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ABSTRACT

Highly fluorescent and color tunable AgInS, (AIS) and (AgInS,)x(ZnS); x (AIZS) quantum dots
(QDs) were prepared via a facile aqueous-phase synthesis using AgNO3, In(NO3)s, Zn(OAc),
and Na,S as precursors and 3-mercaptopropionic acid (3-MPA) as ligand. Produced AIZS QDs
exhibit a small diameter (ca. 2.1 nm) and a cubic structure. Ag-3-MPA and In-3-MPA complexes
formed during the preparation of AIS cores were found to play a key role on the fate of the
reaction and an atypical blue-shift of the PL emission was observed with the increase of the
Ag/In ratio. The photoluminescence quantum yield (PL QY) of AIS QDs is modest but increased
markedly after the alloying and shelling with ZnS (up to 65%). Size and composition-selective
precipitations allowed to separate up to 13 fractions of AIZS QDs with exceptionally high PL
QYs (up to 78%), which is the highest value reported to date for AIZS QDs prepared in aqueous
phase. These high PL QYs combined to their good colloidal stability and photostability make
AIZS QDs of high potential as cadmium-free fluorescent probes for various applications like

bio-imaging or sensing.

INTRODUCTION

[-1II- VI, ternary semiconductor nanocrystals (quantum dots, QDs) have attracted great interest
because these QDs are considered as environmentally friendly compared to Cd-based binary
QDs."” Moreover, their optical properties can be tuned by varying their size and their

composition. I-III-VI, QDs also exhibit large Stokes shifts which avoid non-radiative Forster



resonance energy transfer upon photoluminescence (PL) emission and long PL lifetimes (> 100
ns) compared to Cd-based QDs."”

Among I-III-VI, semiconductors, AgInS, (AIS) is a direct bandgap material varying from 1.87
to 2.03 eV depending on its crystalline structure which allows a PL emission from the visible to
the near-infrared region. However, the relatively weak PL quantum yields (QYs) of AIS QDs,
especially those exhibiting a large diameter and thus a high concentration of surface defects
states, restricts their use in applications like biological labeling, solar cells or electroluminescent
devices.

To increase PL QYs, a ZnS shell can be installed at the periphery of AIS QDs to create type I
heterostructures. The shelling is accompanied by a diffusion of Zn®" ions in the AIS core
followed by a partial cation exchange/alloying process leading to quaternary (AgInS;)x(ZnS); «
QDs, thereafter noted AIZS.*'' The graded composition of AIZS QDs decreases the lattice
mismatch between the AIS core and the ZnS shell and thus favors the production of nanocrystals
exhibiting high PL QYs.'? A blue-shift of the PL emission spectra is observed during the cationic
interdiffusion due to the higher bandgap energy of ZnS (3.6 eV for the bulk material) compared
to AIS QDs. AIS and AIZS exhibit a broad PL emission ascribed to donor-acceptor (D-A) pair
recombination in which photo-generated electrons and holes are trapped in deep donor (sulfur
vacancies Vs and silver interstitial atoms Ag;n) and acceptor levels (silver vacancies Va, and
sulfur interstitial atoms Siy), respectively.”> ' The charge carriers radiative recombinations occur
via these intragap levels, which accounts for the large Stokes shift observed.

AIS and AIZS are usually prepared in organic medium by the thermal decomposition of
organometallic complexes,'®” by heating of metal salts, thiourea and ligands (dodecanethiol,
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oleylamine) in high boiling point solvents, or via the hot-injection method.”**' In recent



years, aqueous syntheses of AIS and AIZS QDs have also emerged because the dots obtained are
dispersible in aqueous media without phase transfer, which facilitates their use for biological
applications. These syntheses can be conducted in water at reflux, under hydrothermal conditions
or under microwave irradiation. Glutathione (GSH), and GSH associated to cysteamine or
sodium citrate are the most commonly used ligands for the preparation of high quality dots.***

A few reports describe also the use of thioglycolic acid (TGA) or TGA combined with

polyacrylic acid,*®*' 3-mercaptopropionic acid (3-MPA),** mercaptosuccinic acid associated to
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sodium citrate,””  cysteine,”*>  N-acetylcysteine,”®  poly(ethyleneimine), gelatin,*
carboxymethylcellulose,” and chitosan®' as capping agents. A cation exchange process using
Ag,S QDs as precursors of AIS and AIZS QDs has also been reported.” The PL emission
wavelength of AIZS can usually be tuned from 520 to 650 nm depending on the synthesis
conditions. High quality AIZS with PL QY's up to 60% have been reported using GSH as ligand
but PL QYSs are more generally between 20 and 40%.

In this work, we developed a facile one-pot two step method for the preparation of 3-MPA-
capped AIZS QDs using AgNOs;, In(NO3)3, Zn(OAc), and Na,S as precursors. AIZS QDs exhibit
PL QYs up to 78% after size and composition-selective sorting, which is the highest value
reported to date for AIZS QDs prepared in aqueous solution, and long PL lifetimes (ca. 300 ns
for the samples with the highest PL QY's). The PL emission is adjustable by changing the Ag/In

ratio, the fraction of Zn>" in AIZS QDs, or the reaction temperature during the synthesis of the

dots.

RESULTS AND DISCUSSION



Synthesis of AIS and AIZS QDs and their optical properties. A one-pot two-steps method
was developed for the preparation of AIZS QDs (Figure 1). AIS cores were prepared by
solubilizing Ag and In precursors (nAg + nIn®" = 0.5 mmole) in 25 mL of a 0.2 M 3-MPA
aqueous solution adjusted to pH 8.5, followed the injection of an aqueous solution of Na,S (0.35
mmole) and by heating the mixture at 100°C. A pH increase of the reaction mixture to 9.2 is
observed upon the addition of Na,S. In preliminary experiments not described here, a gradual
decrease of the PL QY with the increase of the amount of Na,S injected was observed (15.6,
11.4, 9.1, 6.9 and 5.5% using 0.35, 0.41, 0.5, 0.625 and 0.833 mmol Na,S, respectively).
Although the preparation of the AIS core is conducted with a sub-stoechiometric amount of
Na,S, the 3-MPA is an attractive ligand for the aqueous synthesis of QDs since it is well-known
to decompose and generate sulfide S* ions under UV-light irradiation or prolonged heating.*
Moreover, both the thiol and the carboxylate oxygen atoms can coordinate to surface Ag and In
atoms to form a stable hexagonal loop.** This bidentate coordination also affects the electronic
structure of the QDs with an optimal surface passivation of dangling bonds, for example
chalcogenide vacancies responsible of deep trap state emission, and thus allows an improvement
of the PL QY.* Control experiments conducted without adding Na,S in the reaction mixture
only show a weak PL emission originating from AIS or AIZS QDs. However, the black particles
formed during these reactions suggest that gradually formed S* react with Ag" ions to form
AgS. These experiments demonstrate that the thermal decomposition of 3-MPA compensates

for the defect in Na,S in our synthetic conditions.



3.MPA AIS@MPA QDs AIZS@MPA QDs
Figure 1. Schematic illustration of AIS and AIZS QDs synthesis in aqueous solution.

Representative UV-visible and PL emission spectra recorded during the preparation of the AIS
core (Ag/In = 1/5) are given in Figure 2. As usually observed for I-III-VI, QDs, AIS QDs exhibit
a wide absorption both in the UV and in the visible regions.'**® Only a broad shoulder without a
sharp excitonic peak can be observed. This originates from the distribution of vibrational states
due to the inhomogeneities in nanocrystals compositions and not from a wide size distribution
(vide infra). The onset of the UV-visible absorption spectra remains almost unchanged during the
synthesis, indicating that AIS cores formed quickly upon the injection of Na,S in the reaction
medium (Figure 2a). The PL intensity increases over time, reaches its maximum value after 180
min before decreasing (Figure 2b). For QDs prepared with low Ag/In ratios (from 1/60 to 1/3),
optimal optical properties are usually obtained after 180 min heating at 100°C, while lower
reaction times (ca. 30 min) are required for Ag/In ratios of 1/2, 1/1 and 2/1. To obtain AIS QDs
emitting at different wavelengths, the Ag/In ratio was first varied from 1/60 to 2/1 during the
preparation of the AIS cores (n(Ag" + In*") = 0.5 mmol) while maintaining the amount of Na,S
at 0.35 mmole and the concentration of 3-MPA at 0.2 M. Two components peaks can be
observed in the PL emission spectra of AIS QDs, the intrinsic trap state emission at wavelengths

decreasing from 608 to 577 nm when increasing the Ag/In ratio and a much weaker surface trap-



state emission located at ca. 639 nm (Figure S1). Note that the PL spectrum obtained for the
Ag/In ratio of 2/1 is not provided due to its weak intensity. The blue-shift observed when
increasing the Ag/In ratio is surprising. Indeed, the valence band of AIS QDs is composed of S
3p orbitals hybridized with Ag 4d orbitals while the conduction band is formed by hybrid In 5p5s
and S 3p orbitals.***’ The increase of the nanocrystals Ag content should decrease the bandgap
and thus conduct to a red-shift of the PL emission, which is well documented in the

literature.>%"*
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Figure 2. Temporal evolutions of (a) UV-visible absorption and (b) PL emission spectra during

the synthesis of AIS cores (reaction conducted at 100°C with a Ag/In ratio of 1/5).

To understand this atypical evolution of AIS QDs PL emission when varying the Ag/In ratio,
complementary experiments were first conducted by decreasing the 3-MPA concentration (0.05,

0.02 or 0.01 M) while maintaining the concentrations of Ag™ and In** (Figure S2a). A redshift of



the PL emission from 592 to 619 nm is observed with the decrease of the 3-MPA concentration.
This redshift is accompanied by the appearance of a defect-related emission centered at 647 nm,
which confirms that the 0.2 M concentration in 3-MPA is optimal to obtain an almost defect-free
D-A pair PL emission. Moreover, when fixing the 3-MPA concentration at 0.02 M and varying
the Ag/In ratio (1/60, 1/15 or 1/5), the classically observed redshift of the PL emission with the
increase of the Ag content of the nanocrystals is observed (Figure S2b). These results clearly
demonstrate that the 3-MPA concentration plays a key role on the blue-shift of the PL emission
described in Figure S1 and thus on the growth of AIS QDs.

At pH 8.5, 3-MPA is present in its carboxylate form (pKcooy = 4.32) and the thiol function is
not deprotonated (pKsy = 10.20). As the thiol function of 3-MPA coordinates to In’" more
strongly that the carboxylate function, In’" was demonstrated to form InL,* complexes with 3-
MPA (complex 1, Figure 3).** Ag" is a soft acid according to the Pearson theory and can also
easily form complexes with thiol containing molecules like Agl, chelates that have been
evidenced at pH values higher than 5 using sulfur-containing aminoacids, suggesting that
complex 2 may likely be present in the reaction medium as Ag™ precursor (Figure 3).* The
formation of such complexes can be observed by the changes in the UV-visible absorption
spectra of AgNO;3 and In(NOs3); when using water or the 0.2 M 3-MPA solution as solvents
(Figure S3). Our results show that such complexes and/or coordination polymers may form
between Ag’, In’" and 3-MPA in our synthetic conditions and that Ag” ions in these complexes
likely exhibit a lower reactivity than solvated Ag" ions which delays their reaction with S*

anions and thus their incorporation into AIS cores.
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Figure 3. Structures of complexes 1 and 2 likely formed between 3-MPA and In** and Ag’,

respectively.

In the second step of the synthesis, Zn(OAc), (1 mmol) is injected in the AIS QDs solution and
the mixture stirred for ca. 120 min at reflux. Upon addition of the Zn(OAc),, the pH decreases to
6.3 due to the consumption of the hydroxyl anions by the hydrolysis of the Zn precursor. The
slight red-shift of the UV-visible absorption spectra suggests that Zn>" ions do not only diffuse
into the AIS cores but also that a ZnS shell is formed at the periphery of AIZS QDs yielding
core/shell AIZS/ZnS nanocrystals (Figure 4a and the inset). For AIZS QDs prepared with a
Ag/In ratio of 1/5, a blue-shift from ca. 600 to 533 nm is immediately observed after adding the
Zn precursor, indicating the successful displacement of Ag 4d orbitals due to the diffusion of

Zn*" ions in the AIS cores (Figure 4b).
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Figure 4. Temporal evolutions of (a) UV-visible absorption and (b) PL emission spectra during

the synthesis of AIZS QDs (Ag/In ratio of 1/5). The inset of (a) is a magnification of the

absorption spectra showing the red-shift observed during the synthesis of AIZS QDs and the

inset of (b) is a digital photograph taken under UV light illumination of AIS and AIZS QDs.
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Figure 5 shows the optical properties of AIZS QDs when varying the Ag/In ratio. As
previously, the UV-visible absorption spectra do not exhibit any prominent peak due to the
internal gradient composition (Figure 5a).'”*® The blue-shift of the PL emission spectra observed
for AIS QDs with the increase of the Ag/In ratio is reflected in the AIZS QDs and the PL
emission is ranging from 571 to 546 nm when the Ag/In ratio is varied from 1/60 to 2/1 (Figure
5b). The surface trap-state emission disappears after the alloying and shelling with ZnS and the
full-width at half-maximum (FWHM) of PL emission spectra is ca. 110 nm and a large Stokes
shift is observed between the UV-visible absorption and the PL emission. The PL QY of the AIS
cores is modest likely due to the high density of non-radiative surface defects (the highest values,
9-15%, were measured for the dots prepared with Ag/In ratios of 1/15, 1/5, 1/3 and '%). Upon
alloying and shelling with ZnS, PL QYSs increased markedly due to the effective passivation of
AIZS core with the wide bandgap ZnS shell (relative PL QYs of 61, 65, 63 and 61% were
measured for AIZS QDs prepared with Ag/In ratios of 1/15, 1/5, 1/3 and 1/2, respectively).”® The
absolute PL QY's agree reasonably with the relative PL QY's (54, 57, 54 and 56% for AIZS QDs
prepared with Ag/In ratios of 1/15, 1/5, 1/3 and 1/2, respectively) considering that absolute PL
QYs were measured with an intense excitation light source (450 W) and that uncertainties
varying between 5 and 10% may be reached for the determination of PL QYs.”' The high PL
QYs determined for AIZS QDs likely result from the high density of the 3-MPA ligand at their
surface (vide infra) and from the effective passivation of surface states by the ZnS shell that
suppresses the non-radiative recombination transitions.

The optical bandgap (Eg) of AIZS QDs was determined from the Tauc plots of (ahv)® vs hv,
where a is the absorption coefficient, h is the Planck’s constant and v is the light frequency

(Figure 5¢). The bandgap was found to expand from 2.15 to 2.73 eV when increasing the Ag/In

12



ratio from 1/60 to 2/1, which is coherent with the previously described optical properties of AIS

corces.
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Figure 5. (a) UV-visible absorption and (b) normalized PL emission spectra of AIZS QDs when
varying the Ag/In ratio from 1/60 to 2/1. (c¢) Determination of the optical bandgap of AIZS QDs

from extrapolating the linear portion of the plot of (¢hv)” vs hv.

The PL emission wavelength of AIZS QDs can be tuned by varying the amount of Zn(OAc),
injected after the preparation of the AIS core (Figure 6a). Using AIS QDs emitting at 612 nm
(Ag/In = 1/5), the PL emission wavelength gradually blue-shifts from 586 to 558 nm with the
increase of Zn(OAc), added, which confirms a higher loading in ZnS in (AgInS;)«(ZnS);«
nanocrystals. These results indicate that the synthetic process developed allows the preparation
of AIZS QDs emitting at the desired wavelength simply by controlling the bandgap energy of the
nanocrystals via the amount of Zn(OAc), added.

The temperature also influences the kinetic of the ZnS alloying process. Starting from AIS
QDs emitting at 626 nm (Ag/In = 1/15) and injecting 1 mmol of Zn(OAc),, AIZS QDs emitting
at 605 nm were prepared at 40 or 60°C while the blue-shift is significantly more pronounced
(emission at ca. 555 nm) when conducting the reaction at 80 or 100°C (Figure 6b). Noteworthy
is also the marked decrease of the FWHM of the PL emission spectra (ca. 145 nm for reactions

conducted at 40 or 60°C vs 110 nm for reactions performed at 80 or 100°C).
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Figure 6. Influence of (a) the amount of Zn precursor added and (b) the temperature on the PL
emission maxima of AIZS QDs prepared with a Ag/In ratio of 1/15. Normalized PL emission

spectra are provided in the figure.

The influence of the Ag/In ratio used during the synthesis of the dots on the mechanism of the
PL emission was also investigated via time-resolved PL measurements. The time-resolved PL
measurements were recorded at the wavelengths corresponding to the PL emission maxima of
AIZS QDs (see Figure 5b). The obtained results were best fitted using a bi-exponential function
I(t) = Ay exp (-t/t)) + Az exp (-t/12) where 1) and 1, are the decay time constants of the PL and A,

and A, the amplitudes of the components. Results are shown in Figure 7 and Table 1. As
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previously observed for AIZS QDs, the PL decay curves could be decomposed into two
components.'’ The fast decay component t; corresponds to surface trap states (dangling bonds or
vacancies) and the slow decay component 1, to the D-A recombination originating from the
intragap defect states. The A;/A; ratio is the lowest (ca. 0.45) for the Ag/In ratio of 1/5,
indicating that electrons and holes mainly recombine via the D-A states in these QDs. This result
is in good agreement with the high PL QY (65%) measured for these nanocrystals. The average
PL lifetimes (t,y) were determined using 1., = (AT + Ax12)/(A; + Ay) and are of ca. 0.3 us
regardless of the Ag/In ratio used. The long PL lifetimes originate from the numerous intrinsic
trap states (Vs and Agi, acting as donors while Vs, and Siy as acceptors) and clearly

differentiate AIZS QDs from II-VI QDs like CdSe or CdTe that exhibit a short PL lifetime of

tens of nanoseconds originating from bandgap emission.'**"*>*
I
S L
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Figure 7. PL decay curves of AIZS QDs in aqueous solution when varying the Ag/In ratio. PL

decay curves were measured at the maximum of the PL emission signals (see Figure 4b).
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Table 1. Lifetimes and fitting results for AIZS QDs prepared with different Ag/In ratios.

Ag/In A, T A, Ty Tav
ratio
(1s) (us) (us)

1/60 0.00189 0.0736 0.00235 0.424 0.268
1/30 0.0110 0.225 0.00843 0.567 0.374
1/15 0.0167 0.122 0.0212 0.4407 0.300
1/5 0.0303 0.0856 0.0674 0.396 0.300
1/3 0.0578 0.164 0.0439 0.457 0.290
172 0.0211 0.0796 0.0352 0.396 0.278
1/1 0.0353 0.0812 0.0656 0.396 0.286

The influence of the pH on the PL emission of AIZS@MPA QDs was also investigated
(Figure S4). Solutions of 0.1 M HCI or NaOH were used to adjust the pH. From pH 3 to 10, the
PL intensity is only weakly affected by the pH and remains almost stable, the highest intensity
being observed at pH 8. A marked decrease of the PL intensity accompanied by a red-shift of the
PL emission from 553 to 566 nm is observed at pH values higher than 11. The observed decrease
likely originates from a destruction of the ZnS shell due to the association of hydroxide anions
with Zn®" cations present at the surface of the dots to form Zn(OH),. Below pH 3, the dots
aggregate and precipitate in the aqueous solution due to the protonation of the 3-MPA ligand

(pKa =4.32).
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The photostability of AIZS QDs prepared with Ag/In ratios of 1/5 and 1/2 was also studied.
For that purpose, aqueous dispersions of the dots were irradiated with a Hg-Xe lamp (intensity of
100 mW/cm?) and the evolution of the UV-visible absorption and of the PL emission were
monitored over 1 h (Figure S5). For both QDs, a significant increase of the PL intensity is
observed over time (up to 2.5-fold for AIZS QDs prepared with 1/2 Ag/In ratio, Figure S5a,b,e)
indicating that S* anions generated by the photo-induced decomposition of 3-MPA and Zn**
cations present at the surface of the dots create an extra ZnS shell that improves the efficiency of
the D-A pair recombination. This is confirmed by the slight red-shift of the UV-visible
absorption to higher wavelengths (Figure S5c,d).

Characterization of AIZS QDs. The Fourier-transform infrared absorption (FT-IR) spectrum
of pure 3-MPA exhibits a broad band centered at 3037 cm™ (O-H stretching), two signals at 2945
and 2906 cm™ (C-H stretching), two peaks at 2664 and 2567 cm™ (S-H stretching) and bands at
1699 and 1403 cm™ (asymmetric and symmetric stretching modes of the CO,H function) (Figure
S6). The disappearance of the S-H stretching confirms that 3-MPA is bounded to Zn atoms
present at the surface of AIZS QDs via the thiol function. The asymmetric and the symmetric
vibrations of the carboxylate CO, group appear at 1553 and 1395 cm™ for AIZS QDs,
respectively.

The chemical state and the elemental composition of AIZS QDs were also analyzed by X-ray
photoelectron spectroscopy (XPS). The overview spectrum of AIZS QDs (Ag/In = 1/5) selected
as representative shows only the presence of Ag, In, Zn, S, C, O and Na elements and no
impurities were detected (Figure 8a). The two signals observed at 367.91 and 373.87 eV with a
split orbit of 5.96 eV in the Ag high resolution spectrum correspond to Ag 3ds, and Ag 3ds»

(Figure 8b).”>”® The In 3d s, and In 3ds, peaks appear at 444.99 and 452.48 eV, values in good

18



accordance with In’" (Figure 8¢).>>° The Zn 2ps, signal is observed at 1021.71 eV (Figure
8d).”>*° Finally, the S 2ps; peak can be deconvoluted into two signals at 161.83 and 163.03 eV
corresponding to S in the AIZS core and S of the MPA ligand, respectively (Figure 8¢).>7 All

these data confirm that the valence states of the elements are Ag”, In**, Zn*" and S*
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Figure 8. (a) Overview spectrum and high resolution XPS spectra of (b) Ag 3d, (c) In 3d, (d) Zn

2p and (e) S 2p for AIZS QDs prepared with Ag/In ratio of 1/5.
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Representative transmission electron microscopy (TEM) and HR-TEM images of AIZS QDs
prepared with Ag/In ratios of 1/15 and 1/5 are given in Figure 9. The QDs exhibit a quasi-
spherical morphology and are well dispersed (Figures 9a and b). The average size of all AIZS
QDs prepared was determined to be of ca. 2.1 nm, indicating that changes in the precursor ratios
did not markedly influence the size of the nanocrystals (insets of Figures 9a and b). The clear and
continuous lattice fringes observed in the high resolution TEM (HR-TEM) images confirm the
high crystallinity of AIZS QDs and further confirm the coherent epitaxial growth of the ZnS
shell around the AIZS core (Figures 9¢c and d). The interplanar distance between adjacent lattice
planes is 0.31 nm, which corresponds to the (111) crystal plane of cubic ZnS. The associated
selected area electron diffraction (SAED) patterns show broad and diffuse rings typical of
nanoparticles (insets of Figure 9a and b) and are in good agreement with the cubic phase. Finally,
the presence of Ag, In, Zn and S elements in the AIZS QDs was observed in TEM-associated

energy dispersive X-ray spectroscopy (EDS) analyses (Figure S7).
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Figure 9. TEM and HR-TEM images of AIZS QDs prepared with Ag/In ratios of (a and c¢) 1/15

and (b and d) 1/5. The insets of (a) and (b) show the SAED patterns and the particles size

distributions.

The crystallinity of AIZS QDs was further confirmed by XRD analyses. Representative XRD
patterns of AIS and AIZS QDs prepared with a Ag/In ratio of 1/5 are shown in Figure 10a (see
Figure S8 for XRD patterns of AIZS QDs with Ag/In ratios of 2/1, 1/2, 1/3, 1/5 and 1/15). The
broad diffraction peaks originate from the small size of the nanocrystals. The XRD pattern of
AIS QDs exhibits three peaks at 20 values of 26.45, 44.30 and 52.48° corresponding to (112),
(204) and (312) planes of tetragonal AgInS, (JCPDS No 01-075-0117). Upon diffusion of Zn**
in the AIS core, a shift toward higher angles, almost at the same position than those of ZnS, is

observed. The XRD pattern of AIZS QDs fits well with that of cubic ZnS (see Figure S9 for the
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experimental and calculated data using a lattice constant a of 0.5399 nm). This indicates a
decrease of the lattice parameters due to the smaller ionic radius of Zn*" (0.06 nm) compared to
Ag’ (0.1 nm) and In** (0.062 nm) and thus the formation of an alloy containing Ag, In, Zn and S
elements simultaneously with the deposition of a ZnS shell at the surface of the AIZS core.’” The
average size of the dots was estimated to be 3 + 1 nm using the Scherrer equation, which is in
good agreement with TEM results. Finally, no impurities were detected in all XRD patterns
excepted for AIZS QDs prepared with the 2/1 Ag/In ratio that contain small amounts of Ag,S
(Figure S8).

The small sizes of AIZS QDs dispersed in water were confirmed by dynamic light scattering
(DLS). For example, Figure 10b shows DLS data for AIZS QDs prepared with a Ag/In ratio of
1/5. The hydrodynamic diameter of the dots (expressed in number) is of 13.5 = 2 nm, with a
polydispersity index (PDI) of ca. 0.2. This value is higher than that determined by TEM, due to
the hydration corona at their periphery. The surface charge is almost similar for all the
nanocrystals prepared (-44 + 3.2 mV) due to the high density of the negatively-charged 3-MPA
ligand at their periphery (Figure 10c), which indicates a high colloidal stability. Aqueous
dispersions of AIZS@MPA QDs remain stable for a least 6 months under ambient conditions

and were not prone to aggregation.
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Figure 10. (a) XRD patterns of AIS and AIZS QDs (Ag/In = 1/5), (b) hydrodynamic diameter at
20°C of AIZS@MPA QDs determined by DLS and (c) their Zeta potential. DLS and Zeta

potential measurements (mean + s.d.) originate from N = 3 experiments.

Finally, the composition of AIZS QDs was determined based on XPS and EDS analyses (see
Table 2 for the results normalized to the Ag element). The final stoichiometry was found to be
significantly different from the Ag/In/Zn ratio used for the synthesis. Regardless of the metal
ratio used for the synthesis, an excess of S (ca. 25%) compared to the total amount of metal
cations (ca. 20%) is detected in all AIZS QDs because this element is present both in the core
and in the 3-MPA capping ligand. For all QDs, the Zn/(Ag + In) ratio is ca. of 2, value in

accordance with the ratio used for the synthesis. However, the Ag/In ratio is higher than the
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recursor ratio, suggesting that Zn>" cations preferably substitute In’* rather than Ag’ in the
p gg g p y g

AIZS crystal lattice.

Table 2. Theoretical and actual compositions of AIZS QDs determined by EDX and XPS

analyses.

Ag/In ratio Theoretical composition Experimental composition
1/30 AgInzZng, AgIng 747035,

1/15 AgiInisZns; AgIng7,Zn, o7

1/5 AgInsZn,, AgiIn 12Zn, g5

1/3 AgiIn;Zng AgIng g6Zn; 34

1/1 AgiIn,Zn, AgiIn; 5 Zn; g3

2/1 AgIngsZn; AgIngspZn; gg

Size and composition-selection of AIS and AIZS QDs and their optical properties. A size-
selective precipitation was conducted by the addition of a non-solvent, ethanol, to the crude
mixture of AIS QDs dispersed in water. As soon as turbidity appeared, the supernatant and the
precipitate were separated by centrifugation. This operation was repeated until no fluorescence
could be detected in the supernatant. As the sedimentation of nanocrystals in a liquid depends
among others on their size and structure, each precipitate should contain AIS QDs with narrower
size and composition distributions.® As can be seen from Figure S10a,b, crude AIS QDs
prepared with a Ag/In ratio of 1/5 could be split into eight fractions emitting from the red (640

nm) to the yellow (550 nm) regions. The highest PL QY (35.5%) was measured for the orange-
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emitting QDs (590 nm, sample 4) while yellow-emitting dots exhibit much weaker PL QYs (10.5
and 3.8% for QDs emitting at 556 nm and 550 nm, respectively, samples 7 and 8) (Figure S10c).

A similar experiment conducted on AIZS QDs (Ag/In = 1/5) shows that the crude QDs
solution could be divided into 13 fractions emitting from 620 nm to 518 nm (Figure 11a,b). A
very high PL QY of 77.8% was measured for the yellow-emitting (546 nm) sample 8 (Figure
11c). A significant decrease of the FWHM of the PL emission spectra was also observed during
the selection (ca. 120 nm for samples 1-3 and 103 nm for samples 6-9), suggesting that AIZS
QDs with the highest PL QYs were the less heterogeneous in size and composition. As
previously observed for AIS QDs, the largest (fractions 1 and 2) and the smallest (fractions 11-
13) nanocrystals exhibit the lowest PL QY. These results are in good accordance with those
obtained for AIS and AIZS QDs after a size selection.”’ The higher PL QYs measured for
medium sized QDs (samples 6-9) compared to the crude mixture obtained after synthesis (PL
QY of 65%) originates from the removal of the smallest and of the largest nanocrystals from

these fractions.
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Figure 11. (a) Digital photograph taken under UV-light illumination of size and composition-

selected AIZS QDs, (b) PL emission spectra and (¢) PL QYs in water of AIZS QDs after size

and composition-selective precipitation.
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The PL lifetimes of some of the samples obtained after the post-processing selection were also
measured (see Figure 12a,b for the digital photograph of these samples exposed to UV-light
illumination and their corresponding PL emission spectra, respectively). As described
previously, the PL decay curves of the dots were best fitted using a biexponential function
(Figure 12c and Table 3). Both t,, and A,/A; ratios are the highest for the samples exhibiting the
best PL QYs (71, 77 and 69% for samples 4, 5 and 6, respectively), indicating that the D-A pair
emission mainly contribute to the PL emission process of these AIZS QDs. The weaker T,
values determined for the smallest nanocrystals (samples 6 and 7) originates from the higher
contribution of the surface trap states due to larger surface-to-volume ratio of these QDs and to
the higher probability of recombination via these surface states. The high contribution of surface
trap states for the largest QDs (samples 1-3) is more surprising as the probability of D-A pair
emission to occur within these particles should be increased.” The very weak PL QY of sample

1 may originate from the weak confinement of the charge carriers because of the large QDs size.
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Figure 12. (a) Digital photograph taken under UV-light illumination, (b) PL emission spectra

and (c) PL decay curves of AIZS QDs after size and composition-selective precipitation.
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Table 3. Lifetimes and fitting results for samples 1-7 originating from the AIZS QDs size-

selection.
Sample A, T A, T Tav
(us) (us) (us)

1 0.0104 0.00319 0.00189 0.356 0.0574

2 0.0190 0.0417 0.00797 0.406 0.149

3 0.0122 0.0429 0.00572 0.400 0.157

4 0.0136 0.0680 0.0146 0.416 0.248

5 0.0201 0.109 0.0214 0.434 0.277

6 0.0136 0.0765 0.00962 0.403 0.212

7 0.00495 0.0550 0.00211 0.351 0.143
CONCLUSION

AIS and AIZS QDs with various Ag/In ratios varying from 1/60 to 2/1 were efficiently

prepared via an aqueous method using 3-MPA as capping ligand. An atypical evolution of the PL

emission maximum of AIS cores was observed when increasing the Ag/In ratio. The blue shift
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observed with the increase of the Ag/In ratio is linked to Ag and In precursors formed in the 3-
MPA solution. The PL QYs of AIS cores is modest (less than 10%) but those of AIZS QDs is
markedly increased (up to 65%) due to the alloying of AIS cores with ZnS followed by ZnS
overcoating. The PL emission of AIZS QDs can be tuned from ca. 540 to 610 nm by varying the
Ag/In ratio, the amount of the used Zn*" precursor or the reaction temperature. AIZS QDs
exhibit long PL decay times (ca. 0.3 ps) and excellent colloidal stability and photostability,
suggesting that these nanocrystals have a high potential for biological applications. Size and
composition-selections on AIS and AIZS QDs were also conducted using the precipitation
technique and allowed to split up to 13 fractions of AIZS QDs emitting from the green to the red
region and exhibiting PL QY up to 77.8%, which is the highest value reported to date for AIZS

QDs prepared in aqueous solution.

EXPERIMENTAL SECTION

Reagents. Indium nitrate hydrate In(NO;3);.xH,0 (99.99%, Sigma), silver nitrate (>99.5%,
Fluka), zinc acetate dihydrate Zn(OAc),.2H,O (>98%, Sigma), 3-mercaptopropionic acid
(>99%, Sigma), sodium sulfide nonahydrate Na,S.9H,0 (98%, Alfa-Aesar), sodium hydroxide
(>99%, VWR) were purchased and used as received without further purification. All solutions
were prepared using Milli-Q water (18.2 MQ.cm, Millipore) as solvent.

Synthesis of AgInS, (AIS) QDs. For all syntheses, the precursors amount n(Ag" + In’") was
fixed at 0.5 mmol and the Ag/In ratio varied from 1/60 to 2/1. A representative synthesis of AIS
QDs using a Ag/In ratio of 1/5 is described. In a three-neck flask, 0.083 mmol of AgNOs, 0.417
mmol of In(NOs);.5H,0 and 25 mL of a 0.2 M aqueous solution of 3-MPA were loaded and the

pH of the solution was adjusted to 8.5 by adding a 2 M NaOH aqueous solution. The mixture
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was deareated by bubbling argon for 30 min. Next, Na,S.9H,0 (0.35 mmol) in 2 mL water was
quickly injected and the mixture stirred for 15 min at room temperature. Next, the temperature
was raised to 100°C. During the growth of AIS QDs, aliquots were taken every 30 min to
monitor the growth of AIS QDs by UV-visible absorption and PL spectroscopy.

Synthesis of (AgInS;)x(ZnS);x (AIZS) QDs. To the crude solution of AIS QDs at 100°C, 1
mmol of Zn(OAc),.2H,O in 2 mL water was slowly injected and the mixture maintained at
100°C for 90 min. After cooling to room temperature, the mixture was centrifuged (1700 g for
15 min) to remove aggregates. Next, AIZS QDs were precipitated using EtOH, recovered by
centrifugation (1700 g for 15 min), and washed three times with EtOH before drying under
vacuum at room temperature and characterization.

Characterization. Transmission electron microscopy (TEM) images were taken by placing a
drop of the particles dispersed in water onto a carbon film-supported copper grid. Samples were
studied using a Philips CM200 instrument operating at 200 kV. The X-ray powder diffraction
(XRD) diagrams were measured using Panalytical X Pert Pro MPD diffractometer using Cu Ka
radiation. The powder samples were placed on a silicon zero-background sample holder and the
XRD patterns were recorded at room temperature using Cu K, radiation (A = 0.15418 nm). XRD
diffraction 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 (Malvern Panalytical, UK), Cuvette
DTS1070.

All the optical measurements were conducted at room temperature (20 = 1°C) under ambient
conditions. FT-IR spectra were recorded on a Brucker ALPHA spectrometer. Absorption spectra

were recorded on a Thermo Scientific Evolution 220 UV-visible spectrophotometer.
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Photoluminescence emission spectra were measured on a Horiba Fluoromax-4 Jobin Yvon
spectrofluorimeter. PL spectra were spectrally corrected and relative PL QYs were determined
relative to Rhodamine 6G in ethanol (PL QY = 94%). The absolute PL QY of AIZS QDs were
measured by using a Horiba Fluorolog spectrometer equipped with a Quanta ® integration
sphere. These QY's measurements were obtained at an excitation wavelength equal to 400 nm,
provided a 450 W xenon arc lamp source.

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 uJ and 10 ns, respectively. The
PL signal was analyzed 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.
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