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The paper presents regularities that demonstrate the effect of passivating ligands formation of thioglycolic acid
and L-cysteine (TGA, L-Cys) and dielectric shells (SiO,) on Ag,S nanocrystals interface on the photostability of
their IR luminescence. Using FTIR absorption spectroscopy, the interaction manifestations of passivating ligands
molecules of TGA and L-Cys with Ag,S nanocrystals, as well as the formation of SiO; shell due to the process of
replacing organic ligands with a silica ligand (MPTMS) (,ligand exchange®), were found. In the case of replacing
TGA with MPTMS, an increase in the luminescence quantum yield of Ag,S quantum dots (QDs) and its resistance
to long-term exposure to exciting radiation was found. In the case of replacing L-Cys with MPTMS, the formation
of a fragmentary SiO,/L-Cys shell on Ag,S nanocrystals was observed due to the partial replacement of L-Cys with
MPTMS, which contributes to the reverse photodegradation of KT Ag,S luminescence of as a result of SiO,/L-Cys

shell photodestruction.
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Introduction

Semiconductor colloidal quantum dots (QDs), which are
semiconductor nanocrystals coated with organic passivator
molecules or shells of wide-band inorganic semiconductors
or dielectrics, are promising materials for a variety of
photonics devices.  These include radiation detectors,
emitters, photocatalytic and sensor systems, luminescent
markers [1-10]. One of the fundamental problems that
arise in the way of the applied use of QDs in applications
based on luminescence is its degradation under the action of
photoexciting quanta [11-37]. A significant influence of the
non-stoichiometry of the compound from which QDs [11-
18] were synthesized was noted. Photodegradation of IR
luminescence has been repeatedly observed in colloidal
AgyS QDs, the composition of which has a high degree
of non-stoichiometry [21-28]. At the same time, the
influence of the surface environment (solvent, passivating
ligands, stabilizing polymers, organic dye molecules, etc.)
on the luminescence parameters of QDs was found [21-27].
However, the role of photochemical processes both in
the nanocrystals themselves and with the participation of
molecules of the surface environment remains virtually un-
explained, which significantly complicates the optimization
of synthesis conditions that ensure the preservation of the
luminescent parameters of QDs during photoexcitation.

A separate scientific and practical interest is the solution
of the problem of controlling the luminescent properties
of QDs by modifying the surface of colloidal QDs by

forming a shell of wide-band semiconductors (core/shell
structure) [28-38]. For core/shell structures, the issue
of luminescence stability is also of significant impor-
tance. Despite the increase in the quantum yield of
luminescence during the formation of hydrophilic core/shell
structures, prolonged exposure to exciting radiation leads
to photodegradation of their luminescent properties [28—
38]. Similar patterns were observed for QDs of CdSe/ZnS,
CdSe/CDs, CdSeZnS/ZnS, AgyS/ZnS, etc. At the same
time, the causes and mechanisms of the processes under-
lying photodegradation of luminescence of colloidal QDs
core/shell, as a rule, are not discussed in detail. The
authors of [29] suggest that an effective way to quench
CdSe/ZnS QDs luminescence is the transfer of excited
charge carriers from the QDs core to surface ligands or
surrounding molecules, due to the mutual arrangement of
the energy levels of the Highest energy Occupied Molecular
Orbital (HOMO) — Lowest energy Unoccupied Molecular
Orbital (LUMO) of surface ligands and CdSe/ZnS QDs.
In the work [30] it is shown that the greatest photostability
of luminescence of CdSe/ZnS nanocrystals is provided by
the strong bond of amphiphilic polymers with their surface
due to the high degree of hydrophobicity of QDs packaging
in the polymer. Cross-links in the polymer structure make
it difficult for oxygen to diffuse to the surface of the
nanocrystal, thereby preventing photo-oxidation of the ZnS
shell and reducing the photostability of luminescence. The
authors of the work [32,33] came to similar conclusions.
They showed that activation of photoinduced CdSe/ZnS
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processes does not occur in vacuum conditions. At the
same time, the luminescence efficiency decreases in air due
to the predominance of photooxidation over the passivation
of surface defects by the ZnS shell, which increases the
probability of non-radiative transitions and reduces the
luminescence intensity.

Thus, the question of the influence of the formation
of shells and their thickness on the photostability of QDs
luminescence, as well as the identification of the main
causes of its photodegradation, remains relevant.

This work is devoted to the establishment of empirical
regularities of photostability of the luminescence of QDs
core/shell Ag,S/SiO;, formed under conditions of various
mechanisms of passivation of the surface of Ag,S QDs
molecules of thiol-containing acids (thioglycolic acid (TGA)
and L-cysteine (L-Cys)).

Materials and Measurement Techniques

Samples of colloidal Ag,S QDs, passivated with TGA
and L-Cys molecules (hereinafter Ag)S/TGA QDs and
Ag>S/L-Cys QDs) were obtained within the framework of
an aqueous colloidal synthesis. The synthesis of colloidal
Ag,)S/TGA QDs consisted in mixing aqueous solutions
of two precursors. The first is a mixture of aqueous
solutions of AgNO3z and TGA in a molar ratio of 1:1 at
pH 10, and the second is an aqueous solution of Na,S,
the concentration of which corresponded to the molar
ratio [AgNOs] : [ TGA] : [Na,S], equal to 1:1:0.33. The
colloidal solution was kept 24 h at a temperature of 25°C
and constant stirring (300 rot/min) [21-24]. The synthesis
of colloidal Ag,S/L-Cys QDs was carried out by mixing
aqueous solutions of AgNO3; and L-Cys in a molar ratio
equal to 1: 2, followed by bringing the pH value to 10.
Next, the colloidal mixture was kept 1.5h at a temperature
0f 90°C and constant stirring (300 rot /min) [25]. To remove
by-products of the reaction, colloidal Ag,S/TGA QDs and
Ag,S/L-Cys QDs were centrifuged with the addition of
acetone in the ratio 1: 1.

The formation of the core/shell Ag,S/SiO, QDs, and the
control of the thickness of the dielectric shell SiO, on
the QDs surface AgyS in the framework of the aqueous
synthesis technique is based on the use of silica ligand 3-
mercaptopropyl trimethoxysilane (MPTMS) as a binding
agent and sodium metasilicate (Na,SiO3) as a precursor
of the SiO, base layer [38]. The concentration of the
introduced MPTMS solution in each case was calculated
based on the concentration and average size of QDs in the
ensemble and was for Ag,S/TGA QDs — 8 mM (hereinafter
AgrS(TGA)/MPTMS QDs), and for AgyS/L-Cys QDs —
4mM (hereinafter Ag,S(L-Cys)/MPTMS) QDs. Thus, at
this stage, 1—2 layers of SiO are formed on the surface of
the Ag,S; QDs (~ 0.7—1.5nm, according to the MPTMS
molecule size data [39]). Further, an aqueous solution
of Na,SiO3; was introduced into the reaction mixture.
Depending on the applied concentration of Na,SiOs into
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the reaction mixture (10—70 mM) the thickness of the SiO;
layer on the QDs surface varied (hereinafter referred to as
QDs Ag,S(TGA)/SiO; QDs, and AgyS(L-Cys)/SiO;) QDs,
reaction time is 24 h.

As a model sample of QDs core/shell, a sample was
synthesized for which the silica ligand MPTMS served
simultaneously as a passivating ligand and a precursor of
the SiO, shell. This approach allows the formation of
core/shell structures based on Ag,S QDs without the use of
thiocarboxylic acid molecules (hereinafter Ag,S/SiO, QDs).
The method of synthesis of Ag;S/SiO, QDs consisted in
mixing aqueous solutions of AgNO; and MPTMS in a
molar ratio of 1:2 at pH 10 and subsequent introduction
into the reaction mixture of an aqueous solution of Na;S,
the concentration of which corresponded to the molar ratio
[AgNOs] : [ MPTMS] : [Na,S] as 1:2:0.6.

The Sigma-Aldrich chemical reagents used in the work
had a High Purity degree.

The size of the core/shell structures based on Ag,S QDs
was determined using a transmission electron microscope
(TEM) Libra 120 (CarlZeiss, Germany). Data on the
crystal structure of QDs were obtained using high-resolution
TEM — JEOL 2000FX (JEOLLtd., Japan).

The absorption properties were studied using a
USB2000+ spectrometer (Ocean Optics, USA) with a
USB-DT continuous radiation source (Ocean Optics, USA).
The luminescence spectra were recorded using a spectral
complex based on the MDR-4 diffraction monochroma-
tor (LOMO, Russia) with a near-IR photodetector —
PDF10C/M photodiode (ThorlabsInc., USA). The photo-
stability of the luminescent properties of the core/shell
structures based on Ag,S QDs was evaluated by monitoring
the intensity of luminescence at the peak of luminescence
over time of exposure to radiation. Photoluminescence
excitation was carried out by laser diodes LD PLTB450
(Osram, Germany) with a wavelength of 445 nm and an
optical power of 400 mW and LPC-836 (Mitsubishi Electric,
Japan) with a wavelength of 660 nm and an optical power
of 250 mW.

IR absorption spectra were recorded using an FTIR
spectrometer Tensor 37 (Bruker Optik GmbH, Germany).
To study the IR absorption spectra, colloidal QDs solutions
were applied to KCI substrates and free water was removed
by evaporation in a drying cabinet at a temperature of 60°C.
The solutions deposited on the KCI substrate had equal
volumes.

Results and discussion

Structural characteristics of the studied samples

Data on structural properties, sizes, morphology and
crystal structure were obtained for all synthesized samples.
First of all, studies performed on the Libra-120 transmission
electron microscope TEM showed the formation in these
cases of ensembles of individual Ag,S/TGA QDs with a
size of 2.5 £ 0.5nm and a dispersion of 20% (Fig. 1,a), as
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Figure 1. TEM images and histograms of the size distribution of ensembles Ag,S/TGA QDs (a) and Ag,S/L-Cys QDs (b). High-resolution

TEM image QDs Ag>S/TGA (QDs Ag>S/L-Cys) (c).

well as Ag,S/L-Cys QDs — 2.540.7 nm, dispersion of 30%
(Fig. 1, ).

High-resolution TEM images of synthesized samples
showed electron diffraction mainly from the crystallographic
plane (031), indicating the formation of nanocrystals with
interatomic distances of 0.218 nm (Fig. 1, with). Thus, using
the high-resolution TEM method for all the above samples,
it was found that the Ag,S QDs are formed in a monoclinic
lattice (spatial group P21/c).

Formation  of  structures  core/shell QDs  of
AgrS(TGA)/SiOy,  AgrS(L-Cys)/SiO; and  AgyS/SiO;
is confirmed by comparing dark-field and light-field
TEM images from the same fragment of the substrate
(Fig. 2,a, b, c).

Intense electron diffraction from Ag,S QDs was observed
on dark-field images. At the same time, the image from
the amorphous dielectric SiO, was low-contrast. Thus,
the obtained differences in the size of Ag,S(TGA)/SiO,
QDs at the maximum concentration of Na;SiOs on dark-
field (2.8—0.5nm) and light-field images (10.2 + 2.5nm)
are caused by the formation of an amorphous shell SiO,
with a thickness of ~ 3.5 + 1.2nm (Fig. 2,a). For Ag,S(L-
Cys)/SiO; QDs differences in size at the maximum concen-
tration of NaySiO; on dark-field (3.0 £0.5nm) and light-
field images (5.5 £ 1.5nm) are attributed to the formation
of the shell SiO, thick ~ 2.5 £ 0.5nm (Fig. 2,5). We note
that in some cases the formation of Ag,S QDs agglomerates,
were observed, covered with a common layer of SiO, up to
3 nm thick for Ag,S(TGA)/SiO; QDs and up to 1.5 nm thick
for AgoS(L-Cys)/SiO; QDs. In addition to the formation
of the SiO, shell, a slight growth of Ag,S nuclei was
observed within 0.5 nm, due to the presence of active sulfur

in MPTMS. The dispersion in the size of the QDs in the
ensemble reached 35%.

Analysis of TEM images of a Ag,S/SiO, QDs model
sample, for which the MPTMS silica ligand simultane-
ously served as a passivating ligand and a precursor of
the SiO, shell, showed differences in size on dark-field
(1.8 £ 0.5nm) and light-field images (5.0 + 1.5nm), which
is caused by the formation of the shell SiO, with a thickness
of ~ 1.6 + 0.8 nm (Fig. 2, with) with a QDs size dispersion
of about 30%.

Spectral-luminescent properties of the studied
samples

During the formation of the Ag,S QDs core/shell, some
changes were observed in the optical absorption spectra
(Fig. 3,a, b, inset). As a result of the formation of
AgrS(TGA)/MPTMS QDs structures, there was a slight
change in the shape of the absorption spectrum — a
weak increase in optical density in the region of 2.1 and
1.3eV (Fig. 3,a, inset, curve 2). The peculiarity in
the area of 1.9eV disappeared. Subsequent formation of
Ag>rS(TGA)/SiO, QDs structures, resulted in an increase in
optical density in the region of 1.3eV. At the same time,
a feature was formed in the region of 1.6eV, and in the
region of 1.9¢V, on the contrary, disappeared (Fig. 3,aq,
inset, curve 3). The observed patterns are the result
of a change in the size distribution of Ag,S QDs in
solution, as well as the formation of Ag,S QDs agglomerates
coated with a common layer of SiO,, as a result of
the addition of a sulfur-containing silica ligand MPTMS
to the colloidal solution [38]. During the formation of
AgrS(L-Cys)/MPTMS QDs, an increase in optical density
is observed over the entire spectrum with simultaneous
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Figure 2. Light-field and dark-field TEM images

Cys QDs (b) and Ag>S/SiO;

QDs (c). Dependences of the thickness of the SiO, layer on the QDs surface on the concentration of Na,;SiO; (top) for Ag,S/SiO»/TGA
QDs (a), Ag>S/SiO»/L-Cys QDs (b) and size distribution histogram (top) for Ag,S/SiO» QDs (c).

blurring and displacement of the feature from 1.9 to 1.8eV
(Fig. 3,b, inset, curve 2). An increase in the thickness
of the layer SiO, on the QDs surface Ag,S(L-Cys)/SiO;
leads to the disappearance of a feature in the absorption
spectrum (Fig. 3, b, inset, curve 3). Such behavior of the
absorption properties of AgS(L-Cys)/MPTMS QDs and
AgyS(L-Cys)/SiO; QDs is also the result of the growth
of QDs and an increase in their size dispersion in the
ensemble, which is consistent with the TEM data.

For the samples of QDs of Ag,S/TGA, Ag,S/L-Cys and
Ag,S/Si0;, a luminescence band with a half-width of about
100 was observed,nm and peaks in the region of 960
and 750nm, respectively. A significant Stokes shift of
~ 0.3—0.5¢V, indicates the trap-state luminescence nature
in the IR region for these samples [21-23,25]. Previously,
for the IR luminescence of colloidal Ag,S QDs passivated
with thiocarboxylic acids, it was found that the glow occurs
as a result of recombination of electrons localized at the
levels of interface defects with free holes [41].

It was found that for Ag,S/L-Cys QDs and Ag,S/SiO,
QDs, similar to Ag,S/TGA QDs,, the luminescence peak. It
is located in the shorter wavelength region of the spectrum
at 750 nm (Fig. 3). This behavior indicates the localization
of trap-state luminescence centers near the interfaces of
nanocrystals and the effect of the ligand type on the
luminescent properties of Ag,S QDs [41].

The peak of the luminescence spectrum of AgyS/TGA
QDs (960 nm) during the formation of Ag,S(TGA)/MPTMS
QDs is shifted to the long-wavelength region to 992 nm. At
the same time, the quantum yield of luminescence increases
by 7 times (Fig. 3,a, curve 2). The subsequent increase
in the thickness of the SiO, layer at the Ag,S/TGA QDs
interfaces, contributes to a short-wave shift of the lumines-
cence peak (950nm) and an increase in the quantum yield
by 35 times (Fig. 3,a, curve 2). The formation of QDs
structures of QDs structures of AgyS(LCys)/MPTMS, and
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Ag>S(L-Cys)/SiO; also contributes to the long-wavelength
shift of the luminescence band from 750 to 820nm and
an increase in its quantum yield by 3 times (Fig. 3,5). The
spectral shift of the luminescence peak during the formation
of the SiO, shell and an increase in its thickness confirms
the assumption of localization of the luminescence center
near the QDs interfaces (Fig. 3,4, b, inset).

Photostability of luminescent properties of the
studied samples

As the time of action of exciting radiation on the studied
samples of ensembles of colloidal Ag,S QDs increased,
degradation of IR Iuminescence was observed in most
cases (Fig. 4). Characteristic decay times of luminescence
intensity for Ag,S QDs under the action of radiation with a
wavelength of 445nm (35 - 10!7 quant/cm?-s) and 660 nm
(5-10'7 quant/cm?-s), falling on the exciton absorption
region of AgyS QDs, are 5—10min (fig. 4). It should be
noted that the optical absorption spectra do not change after
photoflowering. This indicates the absence of the influence
of the photo-etched process of Ag,S QDs.

The most noticeable process of photodegradation of
luminescence was observed in the case of Ag,S/TGA QDs
with trap-state luminescence in the region of §70—1000 nm,
considered in this work. For this sample, the photodegra-
dation process is reversible (Fig. 4,a, curve [). The
luminescence intensity is restored when the sample is kept
in the dark for 24 h. We note that in the case of Ag,S/TGA
QDs with excitonic luminescence with a peak at 620 nm,
the degradation process did not exceed 10—15% and turned
out to be irreversible (Fig. 4,a, curve 2). These patterns are
completely consistent with similar studies [21-24].

Normalized dependences of luminescence intensity on
the time of exposure to exciting radiation for ensembles
of colloidal Ag,S/L-Cys QDs showed its photostability
(Fig. 4, b, curve 1) similar to the data of [25].
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Figure 3. Optical absorption (inset) and luminescence spectra of Ag>S/TGA QDs (a) and Ag>S/L-Cys QDs (b), as well as core/shell
structures based on them: Ag,S/TGA QDs and Ag,S/L-Cys QDs (1); Ag:S(TGA)/MPTMS QDs and Ag,S(L-Cys)/MPTMS QDs (2),
Ag,)S(TGA)/SiO; QDs and Ag,S(L-Cys)/SiO, QDs (3). Optical absorption (inset) and luminescence spectra of the core/shell structures

of Ag>S/Si0, QDs (c).

Luminescence parameters of Ag,S QDs and core/shell structures based on them (the luminescence parameters after exposure are indicated

in brackets)

Sample type Aum, NM QY, % T,ns re,s”! For,s” !
Ag>S/TGA QDs 960 0.1 (0.04) 3.5 (20) 3-10° (2-10°) 3.10% (5-10%)
Ag>S/MPTMS/TGA QDs 992 0.7 (0.6) 7.7 (6.8) 9.10° (9-10°) 10% (10%)
Ag,S/Si0/TGA QDs 950 3.5 (3.5) 17.7 (17.3) 2-10° (2-10%) 5.107 (5-107)
Ag;S/L-Cys QDs 750 0.3 (0.3) 72 (72) 4-10° (4-10°%) 108 (10%)
Ag:S/MPTMS/L-Cys QDs 820 0.7 (0.2) 94 (3.2) 7-10° (6-10°) 108 (3-10%)
Ag:S/Si0,/L-Cys QDs 820 0.9 (0.01) 9.8 (2.1) 10° (5-10%) 107 (5-10%)
Ag,S/Si0; QDs 750 1.0 (0.9) 4.0 (4.0) 3-10° (2-10%) 2108 (2-10%)

The model sample of Ag,S/SiO, QDs, for which the
silica ligand MPTMS acted simultaneously as a passivating
ligand and a precursor of the shell SiO,, demonstrates
stable luminescence under prolonged exposure to exciting
radiation (Fig. 4, with).

The formation of the SiO, shell on the Ag,S/TGA QDs,
leads to blocking the degradation process of IR lumines-
cence against the background of an increase in the quantum
yield of luminescence (Table) as with a shell thickness
of several monolayers of SiO, for AgyS(TGA)/MPTMS
QDs, and in several nanometers for Ag,S(TGA)/SiO, QDs
(Fig. 4,a, curves 3,4). Moreover, in the latter case, the
photostability of luminescence turned out to be higher than
when covering SiO; with a shell of several monolayers.

The stability of luminescence intensity demonstrated for
Agr)S/L-Cys QDs to prolonged exposure to radiation of
different power and wavelength (Fig. 4,b, curve I) [25]
On the contrary, it was violated during the formation of
the shell SiO,. At the same time, the formation of the
SiO; shell into several monolayers in the case of AgS(L-
Cys)/MPTMS QDs leads to degradation of IR luminescence

by 70—80% and even greater degradation of ~ 95% when
trying to increase the thickness of the shell by participating
in the reaction Na,SiO3 (Ag,S(L-Cys)/SiO, QDs) (Fig. 4, b,
curves 2, 3). it is established that photodegradation of the
luminescence of AgyS(L-Cys)/MPTMS QDs and Ag,S(L-
Cys)/SiO, QDs is irreversible. Exposure after exposure to
Ag>S(L-Cys)/MPTMS QDs and Ag,S(L-Cys)/SiO, QDs in
the dark for 24 h does not lead to the recovery of intensity
their luminescence.

Thus, the photostability of the luminescence of Ag,S
QDs, and core/shell structures based on them is determined
not only by the type of passivating ligands, but also by
the approach to the formation of core/shell structures.
In addition, it is known that the state of the surface of
micro- and nanocrystals (especially the concentration of
adatoms and low-atom clusters) has a significant effect on
the photostability of luminescence of various crystals, such
as silver halides, zinc sulfides and cadmium [43-48]. This
effect is called ,luminescence fatigue* and is explained by
photostimulated formation of metal clusters — channels
of non-radiative recombination on the surface of crystals,

Optics and Spectroscopy, 2022, Vol. 130, No. 12
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Figure 4. Normalized dependences of luminescence intensity on the time of exposure to exciting radiation for ensembles of colloidal
Ag)S/TGA QDs with trap-state luminescence in the region of 870—1000nm (7), Ag>S/TGA QDs with exciton luminescence at 620 nm (2),
Ag>S(TGA)/MPTMS QDs (3), AgS(TGA)/SiO; QDs (4) — a. Normalized dependences of luminescence intensity on the time of
exposure to exciting radiation for ensembles of colloidal Ag,S/L-Cys QDs (I), Ag,S(L-CyS)/MPTMS QDs (2), Ag,S(L-Cys)/SiO,
QDs (3) — b. Normalized dependences of luminescence intensity on the time of exposure to exciting radiation for ensembles of

colloidal Ag,S/SiO; QDs — c.

including due to the initial stage of photolysis developing
on the surface. A similar conclusion was reached by the
authors of [23] in the case of the formation of AgyS QDs
in gelatin. The fact of photodegradation of luminescence
intensity was also analyzed in the case of Ag,S/TGA QDs,
including photostability, depending on the mechanism of
interaction of the passivating TGA ligand with the QDs
interface [22-24]. Along with the probability of photolysis of
Ag,S nanocrystals, an assumption has been made about the
possible photodesorption of passivator molecules (TGA), as
well as their photodestruction.

IR spectra of the surface environment of Ag,S
QDs and core/shell structures based on them

As already noted, the analysis of data demonstrating the
effects of exciting radiation on Ag,S QDs ensembles showed
that the photostability of luminescence is determined mainly
by the state of the interface of Ag,S nanocrystals. The role
of the ligand in this process can be elucidated using FTIR
absorption spectra. To detail the changes in the state of the
AgS QDs interfaces, FTIR absorption spectra were studied
before and after exposure to exciting radiation leading to
degradation of IR luminescence (Fig. 5 and 6).

First of all, the mechanisms of interaction of passivating
molecules of TGA and L-Cys ligands with the surface
of AgyS nanocrystals were established by FTIR spectra.
In each of the analyzed FTIR spectra of these samples, the
disappearance of the peak corresponding to the stretching
vibrations of the S—H-group of TGA and L-Cys molecules
(2559 cm~!) was noted, indicating the attachment of the
ligand molecule by the thiol terminal group to the Ag,S
QDs interface (Figures 5 and 6, curves 2) [22,24,49-
51]. The passivation of Ag,S QDs with TGA and L-Cys
molecules leads to the appearance of peaks of asymmetric
and symmetric stretching vibrations of the carboxyl group
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in the FTIR spectra (v¥(COO™)—1567 cm™~! for TGA,
1581cm~! for L-Cys; v$(COO~) — 1388 cm™! for
TGA, 1399cm~! for L-Cys). These patterns indicate the
adsorption of passivator molecules on the surface of the
Ag>S QDs with a free carboxyl end group COO~ (Fig. 5,
Fig. 6, curves 2) [22,24,49-51]. In the case of AgyS/L-
Cys QDs, passivation of QDs interfaces by L-Cys molecules
is carried out not only by means of the S—H-group, but
also by covalent binding of the NH-group of the passivator
with broken bonds on the surface of nanocrystals. Despite
the fact that the stretching vibrations of the -NH, group are
hidden by the presence of stretching vibrations of the bound
OH-groups (the region of 3500—3300cm™!), a decrease
in intensity and high-frequency displacement of the out-of-
plane vibrations of the -NH, group were found (879 cm™!
and 855cm™~! to 911 em~! and 865 cm™!, respectively), as
well as low-frequency displacement of the bending vibration
band -NH (from 1510 to 1460 cm~1) of the L-Cys molecule,
indicating its interaction with the surface of nanocrystals
through amino groups (Fig. 6, curve 2) [52]. In the case
of Ag,S/TGA QDs and Ag,S/L-Cys QDs, this type of
passivation determines the recombination character of IR
luminescence (Fig. 5, curve 2) [22,24].

For Ag,S/TGA QDs, with excitonic luminescence is
characterized by a low-frequency shift of the peak of
symmetric stretching vibrations of the COO~ group from
1388 to 1359 cm ™! with a simultaneous high-frequency shift
of the peak of asymmetric valence oscillations of the COO™
from 1567 to 1579 cm~!. This feature indicates the partic-
ipation of COO™ groups in intermolecular interactions, for
example, with Ag,S QDs interfaces (Fig. 5, curve 3) [22,24].
In addition, a change in the ratio of the intensities of
asymmetric and symmetric stretching vibrations of COO™
was noted (Fig. 5, curve 3). This feature is associated
with a change in the symmetry of vibrations of TGA
molecules during their adsorption by carboxyl groups on
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a solid substrate and is characteristic of the formation of
carboxylate complexes with broken Ag,S QDs bonds [51].

Thus, different configurations of Ag,S QDs interfaces
were characteristic for different types of ligands and pas-
sivation conditions with one ligand.

The effect of exciting radiation on Ag,S/TGA QDs
obtained by adsorption of thiol groups does not lead to
visible changes in the FTIR absorption spectrum (Fig. 5,
curve 2) against the background of photodegradation of
luminescence intensity of about 80% (Fig. 4,a, curve I).
Thus, the process of photodestruction of the TGA molecule
at its given configuration is not observed at the QDs
interface. Only photodesorption of TGA is likely On
the contrary, the effect of exciting radiation on Ag,S/TGA
QDs, obtained by adsorption of thiol and carboxyl groups

simultaneously leads to photodegradation of luminescence
intensity (Fig. 4,a, curve 2), accompanied by a change
in FTIR absorption spectrum (Fig. 5, curves 3,4). After
exposure, a peak of about 3600 cm~! occurs in the FTIR
absorption spectrum, due to vibrations of free or weakly
bound OH groups, as well as a significant decrease in
intensity in the band of stretching vibrations of CO-groups
at 1222cm™! (Fig. 5, curve 4). The observed changes are a
consequence of a change in the nature of the interaction of
TGA molecules with the Ag,S QDs interface as a result of
photodestruction of TGA, apparently with the formation of
a a-thiol-substituted acyl radical (S—CH,—CO*®) [22,24,53].
In the case of Agy,S/L-Cys QDs obtained by adsorption
of two functional groups simultaneously (thiol and amino
groups), the effect of exciting radiation practically does not

Optics and Spectroscopy, 2022, Vol. 130, No. 12



Photostability of luminescence of Ag,S quantum dots and Ag, S/SiO, core/shell structures 1629

=
b
Y

Absorption

1

Vas(Si-0-Si)
_vy(Si-O-Si)
Ui v(C-0) /:

1 1 1
3500 2500 1500

Wavenumber, cm™!

1
500

Figure 6. FTIR absorption spectra of L-Cys (pH 10) — I; Ag>S/L-Cys QDs (before and after exposure) — 2; Ag>S(L-Cys)/MPTMS
QDs (before exposure) — 3; Ag,S(L-Cys)/Sao, QDs (before exposure) — 4; AgaS(L-Cys)/SiO, QDs (after exposure) — 5.

lead to a loss of their luminescence intensity (Fig. 4,5,
curve ). At the same time, no changes were detected
in the FTIR absorption spectrum either (Fig. 6, curve 2).

The formation of core/shell structures based on
Agr)S/TGA QDs and Ag,S/L-Cys QDs leads to a significant
transformation of the FTIR spectra (Fig. 5, curves 5 and 6,
fig. 6, curves 3 and 4). There is a change in the structure and
intensity of the characteristic frequency bands of the TGA
and L-Cys passivator molecules that determine the structure
of the QDs interfaces.

In the case of AgrS(TGA)/MPTMS QDs, the intensity
of the characteristic frequencies of the carboxylate group
TGA (COO™) decreases. In this case, there is no spectral
shift of the bands v*(COO~) and v*(COO~) relative
to their position for an interaction-free acid molecule,
which indicates the transition of TGA molecules to a
state free from interaction with Ag,S nanocrystals (Fig. 5,
curves 5 and 6). These data confirm the presence in the
AgrS(TGA)/MPTMS QDs system of the ligand replacement
process at the QDs interface (ligand exchange) during the
formation of the SiO; layer, when a more reactive MPTMS
molecule replaces the TGA [38]. Absence of a peak in
the vibration region of the S—H-group (2560cm~!) for
AgrS(TGA)/MPTMS QDs and Ag,S(L-Cys)/MPTMS QDs
indicates that the hydrolyzed form of MPTMS also interacts
with the surface of the Ag,S nanocrystal by means of a thiol
group (Fig. 5, curves 5 and 6, Fig. 6, curves 3 and 4).

Optics and Spectroscopy, 2022, Vol. 130, No. 12

However, in the case of Ag,S(L-Cys)/MPTMS QDs,
the L-Cys passivator molecules remain on the surface of
nanocrystals due to interaction with the amino group, which
confirms the presence of v(NH) stretching bands in the IR
spectrum in the region of 3200—3300cm~! and bending
vibrations §(NH) in the region of 1460 cm™!, characteristic
of adsorbed NH,-groups (Fig. 6, curves 3 and 4). At the
same time, the frequency shift of asymmetric and symmetric
stretching vibrations of the COO~ group from 1581 to
1588 cm~! and from 1399 to 1386 cm~! may probably
indicate the involvement of the carboxylate aninone of the
L-Cys molecule in a weak interaction with silicon and
water atoms. These patterns indicate the formation of a
fragmentary shell of SiO,/L-Cys on the surface of Ag,S/L-
Cys QDs.

As a result of the formation of Ag,S(TGA)/MPTMS
QDs and Ag,S(L-Cys)/MPTMS QDs the FTIR spec-
trum, peaks also occur with frequencies corresponding
to the vibrations of siloxane (1103 cm™! (v4(Si—O0—Si)),
1023cm~! (v4(Si—O—Si) and 800cm~!§(Si-O-Si)) and
silanol groups 3260(v(SiON)) and 928 cm~! (§(SiON))
(fig. 5, curve 5, fig. 6, curve 3). At the same time,
the intensity of the band of asymmetric vibrations of the
siloxane group (v,s(Si—O—Si) = 1103cm™!) exceeds the
intensity of the band of symmetric stretching vibrations
(v5(Si—0—Si) = 1023cm~!). For the model sample of
Ag>S/Si0, QDs, in which the silica ligand MPTMS si-
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multaneously served as both a passivating ligand and a
precursor of the shell SiO,, the intensity of the vibration
band v,s(Si—O—Si) also exceeds the intensity of symmetric
vibrations vs(Si—O—Si) (Fig. 5, curve 7). This pattern
indicates in favor of the formation of cyclic siloxane
structures by MPTMS molecules, which form long-chain
polymers completed with a sulfogroup, which prevents the
growth of the thickness of the SiO shell, [54,55].

Thus, for QDs of AgS(TGA)/MPTMS, AgS(L-
Cys)/MPTMS and Ag,S/SiO, is characteristic formation of
a thin SiO; shell (~ 1—2 monolayers) due to the structural
features of MPTMS molecules, which is consistent with
the analysis of TEM images. An increase in the thickness
of the SiO; shell at the QDs interfaces when Na,SiOj is
introduced demonstrates a redistribution of intensity in the
bands of stretching vibrations of the silaxane group (Fig. 5,
curves 6, Fig. 6, curves 4). This feature may be related
to the elongation of Si—O-—Si chains on the surface of
QDs [54].

For QDs samples of Ag,S(L-Cys)/MPTMS and Ag,S(L-
Cys)/SiO, showing a significant decrease in the intensity
of the luminescence under the action of exciting radiation
(Fig. 4,b), in the FTIR absorption spectra against the
background of bands in the region of 1230—1260cm™!,
there is the appearance of another more intense band
with a peak of 1260 cm™!, which corresponds to stretch-
ing oscillations with —O-groups [22,24], as well as the
redistribution of the intensity of the bands of §(SiON)
and §(Si—O—Si) groups in the region of 660—950cm™!.
This fact may indicate the destruction of the fragmentary
shell (L-Cys)/SiO, under the action of exciting radiation
by ,,breaking” Si—O—C-bond (Fig. 6, curve 5). For QDs
of AgrS(TGA)/MPTMS, Ag,S(TGA)/SiO; and Ag,S/SiOs,
demonstrating the stability of the luminescence intensity to
the effect of exciting radiation, there are no changes in the
FTIR spectra.

Discussion of results

The empirical results obtained indicate the influence of
the ligand type and its coordination on the photostability
of the luminescent properties of Ag,S QDs. Thus, for
Agr)S/ITGA QDs, the analysis of FTIR absorption spectra
indicates two possible mechanisms of binding of TGA
molecules to the QDs interface.

The first mechanism is due to the adsorption of thiol
groups of TGA molecules at the QDs interface. This
passivation mechanism leads to significant photodegradation
of IR luminescence of Ag,S/TGA QDs (~ 80%). However,
in this case, photodegradation of the luminescence of
Agr)S/TGA QDs is reversible. Reversible photodegradation
of AgrS/TGA QDs is due to the photochemical reaction
of the formation of additional channels of nonradiative
recombination due to the initial stage of photolysis of QDs
interfaces, presumably associated with the transformation of

low-atomic silver clusters, which are photo- and thermon-
estable [22-24).

The second mechanism is realized, apparently, due to
the adsorption of both thiol and carboxyl groups of TGA
molecules at the QDs interface. The observed irreversible
photodegradation of luminescence Ag,S/TGA QDs, accord-
ing to FTIR absorption spectra, is caused by a change in the
nature of the interaction of TGA molecules with the Ag,S
QDs interface as a result of photodestruction of TGA with
the formation of the radical S—CH,—CO* [22,24].

For Ag,S/L-Cys QDs, the interaction of L-Cys with
the QDs surface by means of two functional groups
simultaneously (thiol and amino groups) is also shown.
However, this mechanism of passivation of Ag,S QDs,
ensures the stability of luminescence of Ag,S/L-Cys QDs
under prolonged exposure to exciting radiation, apparently
due to the elimination of broken bonds at the interfaces of
QDs and, as a consequence, localization of charge carriers
in the volume of QDs. No changes in the FTIR absorption
spectra of L-Cys interface molecules were detected for
Ag>S/L-Cys QDs.

The FTIR absorption spectra of the studied core/shell
QDs samples showed that the structure of the SiO, shell
strongly depends on the type of AgrS QDs passivator
molecules used. At the same time, the shell structure
established by FTIR spectroscopy correlates with the data
on photodegradation of luminescence. Thus, the addition
of MPTMS to Ag,S/TGA QDs, provides an effective
replacement of TGA interface molecules with MPTMS,
which ensures an increase in quantum yield and blocking
photodegradation of Ag,S/TGA QDs luminescence. Further
growth of the SiO shell, (of Na,SiOs) does not change
its structure and also provides high luminescence stability.
An increase in the stability of FTIR luminescence of
AgrS(TGA)/MPTMS QDs, and Ag,S(TGA)/SiO, QDs is
in agreement with data on a decrease in the efficiency of
nonradiative recombination in the formation of core/shell
structures (table).  This feature also indicates that in
Ag>)S/TGA QDs, the process of degradation of IR lumi-
nescence under the action of exciting radiation is due to
the photochemical reaction of the formation of additional
channels of non-radiative recombination.

On the contrary, for Ag,S/L-Cys QDs, initially possessing
photostable luminescence, the introduction of MPTMS leads
to significant degradation of luminescence under the action
of exciting radiation. According to IR spectroscopy data, the
formation of Ag,S(L-Cys)/MPTMS QDs is accompanied by
partial passivator replacement, while MPTMS and L-Cys
molecules are present at the interface simultaneously. The
effect of exciting radiation on Ag,S(L-Cys)/MPTMS QDs,
and AgyS(L-Cys)/SiO, QDs leads to irreversible degradation
of luminescence intensity due to photodestruction of the
fragmentary (L-Cys)/SiO; shell, leading to the formation of
nonradiative recombination channels. In favor of increasing
the efficiency of nonradiative recombination as exciting
radiation is exposed to QDs of Ag,S(L-Cys)/MPTMS and
Ag>rS(L-Cys)/SiO,, it also indicates an increase in the
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constant of nonradiative recombination and a reduction in
the lifetime of luminescence (table).

Conclusion

The analysis of the obtained results indicates a significant
influence of the state of the interfaces on the stability of
the Ag,S QDs luminescence, and the core/shell structures
based on them. According to FTIR spectroscopy data, the
structure of the SiO, shell determines the photostability
of the luminescence of Ag,S QDs. It is shown that the
formation of the SiO, shell by replacing the passivating
TGA ligand with MPTMS on the surface of the Ag,S
QDs ensures the stability of luminescence under prolonged
exposure to exciting radiation. At the same time, the
partial replacement of the passivating ligand L-Cys, due
to its initial mechanism of interaction with the Ag,S QDs
interface, ensures the formation of a fragmentary shell
(L-Cys)/SiOy. At the same time, the effect of exciting
radiation on the AgyS(L-Cys)/SiO, QDs leads to irreversible
photodegradation of the luminescence of the Ag,S QDs,
which, according to FTIR spectroscopy data, is the result of
photodestruction of the (L-Cys)/SiO; shell.
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