x 20 mL). 

 

2.3. Overcoating Mn-doped ZnSeS cores with a ZnS shell 

 

After a growth time of 7 h at 100°C, a ZnS shell was deposited at the surface of Mn-doped 

ZnSeS QDs. A monolayer of ZnS can be considered as a shell that measures 0.27 nm (the 

distance between consecutive planes in bulk cubic ZnS) along the major axis of the prolate-

shaped dots [35]. Thus, one additional layer should increase the diameter by 0.54 nm. The 

amount of Zn
2+

 and S
2-

 precursors required for the introduction of one monolayer was 

determined by the number of surface atoms of a given size of Mn:ZnSeS/ZnS QDs. 

Considering that core ZnSeS QDs have an average diameter of ca. 2.4 nm (based on TEM 

experiments), one injection of Zn(NO3)2 and of Na2S.9H2O/2-MPA stock solutions can be 
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considered to be a one monolayer addition. The ZnS shell cannot be assumed to coat the 

nanocrystals evenly to make up a perfect monolayer because the shape of the nanocrystals is 

not a perfect sphere.  

To the Mn:ZnSeS crude cores at 100 °C were simultaneously added via two syringes 0.65 mL 

of a 0.15 M Zn(NO3)2 solution and 0.65 mL of a 0.1 M Na2S.9H2O/0.04 M 2-MPA solution 

(pH adjusted to 7). The same operation is repeated every hour. An injection of Zn
2+

 and S
2-

/2-

MPA precursors is considered to allow the addition of a monolayer to the surface of 

Mn:ZnSeS cores. Aliquots were taken before each injection and the UV-visible absorption 

and fluorescence spectra were recorded to monitor the growth of the shell. When the reaction 

was completed, the core/shell Mn:ZnSeS/ZnS QDs were precipitated with ethanol, collected 

by centrifugation (1700 g for 15 min) and washed with ethanol (2 x 20 mL).  

 

2.4. Photostability experiments 

 

The photostability was evaluated by continuously irradiating an aqueous dispersion of 

Mn:ZnSeS/ZnS QDs with a Hg-Xe lamp for 1 h (light intensity of 50 mW/cm
2
). The optical 

properties were monitored by UV-visible and fluorescence spectroscopy. 

 

2.5. Phase transfer 

 

The phase transfer method reported by Tsay et al. [36] was used to transfer Mn:ZnSeS/ZnS 

QDs from an aqueous water to an organic medium, with slight modifications. To 2-MPA-

capped Mn:ZnSeS/ZnS dispersed in water was added octanethiol (1 mL) and acetone (1.9 

mL) used as interfacial solvent. The mixture was vigorously stirred and heated for 3 h at 

60°C. A complete phase separation was observed. The organic layer containing octanethiol-

capped Mn:ZnSeS/ZnS QDs was separated, diluted with toluene (4 mL) and further refluxed 

at 110°C for 4 h to repair the surface defects generated by the ligand exchange. Finally, after 

cooling to room temperature, QDs were precipitated with ethanol, recovered by centrifugation 

(1700 g for 15 min) and washed with ethanol (2 x 20 mL). 

 

2.6. Characterization 

 

Transmission electron microscopy (TEM) and high-resolution (HR-TEM) measurements were 

performed on a Philips CM200 instrument operating at 200 kV. A drop of the QDs dispersed 
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in water was deposited onto a carbon film-supported copper grid. The powder X-ray 

diffraction (XRD) patterns were recorded using a Panalytical X’Pert Pro MPD diffractometer 

using Cu Kα radiation (λ = 0.15418 nm). The dried samples were placed on a silicon zero-

background sample holder and the XRD patterns were recorded at room temperature. XRD 

patterns were analyzed using TOPAS (Bruker AXS, Version 4-2). Hydrodynamic QDs sizes, 

polydispersity indexes (PDI), and Zeta potential measurements were determined by dynamic 

light scattering (DLS) on a Zetasizer Nano ZS (green laser beam 532 nm) (Malvern 

Panalytical, UK), Cuvette DTS1070.  

Thermogravimetric analysis (TGA) was conducted under air atmosphere from room 

temperature to 800°C at a heating rate of 10°C/min using a TGA/DSC1 STAR equipment 

(MettlerToledo). Inductively Coupled Plasma-Optical Emission Spectrometer (ICP-OES) 

measurements were conducted on a Varian 720-ES equipment.  

FT-IR absorption spectra were recorded on a Brucker ALPHA spectrometer. UV-visible 

absorption spectra were obtained with a Thermo Scientific Evolution 220 UV-visible 

spectrophotometer and photoluminescence (PL) emission spectra were recorded on a Horiba 

Fluoromax-4 Jobin Yvon spectrofluorometer. PL spectra were spectrally corrected and PL 

QYs were determined relative to Rhodamine 6G in ethanol (PL QY = 94%). For the time 

resolved photoluminescence (TR-PL) experiments, the QDs were pumped by the 355 nm line 

of a frequency-tripled YAG (yttrium aluminium garnet):Nd laser. The laser pulse frequency, 

energy and duration were typically equal to 10 Hz, 50 µJ and 10 ns, respectively. The PL 

signal was analysed by a monochromator equipped with a 600 grooves/mm grating and by a 

photomultiplier tube cooled at 190 K. The rise time of the detector is equal to around 3 ns.  

X-band EPR spectra were recorded in non-saturating conditions on a Bruker ELEXSYS 500 

spectrometer equipped with an Oxford instrument continuous-flow liquid-helium cryostat and 

a temperature control system. Typical conditions were : T = 20 K, 5 G amplitude modulation, 

 = 9.402 GHz and microwave power = 0.63 mW. 

 

3. Results and discussion 

 

3.1. Synthesis and optical properties of Mn-doped ZnSeS@2-MPA QDs 

 

http://www.google.fr/url?sa=t&rct=j&q=icp-ms&source=web&cd=3&sqi=2&ved=0CEAQFjAC&url=http%3A%2F%2Fen.wikipedia.org%2Fwiki%2FInductively_coupled_plasma_mass_spectrometry&ei=o-kyT5X8GYaw0QX34JGVBw&usg=AFQjCNFnIQl8uPp82uAnpK-LUg7VKhY6Mw&cad=rja
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Mn-doped ZnSeS core QDs were prepared by reacting an aqueous solution of Zn(NO3)2, 

Mn(OAc)2 and the ligand with NaHSe and Na2S at room temperature followed by heating at 

100°C (Scheme 1).  

 

 

Scheme 1. Schematic illustration for the aqueous-phase synthesis of Mn:ZnSeS QDs. 

 

In preliminary experiments, we first evaluated the influence of the reactant ratio on the optical 

properties of Mn:ZnSeS QDs using 2-MPA as ligand and found that the highest PL intensity 

was obtained using a Zn/Se/S ratio of 1/0.28/0.28. The structure of the ligand was also varied. 

Experiments were conducted at pH 7 using 2-MPA, 3-mercaptopropionic acid (3-MPA), N-

acetylcysteine (NAC) and glutathione (GSH) as capping ligands. As can be seen in Fig. S1, 

only the use of 2-MPA afforded Mn:ZnSeS QDs exhibiting almost pure dopant related 

emission at 582 nm. Using 3-MPA, NAC or GSH, a host surface defect-related emission 

located at 477 nm for 3-MPA and NAC and at 437 nm for GSH can be observed associated to 

the Mn
2+

 emission. These results suggest that the use of 3-MPA, NAC and GSH affords 

nanocrystals in which the energy transfer from the ZnSeS host to the Mn
2+

 dopant is not 

optimal. The signals at 477 and 437 nm are ascribed to Zn vacancies (VZn) and S or Se 

vacancies (VS or VSe), respectively [37,38]. Noteworthy is also the significant shift of the 

Mn
2+

 PL emission when varying the structure of the ligand (560, 581, 582 and 625 nm using 

NAC, 2-MPA, 3-MPA and GSH, respectively) which is related to the Mn
2+

 cations location in 

ZnSeS QDs or to Mn-Mn interactions [16,39].  

Another important result observed in these preliminary tests is that undoped ZnSeS QDs 

prepared using 2-MPA as ligand exhibit almost no fluorescence (data not shown) while a 

strong defect state emission at 484 nm was observed when using 3-MPA (Fig. S2). Despite its 

structural similarities with 3-MPA, 2-MPA has very scarcely been used as ligand for the 

stabilization of QDs and no data are available related to its interactions with metal salts used 

to engineer the dots [40-42]. When adding the Mn
2+

 dopant in the reaction medium, almost 

pure dopant emission is observed after the injection of NaHSe and Na2S, suggesting that 2-
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MPA-capped MnSeS nuclei or related species are responsible for the PL emission observed. 

The FT-IR spectrum of pure 2-MPA shows signals at 2555 cm
-1

 (S-H stretching) and at 1699 

cm
-1

 (C=O stretching) (Fig. S3). The SH signal disappears upon mixing with Zn(NO3)2 and 

Mn(OAc)2 and two signals characteristic of the asymmetric and of the symmetric stretching of 

carboxylate metal salts COOM (M = Zn or Mn) can be observed at 1563 and 1353 cm
-1

, 

respectively [43]. As no PL is observed in the absence of Mn, we privilege the formation of 

bi- or polynuclear complexes like 2 and 3 rather than the monometallic complex 1 to be the 

species in solution before the addition of NaHSe and Na2S (Fig. 1) [44,45]. The signals of the 

carboxylate function are markedly shifted to 1433 and 1329 cm
-1

 in Mn:ZnSeS and 

Mn:ZnSeS/ZnS QDs indicating that such metal-2-MPA complexes remain present at the 

surface of the dots after the growth step. 

 

Fig. 1. Structures of the complexes formed between 2-MPA, Zn(NO3)2 and Mn(OAc)2. 

 

Using 2-MPA as ligand, the influence of the pH of the reaction medium was also investigated. 

The highest PL intensity was observed at pH 7 and decreased significantly at pH 5 and 

especially at pH 9 (Fig. S4). The changes of pH during the synthesis had no influence on the 

crystallinity of Mn:ZnSeS QDs which exhibit a zinc blende structure (vide infra) (Fig. S5). 

The pH value of 7 was kept in all further experiments. 

Fig. 2 shows the temporal evolution of UV-visible and the PL emission spectra of Mn:ZnSeS 

QDs (10% doping) during their growth at 100°C. The adsorption edge is located at ca. 380 

nm. The first exciton absorption peak appearing as a shoulder shifts from 338 to 347 nm 

during the 7 h of heating, indicating the growth of the ZnSeS core (Fig. 2a). The 
4
T1 → 

6
A1 

emission of Mn
2+

 appears after 2 h of heating suggesting that both the formation rate of 

MnSeS nuclei and/or Mn-containing 2-MPA complexes and their incorporation into the 

ZnSeS host material are slow, which agrees well with results obtained for Mn:ZnSeS QDs 

prepared at high temperature in organic media [31]. A large Stokes shift of ca. 240 nm can be 

observed due to the high energy difference between the bandgap of the ZnSeS host and the 

Mn
2+

 
4
T1 → 

6
A1 d-d transition. The PL intensity increases gradually until 7 h, which confirms 
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the successful incorporation of Mn
2+

 in the ZnSeS host. Moreover, only a very weak defect 

related emission centered at ca. 480 nm can be observed for ZnSeS, indicating the efficient 

energy transfer between the ZnSeS host and the dopant. Extending the heating over 7 h 

caused a decrease of the PL intensity likely due to the increase of surface defects. 

 

 

Fig. 2. Temporal evolution of (a) UV-visible and (b) PL emission spectra of Mn:ZnSeS QDs 

during the synthesis at 100°C.  

 

Fig. 3a shows the PL emission spectra of Mn:ZnSeS QDs when varying the loading in Mn
2+

 

(1.25, 2.5, 5, 10 and 15 mol% relative to Zn
2+

). The PL intensity increases with the Mn
2+

 

concentration and reaches its maximum for the 10% doping. A slight shift of the PL emission 

maximum from 574 to 580 nm is also observed with the increase of the Mn loading, which 

originates from Mn-Mn interactions in Mn:ZnSeS nanocrystals [5]. Simultaneously, the PL 

QY increases with the loading in Mn (values of 5.1, 6.3, 17.7 and 22% were measured for the 
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doping percentages of 1.25, 2.5, 5 and 10%, respectively). Further increasing the Mn
2+

 

concentration was found to be deleterious on the PL QY (15.1% for the sample doped with 

15% Mn) likely due to a self-quenching caused by the proximity of Mn
2+

 emission centers in 

the QDs [5]. No defects were generated in the ZnSeS crystal lattice by the Mn
2+

 loading as 

demonstrated by XRD (vide infra). Noteworthy is also that the amount of Mn
2+

 incorporated 

in ZnSeS QDs is markedly lower than the nominal Mn
2+

 value as observed by XPS analysis 

(vide infra). The actual doping percentages are of 0.31, 0.57, 1.33 and 1.66% for initial 

loading of 1.25, 2.5, 5 and 10% Mn
2+

. The amounts of Zn and Mn elements were also 

quantified using ICP-OES. Mn/Zn ratios of 0.29/100, 0.51/100, 1.40/100 and 1.65/100 were 

determined for feed ratios of 1.25/100, 2.5/100, 5/100 and 10/100, respectively. These results 

are in good agreement with XPS analyses and confirm the low reactivity of 2-MPA-capped 

MnSeS nuclei or 2-MPA-Mn complexes that only weakly incorporate into the ZnSeS host 

material. 

Time-resolved PL decay measurements were conducted to understand the PL emission 

mechanism. The PL decays were recorded at the PL maximum of Mn:ZnSeS QDs when 

varying the dopant concentration from 1.25 to 10% and are shown in Fig. 3b. The data were 

best fitted to a bi-exponential function I(t) = A1 exp (-t/τ1) + A2 exp (-t/τ2), where τ1 and τ2 are 

the time constants of the PL and A1 and A2 the normalized amplitudes of the components. The 

average lifetime τav was determined using the formula τav = (A1τ1 + A2τ2)/(A1 + A2). The time 

constants are given in Table 1. The PL decays are characterized by a short lifetime τ1 varying 

from 14 to 122 ns and a long lifetime τ2 varying from 700 µs to ca. 1 ms with the increase of 

the Mn
2+

 doping. The fast lifetime corresponds to the defect state emission eventually 

combined with a non-radiative decay and the slow one to the spin forbidden Mn
2+

 
4
T1 → 

6
A1 

transition of the electrons in the ZnSeS host [7,19]. The A2 contribution is significantly higher 

for the 5 and 10% doping in Mn, which agrees well with the PL QYs determined for the dots. 

Finally, the average lifetime τav are of ca. 85 µs for 1.25 and 2.5 doping in Mn
2+

 but markedly 

increase for the 5 and 10% doping to 295 and 681 µs, which agrees well with values reported 

in the literature for Mn-doped ZnSeS [33] and Mn-doped ZnS or ZnSe QDs [16].  
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Fig. 3. (a) PL emission spectra of Mn:ZnSeS QDs when varying the Mn
2+ 

dopant percentage 

(reactions were conducted at pH 7 and the heating time was fixed at 7 h), (b) PL decay curves 

of Mn:ZnSeS QDs when varying the Mn
2+

 loading. Spectra were recorded at the maximum 

emission wavelength and an excitation of 355 nm was used. 

 

Table 1. Time constant τ1 and τ2 and the contributions of decays A1 and A2 of Mn:ZnSeS QDs 

when varying the dopant percentage from 1.25 to 10%. 

Sample A1 τ1 

(ns) 

A2 τ2 

(µs) 

τ av 

(µs) 
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Mn(1.25):ZnSeS 0.0148 14.1 0.0021 701 87.113 

Mn(2.5):ZnSeS 0.0197 17.7 0.0025 758 85.376 

Mn(5):ZnSeS 0.0133 21.4 0.0081 781 295.625 

Mn(10):ZnSeS 0.0077 122 0.0181 972 681.943 

 

3.2. Optical properties of core/shell Mn:ZnSeS/ZnS QDs 

 

The epitaxial growth of a ZnS shell at the surface of the Mn(10):ZnSeS QDs was conducted 

by simultaneously injecting Zn(NO3)2 and Na2S/2-MPA aqueous solutions each hour into the 

reaction mixture at 100°C after 7 h of core growth (Scheme 1). Each injection corresponds to 

a monolayer of ZnS grown at the periphery of Mn:ZnSeS QDs. ZnS is a wide bandgap 

semiconductor (Egbulk = 3.7 eV) and core/shell Mn:ZnSeS/ZnS QDs will be of type-I [24]. 

The ZnS shell should not only constitute a barrier protecting the optically active Mn:ZnSeS 

core from the surrounding aqueous medium but also passivate surface trap states and thus 

improve the PL QY [24]. During the shell growth, a redshift of both UV-visible absorption 

(from 360 to 367 nm) and of PL emission spectra (from 582 to 586 nm) was observed, which 

clearly indicates the deposition of the ZnS shell without any diffusion of S
2-

 or substitution of 

Mn
2+

 by Zn
2+

 into the ZnSeS core (Fig. 4a-b). These anion and cation exchanges would result 

in a blue shift of the UV-visible absorption spectra and to a decrease of the Mn
2+

 related 

emission, respectively. An increase of the PL intensity was observed until five monolayers of 

ZnS were added at the surface of Mn:ZnSeS. A marked increase of the PL QY from 22% to 

41% was also observed after the shell growth due to the promotion of radiative recombination 

pathways. Further increasing the thickness of the ZnS shell caused a decrease of the PL QY 

likely due to the weak lattice contraction observed after introduction of the ZnS shell at the 

surface of the ZnSeS core (a values of 0.551 and 0.542 nm were determined for Mn:ZnSeS 

and Mn:ZnSeS/ZnS QDs, respectively, see Fig. S6 and Fig. S7.)  

The PL decay curves of Mn:ZnSeS and Mn:ZnSeS/ZnS QDs are presented in Fig. 3c and, as 

previously, were fitted by a biexponential function. The PL lifetime parameters are 

summarized in Table 2. A slight decrease of the long PL lifetime τ2 is observed after 

introduction of the ZnS shell from 972 µs for Mn:ZnSeS QDs to 792 µs for Mn:ZnSeS/ZnS 

QDs. As the PL QY of core/shell QDs is significantly enhanced and as surface defects and 

traps are expected to be removed, the decrease of the PL lifetime may arise from a 

modification of the Mn
2+

 local environment due to the introduction of the ZnS shell. In 
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addition, a partial diffusion of Mn
2+

 ions from the ZnSeS core to the ZnS shell cannot be 

excluded.  

 

 

Fig. 4. Temporal evolution of (a) UV-visible and (b) PL emission spectra of Mn(10):ZnSeS 

QDs during the shell growth and (c) PL decay curves of Mn(10):ZnSeS and 

Mn(10):ZnSeS/ZnS QDs. Spectra were recorded at the maximum emission wavelength and an 
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excitation wavelength of 355 nm was used. The inset of (b) is a digital picture taken under 

UV light illumination of Mn(10):ZnSeS QDs during the deposition of the ZnS shell. 

 

 

Table 2. Time constants τ1 and τ2 and the contributions of decays A1 and A2 of the 10% Mn-

doped ZnSeS cores and the 10% Mn-doped ZnSeS/ZnS core/shell QDs. 

Sample A1 τ1  

(ns) 

A2 τ2  

(µs) 

τav  

(µs) 

Mn(10)ZnSeS 0.0077 122  0.0181 972 681.943 

Mn(10)/ZnSeS/ZnS 0.0047 111.6 0.0102 792 542.209 

 

3.3. Structural properties of Mn:ZnSeS and core/shell Mn:ZnSeS/ZnS QDs 

 

Electron paramagnetic resonance (EPR) was further used to investigate the local environment 

around the Mn
2+

 dopant in Mn:ZnSeS QDs (Fig. 5). The six-line hyperfine structure 

originating from the interaction between the electronic spin and the 
55

Mn nuclear spin (I = 

5/2) can only clearly be observed for ZnSeS QDs doped with 1.25% Mn. The A value is high 

(ca. 88 G) indicating that Mn
2+

 ions are most likely in an octahedral environment, and thus 

located near the surface of ZnSeS QDs, which agrees well with the presence of Mn-2-MPA 

complexes observed by FT-IR [16]. Much lower values of A were measured for Mn
2+

 ions 

substituting Zn
2+

 ions at the tetrahedral sites in ZnS or ZnSe nanocrystals (68.4 and 66.1 G, 

respectively) [12,16,46,47]. Moreover, while in the latter case sharp peaks are observed, a 

significant line broadening is observed for all our EPR spectra. This line broadening very 

likely results from significant g-strain due to slight variations of the Mn-2-MPA complex 

environment at the surface of the QDs, again as opposed to Mn
2+

 substitution in tetrahedral 

site where no g-strain (sharp peaks) is observed. Additionally, the more pronounced line 

broadening observed for higher loading very likely originates from Mn-Mn interactions, 

suggesting increasing proximity between the Mn
2+

 ions at the surface of ZnSeS QDs. The 

signal of Mn
2+

 is still present after the ZnS shell growth, indicating that Mn
2+

 ions do not 

diffuse out of the ZnSeS/ZnS nanocrystals. 
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Fig. 5. EPR spectra recorded at 20 K of ZnSeS QDs loaded with 1.25, 2.5, 5 or 10% Mn
2+

 and 

of core/shell Mn(10)ZnSeS/ZnS QDs. 

 

Fig. 6 shows the powder XRD patterns of Mn:ZnSeS QDs when varying the Mn
2+ 

loading 

from 1.25 to 10% and of the core/shell Mn(10)ZnSeS/ZnS QDs. The peaks located at 28.2, 

46.8 and 55.5° can be attributed to the (111), (220) and (311) planes of the cubic zinc blende 

phase of the ZnSeS host material and their broadness is indicative of the small size of the 

nanocrystals. The diffraction peaks are located between those of cubic ZnSe (JCPDS No 03-

065-9603) and of cubic ZnS (JCPDS No 04-004-2829), which confirms the formation of the 

ternary alloyed ZnSeS host (the standard XRD patterns of bulk zinc blende ZnS and ZnSe are 

shown at the bottom of Fig. 6). No significant changes in XRD patterns were observed when 

increasing the Mn
2+ 

dopant percentage, indicating that the ZnSeS crystal lattice is well 

preserved after the doping and that their compositions are similar. The XRD pattern of 

Mn:ZnSeS and Mn:ZnSeS/ZnS QDs fits well with that of the host with a ZnSe0.5S0.5 

composition (Fig. S6 and S7 for the experimental and calculated data) indicating that both 

Se
2-

 and S
2-

 incorporate similarly in the crystal lattice. After introduction of the ZnS shell, the 

diffraction peaks further shift to the cubic ZnS phase, which is consistent with previous 

reports [27,31].  
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Fig. 6. XRD patterns of Mn:ZnSeS QDs when varying the Mn
2+

 dopant percentage and of 

core/shell Mn(10):ZnSeS/ZnS QDs. 

 

TEM and HR-TEM measurements were conducted to determine the size and the structure of 

Mn(10):ZnSeS and Mn(10):ZnSeS/ZnS QDs. For both samples, particles with a nearly 

spherical shape and a well crystalline structure can be observed. The average diameter of 

Mn(10):ZnSeS QDs was determined to be 2.4 nm ± 0.8 nm (Fig. 7a). After ZnS shelling, the 

average particles diameter increases to 3.7 nm ± 0.9 nm (Fig. 7b). Mn(10):ZnSeS/ZnS 

core/shell QDs retain the nearly monodisperse size distribution of the Mn(10):ZnSeS cores, 

which indicates the successful epitaxial growth of the ZnS shell on Mn(10):ZnSeS cores. 

Considering a thickness of 0.27 nm for a monolayer of ZnS, the thickness of the ZnS shell at 

the periphery of Mn:ZnSeS QDs is estimated to be of ca. 2.4 monolayers, value lower than the 

theoretical number of monolayers deposited at the surface of the cores. Well-resolved lattice 

fringes indicate the crystalline structure of both QDs. The interplanar distance measured for 

the Mn:ZnSeS and Mn:ZnSeS/ZnS QDs is of 0.31 nm (Fig. 7c,e), value close to the (111) 

plane of zinc blende ZnSe (0.327 nm) and ZnS (0.312 nm) [29]. The cubic structure of the 

dots was further confirmed by the selected area electron diffraction patterns (Fig. 7d,f). It 

should also be noted that no obvious crystal interface could be observed in Mn:ZnSeS/ZnS 

QDs due to the close lattice constants of ZnSeS and ZnS.  
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Fig. 7. TEM and HR-TEM images of (a,c) core Mn(10):ZnSeS and of (b,e) core/shell 

Mn(10):ZnSeS/ZnS QDs. The insets of (a) and (b) are the size distribution histograms and 

(d,f) are the SAED patterns. 

 

X-ray photoelectron spectroscopy (XPS) measurements were further conducted to investigate 

the chemical state as well as the elemental composition of Mn:ZnSeS and of Mn:ZnSeS/ZnS 

QDs (Fig. S8 and S9, respectively). As shown in the overview spectrum of the Mn(10):ZnSeS 

QDs selected as a representative, only Zn, Se, S and Mn elements which compose the core of 

the nanocrystals as well as O and C elements present in the 2-MPA ligand can be detected 

(Fig. S8). The Zn 2p3/2 signal is located at 1021.42 eV, which corresponds to Zn
+2

. The broad 

signal observed for Se originates from the overlap of Se 3d5/2 (53.49 eV) and Se 3d3/2 (54.35 

eV) peaks. The energy splitting of 0.86 eV confirms that Se is in the -2 chemical state and 

bound to Zn [19,32,48]. The signal of S can be deconvoluted into four components, 161.40 
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and 162.60 eV for S 2p3/2 and S 2p1/2 in the lattice, respectively, and 163.70 and 164.90 eV for 

S 2p3/2 and S 2p1/2 of the 2-MPA ligand, respectively [32]. The separation between S 2p3/2 and 

S 2p1/2 peaks is of 1.2 eV, indicating that S is present in the -2 state. Finally, the Mn 2p3/2 

signal is of low intensity and located at 639.06 eV. XPS overview and HR spectra of 

core/shell Mn(10):ZnSeS/ZnS@2-MPA QDs are shown in Fig. S9 and no marked changes in 

the binding energies were observed for Zn, Se, and S compared to the native Mn(10):ZnSeS 

core. The decrease of the Se/Zn atomic ratio (from 0.37 to 0.24) and the increase of the S/Zn 

atomic ratio (from 0.83 to 1.37) further confirm the successful growth of the ZnS shell at the 

surface of ZnSeS core. A significant shift to a higher binding energy was observed for Mn 

2p3/2 (from 639.06 to 641.25 eV), indicating that Mn
2+

 ions are likely located at the interface 

between the ZnSeS core and the ZnS shell and bound to S rather than to Se (Fig. 8) [49].  

 

Fig. 8. High-resolution XPS spectra of Mn 2p for Mn(10):ZnSeS and Mn(10):ZnSeS/ZnS 

QDs. 

 

3.4. Stability of Mn:ZnSeS/ZnS QDs 

 

The influence of the pH on the PL intensity of a colloidal dispersion of 

Mn(10):ZnSeS/ZnS@2-MPA QDs was first evaluated (Fig. 9a). Aqueous 0.1 M solutions of 

NaOH or HCl were used to adjust the pH of the starting neutral dispersion. The PL intensity 

of Mn:ZnSeS/ZnS@2-MPA QDs increased gradually with the pH and reached its maximum 

at pH 11-12. A progressive decline of the PL intensity is observed until pH 5 followed by a 
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fast drop due the protonation of the carboxylate function of 2-MPA (pKa = 4.35). QDs 

precipitate below pH 4 and the fluorescence disappears.  

The photostability of Mn(10):ZnSeS@2-MPA and Mn(10):ZnSeS/ZnS@2-MPA QDs was 

also investigated under the continuous irradiation of Hg-Xe light (intensity of 50 mW/cm
2
) 

under open air condition and at room temperature (Fig. 9b). A continuous increase of the PL 

intensity was observed for both QDs during the irradiation likely due to the partial 

decomposition of Zn
2+

-2-MPA complexes adsorbed at the surface of the QDs and/or of the 2-

MPA ligand into S
2-

 ions followed by the deposition of an extra ZnS shell at the surface of the 

dots (see Fig. S10 and S11 for the UV-visible absorption and PL emission spectra obtained 

with Mn:ZnSeS@2-MPA and Mn:ZnSeS/ZnS@2-MPA QDs, respectively). These results 

show that the ZnS shell introduced after synthesis as well as that formed during irradiation 

improves the dopant emission and protects the QDs from photobleaching 
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Fig. 9. (a) PL intensity of Mn:ZnSeS/ZnS@2-MPA QDs versus pH. (b) Time evolution of the 

PL intensity of the Mn(10):ZnSeS and Mn(10):ZnSeS/ZnS QDs under the continuous 

irradiation of a Hg-Xe lamp (light intensity of 50 mW/cm
2
). 

 

As prepared Mn(10):ZnSeS/ZnS QDs exhibit a relatively high hydrodynamic diameter of ca. 

24 nm (Fig. 10a) with a polydispersity index (PDI) of ca. 0.22, suggesting a slight 

agglomeration of the dots in aqueous solution despite of their relatively high negative Zeta 

potential of -34 mV (Fig. 10b). When stored at room temperature in the dark or under room 

light, the QDs were found to be stable for at least two weeks as indicated by UV-visible 

absorption and PL emission spectra (Fig. S12). As can be seen, an increase of the PL intensity 
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for observed for the dots exposed to light, which is in good agreement with photostability 

studies. However, precipitates start to appear after that period of a storage. This may originate 

from the weak surface coverage in 2-MPA and/or from the presence of Zn-2-MPA complexes 

at the periphery of the dots that mask their negative charge. To increase the ligand density, 

Mn(10):ZnSeS/ZnS@2-MPA QDs were treated at 100°C for 3 h with aqueous solutions of 

GSH, NAC or 2-dimethylaminoethanethiol (DMAT) that will anchor via their thiol function 

to surface Zn atoms (Fig. 10c). A marked improvement of the colloidal stability was observed 

and no precipitate could be detected upon storage for up to 6 months. Moreover, the PL 

intensity of Mn(10):ZnSeS/ZnS QDs increased significantly, which confirms the reduction of 

surface defects by the enhanced ligand coverage (Fig. 10d and Fig. S13 for the UV-visible 

and PL emission spectra recorded using GSH). The asymmetric and symmetric signals of free 

carboxylate functions at 1580 and 1387 cm
-1

 can be observed in the FT-IR spectra of the 

nanocrystals treated with GSH, NAC and DMAT, which further confirms the successful 

ligand capping (Fig. S14). Thermogravimetric analyses (TGA) of 2-MPA and 2-MPA/GSH-

capped QDs are shown in Fig. S15. For 2-MPA-capped QDs, a gradual weight loss is 

observed between 100 and 400°C due to the thermal decomposition of 2-MPA and of Zn
2+

-2-

MPA complexes anchored at the surface of the dots. The remaining mass is of ca. 81% and 

corresponds to Mn:ZnSeS/ZnS nanocrystals. The weight loss is higher for 2-MPA/GSH-

capped QDs (48%) which confirms that the dots are covered by a thicker shell of ligand. 

Finally, the electrophoretic mobility of the native 2-MPA-capped QDs was also compared to 

that of QDs treated with DMAT, NAC or GSH on a cellulose acetate sheet in a borate buffer 

solution (pH 9.1) (Fig. 10e). The migration of QDs treated with DMAT is weak and almost 

similar to that of 2-MPA-capped QDs suggesting that their surface charge is neutral due to the 

presence of the negatively charged 2-MPA and of the positively charged DMAT ligands. 

Results obtained with DMAT also suggest that the 2-MPA ligand remains at the surface of the 

dots and is not displaced by GSH, NAC or DMAT. 2-MPA/NAC and 2-MPA/GSH-capped 

QDs migrate much faster than those only covered with 2-MPA indicating that their negative 

charge is significantly higher.  
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Fig. 10. (a) Hydrodynamic diameter and (b) Zeta potential of Mn(10):ZnSeS/ZnS@2-MPA 

QDs, (c) Chemical structures of GSH, NAC and DMAT, (d) PL emission spectra of 

Mn:ZnSeS/ZnS QDs after treatment with GSH, NAC or DMAT and (e) electrophoretic 

mobility of 2-MPA, DMAT, NAC and GSH-capped QDs on a cellulose acetate sheet. 

 

3.5. Phase Transfer  

 

Tuning the surface polarity of QDs is of high interest for numerous applications and depends 

on the ligand structure, that enables the dispersion of QDs either in polar or in nonpolar 

solvents Hydrophobic QDs may be required for various applications like LED devices, 

functionalized surfaces and even biological applications [50,51]. To demonstrate that the 

hydrophilicity and the hydrophobicity of Mn:ZnSeS/ZnS QDs can be tuned, 2-MPA was 
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exchanged with octanethiol in a water/toluene mixture using acetone as interfacial solvent 

[34]. After 3 h heating at 60°C, the dots were fully transferred from the aqueous to the organic 

phase (Fig. 11a). Next, to repair the surface defects generated by the ligand exchange, the 

toluene layer containing the QDs was further refluxed at 110°C for 4 h. The replacement of 2-

MPA by octanethiol was demonstrated by FT-IR by the disappearance of the symmetric 

carboxylate stretching at 1336 cm
-1

 and the appearance of C-H stretching vibrations at 2923 

and 2854 cm
-1 

(Fig. S16). No significant changes were observed in the shape of UV-visible 

and PL emission spectra but the PL QY increased from 41% for 2-MPA-capped QDs to 

46.7% for octanethiol-functionalized ones (Fig. 11b). 

 

 

Fig. 11. (a) Digital photograph taken under UV light illumination of Mn(10):ZnSeS/ZnS QDs 

in a biphasic water/toluene mixture before and after the ligand exchange and (b) UV-visible 

absorption and PL emission spectra of Mn:ZnSeS/ZnS core/shell QDs before (red line) and 

after (black line) phase transfer using octanethiol.  

 

4. Conclusion 

 

A facile and environmentally friendly aqueous synthesis of ternary alloyed Mn:ZnSeS and 

core/shell Mn:ZnSeS/ZnS QDs was developed using 2-MPA as ligand. The obtained 
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nanocrystals are of small size (2.4 and 3.7 nm for core and core/shell QDs, respectively) and 

exhibit a high crystallinity. High quantum efficiencies of 22 and 41% for Mn:ZnSeS and 

Mn:ZnSeS/ZnS QDs, respectively, were observed and the dots are of high photostability. 

Mn:ZnSeS QDs exhibit also long PL lifetimes (up to 681 μs) indicating that the emission 

originates from the spin forbidden Mn
2+

 
4
T1 → 

6
A1 transition. The optical properties of the 

dots are well retained after ligand exchange, further demonstrating their stability. Thus, the 

present study shows that Mn:ZnSeS QDs have a wide scope in various applications like 

biological imaging and sensing. 
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