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Vibrations anharmonism effect of solvent OH-groups on IR luminescent
properties of semiconductor colloidal quantum dots of lead sulphide
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The vibrations anharmonism effect of the OH-groups of solvent of the overlap integral of the donor luminescence
spectrum KT PbS/2-MPA with the acceptor extinction spectrum (overtones of OH vibrations) showed the Forster
radius Ry = 0.4nm. This value evidences the adsorption of solvent molecules on the QD interfaces during them

dissolving in it.

In this case, the approximation of the luminescence decay curves of KT PbS/2-MPA QDs

demonstrates the greatest agreement with experimental data when the luminescence decay law takes into account
the statistical distribution of the number of OH-groups of solvent molecules relative to the QDs. The obtained data
indicate the implementation of a dipole-dipole mechanism of non-radiative transfer of electronic excitation energy
from KT PbS/2-MPA QDs to the overtones of solvent OH-vibrations, located in the environing volume of QDs.
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Introduction

Creation of IR luminescent sensor materials is important
for new photonics technologies and devices, including
chemical, biomedical, information and telecommunication
technologies, optoelectronics, photocatalysis, etc. [1-6].
Semiconductor colloidal quantum dots (QD) of metal
chalcogenides having size-dependent luminescent properties
in the region from UV to IR are of great interest for
most applications listed above [1-6]. Low luminescence
quantum yield of colloidal QD, in particular in case of
hydrophilic colloidal solutions, is a serious restrain for
practical application [7-10]. It has been found to date
that luminescent properties of colloidal QD are defined not
only by the electronic structure of the semiconductor and
quantum-size effect typical for it, but also by surface en-
vironment (passivating ligands, solvents, polymer matrices,
etc.) and by the synthesis conditions (precursor concen-
trations, temperature, pH, etc.) [7-10]. Colloidal synthesis
techniques involve QD surface passivation (stabilization)
by organic ligands that provide QD solubility and prevent
aggregation. Low quantum yields of QD luminescence are
often associated with surface defects of a nanocrystal that
serve as nonradiative recombination channels. The presence
of surface defects is attributed to dangling bonds on the
QD surface, chemical properties of the passivating ligand,
mechanism of interaction between the ligand and QD, and
the presence of reduced or ,,undercharged metal atoms on
the QD surface [11-18].

Another type of nonradiative processes in colloidal QD in-
volves nonradiative energy transfer (FRET) from electronic
excited states of QD to functional molecule groups of sur-
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face environment (passivating ligand, solvent, etc.) whose
vibrations have significant anharmonicity [19-27]. The influ-
ence of the functional groups of solvent molecules has been
found for HgTe, CdTe, InAs/CdSe/ZnSe QD [19,23-27].
The authors of [19,23-27] have shown that replacement
of hydrogen-containing solvents (water, toluene, etc.) with
solvents free of light atoms (deuterated water, trichlorotriflu-
oroethane, tetrachloromethane, etc.) leads to an increase in
quantum yield and IR luminescence decay time of QD. This
is attributed to long-wavelength shift of overtone absorption
bands and fundamental vibration tones of the functional
groups of solvent molecules free of light atoms, and to
reduced resonance overlapping of the emitter and quencher.
There are few studies of the kind because solvent is often
replaced simultaneously with the replacement of passivating
ligand. In this case, QD surface state is changed: QD size,
concentration of nonradiative and radiative recombination
centers, etc. [7,8,11-13,15-17,28]. Deuteration of water
solution (D,0), when absorption of anharmonic vibration
overtones of hydroxyl groups may be shifted into the range
from 900 nm to 1200 nm, has a considerably lower influence
on the electronic structure of QD [24,29).

Such studies were not performed for lead chalcogenide
QD (PbS and PbSe), despite the identified decreasing
tendency of quantum yield of QD luminescence from 60%
to 3% in the range of 0.9—2um with increase in QD
size from 3nm to 10nm [25,30-32]. The luminescence
spectrum of PbS and PbSe QD in this range overlaps
significantly with the overtone absorption spectrum of
anharmonic OH- and CH-vibrations of solvents. The authors
of [25] explain this experimental pattern mainly within
FRET from QD to functional groups of hydrophobic ligand
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and solvent molecules having overtone absorption bands
of C-H-vibrations that feature significant anharmonicity in
the range of 1-2um. However, there is still no direct
proof of the decrease in the luminescence quantum yield
due to nonradiative energy transfer from QD to anharmonic
molecular vibrations of the passivator and solvent.

For PbS QD in the range of 0.8—2.0um, results of
QD luminescence kinetics investigations are provided sep-
arately [33-36]. It is shown that the luminescence decay
time decreases from 2.7 to 0.25 um as the QD size increases
from 2.5 to 9.0nm [33-36]. Based on the Stokes shift data
and temperature dependence of the luminescent properties
of PbS QD, the observed size dependence is explained
by the existence of quasi-local state whose influence is
induced by quantum-size limit only for a particular size
of QD [14,33-36]. Moreover, there is theoretical and
experimental data that don’t fit into this model [10,37-39].

Thus, the existing explanations of the size dependence of
spectral luminescent properties, Stokes shift and lumines-
cence mechanism of PbS QD are still controversial [33-39].
In addition, the influence of solvent on the quantum yield
of IR luminescence of PbS QD has not been reviewed
in detail yet. However, in the near IR range where
PbS QD are promising materials for luminescent labeling
technologies, biosensorics, optoelectronic devices, etc., the
influence of solvent on the QD luminescent properties shall
be considered to achieve the priority positions in this field
of science and technology.

This study is devoted to determining the influence of
anharmonic vibration overtones of the OH-groups of solvent
molecules on the quantum yield of IR luminescence of PbS
QD when the solvent is changed from H,O to D,0O.

Materials and research methods

Materials and PbS QD synthesis procedure

Lead nitrate (Pb(NOs);), sodium sulfide (Na,S),
2-Mercaptopropionic acid (2-MPA), sodium hydroxide
(NaOH), deuterated water (D,0), dimethyl sulfoxide
(DMSO), indocyanine green (ICG) dye — all chemicals
used for this study are of ACS grade.

Colloidal PbS QDs were synthesized by the water
synthesis method using the passivating ligand of 2-MPA
molecules (hereinafter PbS/2-MPA QD). This synthesis
procedure involved mixing 2-MPA (1 mM) and Pb(NOs);,
(0.5mM) water solutions at pH 10 followed by addition
of NaS (0.1 mM) water solution to the reaction mixture.
pH of the colloidal solution was controlled by dropwise
addition of 1M NaOH solution. To avoid oxidation of
PbS/2-MPA QD at the synthesis stage, nitrogen purging was
performed [10,37).

The solvent was replaced by deposition of PbS/2-MPA
QD water solution through centrifuge treatment and then
the deposit was dissolved in D,O with retention of the initial
colloidal solution volume and QD concentration.

Equipment and research methods

Structural examination of QD was performed by the
transmission electron microscopy (TEM) method using the
Libra 120 (CarlZeiss, Germany) microscope with digital
analysis of the TEM images and X-ray diffraction. The TEM
microphotographs were used to find the QD dispersion by
sizes in the specimen.

Optical absorption spectra were recorded using the
USB2000+ (Ocean optics, USA) spectrometer (in the
range of 200—900 nm) and NIR-Quest (Ocean optics, USA)
spectrometer (in the range of 900—2100 nm), the USB-DT
(Ocean optics, USA) was used the radiation source.

Near IR luminescence spectra were recorded using
the PDF 10C/M (ThorlabsInc., USA) photodetector with
built-in amplifier and a diffraction monochromator with
600mm~! grating. The LPC-826 (Mitsubishi, Japan)
semiconductor laser diode with 650 nm emission and an
optical power of 200mW was used as a luminescence
spectra excitation source.

Quantum yield of luminescence was determined by the
relative method:

| Dy n?
QY= Q¥ -5 (1)
where QY; is the luminescence quantum yield of the stan-
dard, | and I, is the integral intensity in the luminescence
band of QD and the standard, D and D, are optical densities
at the excitation wavelength for PbS/2-MPA QD and the
standard (in the experiments D and D; ~ 0.1), nand n, are
the refraction indices of the PbS/2-MPA QD solution and
standard, respectively.

H,O (n=1.3314 at 650nm at 293K [40]) and D,O
(n=1.3264 at 650nm at 293K [40])B were used as the
PbS/2-MPA solvent. ICG dye solution in DMSO with
QY; = 12% at 800 nm [41] (n, = 1.4770 at 650 nm at 293 K
according to the data of [42]) was used as the standard of
near IR luminescence quantum yield of PbS/2-MPA QD.

Luminescence decay was investigated using the Time-
Harp 260 (PicoQuant, Germany) time-correlated single-
photon counting board with the InGaAs KIT-IF-25C (Micro
Photon Devices, Italy) single-photon avalanche diode mod-
ule with a time resolution of 0.5ns in the spectral region
from 900 to 1400 nm. The QD samples were excited by the
PICOPOWERLDG660 (Alphalas, Germany) semiconductor
pulse laser with a wavelength of 660 nm, pulse width of
50 ps and pulse repetition rate of 30 kHz.

Results and discussion

Structural characteristics of PbS QD

Figure 1 shows the TEM images and column diagrams
of PbS/2-MPA QD distribution by size in various solvents
(H,0 and D,0). Digital analysis of the TEM images of the
PbS/2-MPA QD sample in H,O has shown that individual
spherical nanoparticles with a mean size of about 3nm and
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Figure 1. TEM images of PbS/2-MPA QD in H;O (a) and D,O (b). X-ray diffraction of PbS QD in H,O (c).

dispersion not exceeding 20% were formed (Figure 1,a).
Solvent change from H;O to D,O does not lead to
significant change in the PbS/2-MPA QD size. According
to the TEM images, the mean size of PbS/2-MPA QD in
D,0 was equal to 3 nm with dispersion not exceeding 20%
(Figure 1, ).

The X-ray images of PbS/2-MPA QD in H,O and D,O
were identical. For the radiation K,c, with a wavelength
of 1.056A there are well-defined reflections at 25.9°,
30.1°, 43.05° corresponding to the PbS crystal modification
formed in the cubic lattice (Fm3m) (Figure 1,c) [38]. All
reflections appeared to be significantly broadened due to the
size effect. Crystallite size evaluations conducted using the
Debye-Scherrer equation [43,44]

0.91
d= BcosB’ 2)
where d is the size in nm, 1 is the X-ray wavelength, § is
the diffraction peak full width at half maximum (peak (220)
was used because it didn’t overlap with other reflections),
0 is the Bragg angle, gave the value of about 3.2 nm, which
agrees well with the TEM data.
Thus, the PbS/2-MPA QD samples in H,O and D,0O are
a set of PbS nanocrystals with a mean size of about 3 nm.

Spectral-luminescent properties of PbS QD

Figure 2 shows the optical absorption and luminescence
spectra of PbS/2-MPA QD in different solvents (H,O and
D,0).

The optical absorption spectra at 800 nm has a feature
caused by the most probable exciton transition in the
optical absorption of PbS/2-MPA QD (Figure 2, curve ).
Position of this feature is shifted significantly towards
shorter wavelengths with respect to the absorption edge of
massive PbS/2-MPA (3025 nm (0.41eV)) [45], which is the
demonstration of the quantum-size effect. Solvent change
from H,O to D,O has no significant influence on the optical
absorption spectrum of PbS QD (Figure 2, curves 1,2).
Mean size calculation of PbS/2-MPA QD using empirical
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Figure 2. Optical absorption (curves /, 2) and luminescence (3,
4) spectra of PbS/2-MPA QD in H,O (/, 3) and D,O (2, 4).
Molecular vibration overtone absorption spectra of the HO (5)
and D>O solvents (6).

equation [46]

E =041+ 0.0252d? + 0.283d’ (3)
where d is the diameter of PbS/2-MPA QD in nm, E is the
exciton absorption peak energy, gave the value of 2.7 nm,
which agrees well with the TEM and X-ray diffraction data.

The luminescence spectrum of the initial PbS/2-MPA QD
sample has a band with a peak at 950 nm and FWHM of
220nm (Figure 2, curve 3). The Stokes shift was equal
to 0.24 eV, which, according to [37,47], makes it possible
assign this peak to the exciton luminescence. Solvent change
from H,O to D,O leads to the increase in intensity of this
luminescence by a factor of 2.5 without any significant
transformation of the luminescence spectral band profile
of PbS/2-MPA QD (Figure 2, curve 4). Whereby the
luminescence quantum yield of PbS/2-MPA QD increases
from 2% to 5% (Figure 2, curves 3,4). The absence
of spectral deformations (Stokes shift, spectral profile
transformation, etc.) suggests that the QD surface condition
remains unchanged when H,O is changed to D,0.

Thus, the investigation of luminescent properties of
PbS/2-MPA QD in different solvents will make it possible to
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QD luminescence decay curve approximation data PbS/2-MPA

Sample |7, um| a; |, um| a, |73, um| a3 |< 7 >, um

PbS (H,0)| 450 [0.51| 040 029( 005 [021| 240
PbS (D,0)| 720 [083| 025 [017| — | — | 6.00

identify the influence of vibration anharmonicity of the OH-
groups on the luminescence quantum yield of PbS/2-MPA
QD in single QD size and unchanged surface conditions.

Figure 2 (curves 5, 6) shows the absorption spectra of
H,0 and DO in the range of 800—1500 nm corresponding
to the spectral position of the vibration overtones of the
OH- and OD-groups. It can be seen that the absorption
decreases almost to zero in case of isotopic substitution of
H by D in the range of 800—1200 nm. This is attributed to
a significant frequency shift of the fundamental tones (and
overtones accordingly) of the stretching and deformation
vibrations of the OH-groups to the low-frequency region
in case of isotopic substitution of the hydrogen atom (for
the OH-groups — v& =3261cm™!, v = 3351 cm™,
§OM = 1639 cm~!; for the OD-groups — vOP = 2407 cm~!,
vQP = 2476 cm™!, 6°P = 1206 cm™') [24-27].

Thus, the isotopic substitution of H by D in the solvent
leads to significant detuning of the spectral resonance of
molecular vibration overtone absorption of the solvent and
luminescence of PbS/2-MPA QD (950 nm).

The luminescence decay curves of PbS/2-MPA QD in
H,0O and D,O shown in Figure 3,a demonstrate the non-
exponential behavior that may be attributed to the QD
dispersion by sizes and to the presence of quenchers [37,48].

Intrinsic defects of the QD lattice may serve as the
luminescence quenchers. They increase the probability
of exciton localization, capture charge carriers and may
serve as nonradiative recombination centers. Moreover,
nonexponentiality of the QD luminescence decay curves is
also possible due to the interaction between the electronic
system of QD and anharmonic vibration overtones of the
OH-groups of the solvent [49,50]. To identify the mean
luminescence decay time, the experimental curves were
approximated by a sum of several exponents:

0= aexp[-t/n]. (4)

where a; and 7; are the amplitude and time constant of the
i-th component (Table).

Analysis of the luminescence decay curves of PbS/2-MPA
QD has shown that the mean decay time increased from 2.4
to 6.0 us during solvent deuteration (Table).

The mean decay time and luminescence intensity data
makes it possible to evaluate the efficiency of nonradiative
transfer of the electronic excitation:

| pos

=2 — 0.6, (5)
| pos
D,0

pr=1-

T pbs

Mo
=206 (6)
D,0

pr=1-

Coincidence of these values indicates that dynamic lumines-
cence quenching is observed.

Calculation of radiative (k;) and nonradiative (k) re-
combination constants within the simplest two-level model:

_ Q¥
kf_<T>’ (7)
_/1-Qvy
(o) 0

has shown that the solution deuteration didn’t lead to
significant variation of the radiative recombination constant
(k20 =8.3.10°s7! and kP© =8.2-10°s7!). The non-
radiative recombination constant decreases by a factor of
2.5 (from kiO =4.10°s7! to k220 = 1.6-105s7!). The
identified decrease in luminescence intensity and decay time
in H,O compared with D,O and the growth of the non-
radiative recombination constant indicate the nonradiative
transfer of the electronic excitation energy from PbS/2-MPA
QD to the OH-groups of H,O solvent. The absence
of changes in the radiative recombination constant as the
luminescence quantum yield of PbS/2-MPA QD increases
during replacement of H,O by D,O supports the previous
conclusion on the QD structure constancy:

Employment of the sum of several exponents for de-
scription of the luminescence decay pattern of PbS/2-MPA
QD does not reveal the energy transfer mechanism [50].
Additional information on the mechanism of nonradiative
energy transfer from PbS/2-MPA QD to the OH-groups
was obtained by approximation of the luminescence decay
kinetics using R. Kohlrausch’s exponential function [49,50]:

o) =1o0)exp [ -~ —2b( L) (9)
D D
where |p and 7p are the donor luminescence intensity and
decay time; b — is the constant depending on the distance
between the donor and acceptor, B is some parameter
whose value is indicative of the electronic excitation energy
transfer mechanism [49].

For the FRET dipole-dipole mechanism, 8 = 0.5. Such
situation, in turn, corresponds to random distribution by the
donor (QD) and acceptor (H,O molecules) distances within
the three-dimensional medium [49]. Approximations of the
luminescence decay curve of PbS/2-MPA QD in H,O by
function (9) are shown in Figure 3,b. It can be seen that
function (9) has significant deviations from the experimental
decay curve of PbS QD in H,O.

Actually, when PbS/2-MPA QD are dissolved in water,
the water molecules appear to be adsorbed on the surface
of PbS/2-MPA QD. In this case, the function from [50,51]
shall be used for approximation of the luminescence decay
curves. This function implies that the number of quenchers
per each energy donor is distributed according to the
Poisson law. The quenching rate (energy transfer rate) per
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Figure 3. (a) Experimental curves of the luminescence decay kinetics of PbS/2-MPA QD in H,O and D,O (curves of approximation by a
sum of several exponents are shown dashed (4)). (b) Approximation of the decay curve of PbS/2-MPA QD in H,O by R. Kohlrausch’s (9)

and M. Tachiya’s (10) functions.

each quencher is defined only by the number of quenchers.
In such case, the luminescence decay curves shall be
described by M. Tachiya’s function [50,51]:

In(t) = 1p(0) exp {— Tt—D— < n > (1 —explkit])

— <m> (1-explkat])|, (10)

where < N, > is the mean number of two types of
quenchers per QD; Kk ; are the constants of energy transfer
from QD to the solvent molecules. High confidence
of the approximation was achieved when two types of
quenchers were considered, for example, the OH-groups
of the water molecules on the internal and external QD
coordination spheres.  Description of the experimental
luminescence decay curves of PbS/2-MPA QD in H,O
through expression (10) explains the experimental data most
precisely (Figure 3, b).

Despite the empirical facts indicating the nonradiative
energy transfer from PbS QD to anharmonic vibrations
of the H,O molecules, the dipole-dipole energy transfer
mechanism remains tentative. Let’s evaluate the Forster
radius in the dipole-dipole mechanism assumption [52]:

JIPS (A)e(1)A%dA L
—25,2—4~yPbS ¢ "lum
Ry = [8.875 10-252n—4QY i } ,

(11)
where n= 1.33 is the refractive index of water, x° is the
spatial factor equal to 0475, QYP® is the luminescence
quantum yield of PbS/2-MPA QD in DO, 11" (1) is the
radiation spectrum of PbS/2-MPA QD — the energy donor,
e(4) [I-M-em~!] is the molar extinction coefficient of the
energy acceptor H,O. The Forster radius appeared to be
equal to Ry = 0.4 nm, which is indicative of water molecule

adsorption on the PbS/2-MPA QD surface.
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The energy transfer efficiency expression allows the mean
distance between the donor and acceptor r to be calculated
using the Forster radius:

RS

=—20 12
RS+ (12)

¢

r for PbS QD in H,O appeared to be equal to
0.37nm. The resulting distance r actually corresponds to
the mean distance from QD to the water molecule taking
into account the size of the passivating ligand molecules
(~ 0.4 —0.5nm).

Thus, the obtained experimental patterns prove the
nonradiative dipole-dipole energy transfer of the electronic
excitation from PbS/2-MPA QD to the anharmonic molecu-
lar vibrations of the solvent (H,O).

Conclusion

The study describes the empirical patterns demonstrating
the influence of the anharmonic vibrations of the OH-groups
of the solvent molecules on the near IR luminescence
quantum yield of colloidal PbS/2-MPA QD. Solution deuter-
ation leads to significant offset of the OD-vibration overtone
absorption bands (1315nm) from the luminescence band
of PbS/2-MPA QD (950 nm) without affecting considerably
the QD surface condition. In this case, the growth of
the luminescence quantum yield of PbS/2-MPA QD from
2% to 5% is observed with simultaneous increase in the
luminescence decay time rom 2.4 to 6.0 us and decrease in
the nonradiative recombination constant by a factor of 2.5.

The analysis of the luminescence decay curve approxi-
mations of PbS/2-MPA QD has shown that the maximum
agreement with the experimental data is observed when the
luminescence decay law considers the statistical distribution
by the number of the OH-groups of the solvent molecules
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with respect to QD. Numerical calculations of the integral
of the donor (PbS/2-MPA QD) luminescence spectrum
overlapping with the acceptor (OH-vibration overtones)
extinction spectrum gave the Forster radius Ry = 0.4nm,
which corresponds to the solvent molecule adsorption on
the QD surface when QD are dissolved in the solvent. The
mean distance between the donor and acceptor within the
FRET theory has shown good agreement with the mean
distance from QD to the water molecule that depends on
the molecule size of the 2-MPA passivating ligand and
concentration of quenchers (H,O molecules) in the solution
(~ 0.4 —0.5nm).

Thus, the obtained data supports the implementation
of the dipole-dipole mechanism of nonradiative electronic
energy transfer from PbS/2-MPA QD to the OH-vibration
overtones of the solvent that are located in the QD
environment. The identified experimental patterns are
of practical value because consideration of the solvent
influence on the IR luminescence quantum yield of QD
is important for creation of effective luminescence labeling
systems, biosensorics, optoelectronic devices, etc.
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