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ABSTRACT: Embedding quantum dots (QDs) into an organic
matrix of controllable order requires the identification of their
structural characteristics. This analysis is necessary for the creation
of anisotropic composites that are sensitive to external stimuli. We
have studied the QD structures formed during the single-step
synthesis of CdSe/ZnS QDs and their transformations after the
initial ligand’s substitution for another ligand. This single-step
process leads to the formation of the core/shell structure. We
detect the presence of two oleic acid residues ionically connected
to Zn and Cd. At the same time, the amount of Cd oleate at the
surface is very small. We observe the ligand exchange process at the
surface of the core/shell QDs. The oleic acid residues are substituted by terphenyl-containing (TERPh-COOH) aromatic acid
residues. The reaction between CdSe/ZnS$ carrying TOP and oleic acid residues ionically bound with QDs and terphenyl-containing
acid leads to the coexistence of multiple ligands on the QD surface at a ratio of 11:6:33 for TOP/OA/TERPh-COOH.
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B INTRODUCTION and higher quantum yield of luminescence. Typically, the
structures of the core/shell type may be prepared by a two-step
synthesis when the core is formed during the first process and its
coverage with the shell occurs in the second step. The major
characteristics of the core and core/shell QDs are the
homogeneity of the atomic structure at the surface of either
core or just shell layers. A single-step synthetic method based on
the difference in the reactivity between Cd and Zn and Se and S
precursors results in the formation of the third group of
QDs."*™"° The latter is characterized by the gradual change of
the composition when there is no clear radial interface between
the core and the shell, and one could observe core atoms at the
shell surface of a QD. The content of such groups at the surface
may vary, and that is why the chemical properties of the QD
surface can also change. It is particularly important if organic
ligand molecules are used to prevent QDs from clumping and
large aggregate formation. Moreover, the type of ligand has to be
particularly important in such a case when QDs are placed in a
certain functional medium. The right choice of ligands may
provide a strong interaction of those with QD surfaces. The

Semiconductor quantum dots (QDs), their synthesis, mod-
ification, and applications are now considered as an integral part
of modern materials science. The quantum confinement effect
reflected in the size- and shape-dependent optical properties is
responsible for the great attention of the scientific commun-
ity.'~® There are several methods of the synthesis of quantum
dots, which depend on the requirements for the materials under
development. One may divide QDs into three general groups in
accordance with the criterion of homogeneity of the radial
distribution of atoms. The classical “core” group constitutes the
first type of QDs. The second group consists of so-called “core/
shell” structures in which the clear edge exists between the inner
and outer areas containing different components. Shells stabilize
the growth of QD cores and ensure the passivation of the core
surface.””"” Talapin et al.'" have reported on the synthesis and
characterization of core/shell/shell nanocrystals. The middle
shell, CdS, or ZnSe between the CdSe core and the ZnS shell
leads to the reduction of the strain inside the nanoparticle
between CdSe and ZnS due to the middle shell material having
the lattice parameter intermediate to those of CdSe and ZnS.
Chae et al.'* have investigated the three-dimensional structure
of core/shell nanocrystals by means of high-resolution scanning
transmission electron microscopy (HRTEM), STEM, and local
electrode APT analysis in detail. The authors have come to the
conclusion that the core/double-shell structure provides the
most desirable properties of QDs, such as the defect-free shell
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Figure 1. HRTEM images of the CdSe/ZnS QDs stabilized by oleic acid: (a, b) general view and SAED patterns. (c) Enlarged image of separated QDs

and the TEM image (d).

most well-known ligands used for stabilization of QDs are tri-n-
octyl phosphine oxide (TOPO), tri-n-octyl phosphine (TOP),
oleicé acid (OA), oleylamine (OAm), aromatic amines, thiols,
etc.'”"”

Due to particular optical and electronic properties, QDs are
considered as active systems for application in different devices.
One has to mention tunable photoluminescence related to the
chemical structure and size of QDs and photochemical stability,
which is superior in comparison to the organic dyes. As
mentioned in the review of Cotta,'® many commercial
applications are available, and it is particularly true for QDs
incorporated in display technology.'” There are different QDs
that are known as materials for a tunable spectral range of
LEDs.”"™%*

Our research interests are mostly in creating new materials
based on nanoparticles embedded into a functional matrix. One
of the examples of such a matrix is a liquid crystal. During the last
couple of decades, the experimental studies of liquid crystals are
directed at the analysis of the role of inorganic NPs embedded in
the LC matrix on the structure and phase behavior of liquid
crystals as well as their future applications. Lots of information
on that topic can be found in the review of Shen and Dierking”*
and references therein. Doping of a liquid crystal with QDs
allows manipulating the optical, electro-optical, and alignment
properties of liquid crystalline materials.”>~*” Note that in most
cases, the amount of doped QDs is low. It may be related to the
limited compatibility of QDs with liquid crystals. This idea was
confirmed in theoretical predictions of the thermodynamic
behavior of nematic liquid crystals doped with quantum dots
discussed by Osipov and Gorkunov.”**° According to our
opinion, such incompatibility results from the difference in the
structure of NPs and surrounding mesogenic molecules, and a
phase separation in LC/NP mixtures may occur in different
phases, including an isotropic one. However, we suppose that
the embedding of QDs having the right chemical structure of

organic ligands at the surface may increase their compatibility
with the organic liquid crystal medium.

In that respect, the major goal of our paper is to study the
aspects of the QD’s organic shell composition and its relation
with the inorganic shell structure and to determine the influence
of ligand’s structure on the properties of QDs embedded into a
liquid crystal.

For the purpose of our research, we have selected core—shell
CdSe/ZnS QDs synthesized in accordance with the synthesis
method described in ref 10. Two different ligands were analyzed,
namely, the aliphatic acid OA and the aromatic one—6-((4")-
((18,4R)-4-butylcyclohexyl 2’-chloro-[1,1":4’,1"-terphenyl]-4-
yl)oxy)hexanoic acid (TERPh-COOH). If OA becomes the part
of the ligand structure in the process of the QD synthesis, the
choice of TERPh-COOH is dictated by the structure of a liquid
crystal under the study, namely, 4”-((1S,4R)-4-butylcyclohexyl-
2'-chloro-[1,1’:4’,1”-terphenyl]-4-ethoxy), which is based on
terphenyl-containing molecules. Terphenyls are known to
exhibit unique optical’' and electronic®” properties, which are
used for the preparation of organic light-emitting diodes® ™
and field transistors.’® All of these make composites of
terphenyls with QDs very important and useful.

B RESULTS AND DISCUSSION

Structure of Inorganic Part of QDs. As discussed above,
the various methods of QD synthesis may result in the difference
in their structure. If two-step synthesis leads to the clear edge
between the core and the shell and to the certain homogeneity of
the surface, the one-step synthetic procedure may cause not only
the gradual change in the composition of the inorganic part of
QDs but also the inhomogeneity of the atom distribution at the
upper layer of the shell. To compare the structure of the near-
surface layers of QDs and their interaction with different ligands,
we have prepared QDs using the procedure described in ref 14 as
a single-step method.

https://doi.org/10.1021/acsami.1c10315
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Figure 2. EDX spectra (a), STEM HAADF images with z-contrast for a single CdSe/ZnS NP (b), and the corresponding EDX mapping (c—g).
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Figure 3. EDX spectra (a), STEM HAADF image with z-contrast for a group CdSe/ZnS NPs (b), and the corresponding EDX mapping (c—f).

At the first stage of our research, we have run the analysis of
QDs by transmission electron microscopy (TEM), high-
resolution electron microscopy (HRTEM), scanning trans-
mission electron microscopy with a high-angle annular dark-
field detector (HAADF STEM), electron diffraction (SAED),
energy-dispersive analysis (EDA), and X-ray photoelectron
spectroscopy (XPS). According to TEM data, QDs have a
spherical shape of the average size of 4.5 nm (CdSe/ZnS) in
diameter (Figure 1).

The set of interplanar spacing derived from the selected area
electron diffraction SAED pattern (Figure 1b) with the values of
3.52, 2.14, 1.82, and 1.39 A; correspond to d111, d220, d311,
and d331, which in accordance with the crystal cell structure
database correspond to CdSe having the cubic lattice, space
group F43m (19-0191 card).

At the same time, the Fourier diffraction patterns obtained
from the individual NPs in HREM images indicate the presence
of interplanar distances from phases that exist in smaller
quantities, namely, ZnS—wurtzite, Zn with a hexagonal lattice
(space group P6;/mmc) and cubic CdS phases (space group
F43m). Due to the small amount of these phases and the
presence of organic ligands, we do not see rings corresponding
to these phases in the electron diffraction patterns.

To visualize the distribution of chemical elements in quantum
dots, HAADF STEM images and the corresponding elemental
maps for an individual particle are obtained (Figure 2).
Cadmium and selenium are located in the central part, and
zinc and sulfur at the periphery of the particle. The same result
can be seen for a group of particles (Figure 3). Note, however,
that zinc and sulfur are not always located in the same way.
Therefore, the presence of zinc in the form of a separate phase, as
well as cadmium sulfide, cannot be ruled out (taking into

account the Fourier analysis data). Based on the collected data,
we may not consider a continuous homogeneous Zn—S shell of
the same thickness formed on the CdSe core but a shell
consisting of particles of zinc/zinc sulfide and cadmium sulfide.
To a certain extent, one can view this type of shell structure as a
gradual change of composition.

To further corroborate this idea, we have carried out the FTIR
spectroscopy analysis of CdSe/ZnS QDs. The IR spectra show
that the band v is split into two bands at 1547 and 1530 cm™".
To assign these bands, the spectrum of CdSe/ZnS (3) stabilized
by oleic acid is compared with those of Cd and Zn oleates
(Figure 4).

° C(0)0
e
1547
g 0.2
o 1530
[72]
Q
<
3
0.1
2
C(O)OH
A N
1
0.0 4
T T T
1800 1700 1600 1500 ¢m”

Figure 4. FTIR spectra: Cd oleate (1), Zn oleate (2), and CdSe/ZnS
QDs stabilized by oleic acid (3).
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A fairly broad band at 1547 cm™" related to the carboxylate
anion attached to Cd*' exists, whereas the spectrum of the
carboxylate anion of Zn*" contains two bands at 1531 and 1547
cm ™! with equal intensities. Although the same two bands are
present in the spectrum of CdSe/ZnS QDs, the band at 1547
cm™! is 9% more intense. Our estimations indicate the presence
of about 91% Zn and 9% of Cd at the QD’s surface.

Structure of the QD’s Shell and Ligand Exchange. To
compare the surface structure of the as-synthesized CdSe/ZnS
QDs with that after surface modification of ligands with the new
acid, containing terphenyl group, 6-((4”-((1S,4R)-4-butylcy-
clohexyl)-2’-chloro-[1,1:4’,1”-terphenyl]-4-yl)oxy) hexanoic
acid (TERPh-COOH, Scheme 1), we have run the ligand
exchange reaction.

Scheme 1. Chemical Structure of TERPh-COOH
O

H3C

The reason for such a ligand exchange is described in the
Introduction part. As we have shown in ref 37 with FTIR spectra,
the treatment of QDs in sols with TERPh-COOH results in the
substitution of OA acid on the surface of QDs, whereas the
aromatic acid fragments appear (Scheme 2). However,
questions arise about what ligands and in what amount are
present at the surface after the ligand exchange.

In Figure S, we present the results of the analysis of the
elemental composition at the surface of CdSe/ZnS QDs carried
out by XPS. The values of atomic concentration are given in
Table 1. Using QUASES-IMFP-TPP2M software,”® we have
calculated the value of inelastic mean free pass (the distribution
average distance covered by an electron between two inelastic
shocks) and the value of the information depth (depth of
analysis) in accordance with ref 39 at an emission angle of 45°
and specified percentage of 95%.

This information depth is equal to 7—8 nm. Taking into
account the size of CdSe/ZnS/TERPh-COOH QDs (4.5 + 0.5
nm), we may conclude that the calculated value of the
information depth captures both QD’s core and shell, but with
different attenuation, since the intensity of the photoelectron
line decreases exponentially with depth. For this reason, the
concentrations of the elements in the shell may be slightly
overestimated, while the elements within the QD’s core may be
underestimated. That is why we use the data summarized in
Table 1 for the comparison of the ratio of the carbon atom
content to the sum of all element contents in QDs. This ratio in
the sample CdSe/ZnS/TERPh-COOH becomes much higher
than that in the sample of the as-synthesized QDs (CdSe/ZnS/
TOP/OA). These results suggest the presence of aromatic acid
fragments within the QD’s shell. In addition, the appearance of
chlorine (Cl) atom also supports this conclusion and even
enables the estimation of the TERPh-COOH carbon content in
the shell.

The direct proof for the presence of TOP at the surface would
be the identification of the phosphorous element with XPS.
However, the phosphorus peaks P 2p (131 eV) and P 2s (189
eV) that should be present in the sample CdSe/ZnS/TOP/OA
overlap with intense selenium Auger peaks Se LMM. For this
reason, it is not possible to estimate the P-element content by
XPS.

Along with C and O elements characteristic of the organic
shell, Cd, Se, Zn, and S signals appear, indicating that we analyze
the elements inside the core—shell inorganic structure as well.
Taking into account that the average diameter of CdSe/ZnS
QDs is 4.5 nm, we conclude that the information received may
be gathered from both inorganic parts and organic shells.

Using the known amounts of carbon and oxygen in OA and
TOP, we applied the data of Table 1 to estimate the ratio
between the amounts of OA and TOP ligands on the surface of
QDs as synthesized, which is equal to 2.4:1. The analysis of TGA
data presented in Figure S1 shows that the total amount of
organic shell is about 30 wt % of the total mass of QDs.
Considering the presence of peaks related to the degradation of
organic molecules of two types, we have estimated the ratio

Scheme 2. Illustration of the Ligand Exchange Reaction on CdSe/ZnS Core—Shell QDs
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Figure S. Survey spectra of CdSe/ZnS QDs before (a) and after (b) ligand exchange.

Table 1. Concentration of Elements (at. %)

element
sample C+10 0+03 Cd+03 Se + 0.1 Zn+0.2 S+0.7 Cl+02 C/(Cd + Se + Zn + S)
CdSe/ZnS/TOP/OA 78.0 5.6 5.3 2.1 42 4.8 - 4.8
CdSe/ZnS/TERPh-COOH 86.1 6.4 1.6 0.6 1.6 1.8¢ 19 154

“— Se peaks overlap with S 2p and S 2s sulfur peaks. We calculated the S content with S (2s) because the contribution of Se (3s) is not too high,

though the S concentration may be overestimated.

between the molecular fractions of OA and TOP at the surface of
QDs to be 2.9:1 before the ligand exchange.

The same estimation is carried out, but also taking into
account the presence of Cl for the QDs after ligand exchange. As
it shows, the ratio between the amount of molecules on the
surface is TERPh-COOH/OA/TOP = 5.4:1:1.8. All of these
data confirm at least the partial ligand exchange.

The shape of the C 1s spectrum changes as well. Figure 6
presents the original C 1s spectra of two samples, which are
different in the width of the main peak and in the higher energy
part of the spectrum.

Moreover, the replacement of aliphatic ligands by aromatic
ones has to be accompanied by the appearance of the shake-up
peak shifted by 6—6.5 eV. The spectrum of the as-synthesized
sample does not contain this peak, although it appears in the
spectrum after the ligand exchange. The approximation of the
spectra procedure shows the difference in the basic peak (Table
2), which is present in the spectrum of CdSe/ZnS/TOP + OA as
a single peak with the binding energy at 285.2 eV and with a
weak one at 288.9 eV. The assignment of peaks with the
database®® gives the following: peak 1, carbon atoms in phenyl
rings without heteroatoms; peak 2, carbon atoms in aliphatic
groups; peak 3, one C atom in the phenyl ring functionalized
with a chlorine (Cl) atom plus 2 atoms connected with O (C—
0); and peak 4, a C atom in the COO group.

36194

The fitting of the CdSe/ZnS/TERPh-COOH spectrum
allows for highlighting the peaks in the basic part of the
spectrum: peak 1 at 284.7 eV is characteristic of carbon in the
aromatic structures. The position of the second peak changes
under fitting at 285.2 eV (Table 2). This peak is associated with
the carbon atoms in the aliphatic ligands. Peak 4 is the same as in
the initial as-synthesized sample corresponding to the COO
group (the shift regarding peak 2 is 3.9 eV), and a new peak 3
appears, which is related to the C—O—C bond.

Considering the ratio between the number of elements in the
organic shell given in Table 1, we have recalculated the content
of aliphatic and aromatic carbon atoms in the first and second
samples. We have found that the content of aliphatic carbon
atoms in CdSe/ZnS (as synthesized) is 97 at. %, whereas in
CdSe/ZnS, after the ligand exchange, the same carbon atoms are
present in an amount of 55.4 at. % and the aromatic carbon is
presented in an amount of 41 at. %. The comparison numbers
mentioned above with those summarized in Table 1 show that
the experimentally measured C content is in good agreement
with the theoretical calculations.

Note that the structure identified by FTIR® changes
substantially after the ligand exchange reaction (Scheme 2).
The presence of the carboxylic group in TERPh-COOH is
confirmed by an intense band at 1699 cm™' induced by
stretching of the C=0O group in the FTIR spectrum. This band
is completely absent in the spectra of QDs modified by TERPh-

https://doi.org/10.1021/acsami.1c10315
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Figure 6. C 1s spectra of CdSe/ZnS/TOP + OA (a) and CdSe/ZnS/TERPh-COOH (b) after the fitting procedure. Insets show the corresponding

original spectra. The number of peaks corresponds to those in Table 2.

Table 2. Parameters of the C 1s Spectra

sample parameters
CdSeZnS/TOP + OA Ey £0.2eV
FWHM, eV
relative intensity & S, %
CdSe/ZnS/TERPh-COOH Eg+02eV
FWHM, eV

relative intensity + S, %

COOH (Figure 7). At the same time, the stretching of C—C
bonds in phenyl rings at 1605 and 1524 cm ™" as well as the bands
related to the C—H bending (1460—1470 cm™") are present in
the spectra of both the acid and the QDs. Moreover, a new band
at 1538 cm™" appears in the spectra of QDs (as a shoulder in
spectrum 2). Bands in that region (1500—1600 cm™') are
characteristic of C=0 stretching in carboxylate anions COO™.
It means that TERPh-COOH acid undergoes the trans-
formation to the salt form after being bound to the surface of
QDs.

Going back to the XPS data regarding the ratio between the
aromatic and aliphatic carbon atoms, a question should be asked
as to why TERPh-COOH exhibits preferential adsorption even
though it seems to have more steric hindrances than the OA
fragment. To answer this question, we have additionally
analyzed FTIR spectra, which show the strong changes in the
conformation of the QD-bound TERPh fragment in comparison
with TERPh-COOH participated in the reaction of the ligand
exchange. The band at 932 cm™}, which is related to the H—O—
C angle deformation in the carboxylic group, disappears in the
spectra of QDs modified by TERPh-COOH. The band at 1292
cm™ corresponding to the O=C—O angle deformation
changes its shape. The spectral bands related to C(Ph)—O at
1238 cm™ and in the range of 1000—1050 cm™" (C(Alk)—O
bond) change their intensity and positions.

The changes in the angles accompanied by small energy costs
may occur in these structural C—O—C nodes. Such changes will
lead to the rotation of the TERPh fragment of the molecule and
alter the conformation in the terminal alkyl fragment with the
participation of the cyclohexane ring. Large changes in the
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Figure 7. FTIR spectra of TERPh-COOH (1) and CdSe/ZnS QDs

after ligand exchange (2).

spectrum are also observed in the range of 816—850 cm ™, where
bending vibrations of the H-C—C angles in 1,4 and 1,2,4-
substituted aromatic rings are located. Usually, these bands are
reliable reference points for sensing changes in the dihedral
angles between the rings. That is why the position of the TERPh
ligand around QDs may change the packing of TERPh-ligand
fragments at the surface.

Thus, the general analysis of FTIR of all spectral signs of the
participation of the entire TERPh fragment attached via the
carboxylate group to the QD is evident. It includes the
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inclination toward the QD surface with a change in
conformation and possibly 7-coordination. It may provide a
higher amount of TERPh fragments at the QD surface than OA
molecules.

Comparison of Optical Properties of CdSe/ZnS QDs
Bearing OA and TERPh-COOH Ligands. Absorption spectra
and related PL spectra of CdSe/ZnS QDs as synthesized (a) and
after ligand exchange (b) in toluene sols are shown in Figure 8.

2.0+

Abs (a.e.)

T 7 ]
650 700 750
Wavelength (nm)

—— QDs TERPh-COOH
—— QDs OA

0.0

T T T T T 1

500 550 600 650 700 750
Wavelength (nm)

Figure 8. UV—vis absorption and PL spectra of CdSe/ZnS QDs

stabilized by OA acid (red) and after ligand exchange with TERPh =
COOH (black) in toluene sol.

The position of the UV—vis spectral band as well as PL spectra
do not change appreciably upon the ligand exchange. Further
information is obtained from the PL kinetics analysis (Figure 9).
In addition to the major short wavelength band (565—600 nm)
related to exciton recombination, one can detect the long-
wavelength band (700—800 nm) caused by radiative recombi-
nation at Vg, traps. The latter band demonstrates two-order-of-
magnitude less intensity than the first one. Comparison of the
exciton bands suggests a 4 nm less bandwidth for the case of
aromatic ligands. The QDs with aromatic ligands show a
relatively small contribution of the trap band than in QDs with

aliphatic ligands. This fact indicates lower amounts of traps in
the QDs with aromatic ligands.

In both cases, the PL kinetics of the exciton band is well
described by the sum of two decaying exponents

Ly (t) = A exp(—fi] + 4, exp[—L)

1 )

The parameter values for the exciton band found as a result of
fitting are shown in Table 3. As one can see, in the case of
aliphatic ligands, time constant 7, is insignificantly less than the
one in the case of aromatic ligands.

Table 3. Parameter Values for the Exciton Bands

QD ligand A /A, T o
aliphatic 109 + 1.1 20+1 71+ 4
aromatic 9.8 + 1.0 21+1 83+S

There is a very small difference between the aliphatic and
aromatic ligands. We may assume that the tiny narrowing of the
PL band and a slight change of one of the time constants result
from the more efficient passivation of traps by aromatic ligands.
The latter may cause the smaller amount of excitons captured by
traps (the narrowing of the band), with a smaller rate (the
increase in time), etc. However, the difference is so insignificant
that it is hard to discern the effect of two different ligands on the
recombination of charge carriers.

According to various publications, the replacement of an
organic ligand at QD’s surface by a different molecule may
provide an increase in some parameters of PL, for instance,
quantum yield and lifetime of the excited state.*’ On the other
hand, it may cause quite the opposite effect.”” It is evident that a
different variant exists when the change in the structure of the
organic ligand shell does not really contribute to QD’s PL. The
latter seems to be the case under our consideration. However,
this is related to the optical properties of QDs with ligands of
different chemical structures, whereas an important role of those
may be exhibited when QDs are embedded in functional media
like liquid crystals.

Comparison of Thermal Behavior of Liquid Crystals
Filled with QDs Bearing Different Ligands. As mentioned
previously, the development of new materials allows for creating
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Figure 9. PL spectra and kinetics of exciton relaxation of QDs stabilized with OA (a) and TERPh-COOH (b) in toluene sols.
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composites that exhibit the properties of liquid crystals (LCs)
and inorganic nanoparticles. One of the important points of
embedding QDs in LCs is the possibility to affect their electro-
optical characteristics if QDs are compatible to some extent with
the LC medium. The latter is directly related to the nematic—
isotropic phase transition temperature (Ty;). Osipov and
Gorkunov™®*° explained the effect of Ty; drop with the
increasing content of QDs as a dilution effect when QDs have
isotropic shape and predicted the possible increase in that
transition temperature for systems filled with QDs of anisotropic
shape.

To determine the influence of ligands on the Ty; transition,
we have chosen the liquid crystal 4”-((1S,4R)-4-butylcyclohex-
yl-2'-chloro-[1,1':4’,1"-terphenyl]-4-ethoxy),”> which has a
chemical structure very similar to that of TERPh-COOH. In
Figure S2, we show representative DSC scans of the above liquid
crystal (curve 1) doped with TERPh-COOH QDs (curve 2) and
QDs having OA ligands (curve 3).

The doping of the liquid crystal matrix with OA and TERPh-
COOH-functionalized CdSe/ZnS QDs results in a noticeable
difference in the Ty with the increasing content of QDs (Figure
10).

T,°C
250 1 m QDs-OA
® QDs-TERPh-COOH
x5 ®
e
[ ] { ]
240 4
235 n "
230 T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18

Mass.% QDs CdSe/ZnS

Figure 10. Nematic—isotropic phase transition temperature as a
function of QD content.

If one uses QDs with OA ligands, the Ty of the liquid crystal
drops down by about 10° for 5 mass. % content of QDs, whereas
the addition of QDs having TERPh-COOH ligands makes the
decrease in the liquid crystal Ty; almost negligible. The profile of
the LC system for Ty of OA-stabilized QDs as a function of
concentration is similar to that shown and discussed in ref 30,
albeit there is a strong quantitative difference exceeding the
theoretical estimates. A strong depression of the transition
temperature was discussed in ref 44 as a result of the dilution
effect and possible destabilization of orientational order in the
vicinity of QDs. At the same time, even the partial substitution of
OA ligands by terphenyl derivative completely changes the
situation, and the negligible change in Ty; may occur with the
lesser destabilization of order due to the very similar chemical
structure of the ligand and terphenyl-based liquid crystal,
resulting in a stronger interaction of ligands with LC medium.
This approach indicates the possibility of increasing the

compatibility of QDs with liquid crystal medium if the right
ligand is chosen.

B CONCLUSIONS

Using TEM, HRTEM, HAADF STEM, and EDA techniques in
combination with XPS and FTIR analyses, we have shown that
the single-step process that we have used for the synthesis of
CdSe/ZnS QDs leads to the chemical composition gradient. It
results in the appearance of core CD atoms in the shell, possibly
close to the surface. Simultaneously, it affects the structure of the
organic shell. The formation of two oleic acid residues ionically
connected to Zn and Cd is detected, although the amount of Cd
salt at the surface is fairly small (~9%), whereas the amount of
Zn oleate is 91% of all oleic acid ligands at the surface. The XPS
method allowed us to determine the ratio of OA fragments and
TOP molecules at the surface of CdSe/ZnS QDs: 29% of TOP
molecules and 71% OA residues. We confirm the ligand
exchange process at the surface of core/shell QDs via
substitution of oleic acid by the aromatic terphenyl-containing
acid. As expected, the ligand exchange process cannot induce full
substitution. Now it is clear that the OA residues still left at the
surface are present in the amount of 12%, the amount of TOP is
22%, but the major ligand is TERPh-COO™, which appears at
the surface in the amount of 66%. The optical properties of QDs
in solutions and thermal properties in a liquid crystal show that
the chemical structure of QD ligands does not contribute much
to photoluminescence and its kinetics. However, the nematic—
isotropic phase transition temperature is sensitive to QD ligands
if QDs are embedded in a liquid crystal. The quantitative effect
of the QD content has to influence the functional parameters of
liquid crystals such as voltage control, viscosity, dynamics of
relaxation, switch-on and switch-off times, and orientation of a
liquid crystal. Contrary to what is known today, the amount of
QDs inserted in the LC media is limited by 0.1-0.25 wt
%,25’27’45’46 whereas we have shown that changing the ligand
structure making it more similar to the liquid crystal one allows
increasing the QD content about 1 order of magnitude and even
more. The latter observation proves the necessity of analyzing
the role of QDs in the thermal and thermodynamic behavior of
blends when organic ligands are exchanged. It may strongly
affect the miscibility of QDs with a functional medium
influencing the LC response to the external fields. The results
obtained indicate the trend of improving the material
parameters for better performance of liquid crystals as materials
for modern application in the field of optics, emission, LEDs,
lasing, and colorimetric sensing.

B EXPERIMENTAL SECTION

We received all commercially available starting materials, solvents, and
reagents from Acros, Sigma-Aldrich, and Merck. The terphenyl-
containing 6-((4”-((1S,4R)-4-butylcyclohexyl)-2'-chloro-[1,1":4",1"-
terphenyl]-4-yl)oxy) hexanoic acid (TERPh-COOH) and 4’-
((18,4R)-4-butylcyclohexyl-2'-chloro-[1,1":4’,1"-terphenyl]-4-ethoxy)
was provided by prof. Vladimir Bezborodov team from the Department
of Organic Chemistry, Belarusian State Technological University.
The synthesis of CdSe/ZnS QDs was carried out in accordance with
ref 14 with the use of cadmium oxide (0.4 mmol), zinc acetate (4
mmol), and oleic acid (17.6 mmol). The reagents were mixed with 20
mL of 1-octadecene. The reaction mixture was gradually heated in a
flow of argon under intense stirring till the total dissolution. After that,
the mixture was heated up to 280 °C in an argon atmosphere and the
solution of 0.4 mmol of selenium and 4 mmol of sulfur powder
dissolved in 3 mL of TOP was injected. Then, the reaction mixture was
maintained at high temperature for 5 min and rapidly cooled down to
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room temperature to stop the growth of QDs. The reaction mixture was
divided into S equal parts, and 15 mL of acetone was added to each part.
After that, each part was centrifuged it for 10 min at 6000 rpm. After
that step, the precipitates were separated, brought together, and
dissolved in S mL of toluene. To purify QDs, the reprecipitation was
done three times by adding 15 mL of acetone.

Exchange of QD’s Ligands. A total of 0.058 g of TERPh-COOH
was dissolved in 0.5 mL of THF. Then, 0.01 g of CdSe/ZnS QDs was
dispersed in 1 mL of THF and this sol was added slowly drop by drop to
the TERPh-COOH solution. The mixture was maintained at room
temperature for 72 h under stirring in an argon atmosphere. To clear
from unreacted QDs and side products (OA), we reprecipitated the
mixture in hexane and centrifuged for 10 min at 6000 rpm. The reaction
mixture was added to 8 mL of hexane, and the red precipitate together
with the colorless transparent solution was formed. The latter means
the total possible binding of QDs with TERPh-COOH because QDs
stabilized with OA are well dispersed in hexane. To extract the target
product from the precipitate, the latter was dispersed in THF and
hexane was added drop by drop (centrifuging after each portion) until
the precipitation of the red QDs with modified ligands takes place.
Unbound TERPh-COOH acid is left in the solution. The precipitate
was dried under argon.

B INSTRUMENTATION

FTIR spectra were registered with an ATR mode using an IR
microscope HYPERION-2000 adjoint with a Fourier IR
spectrometer IFS-66 v/s Bruker (S0 scans, Ge crystal, 2 cm™
resolution, 600—4000 cm™" range).

Electron microscopy investigations of the structure and phase
composition of the particles were carried out by transmission
electron microscopy (TEM), high-resolution electron micros-
copy (HRTEM), scanning transmission electron microscopy
with a high-angle annular dark-field detector (HAADF STEM),
electron diffraction, and energy-dispersive analysis (EDA) in an
FEI Tecnai Osiris microscope with an accelerating voltage of
200 kV. Elemental analysis and chemical element distribution
mapping were performed on a special SuperX EDS system with
four silicon detectors. The FEI Tecnai Osiris SuperX EDS
system is designed to obtain rapidly (for several minutes) large
area maps of chemical element distribution. Electron micros-
copy images were processed and analyzed with the Digital
Micrograph, Esprit, TIA, and JEMS software.”’

XPS spectra were recorded with a PHIS500 VersaProbe II
XPS system. Al Ka X-ray excitation source (hv = 1486.6 eV and
50 W power) was used to record the powder-like samples, which
were pressed into indium support. We collected survey scans
from the area of 200 ym in diameter. The analysis area diameter
was 200 ym. The neutralizer was applied because of the strong
surface charging due to low electrical conductivity of samples.
The analysis of elements in at. % was carried out with the use of
survey spectra measured with the method of relative element
sensitivity factors. We used integral intensities of the following
XPS spectra peaks: C 1s, O 1s, Cd 3d, Se 3d, Zn 3p, S 2s, and Cl
2p. The relative error of the peak intensity measurement does
not exceed 10%. The binding energies, Eg, and photoelectronic
were determined from high-resolution spectra taken at an
analyzer transmission energy of 23.5 eV and the data collection
density of 0.2 eV/step. The spectra were approximated using the
nonlinear least-squares method using the Gauss—Lorentz
function. The Ej scale was calibrated using Au 4f—83.96 eV
and Cu 2p3—932.62 eV. Correction of the Ep scale was
performed using the Cd 3dS spectrum in CdSe, reference value
—405.3 eV. The accuracy of determining the binding energy is
+0.2 eV.

The PL spectra of sols were registered by a USB 2000
spectrometer (“Ocean Optics”) using hermetic glass optical
cuvettes in the geometry close to 90°. The solutions of QDs and
composites in “dry” toluene were purged with dry argon before
measurements. Excitation sources were laser moduli with
emission wavelengths of 403 nm and optical output power of
5—20 mW. The management software was SpectraSuite
(“Ocean Optics”). All components of the measuring system
were isolated from light.

Measurements of PL kinetics were carried out with excitation
by the second harmonic of Nd:YAG laser radiation (EKSPLA
PL 2143A, 532 nm, 25 ps, 10 Hz). The radiation was focused by
the cylindrical lens into a 1 mm quartz cuvette filled with QD
suspension in tetrahydrofuran. The PL spectra were recorded
with the help of a Princeton Instruments Spectra Pro 2500i
spectrometer (spectral resolution 0.8 nm) equipped with a gated
multichannel amplifier and CCD array. The gate duration was
set as 30 ns, and the spectra acquisition was carried out for 250
laser pulses. All measurements were performed at room
temperature.
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