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Abstract

For monoclinic Ag,S nanocrystals (quantum dots, Ag,S/TGA QDs), the correlation
between their luminescence properties and aspects of their passivation by thioglycolic
acid (TGA) molecules is considered. The features of quantum confinement effect in the
QDs absorption and photoluminescence spectra are analyzed for Ag,S QDs with an aver-
age size of 1.7-3.1 nm. We show that, in various conditions of passivation of QDs inter-
faces, the luminescence mechanism of Ag,S/TGA QDs is switched from recombination
luminescence in the 870—-1000 nm region to exciton luminescence with a band maximum
at 620 nm. By means of FTIR spectra, two major types of interactions between TGA mol-
ecules and Ag,S QDs, arising due to changing the [Ag*]:[S?7] ratio from 1:0.9 to 1:1.43,
are determined. Exciton luminescence (620 nm) occurs in case of using TGA as the sulfur
source in Ag,S crystallization and the interface passivation agent, with [Ag*]:[S*7] = 1:1.
The analysis of the FTIR spectra indicates bonding of TGA with the Ag,S surface by both
thiol and carboxylic groups in this case. With increasing the sulfur concentration in the
synthesis of Ag,S/TGA QDs, the exciton luminescence is suppressed. The employment of
Na,S as the sulfur source in Ag,S crystallization with TGA acting as the surface passiva-
tion agent promotes the formation of recombination centers for IR luminescence. In this
case, analysis of the FTIR spectra indicates passivation of Ag,S QDs by TGA molecules
due to adsorption of thiol groups. It is found that the photodegradation or IR luminescence
of Ag,S/TGA QDs upon exposure to exciting radiation is due to the photolysis of Ag,S
nanocrystals with formation of luminescence quenching centers as well as due to photode-
struction of TGA molecules.
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1 Introduction

At present, semiconductor quantum dots (QDs) attract enduring scientific and practical
interest. Their optical properties that depend on the QDs size make them a promising mate-
rial for various implementations of luminescent sensing (Freckera et al. 2016; Yang et al.
2015; Petryayeva et al. 2013; Bera et al. 2010; Semonin et al. 2012; Galloway et al. 2012;
Hu and Zhu 2015). The methods of controlling the luminescence parameters of QDs are
very important for these applications. The major approach to control of QDs optical prop-
erties is based on the variation of the synthesis conditions, such as reagent ratios, mix-
ing speed, temperature, pH, and others (Hu and Zhu 2015; Gui et al. 2015; Ratnesh and
Mehataa 2015; Zhang et al. 2015; Almendral-Parra et al. 2012; Chaudhry et al. 2018; Ban-
izi and Seifi 2017; Piven et al. 2008; Sousa et al. 2018; Sun et al. 2012; Moradian et al.
2013; Zhang and Clapp 2011; Silva et al. 2012; Wageh et al. 2014; Tyrakowski and Snee
2014).

One of the promising techniques for the synthesis of colloidal QDs is their formation by
stabilization with various substances containing functional groups, such as thiol groups,
which are capable of interacting with the surface interfaces of QDs. In a thiol group,
hydrogen is usually substituted by a metal ion from the QD surface (Chaudhry et al. 2018;
Banizi and Seifi 2017; Piven et al. 2008; Sousa et al. 2018; Sun et al. 2012; Moradian et al.
2013; Zhang and Clapp 2011; Silva et al. 2012; Wageh et al. 2014; Tyrakowski and Snee
2014). As a result, hybrid structures constituting an inorganic nanocrystal surrounded by
multiple organic passivating molecules are formed. The considered approach provides a
colloidal solution with hydrophilic properties and conditions the size-dependent absorption
and luminescence properties of the QDs. In this case, enhancement of recombination lumi-
nescence and suppression of the exciton peak often occur (Chaudhry et al. 2018; Banizi
and Seifi 2017; Piven et al. 2008; Sousa et al. 2018; Sun et al. 2012; Moradian et al. 2013;
Zhang and Clapp 2011; Silva et al. 2012; Wageh et al. 2014; Tyrakowski and Snee 2014).

The choice of the molecules for interface passivation is of major significance for pre-
paring colloidal QDs solutions (Chaudhry et al. 2018; Banizi and Seifi 2017; Piven et al.
2008; Sousa et al. 2018; Sun et al. 2012; Moradian et al. 2013; Zhang and Clapp 2011;
Silva et al. 2012; Wageh et al. 2014; Tyrakowski and Snee 2014; Xiang et al. 2008; Sad-
ovnikov et al. 2015). This choice depends on the orientation of the molecules on the QD
interface (Chaudhry et al. 2018; Banizi and Seifi 2017; Piven et al. 2008; Sousa et al. 2018;
Sun et al. 2012; Moradian et al. 2013; Zhang and Clapp 2011; Silva et al. 2012; Wageh
et al. 2014; Tyrakowski and Snee 2014). The free fragment of the molecule is to have high
affinity to the solvent. This provides high “solubility” of QDs. Possible candidates for pas-
sivating QDs should have both free groups and active functional groups for interaction with
the QD surface; they should also be capable of preventing QDs aggregation and removing
extra charge at the QDs interfaces, as well as should not prevent the diffusion growth of
QDs.

The studies aimed at elucidating the laws of formation of semiconductor QDs in mer-
capto acids have certain features (Chaudhry et al. 2018; Banizi and Seifi 2017; Piven et al.
2008; Sousa et al. 2018; Sun et al. 2012; Moradian et al. 2013; Zhang and Clapp 2011;
Silva et al. 2012; Wageh et al. 2014; Tyrakowski and Snee 2014). In most cases, authors
observe quantum size effect in the spectral properties of nanocrystals of one size in the
specified optimal conditions (Piven et al. 2008; Sousa et al. 2018; Sun et al. 2012). In
some situations, they try to change the QDs size by annealing and examine the samples
before and after it (Banizi and Seifi 2017; Moradian et al. 2013; Silva et al. 2012). The
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characteristic features of Ag,S QDs are the low solubility of silver sulfide itself, as well as
matching of excitation and luminescence regions with therapeutic transparency windows
of biological tissues (650-1300 nm) (Sadovnikov and Gusev 2017; Hocaoglu et al. 2012;
Duman et al. 2015; Wu et al. 2017; Zhang et al. 2017; Tang et al. 2015; Gui et al. 2014;
Tan et al. 2013; Yang et al. 2013; Wang et al. 2012; Du et al. 2010).

There is no clear understanding of the size effect with regard to the absorption and lumi-
nescence spectra of Ag,S QDs. For Ag,S QDs passivated by mercapto acids, in particu-
lar, by thioglycolic acid (next Ag,S/TGA), the size effect is analyzed mostly for exciton
luminescence (Gui et al. 2015; Tang et al. 2015; Jiang et al. 2012). Recombination lumi-
nescence in the region of 800—1000 nm is still not completely studied. For example, there
are literature data for Ag,S QDs in gelatin (Ovchinnikov et al. 2015a, b; Perepelitsa et al.
2018). IR luminescence with a maximum in the 1000-1200 nm region was observed for
these QDs. A weak size effect for this band explained as recombination of free holes with
the electrons localized at the luminescence centers was found. In this case, it was proposed
that the luminescence centers are of surface nature and include both gelatin fragments and
dangling bonds (Ovchinnikov et al. 2015a, b; Perepelitsa et al. 2018). However, it is dif-
ficult to determine the origin of the centers due to the complexity of the gelatin structure.

In addition to the above, there are a number of works aimed at establishing the regulari-
ties of the core/shell structures formation based on Ag,S QDs during synthesis in solutions
of mercapto acids (TGA, 3-MPA) (Mirhosseini et al. 2019; Karimipour and Molaei 2017;
Karimipour et al. 2018, 2019). In these papers, the possibility of controlling the inten-
sity and luminescence mechanism of Ag,S QDs by growing a semiconductor shell (ZnS,
AgInS) on the surface of Ag,S QDs was demonstrated, and the possibility of photoinduced
growth of Ag,S and core/shell Ag,S/ZnS and Ag,S/AgInS, QDs under prolonged irradia-
tion of colloidal QD solution by UV radiation for 5-200 min was shown Mirhosseini et al.
(2019) and Karimipour et al. (2019). In particular, Mirhosseini et al. (2019) demonstrated
the influence of Zn-doped AgInS, and AgInS, shells on the structure of the QD lumines-
cence band and concluded that the donor—acceptor mechanism of radiative recombination
is due to the formation of new trap states when building shell AgInS, or AgInS, mixed
with Zn. However, in these studies, the dimensional dependences in the optical absorption
and photoluminescence spectra of Ag,S/TGA QDs, the mechanisms of passivator mole-
cules interactions with QD interfaces, and also there is no analysis of the photodegradation
effect of trap-state IR luminescence of Ag,S/TGA QDs.

When TGA is used as the passivating agent, the situation can be somewhat simplified
since the nanocrystals are coated with molecules of a single type. FTIR spectra of the TGA
molecules provide information on their interaction with the QDs. However, in this case,
one should also know the dependences relating the interactions arising in the Ag,S/TGA
system with the synthesis conditions, as well as the data on their influence on the photolu-
minescence properties. An important property of luminescence, alongside with the wave-
length of the luminescence maximum, Stokes shift with respect to the absorption band,
full width at half maximum (FWHM), quantum yield, and luminescence decay rates, is the
photostability of these parameters. The effect of the excitation light on the luminescence
properties of Ag,S QDs was addressed in several studies Sun et al. (2014), Rempel et al.
(2017), Ovchinnikov et al. (2016), Smirnov et al. (2018) and Ovchinnikov et al. (2019).
The most detailed consideration was given to the problem of photodegradation of lumi-
nescence for Ag,S QDs dispersed in gelatin (Ovchinnikov et al. 2019). In this paper, the
source data demonstrating the photodegradation of luminescence for Ag,S/TGA QDs of
one average size (2.3 nm) were provided. The authors suggested that photolysis of Ag,S
QDs occurs with the formation of nonradiative recombination centers. It should be noted
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that the photolysis of Ag,S QDs was established in Sun et al. (2014). However, no correla-
tions between this process and the luminescence properties were observed. The effect of
passivating agents on the photostability of QDs luminescence properties has also not been
considered yet.

In this study, for colloidal Ag,S QDs of small size (1.7-3.1 nm), we establish the rela-
tionships between the conditions of their synthesis, as well as their physical and chemical
properties, and quantum size effect in the luminescence together with photodegradation
(fatigue) of luminescence under exposure to excitation light. To solve the stated task of
investigating Ag,S/TGA QDs, the most informative methods were FTIR absorption and
nanosecond luminescence decay measurements.

2 Synthesis of colloidal Ag,S/TGA QDs

Colloidal Ag,S/TGA QDs were prepared by the aqueous synthesis technique (Smirnov
et al. 2018; Ovchinnikov et al. 2019). We specially chose the synthesis conditions provid-
ing QDs formation with different luminescence and absorption bands. All reagents (Na,S,
AgNO;, TGA, NaOH) purchased from Sigma-Aldrich were of high purity.

In the first approach, Na,S aqueous solution was used as the sulfur source. TGA mole-
cules, in this case, were mainly used for the interface passivation. In the synthesis, we used
an Ag*/TGA precursor solution (200 ml) obtained by mixing AgNO; (2.6 mmol) and TGA
(2.6 mmol) with subsequent raising of pH to 10 by addition of a 1 M NaOH solution. After
that, with constant stirring, 50 ml of a Na,S aqueous solution were added using a peristaltic
pump. The solution in the reactor changed color from light yellow to dark brown. Thus,
Ag,S QDs with a concentration of 2 - 107> mol QDs/I were formed in water. The synthesis
was carried out at a temperature of 30 °C.

In the second approach to the synthesis of Ag,S QDs, a TGA aqueous solution was used
as the only sulfur source. TGA molecules also acted as the passivating agent. In this syn-
thesis, Ag,S QDs samples were obtained in the same way as described above, but without
using Na,S. In this case, [Ag+]:[Sz_] molar ratio was 1:0.9 or 1:1.

In the considered synthesis approach, the QDs size was controlled by changing the [Ag*
1:[S*"] molar ratio from 1:0.9 to 1:1.43 at constant reagent injection rate. To remove the
reaction by-products, the aqueous colloidal solution of QDs was diluted with acetone to
50% and centrifuged. The purification procedure was repeated several times.

3 Experimental techniques

Structural studies were performed by the methods of transmission electron microscopy
(TEM), including high-resolution TEM (HR-TEM), and surface-enhanced Raman scatter-
ing (SERS). The size of the synthesized QDs ensembles was determined using a Libra 120
transmission electron microscope (CarlZeiss, Germany) with an accelerating voltage of
120 kV. The size distributions for the QDs ensemble were obtained by digital analysis of
TEM images. HR-TEM images of Ag,S QDs were obtained using a JEM-2100 transmis-
sion electron microscope (Jeol, Japan) with an accelerating voltage of 200 kV. Addition-
ally, energy dispersive X-ray analysis (EDX) was performed using the built-in spectrometer
of the JEM-2100 TEM (Jeol, Japan).
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The SERS spectra were studied for Ag,S/TGA QDs deposited from an aqueous solution
to plasmonic silver foil formed on a glass substrate. Freshly deposited films were dried in
horizontal orientation at room temperature. Silver nanoparticles were obtained by recovery
of silver nitrate with sodium citrate. The resulting films were studied by scanning electron
microscopy (SEM) using an S-806 TEM/SEM microscope (Hitachi, Japan). The films were
a dense layer of spherical nanoparticles. The SERS spectra were recorded by the inverse
scattering method with a Nanoflex (Solar LS, Belarus) spectrometer equipped with a
488-nm-emitting argon laser (0.2 mW) and a diffraction grating having 1200 lines per mm.

The interactions between TGA molecules and colloidal Ag,S QDs in various synthe-
sis conditions, as well as under prolonged exposure to excitation light, were studied by
the FTIR spectroscopy method. We sought for changes in the characteristic frequencies of
most functionally active groups of TGA molecules participating in the formation of Ag,S/
TGA QDs in the solution. IR absorption spectra were recorded with a Tensor 37 Fourier-
transform infrared (FTIR) spectrometer (Bruker Optik GmbH., Germany). For the samples
studied, cuvettes with KCI windows were used. The samples were prepared by depositing
the sample solutions on KCI windows. The deposited solutions had equal volumes.

Optical absorption spectra were obtained by a USB2000+ spectrometer (OceanOptics,
USA) with a USB-DT radiation source (Ocean optics).

Photoluminescence (PL) spectra and luminescence decays were obtained by the
USB2000+ (OceanOptics, USA) and a TimeHarp 260 time-correlated single-photon
counting board (PicoQuant, Germany) with a PMC-100-20 PMT module (Becker&Hickl,
Germany) with the time resolution of the system being 0.2 ns. Deconvolution with an
experimentally measured instrument response function was employed for fitting the experi-
mental luminescence decay curves. The samples were excited by the UV radiation from an
Alphalas PLDD-250 pulsed semiconductor laser (Alphalas, Germany) with a wavelength
of 375 nm, pulse duration of 60 ps, and pulse repetition rate of 100 kHz. The results were
obtained at room temperature.

For luminescence excitation, we used an NDV7375 laser diode (Nichia, Japan) with
405 nm emission and 200 mW optical power, an LD PLTB450 laser diode (Osram, Ger-
many) with 445 nm emission and 440 mW optical power, a PM-G80 (CST, China) laser
module with 532 nm emission and 100 mW optical power, a KLM-B635-5-5 laser module
with 635 nm emission and 5 mW optical power, and an LPC-836 laser diode (Mitsubishi
Electric, Japan) with 660 nm emission and 250 mW optical power.

4 Results and discussion
4.1 TEM image analysis for Ag,S/TGA QDs

Figure la—e presents the TEM images of Ag,S QDs most different in the average size
of QD ensembles. As a result of the statistical analysis, size distribution histograms
were obtained. It can be seen that the synthesized QDs are single nanocrystals with
average sizes of 1.7-3.1 nm and the size distribution within 25%. The smallest QDs
were obtained with the [Ag+]:[Sz_] ratio of 1:0.9 (TGA used as passivator and as sul-
fur sourse). With a slight change in the [AgNO;]:[TGA]:[Na,S] ratio from 1:1:0.13 to
1:1:0.16, with addition of Na,S as sulfur source, the average size was changed from 2.3
to 2.5 nm with the size distribution maintained. In the approach involving TGA mole-
cules acting simultaneously as the passivator and the sulfur source, in the crystallization
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Fig. 1 TEM images and size distribution histograms for investigated samples of Ag,S/TGA QDs (a—e), HR-
TEM image of an Ag,S/TGA nanocrystal with an interplanar distance of 0.267+0.005 nm corresponds to
crystallographic plane (121) of monoclinic Ag,S (f)

reaction at a concentration ratio [AgNO;]:[TGA] of 1:1, the formation of Ag,S QDs
with an average size of about 2.0 nm and with low size dispersion of 7-10% was
observed (Fig. le).

Thus, with the ratio of ion concentrations [Ag+]:[S2_] ranging from 1:0.9 to 1:1.43, Ag,
S/TGA particles are formed with sizes close to the Bohr exciton radius in Ag,S (1.15 nm)
(Lin et al. 2015; Zhang et al. 2014).

The analysis of the high-resolution TEM images (HR-TEM) of Ag,S QDs (Fig. 1f)
showed diffraction from the (121) crystallographic plane of the Ag,S monoclinic crys-
tal lattice (space group P21/c) (Sadovnikov et al. 2015) with an interplanar distance of
0.267+0.005 nm (Fig. 1). The analysis of the HR-TEM images also revealed a deviation
of Ag,S QDs from the spherical shape caused by faceting of the nanocrystal interfaces, as
well as by imperfections arising due to crystallization.

Energy dispersive X-ray analysis (EDX) showed the presence of Ag and S atoms
(Fig. 2). The presence of peaks corresponding to C atoms is due to the amorphous carbon
substrate, as well as due to carbon atoms of the TGA molecule. Na atoms are detected
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Fig.2 Results of energy dispersive X-ray analysis of Ag,S/TGA QDs. The inset shows the SERS spectra of
colloidal Ag,S/TGA QDs with average sizes of 2.3 nm (1) and 3.1 nm (2)

since they are involved in the sulfur precursor (Na,S) and in the buffer for stabilizing the
pH level.

4.2 SERS spectra of Ag,S/TGA QDs

The obtained SERS spectra of Ag,S/TGA QDs (Fig. 2, insert) are characterized by a wide,
intense band with a maximum in the region of 225 cm™!. This band is due to optical phon-
ons localized in the Ag,S nanoparticles. It is overlapped with the phonon peak from silver
nanoparticles at 154 cm~!. Therefore, the exact position of the maximum can hardly be
determined. At the same time, a similar peak was observed near 212 cm™! for samples
prepared on gold substrates with the peak from gold nanoparticles located at 137 cm™!. A
peak in the region of 212-225 cm~! indicates the formation of Ag,S particles with a mono-
clinic lattice (Milekhin et al. 2011). The considerable FWHM of the observed fundamental
mode in the SERS spectrum is due to the non-stoichiometry of silver sulfide, as well as due
to the presence of nanoparticles of different sizes in the ensemble. This conclusion is con-
sistent with the data of other authors, who noted that the structure of Ag,S can involve both
amorphous and polycrystalline phases (Minceva-Sukarova et al. 1997).

4.3 FTIR spectra of TGA molecules passivating Ag,S QDs

Figure 3 shows the FTIR spectra of pure TGA at pH = 10, as well as the spectra of the
molecules adsorbed on Ag,S nanocrystals. For Ag,S/TGA QDs synthesized at pH=10
under different conditions and at different [Ag‘]:[S“] ratios of ion concentrations ranging
from 1:0.9 to 1:1.43, the FTIR spectra differ from each other and from the spectrum of the
reference sample [pure TGA at pH=10 (Fig. 3, curve 1)].

The values of the wave numbers corresponding to the peaks of the characteristic fre-
quencies in the FTIR spectra of TGA molecules are given in Fig. 3 (curve 1) and Table 1.
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Fig.3 FTIR spectra of TGA molecules (1) and colloidal Ag,S/TGA QDs with different sizes before expo-
sure (2, 4, 6) and after exposure (3, 5, 7)

For all FTIR spectra of the Ag,S/TGA QD samples, we observe that the peak corre-
sponding to the stretching vibrations of the S—H-group of TGA (2559 cm™') vanishes,
which indicates the appearance of interactions between the thiol terminal group of TGA
and dangling bonds at the Ag,S QD interfaces (Banizi and Seifi 2017; Silva et al. 2012;
Wageh et al. 2014; Hocaoglu et al. 2012; Zhang et al. 2017; Gui et al. 2014; Chung and
Lee 2004; Miao et al. 2015).

Passivation of Ag,S QDs by TGA molecules gives rise to peaks of asymmetric and sym-
metric stretching vibrations of the carboxylic group (COO™) (1584 and 1387 cm™!, respec-
tively), which indicates adsorption of TGA molecules on the Ag,S interfaces in the ionic
form with a free carboxylic terminal group COO™ (Banizi and Seifi 2017; Silva et al. 2012;
Wageh et al. 2014; Hocaoglu et al. 2012; Zhang et al. 2017; Gui et al. 2014; Chung and
Lee 2004; Miao et al. 2015). With increasing the concentration of [S*7] ions from Na,S
during formation of Ag,S/TGA QDs (Fig. 3, curve 2 and 3), a slight high-frequency shift
of 7-10 cm~! was observed for the peak of asymmetric stretching vibrations v*(COO™)
= 1567 cm™! together with a low-frequency shift by 3-5 cm™' for symmetric stretching
vibrations v{(COO™)=1388 cm™!, probably caused by the interaction of thiol with the
Ag,S QD surface. The intensity ratio for the peaks of asymmetric and symmetric stretch-
ing vibrations of the carboxylic group COO™ in the two cases under consideration (Fig. 3,
curves 2, 3 and 4) corresponds to the situation when the carboxylic groups are not attached
to the surface of the Ag,S QD interface (Banizi and Seifi 2017; Silva et al. 2012; Wageh
et al. 2014; Hocaoglu et al. 2012; Zhang et al. 2017; Gui et al. 2014; Chung and Lee 2004;
Miao et al. 2015). For the third sample (Fig. 3, curve 4, 5) synthesized at the precursor
ratio [Ag+]:[SZ_] starting from 1:0.9 (without Na,S), a significant low-frequency shift of
the peak of symmetric stretching vibrations v{(COO~) from 1388 cm™! to 1359 cm~! was
observed together with a high-frequency shift of the peak of asymmetric stretching vibra-
tions v*¥(COO™) from 1567 cm™" to 1579 cm™!. Such spectral shifts indicate that the COO~
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functional groups participate in the intermolecular interactions with, e.g., Ag,S QD inter-
faces. In addition, a change in the intensity ratio for asymmetric and symmetric stretching
vibrations COO™ was noted (Fig. 3, curve 6, 7). This feature is due to the change in the
symmetry of vibrations of TGA molecules upon their adsorption by carboxylic groups on
a solid substrate and is characteristic of the formation of carboxylate complexes with dan-
gling bonds of Ag,S QDs (Chung and Lee 2004).

Adsorption of TGA molecules on Ag,S QD interfaces is accompanied by the appear-
ance of peaks at 1788 cm™! and 1724 cm™! (Fig. 3, curves 3 and 4) with their intensity
being lower than that for v&*®((COO"). For the samples having the maximum concentration
of [S?7] at crystallization, these peaks disappear, and only the peak at 1743 cm™! remains.
These peaks are associated with vibrations v*(C=0) of the COOH-group (Silva et al.
2012; Castro et al. 2004). The occurrence of such vibrations is also a sign of the inter-
action of TGA molecules with Ag,S QDs, in which deprotonation of the thiol group is
accompanied by protonation of the carboxylic group and appearance of H-bond with the
Ag,S QD interface. Proton transfer of this kind is characteristic of TGA molecules, mainly
in the acidic environment (Castro et al. 2004). In our case, the decisive role is likely to
belong to the charge of the QD interface. In addition to the mentioned peaks, weak peaks
at 2766 cm™!, 2620 cm™! were observed, which are due to the compound vibration arising
from the interaction of the stretching vibrations C—O (1294 cm™!) and in-plane §(C—O-H)
(1400 cm™"). The occurrence of these peaks is uncharacteristic of TGA at pH = 10 and
seems to be caused by the specifity of adsorption on Ag,S QDs. The complex nature of this
peak was confirmed in Ths and Liedberg (1991) and Chen and Kimura (1999).

For symmetric and asymmetric CH, stretching vibrations in the region of
2980-2850 cm™"), as well as for all types of CH, bending vibrations [1220-1230 cm™,
1125-1133 cm™!, 910-750 cm™! (Banizi and Seifi 2017; Silva et al. 2012; Wageh et al.
2014; Hocaoglu et al. 2012; Zhang et al. 2017; Gui et al. 2014; Chung and Lee 2004; Miao
et al. 2015; Castro et al. 2004)], variations within 5-15 cm~! were detected. This feature is
also a sign of the interaction between TGA and the Ag,S QD surface. However, CH-groups
are not directly involved in the adsorption.

In each of the analyzed FTIR spectra of Ag,S/TGA QD samples, changes were noted
for the stretching and bending vibrations of OH-bonded groups. It was found that with an
increase in [S?7] ions concentration when using Na,S, a high-frequency feature arises in
the range of 3350-3500 cm™! (Fig. 3, curve 2). This feature is related to OH-groups of
water molecules located near TGA molecules and Ag,S/TGA QDs (Banizi and Seifi 2017,
Silva et al. 2012; Wageh et al. 2014; Miao et al. 2015; Ths and Liedberg 1991; Chen and
Kimura 1999; Kaur and Tripathi 2014; Koneswaran and Narayanaswamy 2009). These
OH-groups provide the H-bond bridges formation, in the case of dimerization and espe-
cially Ag,S QD interfaces passivation with TGA molecules. These molecules are less
bonding with TGA molecules (Koneswaran and Narayanaswamy 2009). This hypothesis
is also confirmed by a high-frequency shift for 30-45 cm™! of the OH bending vibrations
peak (1646 cm™') under Ag,S QD interfaces passivation with TGA molecules. Similar
shift indicates the occurrence of H-bonds between Ag,S QD interface, COOH functional
groups, and H,0O molecules.

Thus, the data obtained from FTIR spectra indicate two predominantly realized forms of
TGA molecules adsorption on the Ag,S QD interfaces (Fig. 3). In the case of Ag,S/TGA
QDs synthesis in the absent of Na,S, predominantly adsorption by two functional groups
(thiol and carboxylic) was noted. When Na,S is used as an additional sulfur source during
Ag,S QDs crystallization, TGA adsorption is predominantly carried out by the thiol group.
It is accompanied by molecule deprotonation.
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4.4 Size effect in optical absorption spectra of colloidal Ag,S/TGA QDs

The optical absorption spectra of investigated samples are present by wide bands char-
acteristic for semiconductor QDs with a feature located in the region from 1.55 to 3.10
(+0.01) eV (Fig. 4) and caused by ground state exciton absorption. For all seven stud-
ied samples the position of ground state exciton absorption exceeded by 0.55-2.00 eV the
band gap of bulk Ag,S crystals with a monoclinic crystal structure (1.09 eV) (Lin et al.
2015). The observed difference is caused by quantum confinement in the optical absorbtion
spectra.

The optical absorption spectrum of Ag,S/TGA QD samples prepared without Na,S
addition was the most structured. An exciton peak at 2.1 eV was observed in the optical
absorption spectrum (Fig. 4). This type of QD ensembles is characterized by the small-
est size distribution (7-10%). In other cases, when the QD size distribution was 25%, the
ground state exciton absorption band did not have a pronounced maximum. This confirms
the conclusion that the increase in nanoparticles size distribution is one of the main reasons
for the loss of the exciton absorption band structure of Ag,S/TGA QDs.

1000

1.55eV  ,"1000.nm
I (1.24 8V)

\ 1656V s
I /960 n[)\1 (129eV) |gng
/
s \'\.
Y 1 T O S T R
/" 934'am (1.33 eV) "
= t600 =
e SO N g
ko] 900~nm (1.38 eV) 5
8 g
S 2
rd "’\\ T OCJ
/'880\om (1.41 eV) 1400 =
14 ! 3
L 200
b {’ “\\u‘-
21 ev;' 6?0 nm (2.0 eV)
i \\
400 600 800 1000 1200

Wavelength, nm

Fig.4 Optical absorption and photoluminescence spectra of colloidal Ag,S/TGA QDs with various sizes
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Table 2 Results of theoretical exp » oxp e "
estimates of QD average size and hayy @V) - AE = hwibﬁ - Eg’(‘iﬁn) h),, (€V)  AE;; @V) AL,

size effect for electrons and holes V)
3.10 2.01 1.60 1.88 1.39 0.73
2.29 1.20 2.04 1.41 0.86 0.45
2.10 1.01 222 2.00 0.73 0.38
1.90 0.81 2.46 1.43 0.59 0.31
1.81 0.71 2.58 1.31 0.54 0.28
1.65 0.56 2.90 1.29 0.43 0.22
1.55 0.46 3.14 1.24 0.36 0.19

The position of ground state exciton absorption in each case was found from the mini-
mum of the second derivative for the optical density spectra with respect to the incident
radiation energy d?D/d(hw)?. These values are shown in Fig. 4 near the arrow marking
their position. Thus, the selected conditions for the samples synthesis provide a change in
the size effect in the optical absorbtion spectra of Ag,S/TGA QDs synthesized in the pres-
ence of Na,S.

The ground state exciton absorption energies in optical absorption are 1.55 eV, 1.65 eV,
1.81 eV, 1.90 eV, 2.29 eV, and 3.10 eV, respectively (Fig. 4). They were used to estimate
average sizes. Estimates of QDs average size were realized using the blue shift value for
the ground state exciton absorption band maximum in the framework of strong confine-
ment approximation (Efros et al. 1982) of the effective mass approximation. This approxi-
mation does not take into account the Coulomb interaction similar to it was done in Kaya-
numa (1988). However, this approach is justified for the small nanoparticles sizes, which
are presented in TEM images (nanocrystal sizes are 1.7-3.1 nm). Its using let to estimate
separately the size effect for the states of electrons and holes (Fig. 5). It was used further in
Sect. 4.5 to establish a trap state luminescence mechanism.

Energy, eV

3 2 .
0 L i ; i ;
0 0.5 1 1.5 2

1/RZ nm2

Fig.5 Size dependences of recombination luminescence peak (experimental) and for energy states of con-
duction electrons (estimations) and fully filled states of valence band (estimations by Eq. 1)
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Ground state energies of electrons and holes discrete levels with the main quantum
number n = 1 and orbital quantum number / = 0 (S-like lower state) were calculated using
the equation

h*n?
AEW = AEW = 2
nl 107 o R (M

The energy changes values of electrons AE7 | and holes AEg , due to quantum confinement
are given in Table 2. For estimation the average QD size using the effective band gap, it
was used the equation

n2r?
exp _ pbulk
hwabs - Eg + ZHRZ > 2

where E** = 1.00 eV (Lin et al. 2015) is a band gap of bulk Ag,S crystal; 4 = L g g

m,+m
reduced mass, R is QD radius, m, = 0.42m, and m,, = 0.81m, are effective masses of helec—
tron and hole, respectively (Lin et al. 2015).

The results of theoretical estimates of Ag,S/TGA QDs average sizes are presented in
Table 2. It turned out that the appearance of characteristic features for all studied sam-
ples is caused by Ag,S nanoparticles with an average size of 3.14 nm (1.55 eV), 2.90 nm
(1.65 eV), 2.58 nm (1.81 eV), 2.46 nm (1.90 eV), 2.22 nm (2.10 eV ), 2.04 nm (2.29 eV),
1.60 nm (3.10 eV). Slight differences of the obtained results from the data on TEM analy-
sis are due to the calculation error in the effective mass approximation. We observed simi-
lar deviations in the analysis of Ag,S QD size dependence, synthesized by various meth-
ods, which presented in Perepelitsa et al. (2018).

Thus, the results of average sizes estimates indicate that the used method of Ag,S/
TGA QDs synthesis ensures the formation of nanoparticles with a size close to/or smaller
than the Bohr radius of the Wannier—-Mott exciton (1.15 nm) (Zhang et al. 2014; Lin et al.
2015). In this case, insignificant changes in the nanoparticles average sizes lead to a notice-
able size effect in the optical absorbtion spectra.

4.5 Size effect in photoluminescence spectra of colloidal Ag,S/TGA QDs

The synthesized Ag,S/TGA QD samples show photoluminescence excited by light from
the ground state exciton absorption region (Fig. 4). The position and FWHM of lumines-
cence bands, as well as the value of the Stokes shift for the studied Ag,S QD samples,
substantially depend on the their synthesis conditions. Luminescence bands were observed
with peaks at 620 nm (2.22 nm), 660 nm (1.60 nm), 880 nm (2.04 nm), 900 nm (2.46 nm),
934 nm (2.58 nm), 960 nm (2.90 nm) and 1000 nm (3.14 nm) (nanoparticle sizes are shown
in parentheses). The blue shift of the luminescence spectrum peak with a decrease in the
QD size is a size effect manifestation in luminescence.

In the luminescence spectrum of Ag,S/TGA QDs synthesized without using Na,S a nar-
row peak was observed at 620 nm with a FWHM of 50 nm under excitation of 532 nm.
The slight Stokes shift (0.1 eV) and small FWHM indicate an exciton luminescence for this
sample. In this case, there are no recombination luminescence bands.

A wider luminescence bands with peaks position depends on the QD size were observed
for colloidal Ag,S/TGA QD solutions obtained using Na,S under excitation. Photolumi-
nescence bands for these samples are also shown on Fig. 4. They are distinguished by the
significant Stokes shift of luminescence spectra peak relative to the position of ground state
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exciton absorption, which increases with decreasing the nanocrystal size. The Stokes shift
values lie at 0.29-1.22 eV. This feature indicates the recombination nature of observed
luminescence. Also it is a size effect manifestation in luminescence.

The size dependence of the recombination luminescence peaks are closest in slope to the
curve showing the size effect for the holes energy states. The size effect for the electrons
energy states was sharper than for the luminescence peak (Fig. 5). The existing regularities
indicate that the recombination of a localized electron with a free hole is most probable. A
similar conclusion was made by us earlier for Ag,S QDs dispersed in gelatin (Ovchinnikov
et al. 2015b; Perepelitsa et al. 2018). Later, the authors of Mir et al. (2015) came to the
same conclusion, but for Ag,S QDs caped by 3-MPA. The size dependence of the lumi-
nescence band peaks for Ag,S QDs dispersed in gelatin is also shown in Fig. 5 (red curve).

Thus, the recombination luminescence centers for Ag,S QDs stabilized with vari-
ous organic molecules (TGA, 3-MPA, gelatin) have a similar structure, providing the
same type of recombination. However, their position in the spectrum at similar sizes
may differ. Probably, a significant polarizing effect of the molecules surrounding QDs,
or their inclusion in the centers structure of the trap state luminescence, having an inter-
face nature. In addition, the available data indicate the influence of synthesis conditions
on the nature of Ag,S QDs luminescence.

4.6 Luminescence decay

For all investigated samples of colloidal Ag,S/TGA QDs the different luminescence
decay was observed (Fig. 6). The observed luminescence decay curves for all samples in
the time range of 0.1-200 ns have a complex multiexponential dependence and different
average luminescence lifetimes (Table 3). Approximation of experimental curves with a
sum of four exponents let to determine the average luminescence decay time

1 — 1 Ag,S lumin 620 nm
—2 Agzs lumin 660 nm
—3 Agzs lumin 880 nm
—4 Agzs lumin 900 nm

b —5 Ag,S lumin 934 nm
Z o1 2
=}
=
© —6 Ag,S lumin 960 nm
3 7 Ag,S lumin 1000 nm
& 0.01
(8]
[}
[0]
£
IS
=
-

0.001

0.0001 . L .
0 50 100 150 200
Time, ns

Fig.6 Luminescence decay of Ag,S/TGA QDs
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Table 3 Data on average lifetimes of Ag,S/TGA QDs luminescence and their changes during light exposure

Sample luminescence 620 660 880 900 934 960 1000
wavelength, nm

Luminescence no exposure, 7, 1.00 32.80 2.00 2.60 3.20 2.50 3.25
lifetime, exposure by 405 nm, 7 1.02 13.10 1.00 1.90 2.40 2.00 3.25
ns (t/7) 1.02 0.40 0.50 0.73 0.75 0.80 1.00
I= Z a;expl—t/7,], 3)
i

o0 Z a.T:

()= [ o= S, @
0 Zi i

where f(f)Adt is a probability of a light quantum emission from Ag,S/TGA QDs at time ¢,
a; and 7; are the amplitude and lifetime of i-th component luminescence.

Characteristic average luminescence lifetimes for the bands were 620 nm (1.0 ns),
660 nm (32.8 ns), 880 nm (2.0 ns), 900 nm (2.6 ns), 934 nm (3.2 ns), 960 nm (2.5 ns),
and 1000 nm (3.3 ns) (Table 3). A qualitative analysis of the luminescence decay
curves shows the presence of the initial (fast) component with characteristic times of a
few nanoseconds and slow component on a time scale of hundreds nanoseconds.

For the Ag,S/TGA QD sample with an exciton luminescence band with a peak near
620 nm, the fast component of luminescence decay has a maximum contribution. The
initial time constant is 0.8 ns. For Ag,S/TGA QDs with a recombination luminescence
band, the which peak is located near 880 nm, the initial time of decay curve has a time
constant ~ 2 ns, and luminescence decays no more than 50 times. For Ag,S/TGA QDs
with a recombination luminescence band with peak near 660 nm, the contribution of
the fast component is minimal. The luminescence decays only 5 times. The average
luminescence lifetime is maximum. Its value is 32.8 ns.

The complex luminescence decay law for QDs is usually due to several reasons.
This is a quenching by solvent molecules or impurities. The decay law takes a mul-
tiexponential form due to the distribution on the recombination quenching rate con-
stants (Tachiya 1982; Sadhu et al. 2009). The second reason is QDs size distribution.
This also leads to the multiexponential decay law (Ovchinnikov et al. 2019; Smirnov
et al. 2018; Ovchinnikov et al. 2016). However, the luminescence decay law turns
out to be multiexponential even in the case of a high quantum yield when quenching
by solvent and ligands is ineffective, and the size distribution of QDs is small. The
reason, apparently, is the statistical distribution of luminescence centers in QDs (Ye
et al. 2010; Shea-Rohwer and Martin 2007; Kima et al. 2005; Martin and Shea-Rohwer
2000).

Thus, the differences found in the law of luminescence decay are largely determined
by the QDs size distribution and various luminescence quenching channels that formed
under different crystallization conditions. In the future, the data on the average times
of luminescence decay will be used to study the nature of Ag,S QD luminescence
properties degradation under the influence of exciting radiation.
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4.7 Photostability of IR luminescence of Ag,S/TGA QDs

An important found property of Ag,S/TGA QDs luminescence is a decrease in its inten-
sity with increasing the exposure time by exiting radiation. Long exposure of the samples
leads to a decrease in the luminescence intensity over the entire spectrum (Fig. 7). The
characteristic decay times of Ag,S QDs IR luminescence intensity under the exposure
with a wavelength, corresponded to the exciton absorption region at an incident power of
about 100 mW, are 200-300 s. Ag,S/TGA QDs with exciton luminescence with peak near
620 nm turned out to be the least susceptible to luminescence photodegradation. A similar
dependence was found for Ag,S/TGA QDs with recombination luminescence with peak at
660 nm. For other QDs with recombination IR luminescence in the range of 880—-1000 nm,
the decrease in luminescence intensity exceeded 50% under the same exposure conditions.

The photostimulated decrease in the luminescence intensity of Ag,S QDs turned out
to be reversible mainly for samples with IR luminescence in the range of 880-1000 nm
(Fig. 7, dotted line). The luminescence intensity is restored almost to its initial value in the
dark within 22-24 h. The activation energy of the luminescence intensity restoring process
was about 0.9-1.0 eV.

Simultaneously with the decrease in Ag,S/TGA QDs luminescence intensity, a decrease
in average QDs luminescence lifetime was found. In some cases it reaches 50-60%
(Table 2). The observed regularities indicates an additional channels of a luminescence
quenching. Non-radiative resonance energy transfer is possible directly from the IR lumi-
nescence centers in colloidal Ag,S/TGA QDs to the quenching centers arising under sam-
ples photoexposure.

The formation of new centers of non-radiative recombination is also supported by a
decrease in the degree of the luminescence intensity degradation and slowdown in its
rate at low (77 K) temperatures. Apparently, Ag,S nanocrystals photolysis, established
in Rempel et al. (2017), plays a significant role. The initial stage of this photochemical
reactions kind on the interface of photosensitive crystals was considered in Ievlev et al.
(2006) and Ovchinnikov et al. (2007). In these works, the participation of photolytic
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Fig.7 Photodegradation of Ag,S/TGA QD luminescence properties
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ions and silver atoms in the photostimulated formation of low-atomic clusters due to
photodiffusion is substantiated.

Also the higher concentration of sulfur ions used in the QD crystallization is feature
of Ag,S/TGA QD samples with luminescence in the range of 880-1000 nm. In this case,
the formation of low-atomic silver clusters is more possible. Their formation leads to
the luminescence quenching. In the case of Ag,S/TGA QDs with luminescence in the
range of 880—1000 nm, a decrease in the intensity is accompanied by an acceleration of
the recombination luminescence lifetime during samples photoexposure (Table 2).

In the case of QDs, TGA molecules play role of a sulfur precursor. The interac-
tion of TGA and low-atomic silver clusters leads to the formation of silver sulfide and
healing of silver defects. This achieves the reversibility of the luminescence intensity
degradation.

However, there are possible situations in which the luminescence lifetime varies little.
So for Ag,S/TGA QDs sample with exciton luminescence, the photodegradation of lumi-
nescence was not accompanied by a noticeable decrease in the lifetime luminescence. At
the same time the luminescence quenching was irreversible. Its intensity did not recover
when the samples were kept in the dark at room temperature. A similar picture was also
noted for Ag,S/TGA QDs, which have recombination luminescence near 660 nm (Fig. 7).
This fact indicates the existence of another process leading to degradation of Ag,S/TGA
QD luminescence intensity. It dominates in these two cases. This process is associated with
a structural change in the QD interface under the action of exciting radiation since QDs
luminescence properties are very sensitive to the interface structure, which is determined
by synthesis methods.

Photoprocesses involving interfaces cannot be identical for different QDs. This conclu-
sion is confirmed in our case by FTIR spectra analysis (Fig. 3). The restructuring/destruc-
tion reactions of surface ligands usually modify the physicochemical states of QDs surface
atoms and dramatically change various QDs properties, including the photostability of QD
surface atoms, resistance to the oxidative dissolution process, and tendency to coagula-
tion/deposition. Many researchers Miao et al. (2015) and Carrillo-Carrién et al. (2009),
Cordero et al. (2000), Guo et al. (2005), Wang et al. (2004) and Ma et al. (2007) report that
thiol-coated QDs begin to precipitate at continuous UV or visible radiation exposure. A
photooxidation of QDs surfaceis possible Miao et al. (2015), Carrillo-Carrién et al. (2009),
Cordero et al. (2000), Guo et al. (2005), Wang et al. (2004) and Ma et al. (2007). At the
same time, an increase/decrease in the luminescence intensity was noted. In our experi-
ments, QDs precipitation was observed neither visually nor spectrally.

However, the effect of exciting radiation on thiol-coated QDs can lead to its photode-
struction. In particular, the photodissociation of the C-OH-bond for TGA with the forma-
tion of a-thiol-substituted acyl radical (S-CH,—CO-) is known (Attar et al. 2011). A simi-
lar photochemical reaction is supported by our FTIR spectra of Ag,S/TGA QD samples
subjected to photo-exposure (Fig. 3, dotted curves). A change in the high-frequency form
of the OH-bonding mode is observed in the region of 3600-3500 cm™!. After exposure,
a peak arises from the edge from this band near 3600 cm™' due to vibrations of free or
weakly bound OH-groups. At the same time, a change in the intensities ratio of asym-
metric (1574-1579 cm™') and symmetric (1383-1388 cm™!) stretching vibrations of COO™~
-groups was observed. Probably it is caused by a change in the nature of the interaction
with Ag,S QDs surface. Along with adsorption by thiol groups, it is possible that carbox-
ylic groups attached to the Ag,S QDs surfaces, including with the participation of OH-
groups (Banizi and Seifi 2017; Silva et al. 2012; Wageh et al. 2014; Hocaoglu et al. 2012;
Zhang et al. 2017; Gui et al. 2014; Chung and Lee 2004; Miao et al. 2015).
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5 Conclusion

Thus, the paper presents the results of studies of synthesis conditions influence on opti-
cal properties of colloidal Ag,S QDs, coated with thioglycolic acid molecules. It is
shown that it is possible to change the QD sizes in the range of 1.7-3.1 nm by changing
the precursors [Ag+]:[Sz_] molar ratio from 1:0.9 to 1:1.43. The formation of Ag,S QDs
with a monoclinic crystal structure (space group P21/c) is proven using HR TEM and
SERS methods. Peaks in the Raman spectra were found in the region of 212-225 cm™!
for gold and silver plasmon substrates corresponded to the LO phonons absorption.

Synthesized Ag,S QDs at different ratios of precursors have fundamentally different
luminescence properties. So for samples synthesized without using Na,S, luminescence
is observed in the visible region. At [AgNO;]:[TGA] molar ratio equal to 1:1, QDs sam-
ples have exciton luminescence with the luminescence peak near 620 nm and FWHM
of less than 50 nm. When the [Ag+]:[Sz_] molar ratio varies from 1:0.9 to 1:1.43, a trap
state luminescence arises with the band maximum located in the region of 660-1000 nm
and FWHM more than 100 nm. The addition of Na,S at the synthesis stage in the reac-
tion mixture lets shift the luminescence bands in NIR spectral region from 880 nm to
1000 nm.

FTIR spectra show that TGA molecules are adsorbed on the Ag,S QDs interfaces at
maximum of Na,S concentrations mainly by the thiol group. With a decrease in Na,S
concentration during synthesis, the attachment to the Ag,S QDs interfaces is carried out
by two active groups. They are thiol and carboxylic groups.

For all samples of colloidal Ag,S QDs, it was found that exciting radiation leads to
the degradation of luminescence properties. Moreover, for Ag,S QDs synthesized with-
out using Na,S, this degradation is irreversible. The keeping of colloidal Ag,S QDs
synthesized in the presence of Na,S in the dark at room temperature leads to a partial
recovery of IR photoluminescence intensity.

According to the data obtained with use the time correlated single photon counting
method, it was shown that a decrease in IR luminescence intensity during photodegra-
dation is accompanied by a decrease in the average luminescence lifetime. This fact is
interpreted as the formation of non-radiative recombination channels arising during the
initial stage of silver sulfide photolysis. Data on FTIR spectra show that IR lumines-
cence photodegradation is also accompanied by changes in the thioglycolic acid mol-
ecules covering Ag,S QDs.

The presented data demonstrate the key role of the chosen approach to the Ag,S/TGA
QDs synthesis in the formation of size-dependent absorption and luminescence proper-
ties, as well as their photostability to exciting radiation.
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