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In this paper, we present the results on photoinduced formation of colloidal Ag,S quantum dots with sizes
of 1.5-3 nm passivated by 2-mercaptopropionic acid (Ag,S/2-MPA) in the presence of ethylene glycol. The
synthetized colloidal Ag,S/2-MPA QDs have NIR recombination luminescence with its maximum near
800 nm. The control of absorption and luminescence properties of the QDs is achieved by
photoactivation. It is shown that photoexposure of colloidal solution of Ag,S/2-MPA QDs leads to an
increase in the QD size and monodispersity along side with the growth of the luminescence quantum
yield from 1% to 7.9%. Enhancement of the luminescence quantum yield is accompanied by an increase
in the average luminescence lifetime up to 190 ns, which is due to the blocking of the nonradiative
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Accepted 3rd November 2019 recombination channel with the radiative recombination rate being (3-5.5) x 10° s™~. It is shown that the
purification of the Ag,S/2-MPA solution by a dialysis membrane from regenerated cellulose leads to an

DOI: 10.1035/c9ra07047h increase in the sample monodispersity, as well as stops the photoinduced growth of QDs, and also
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1 Introduction

Nowadays, luminescent properties of colloidal semiconductor
quantum dots (QDs) are widely investigated. Such studies are of
great interest since QDs are promising for solving a wide variety
of fundamental and applied problems in biology, chemistry,
medicine, and technology due to the unique size-dependent
luminescence properties."” In particular, the idea of using
NIR-emitting QDs for various luminescent sensors is recognized
as extremely promising.*” The luminescent properties of QDs
differ from those of bulk crystals having the same composition
by the emission intensity, maximum position of the lumines-
cence band and its full width at half maximum (FWHM), and
also by the luminescence lifetime. In a number of studies,
manifestations of photostimulated degradation of QD lumi-
nescence intensity were detected.®*** Random blinking of
luminescence of single quantum dots was also demon-
strated."*® Such unwanted parasitic effects in the QD lumi-
nescence strongly limit the development of many advanced
applications, including those associated with single-photon
light sources for quantum informatics.*”**

Of significant interest are silver sulfide (Ag,S) QDs having
intensive size-dependent luminescence in the near-infrared
region. These objects are non-toxic and almost insoluble in
water, which is important for many applications.">* However,
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reduces the degradation of their photoluminescence.

to date, the problem of controlling the position of the maximum
and the intensity of the luminescence band remains unsolved
for Ag,S QDs. An appreciable photochemical activity of silver
sulfide affects the stability of the optical properties of colloidal
Ag,S QDs due to structural changes under exposure to exciting
radiation.’®'* Photoprocesses arising in this case, pose the
problem of obtaining Ag,S QDs with high stability of lumines-
cence parameters, as well as searching for the ways of
increasing the quantum yield of IR luminescence of the QDs.
Nowadays, a number of techniques for QD synthesis are
known.”* Among them, there are approaches involving
photoinduced growth of nanocrystals in the presence of passi-
vators containing thiol and carboxyl groups.**** Molecules of
thiocarbonic acids are a suitable passivator for Ag,S QD inter-
faces. First of all, this is due to the presence of free carboxyl and
thiol groups, which ensures simultaneous stabilization of the
QDs and good hydrophilicity. In addition, molecules of thio-
carbonic acids can be simultaneously used as the passivator and
as the sulfur source in the synthesis of Ag,S QDs.'*****?¢31 In the
case of using molecules of thioglycolic acid (TGA) as the
passivating agent, a strong dependence of the QD optical
properties on the sulfur concentration and the silver-sulfur
ratio is observed.'®'*'33 In the works,'>'**! it was assumed that
the centers of radiative recombination of Ag,S QDs are of an
interfacial nature. The low quantum yield of the QDs is
explained, as a rule, by numerous surface defects formed during
rapid intense release of sulfur atoms involved in the QD growth.
The solution to the problem may be forced deceleration of the
growth process. Polyhydric alcohols, in particular, ethylene
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glycol, can be used as crystallization inhibitors.>® They are
convenient when mercapto acids are used as passivators. But
only few studies are known which use such approach to Ag,S QD
synthesis with highly stable mercapto acids employed as the
passivator.>*** However, these works do not contain an analysis
of the dependence of the spectral-luminescent properties on the
size of QDs. An analysis of the behavior of the luminescence
quantum yield with changing the synthesis conditions and the
characteristics of the ensemble of the obtained Ag,S nano-
particles is also absent.

Another unsolved problem is control of the luminescence
quantum yield for Ag,S QDs and its photostability. Activation of
photoprocesses, such as photodissolution or healing of inter-
face defects, can lead to a reduction in the impact of non-
radiative recombination channels and an increase in the
quantum yield of QD luminescence. However, to date, works
concerning photoinduced control of the
quantum yield of Ag,S QDs are absent.

This paper aims to fill this gap. We present the results that
demonstrate the features of transformation of the spectral-
luminescent properties for Ag,S/2-MPA QDs in the process of
their synthesis using ethylene glycol under continuous exposure
of colloidal QD solutions to excitation radiation. The choice of
ethylene glycol is due to its high viscosity, which decelerates the
process of diffusion of the reagents, as well as due to the high
solubility of the reagents in it. There are no luminescence bands
associated with ethylene glycol in the spectral region of interest.
Low-power laser radiation (405 nm) is the factor accelerating the
QD growth, catalyzing the uniform passivation of the QD
interfaces. We assume that the smooth growth of the QDs would
provide lower concentration of structural defects during the QD
formation, and hence, lead to an increase in the luminescence
quantum yield.

luminescence

2 Experimental

Methods of transmission electron microscopy (TEM), including
high-resolution TEM (HR-TEM), were employed for the struc-
tural studies. Sizes of the synthesized ensembles of QDs were
obtained using a Libra 120 transmission electron microscope
(CarlZeiss, Germany) with 120 kV accelerating voltage. The size
distributions of the QDs were obtained using digital analysis of
the TEM images. HR-TEM images for Ag,S QDs were recorded
by a JEM-2100 transmission electron microscope (Jeol, Japan)
with a 200 kV accelerating voltage.

XRD patterns were obtained with an ARL X'TRA diffractom-
eter (Thermo Scientific, Switzerland) for Cu K,; (1.54 A)
radiation.

The interactions between 2-MPA molecules and colloidal Ag,S
QDs in ethylene glycol, as well as under prolonged excitation
exposure were studied by the Fourier-transform infrared (FTIR)
spectroscopy method. We obtained the changes in the charac-
teristic frequencies of most functionally active groups of 2-MPA
molecules participating in the formation of Ag,S/2-MPA QDs in
solution. FTIR absorption spectra were recorded with a Tensor 37
FTIR spectrometer (Bruker Optik GmbH., Germany). For the
samples studied, cuvettes with KCl windows were used. The
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samples were prepared by depositing the sample solutions on
KCI windows. The deposited solutions had equal volumes.

Dynamic light scattering (DLS) results were obtained using
a Photocor Complex with laser wavelength of 647 nm and power
of 25 mW. Each measurement lasted for 1 min.

Investigations of optical absorption spectra were carried out
using a USB2000+ spectrometer (OceanOptics, USA) with a USB-
DT emission source (OceanOptics, USA).

Photoluminescence (PL) spectra and luminescence decays of
the samples were obtained using the USB2000+ spectrometer
and a TimeHarp 260 time-correlated single-photon counting
board (PicoQuant, Germany) with a PMC-100-20 PMT module
(Becker & Hickl, Germany). The time resolution was 0.2 ns.
Deconvolution with an experimentally measured instrument
response function was employed for fitting the fast component
of experimentally measured 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, pulse
repetition rate of 100 kHz and an average pulse optical power
near of 3 uW. All results were obtained at room temperature.

Photoluminescence spectra in the NIR region were recorded
by a highly-stable low-noise PDF10C/M photodiode (Thorlabs
Inc., USA) with a built-in amplifier, placed behind the diffrac-
tion monochromator MDR-4 (LOMO, Russia) with a diffraction
grating having 600 lines per mm. The employed configuration
of the equipment allows registration of PL spectra in the region
of 600-1400 nm. As the PL excitation source, we also used laser
diodes NDV7375 (Nichia, Japan) emitting at 405 nm with an
optical power of 100 mW and NDB7675 (Nichia, Japan) emitting
at 462 nm with an optical power of 0.5 W.

PL quantum yield (QY) of the synthesized ensembles of Ag,S/
2-MPA QDs was determined by the relative measurement
method. Methanol solution of indocyanine green (QY = 16%)*
was employed in the NIR region. The studied samples of colloidal
solutions of QDs and the standards used were diluted to small
optical density (D = 0.1) at 462 nm providing an equal amount of
absorbed quanta with minimizing the self-absorption. The exci-
tation wavelength was selected such as to provide efficient
luminescence excitation for the investigated samples and the
standards, far from the luminescence band. After correcting the
sample luminescence bands for the spectral sensitivity of the
photodiode, the integrated luminescence intensity was deter-
mined. The quantum yield was calculated by the formula:**

Isample Dref nsamplez

QYsample B QYref Iref Dsample nrefz ' (1)
where QY,r is the quantum yield of the reference standard,
Dgample and D¢ are optical densities of the sample and refer-
ence standard, Iimpie and I are integrated luminescence
intensities for the sample and reference standard, 7gample and
n.er are refractive indices of the sample and reference standard.
The refractive indices were taken from ref. 36.

Exposure of colloidal Ag,S QDs solutions for photo-
stimulated growth was carried out by radiation of a semi-
conductor laser diode emitting at 405 nm with an optical power
of 100 mW, which falls into the strong absorption region of
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a freshly prepared QDs solution. The radiation of a 375 nm laser
diode with an optical power near of 3 uW did not cause the
growth of QDs in units of hours, due to low optical power. A
radiation with wavelengths longer than 405 nm was practically
not absorbed by freshly prepared Ag,S QD solution.

3 Investigated samples

The synthesis of colloidal Ag,S QDs passivated with 2-MPA was
carried out in ethylene glycol. The precursors were AgNO; of an
ACS purity (Sigma-Aldrich) and 97% 2-mercaptopropionic acid
(Alfa-Aesar). In the crystallization process, 2-MPA was used both
as the sulfur source and as the passivating agent for QD inter-
faces. The molar ratio [AgNO;]:[2-MPA] was 1:2. In the
synthesis, 2.4 mmol (408 mg) of AgNO; was dissolved in 30 ml
of ethylene glycol under constant stirring with a magnetic
stirrer at 200 rpm in a thermostatic glass flask at a temperature
of 25 °C. According to works,>*>73-33 the synthesis of Ag,S QDs
passivated with mercaptopropionic acid can be carried out at
temperatures of 20-145 °C. The use of a low temperature (20-25
°C) leads to a decrease in the growth rate of colloidal QDs,
which, as a rule, makes it possible to obtain Ag,S QDs with
small size (~1.5-2.0 nm).>” After that, 4.8 mmol (513.6 mg) of 2-
MPA was dissolved in ethylene glycol and added to the flask
with the solution. In this case, the solution acquired a pale
yellow color and a pungent odor caused by esterification of
ethylene glycol with 2-MPA.*” After 30 minutes of stirring, the
solution of colloidal QDs was kept at room temperature for 24
hours. After that, the colloidal solution was exposed to 405 nm
laser radiation with an optical power of 100 mW under constant

Ethylene AgNO3

glycol /\‘ ¢ f/

2-MPA w, ¥ F
e

y " 2 ()
30min | 4 £
stiring . . Light exposure 2
alle .o.’.‘"‘ ?
T=25cts t=80h 2
= A=405nm =

P = 100 mW

N, a.u.

0
1 3

0
5d, nm 1 3

5d, nm

—_
PR T

View Article Online

Paper

stirring. Radiation wavelength corresponds to the absorption
region of a freshly prepared Ag,S QD solution. The used optical
power provides the conditions for the smooth Ag,S/2-MPA QD
growth and the achievement of the highest luminescence QY as
a result of exposure. Samples for measurements were collected
every 10 hours.

The samples were purified by dialysis through a semi-
permeable membrane from regenerated cellulose. In the
process of dialysis, the QD solution was poured into a closed
cellulose pouch which was placed in a container with distilled
water. The pore size (~3 nm) was selected such as to allow low
molecular weight compounds (reaction products, water, and
ethylene glycol) and hold quantum dots due to their larger
hydrodynamic radius. As a result of osmosis and diffusion,
ethylene glycol and reaction products were gradually dissolved in
water, penetrated the membrane, and thus were removed when
the container was refilled with water. Water with dissolved salts
was changed every 30 minutes. The content of salts was
controlled by the conductivity of the solution. In the framework
of this technique, the smallest QDs (~1-1.5 nm) also passed
through the membrane and were thus removed. The samples
were stable during storage and retained their physical and optical
properties for a long period (from several months to a year) when
stored in a cold, dark place in a closed glass container.

4 Results and discussion
4.1 Structural data

Fig. 1c and d shows the TEM images of Ag,S QDs before and
after exposure by exciting radiation. It is seen that individual
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Fig.1 Absorption (a) and luminescence (b) spectra of colloidal Ag,S/2-MPA QDs and their transformation under laser irradiation (405 nm, 100
mW); TEM images and size distribution histograms for colloidal Ag,S QDs before (c) and after (d) 80 hour exposure; HR-TEM image of obtained
AgzS QDs (e) and histogram of changes in the luminescence quantum yield of Ag,S/2-MPA QDs during irradiation (f).
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nanoparticles with an average size of 1.7 nm with a size
dispersion within 45% are formed initially as a result of “dark”
crystallization.

The analysis of the TEM data shows that under exposure of
the samples to 405 nm laser radiation with a power of 100 mW,
Ag,S quantum dots are enlarged. When the exposure time had
been increased from 10 hours to 40 hours, a gradual increase in
the average nanoparticle size was observed from 1.7 nm to
2.8 nm. As a result of further exposure at times from 40 to 80
hours, an increase in the average size did not occur. It was
observed a recrystallization, as a result of which the nano-
crystals fraction with the smallest sizes (less than 2 nm)
decreased. In this case, the nanocrystals fraction with the size of
2.8 nm in the investigated sample increases. Thus, the size
distribution diagram narrowed on the side of small nano-
crystals and size dispersion decreased from 45% to 30%. The
average diameter value for Ag,S QDs after exposure for 80 hours
was 2.8 nm with a size dispersion of about 30% (Fig. 1d).

The analysis of the HR-TEM data for Ag,S QDs (Fig. 1e)
shows diffraction from the (—112) crystallographic plane of the
monoclinic crystal lattice of Ag,S (spatial group P2,/c)*® with an
interplanar distance of 0.2886 + 0.005 nm (Fig. 1e).

DLS data analysis of a freshly prepared Ag,S/2-MPA QDs
solutions showed the presence of spherical particles with an
average size of 2.5 nm (Fig. 2a). The obtained values differ from
the TEM data. The observed differences are due to the fact that
the sizes obtained from DLS represent the hydrodynamic
diameter of the particles in the solution, that value should be
a little overestimated, which was observed by us. For an Ag,S/2-
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MPA QDs sample subjected to the photoexposure for 20 hours
(Fig. 2b), an increase in the average nanoparticles hydrody-
namic size to 3.5 nm is observed. As a result of further photo-
exposure for 40 hours (Fig. 2c), the particle size increased
slightly. For the sample exposured for 80 hours (Fig. 2d), the
average particle size remained at 3.5 nm.

Fig. 2f shows the results of XRD analysis of Ag,S/2-MPA QD
samples. In the case of the initial Ag,S/2-MPA QD sample
with an average size of 1.7 nm (Fig. 2f, curve 1), a wide halo
with a diffuse feature in the 20 angle range of 25-50° is
observed. Such regularities is characteristic of the low-
ordered Ag,S monoclinic crystal lattice, which presence was
established by HR-TEM. Diffuse blurring in this case is due to
the abundance of crystallographic planes in the monoclinic
lattice and the corresponding reflexes in the X-ray diffraction
pattern. The reflexes broadening as a result of the size effect
leads to the formation of a wide unstructured band. Similar
effects were observed in works>***** for Ag,S QDs with sizes
less than 7 nm. The size increasing, which is a result of
exposure for 20 minutes (Fig. 2f, curve 2) leads to the
formation of additional features on the diffraction pattern,
that position corresponds to the Ag,S monoclinic crystal
lattice, which is completely consistent with HR-TEM data. A
further exposure time increasing and resulting enlargement
of nanocrystals lead to the formation of a more structured
diffraction pattern (Fig. 2f, curve 3). The obtained data
confirm the conclusion about the formation of crystalline
Ag,S particles with a monoclinic crystal lattice with an
average size less than 5 nm.
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Fig. 2 DLS results (a—d), FTIR spectra (e) and XRD (f) of colloidal Ag,S/2-MPA QDs.
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4.2 FTIR spectra

Fig. 2e shows FTIR spectra of pure 2-MPA, as well as Ag,S QDs
coated with 2-MPA molecules (Ag,S/2-MPA). FTIR spectra of
Ag,S/2-MPA QDs after 40 hours exposure with 405 nm radiation
before and after dialysis are also presented. It is seen that the
FTIR spectra of 2-MPA and all Ag,S/2-MPA QD samples are very
different. This indicates an interaction between 2-MPA mole-
cules and the QD interface.

In each of the FTIR spectra of Ag,S/2-MPA QDs (Fig. 2e,
curves 2 and 3), there was no peak corresponding to the S-H-
group stretching vibrations of 2-MPA (2560 cm ™), which indi-
cates the occurrence of interactions between sulfur of 2-MPA
and dangling bonds of Ag,S nanocrystals interfaces.*” In addi-
tion, peaks of stretching asymmetric and symmetric vibrations
of the carboxyl (COO™) group appear (1560 cm ' and
1390 cm ', respectively), which indicates the adsorption of 2-
MPA molecules on Ag,S interfaces in ionic form with a free
carboxyl terminal COO™ -group.”***** The ratio of the peaks
intensities of the stretching asymmetric and symmetric vibra-
tions of the carboxyl COO -group in the two cases under
consideration (Fig. 2e, curves 2 and 3) corresponds to the situ-
ation when the carboxyl groups are not attached to the Ag,S QDs
interface.

Thus, the data obtained from FTIR spectra indicate that the
adsorption of 2-MPA molecules at the Ag,S QDs interfaces is
carried out mainly via sulfur atoms. The presence of stretching
asymmetric and symmetric vibrations peaks of the carboxyl
COO ™ -group (1560 cm ™' and 1390 cm™ ') and their intensities
ratio show that the carboxyl groups are not fixed on Ag,S QD
interface.

4.3 Optical absorption spectra

In the optical absorption spectra of freshly synthesized samples of
Ag,S/2-MPA QDs, a broad unstructured band with an edge in the
region of 450-470 nm (Fig. 1a, curve 1) is observed. The absorp-
tion edge is positioned at 1.5-1.6 eV, which is larger than the band
gap of bulk Ag,S crystals with a monoclinic crystal lattice (1.09
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Fig. 3 Luminescence decays for samples of Ag,S/2-MPA QDs for
different exposure times: 20 hours (a), 40 hours (b), 60 hours (c).
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eV).2** The observed difference is due to quantum confinement
in the optical absorption spectra. The absence of the feature cor-
responding to the main exciton transition in QDs in the absorp-
tion spectra of freshly prepared Ag,S QDs samples is probably
caused by large size dispersion of the nanocrystals (45%).

Exposure to 405 nm radiation with a power of 100 mW leads
to a long-wavelength shift of the edge of the optical absorption
band to 490-500 nm (10 hour exposure) and then to 580-
600 nm (20 hour exposure) (Fig. 1a, curves 2 and 3). Starting
from the 40 hour exposure, a characteristic feature appears in
the absorption spectrum near 700 nm (Fig. 1a, curves 4-6),
which retains its position during further exposure. The position
of the feature associated with the most probable exciton tran-
sition in the optical absorption was found from the minimum
of the second derivative for the optical density spectra with
respect to the incident radiation energy d*D/d(hw)>. The ob-
tained transition energy is ~1.77 eV (700 nm).

Estimates of the QD sizes from the absorption spectra (Fig. 1)
were made by the relation:*®

Pt 1.78¢2
AE = fiw — EP = _ =
@ g 2uR? eR

—0.248E,, (2)

where 2w = 2.68 eV (0 hours), 2.59 eV (10 hours), 2.01 eV (20
hours), 1.77 eV (40-80 hours), E2"'™* = 1.09 eV,*** R is the QD
radius, m, = 0.42m, and m; = 0.81m, are electron and hole

e4

1 — is the
21 (m:_ +my )

effective masses,*” ¢ = 5.95,>% E;;y =

effective Rydberg energy.

The estimates by relation (2) show an increase in the average
size of Ag,S/2-MPA QDs from 1.98 nm to 2.06 nm (10 hours),
2.46 nm (20 hours), 2.76 nm (40-80 hours) during the exposure.
The satisfactory agreement was found between the results ob-
tained from the optical absorption spectra and the TEM anal-
ysis (images in Fig. 1c and d). The analysis showed an increase
in the average size of Ag,S/2-MPA QDs from 1.7 to 2.8 nm, with
the dispersion decreasing from 45% to 30%.

For exposures of 40-80 hours, no long-wave shift of the
characteristic feature was observed in the optical absorption
spectra. Herewith, an increase in the optical density at 700 nm
and a change in its spectral shape indicate saturation of the
process of increasing the QD sizes, which results in the growth
of the concentration of the QDs with the same size.

4.4 Luminescence properties

For freshly prepared samples of Ag,S/2-MPA QDs (average size
near of 1.7 nm), no luminescence bands are observed in the
visible and NIR regions. During the exposure of the colloidal
solution to 405 nm laser radiation with a power of 100 mW,
luminescence with a maximum at 800 nm occurs (Fig. 1b,
curves 2-6). The large FWHM and Stokes shift (100 nm)
evidence for a recombination luminescence mechanism. With
increasing the time of exposure of colloidal solutions to 405 nm
radiation, there is no significant shift of the maximum of the
luminescence band or changes in its FWHM. However,
a significant increase in the PL intensity is observed initially
(Fig. 1b, curves 2-4), followed by its decrease (Fig. 1b, curves 5

This journal is © The Royal Society of Chemistry 2019
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and 6). Simultaneously with an increase in the luminescence
intensity during photoexposure of a colloidal solution, accord-
ing to TEM, the QDs concentration with a size of about 2.8 nm
increases in the sample. Apparently, these QDs have a high
luminescence QY. In this case, the absence of the luminescence
band maximum shift during photoexposure is due to the fact
that only predominantly the same size QDs (about 2.8 nm)
participate in the sample luminescence. Smaller nanocrystals
have a larger specific surface area. They are practically non-
luminescent due to the high concentration of non-radiative
recombination channels. The measured luminescence
quantum yield of the samples (Fig. 1f) reveals a discrepancy
between the changes in the quantum yield and the lumines-
cence intensity of the QDs, which is obviously caused by the
change in the optical density of the QDs during their growth.

The exposure of the colloidal solution of Ag,S/2-MPA QDs for
10 hours provides the luminescence quantum yield of 1%.
Increasing the exposure time provides the luminescence
quantum yields of 1.9% (20 hours), 5.0% (30 hours), 7.7% (40
hours), and 7.9% (50 hours). After the exposure of 60 hours, the
luminescence quantum yield decreases to 5.5%, and to 1.6% at
a maximum exposure of 80 hours.

The detected change in the luminescence QY, and especially
its drop at exposure times of more than 50 hours, cannot be
explained only by a change in the QDs average size in the
sample. It is known that, under the influence of laser radiation,
the colloidal QDs degrade, and new channels of non-radiative
recombination are formed.'®** To elucidate the factors respon-
sible for the observed nonmonotonic dependence of the lumi-
nescence QY of Ag,S/2-MPA QDs on the exposure time,
luminescence decays were analyzed for the investigated
samples (Fig. 3).

For all samples under study, the luminescence decay curves
had a complex multiexponential character and different lumi-
nescence decay rates. To describe the luminescence decay
curves, a sum of exponentials was used. High reliability of the
fitting was achieved by using a sum of three exponents:

. >
I:Z)mwpmm u»:Lgvmuziyj (3)

where a; and 7; are the amplitude and the lifetime of the i-th
component, (t) is the average luminescence lifetime. Using the
average luminescence lifetime and the PL QY, radiative
recombination rates can be determined

QY = k1. (4)

Nonradiative recombination rates k,, can be determined

from the relation
1 -QY
knr = kr <Q7Y) . (5)

The average lifetimes and recombination rates obtained are
given in Table 1. It can be seen from these data that the changes
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Table 1 Experimentally determined values of average luminescence
lifetime (z) (3), QY (1), k, (4), and k, (5)

Exposure Average size (7

time (hours)  (nm) QY (ns) k(s kar 571
20 2.46 0.019 60 3.1 x 10° 1.6 x 107
40 2.76 0.077 190  4.05 x 10° 0.4 x 10’
60 2.76 0.055 102 5.4 x 10° 0.9 x 107

in the radiative recombination rate during the exposure are
much smaller than the changes in the nonradiative recombi-
nation rate. This fact indicates that at the same time as the
concentration of Ag,S QDs with size of about 2.8 nm increases,
at exposure times up to 50 hours, the probability of nonradiative
recombination also decreases. Apparently, this is due to the
QDs recrystallization and decrease in the concentration of
surface defects that acting as quenching centers. Therefore, the
main cause of the QY increase after 40 hour laser irradiation is
the decrease in the nonradiative recombination rate, ie., laser
exposure leads to not only an increase in the QDs size but also
provides a decrease in the concentration of defects that act as
luminescence quenchers.

The results obtained show that the synthesized colloidal
Ag,S/2-MPA QDs have IR luminescence with significant (QY ~
7-8%) quantum yield, which nonmonotonically changes during
laser irradiation of the colloidal solution. The enhancement of
the luminescence decay at decreasing QY points to the forma-
tion of luminescence quenching channels due to crystal
photolysis, or due to the destruction of the passivating 2-MPA
layer. Nonradiative resonant energy transfer from IR lumines-
cence centers in colloidal Ag,S/2-MPA QDs to the quenching
centers arising upon laser irradiation of the samples is possible.
The formation of new nonradiative recombination centers is
also supported by a decrease in the value of degradation of the
luminescence intensity as well as by the deceleration of its rate
at low temperatures (77 K). Apparently, photolysis of Ag,S
nanocrystals plays a significant role here.

It should be stressed that photochemical decomposition of
silver sulfide nanocrystals has been noted.”****” In,* reduction
of Ag,S nanoparticles to Ag nanoparticles and/or formation of
Ag,S/Ag hybrid complexes were observed in a colloidal solution
under UV irradiation. In papers,**° photoinduced growth of
Ag,S QDs was mentioned.

Deceleration of luminescence decays with a simultaneous
increase in the quantum yield, on the contrary, is a manifesta-
tion of healing of the interface defects. If occurring near the
interface defects (such as adsorbed atoms and small clusters of
silver atoms), 2-MPA molecules can interact with them and
convert them into silver sulfide. This process will lead to an
increase in the luminescence intensity and QY for Ag,S/2-MPA
QDs.

Participation of reaction products in this process is most
probable. To validate this hypothesis, the sample with the
maximum quantum yield (40 hour exposure time, QY = 7.7%)
was purified from reaction products by dialysis. It turns out that
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the purification of the sample leads to the appearance of
a pronounced maximum in the optical absorption spectrum at
the place of the spectral feature observed for the initial colloidal
solutions (Fig. 4a, curves 1 and 2). The maximum is shifted to
721 nm, which corresponds to a transition energy of 1.72 eV.
The decrease in the optical density and the long-wavelength
shift of the ground state exciton absorption are obviously
caused by a decrease in the concentration of quantum dots in
the colloidal solution, a decrease in the size dispersion, and
a certain increase in the QD average size due to the elimination
of small crystals during the dialysis. TEM images of dialyzed
samples (Fig. 4c) show a decrease in the quantity of small-size
QDs (up to 2.5 nm). The hydrodynamic radius of small QDs
from the ensemble allows their diffusion through the
membrane pores. This approach leads to an increase in the
monodispersity of the QDs during the dialysis.

During the dialysis, a reduction in the intensity of the sample
emission is seen in the luminescence spectrum (Fig. 4b, curve 2)
together with a 21 nm shift of the luminescence peak to the
long-wavelength region. However, the luminescence QY has not
changed during the dialysis of the sample. It should be noted
that in the dialysis, not only removal of the reaction by-products

View Article Online
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occurs but also a change of the solvent of Ag,S QDs from
ethylene glycol to water. It is noteworthy that no QY drop is
detected. According to the obtained data, the luminescence QY
is different for Ag,S QDs with different sizes. In particular, for
Ag,S QDs with size less than 2 nm, it is equal to zero, and for
Ag,S QDs with an average size of about 2.8 nm, it is nonzero.
According to the TEM, absorption and luminescence spectros-
copy data, when the exposure time was up to 50 hours, the
concentration of the smallest (less than 2 nm) nonluminescent
QDs decreased and the concentration of well-luminescent QDs
(size about 2.8 nm) increased. For dialysis it was used the
sample in which the concentration of small QDs was minimal
and their removal could not significantly increase the lumi-
nescence QY. Moreover, during dialysis, the replacement of the
solvent occurs. Ethylene glycol is replaced by water. It is known
that the quantum yield of various solutions of phosphors is
determined by the nature of the solvent. This fact greatly
complicates the determination of the effect of an increase in the
average QD size during dialysis on the quantum yield. Water, as
a rule, acts as a luminescence quencher, especially for phos-
phors with emission in the infrared region. In this case, the
increase in the quantum yield caused by the increase in the

21, (& 700nm SR™ [ 1
Pouch from 1 — Before
regenerated I
cellulose Ag,S/2-MPA 2— After .
Ethylene glycol =
HpO o [, B
g 14 0.5 9
H,O o a
- 2 3 S
Ethylene glycol < g
Products of reaction =
Least QDs L
y : ; : ; =10
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Fig.4 Optical absorption (a) and photoluminescence (b) spectra of Ag,S/2-MPA QDs before (1) and after (2) dialysis; TEM images of QDs after (c)
dialysis; results of photostability measurements for dialyzed colloidal Ag,S QDs (d).
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average size of Ag,S QDs during dialysis will be compensated by
the increased quenching the solvent.

The dialyzed sample was exposed to 405 nm radiation with
a power of 100 mW, and also to 462 nm radiation with a power
of 0.5 W. The dependence of the luminescence intensity of Ag,S
QDs on the exposure time is presented in Fig. 4. It turned out
that the dialyzed Ag,S/2-MPA QDs reveal high photostability of
the luminescence QY. The photoluminescence intensity of the
sample does not actually change for a long time (60 minutes),
especially in comparison with Ag,S QD samples passivated with
TGA molecules (Fig. 4d, curve 3).*° Even under exposure to high-
power radiation, the luminescence intensity decreases only by
10% within one hour of exposure. However, the reversibility of
this degradation, as in the case of Ag,S QD samples passivated
with TGA,' was not observed.

At irradiation of the dialyzed sample, the absorption spectra
did not change, in contrast to the case of photoinduced growth
of the initial sample. This fact indicates that the growth of QDs
occurring before the dialysis is completely stopped after it.
Thus, dialysis of colloidal QDs during photoinduced synthesis
in ethylene glycol provides several advantages. It facilitates the
replacement of the ethylene glycol with water without the QY
drop, as well as purification of the solution from the reaction by-
products. In this case, the growth process is ceased reaching the
required spectral properties and an increase in the mono-
dispersity of QDs is achieved. Therewith, hydrophilic samples of
colloidal solutions of Ag,S quantum dots are formed, which
have high photostability, long shelf life with the stability of
spectral-luminescent properties.

In this case, there are formed hydrophilic samples of
colloidal solutions of Ag,S quantum dots, which have high
photostability and long shelf life with the spectral-luminescent
properties being retained.

5 Conclusions

In this work, the results on the study of the effect of laser irra-
diation on the luminescent properties of colloidal Ag,S/2-MPA
QDs during their photoinduced synthesis in ethylene glycol
are presented. It is shown that the exposure leads to an increase
and improvement in the monodispersity of Ag,S QDs, as well as
to an increase in their luminescence quantum yield. The
synthesized QDs reveal excellent luminescent properties and
have the maximum of the luminescence band at a wavelength of
800 nm, which corresponds to the region of the first therapeutic
transparency window of biological tissues; high quantum yield
and long average luminescence lifetime are also demonstrated
for the QDs. Using the data obtained by the time-correlated
single-photon counting technique, it is shown that the
increase in the quantum yield of QDs is accompanied by an
increase in the average luminescence lifetime, which is inter-
preted as the formation of stable radiative recombination
centers under laser irradiation. The employment of dialysis for
QD purification from the reaction products does not lead to
a change in their luminescent properties but provides a means
to completely stop the QD growth. The study of the photo-
stability of these samples showed that QDs obtained in such

This journal is © The Royal Society of Chemistry 2019
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a way have excellent stability of luminescence properties. Thus,
a convenient method for controlling the quantum yield and
monodispersity of Ag,S/2-MPA QDs has been developed, which
ensures long luminescence lifetimes of up to 190 ns, relatively
high quantum yield, and excellent photostability.
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