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Microwave-assisted one-pot synthesis of hybrid
nanosystems based on CdS quantum dots
functionalized with organic chromophores: effect

of the chromophore nature on the nanosystem

compositiont
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A novel method of one-pot microwave assisted synthesis was employed to prepare hybrid nanosystems (HNSs)

with CdS quantum dots (QD) covered by an organic shell containing capping “background” ligand

(benzylmercaptan, BM) and functional ligand (FL) with a styrylquinoline (SQ) or merocyanine (MC)
chromophore group. An average amount (n) of the FL molecules in the HNS organic shell was measured.
We herein report on an unusual dependence of n on the FL relative concentration in the source solution. A
non-linear dependence resembling a cooperative effect is found for the SQ-FL, and a linear dependence
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with critical concentration is found for the MC-FL. The effects are suggested to be associated with the

peculiarities of microwave activation of the ligands, which are built into the organic shell of the HNS as
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Introduction

Hybrid organic-inorganic nanosystems (HNSs), wherein semi-
conductor nanocrystals (quantum dots, QDs) are covered by
organic ligand molecules, attract considerable attention due to the
possibility to combine useful properties of organic and inorganic
subsystems for technological applications in optoelectronics,
biology, medicine, for energy production or conversion.**® Semi-
conductor QDs have unique size-dependent electronic and optical
properties," while organic subsystems can be used to modulate
(including reversibly) these properties.**>**

To be correct, special coordinating (capping) organic ligands
are often used to cover the QDs for stabilization, these ligands
contain special “anchor” groups for attaching to the QD
surface.” Sometimes the stabilizing layer consists of several
capping ligands such as trioctylphosphine (TOP) and tri-
octylphosphine oxide (TOPO); tributylphosphine and TOPO;
TOP, TOPO and hexadecylamine;'*"” oleic acid and octadecyl-
phosphonic acid;*® oleic acid and benzophenone;**° oleyl-
amine and TOP;** N-oleylmorpholine and stearic acid;** stearic
acid, TOPO and octadecylamine.*
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a result of a kinetically rather than thermodynamically controlled process. These data shed light on the
problem of the formation of the covering organic shell on the QD surface in different conditions.

However, such QDs are not considered as “hybrid nano-
systems”. The HNS should contain, apart from covering “inert”
(“background”) ligand, a specific functional ligand (FL), for
example, organic dye - quencher or sensitizer, photochromic
compound, bioactive molecule, etc. Since functional ligand can
decompose at high temperatures used upon synthesis of QDs, the
HNSs are usually obtained by ligand exchange or self-assembling,
an extra procedures after the QD synthesis.>**"*** Due to devel-
opment of microwave-assisted synthesis of QDs,>*?° the possi-
bility has arisen for inserting the FL into the organic shell of the
HNS simultaneously with the capping inert ligand at the stage of
the QDs synthesis. The number (1) of the FL molecules in the HNS
organic shell can be controlled by the relative concentration (x) of
the FL in the source solution used for the HNS synthesis, and, at
first sight, n should be proportional to x.

We herein report on the two types of dependence of n on x,
which were found upon the one-pot microwave-assisted
synthesis of the HNSs with the CdS QD covered by organic
shell containing the benzyl mercaptan (BM) as an inert capping
ligand and an additional FL. Two FLs with the isothiouronium
anchor groups (for attaching to the QD surface), which are
linked by the nonamethylenic chain to different chromophores,
are studied, Scheme 1. The chromophores are the neutral styr-
ylquinoline (SQ) or positively charged N-methyl styr-
ylquinolinium iodide, which is O-alkylated merocyanine (MC).
The exponential dependence of n on x was found for the SQ-FL,
and the linear dependence with critical concentration was
found for the MC-FL.

This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Structure of benzyl mercaptan (BM) and functional ligands
(FLs) with styrylquinoline (SQ) and O-alkylated merocyanine (MC)
chromophore.

It should be noted that the HNSs with the oleic acid stabi-
lized CdS QDs and the SQ-containing ligands have been ob-
tained earlier via the ligand exchange procedures, however, the
dependence of 7 on x has not been studied.*® This dependence
has been previously studied for the one-pot microwave-assisted
synthesis of the HNSs with the SQ ligands having the thiol
anchor group.® In the present paper we use ligands with
another anchor group - isothiouronium instead of the thiol
one, and in addition to the neutral SQ chromophore, the posi-
tively charged MC chromophore is investigated. The results
obtained are discussed below in comparison with the previously
published data.

As mentioned above, reported here HNSs contain FLs with
chromophoric groups, which undergo reversible ¢rans-cis pho-
toisomerisation.”* Thus, HNSs could be applied as photo-
switches. Investigation of photochemical properties of the MC-
FL containing HNSs is underway. The HNSs with the SQ ligands
having the thiol anchor group®* were used for the studies of
photolysis kinetics of the FL (in the free form and attached to
the QD's surface).*®

Results and discussion

The obtained nanoparticles characterisation by (HR)TEM, SAED
and XRD techniques can be found in the ESL{ According the
TEM images (Fig. SI-1at) nanoparticles have almost spherical
shape and good size distribution (Fig. SI-1ct) centered at 2.4 nm
and ranged between 2.1 and 2.9 nm. SAED image (Fig. SI-1a,}
left inset) and XRD pattern (Fig. SI-1bt) indicate hexagonal CdS
crystal structure of nanoparticles.

The absorption spectra of the unlinked (“free”) SQ-FL, free
QD and HNSs with the SQ ligands in dimethylformamide (DMF)
are shown in Fig. 1la. Free SQ-FL and QD have absorption
maximums at 360 nm and 333 nm, respectively. The size of
nanoparticles was calculated from the first excitonic peak
position in the absorption spectra (333 nm) following the
formula (1)

E = Epuy + W2I8R*(1/m, + 1/my) — 1.8¢*/4meqeR, (1)

where E is the band gap corresponding to the absorption peak,
Epuk = 2.4 eV is the band gap of bulk CdS, R is the particle
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Fig. 1 (a) Normalized (at 333 nm) absorption spectra of the CdS QDs

(diameter of 2.4 nm), the functional ligand SQ-FL, and hybrid nano-
systems HNS-1-HNS-5; (b) normalized absorption spectra of the CdS
QDs (diameter of 2.4 nm), N-methyl-2-(4-[9-mercaptononoxylstyryl)
quinolinium iodide — the functional ligand MC-FL, and hybrid nano-
systems HNS-6-HNS-9. The QD and HNSs spectra are normalized at
333 nm, the MC-FL spectrum is normalized at 420 nm.

radius, m. = 0.19m,, m;, = 0.8m,, (m. and my, are the masses of
electron and hole, respectively; m, is the rest mass of electron)
and ¢ = 5.7 is the dielectric constant.?******” The value obtained
(2.4 nm) correlates well with that measured from TEM images.

So, the presence of the FL in the HNS organic shell can be
clearly detected due to an additional absorbance at 360 nm:
a shoulder at the long-wavelength tail of the QD absorption
band in the HNS-1-HNS-3 spectra, or separate long-wavelength
absorption band in the HNS-4 and HNS-5 spectra, Fig. 1a.

The same picture is observed for the MC containing nano-
systems, Fig. 1b. In this case, owing to the larger difference in
the absorption maximums of the two subsystems (333 nm for
the QD and 420 nm for the MC-FL), the presence of an organic
chromophore is detected by the separate long-wavelength
absorption band in the spectra of all HNSs, Fig. 1b.

Comparison of Fig. 1a and b with Fig. 1 in the previous
paper®* testifies that the HNS absorption spectrum is deter-
mined by the nature of the photochromic fragment and does

RSC Adv., 2017, 7, 2236-2241 | 2237
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not depend on the nature of the anchor group (thiol in ref. 31
and isothiouronium in the present study). However, the anchor
group has an influence on the ability of the FL to bind to the QD
surface, see below.

Qualitatively, in both cases (Fig. 1a and b) one can see
identical dependence: the higher the FL relative concentration
(x) in the source solution, the higher the relative absorbance of
this ligand in the HNS; here x = Cg/(Cgr, + Cpm)sol, Where C; is
the concentration of component i in the solution.

Photoluminescence characterization of the HNSs and
constituting QD and FLs can be found in the ESI, Fig. SI-2f for
SQ-FL containing HNSs and Fig. SI-31 for MC-FL containing
HNSs. Photoluminescence and photoluminescence excitation
spectra of HNSs contain bands both of the QD and the corre-
sponding FL.

Presence of the FL in HNS is confirmed by FTIR spectros-
copy. Fig. 2 shows spectra of the pure QD, SQ-FL, MC-FL and
some representative HNSs. In the spectra of all HNSs, the CdS
characteristic bands (698, 1648 cm™') are observed. Addi-
tionally, in the spectra of the first series of the HNSs (Fig. 2a)
one can see the characteristic bands of the SQ-FL (the most
intensive bands are 823, 1174, and 1511 cm™ '), whereas in the
spectra of the second series of the HNSs (Fig. 2b), the
characteristic bands of the MC-FL are observed (837, 1169,
1594 cm ™).
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Fig. 2 ATR-FTIR spectra: (a) QD, SQ-FL, HNS-3 and HNS-4; (b) QD,
MC-FL, HNS-7 and HNS-9.
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For the quantitative analysis of the HNS composition we
used electronic absorption spectra. Provided the spectra of the
QD and FL remain unchanged upon binding of these compo-
nents to HNS, the absorbance of the latter (Ayys) is defined as

Apns = (eqp + 71 X epL) X Cyns X 1, (2)

where ¢; stands for the molar extinction coefficient of compo-
nent i, and [/ is the optical path length. Knowing extinction
coefficients of the QD (8 x 10* M~ ' em ™' at maximum 333 nm
(ref. 38)) and the FL (2.65 x 10* M~ cm ™ for the SQ-FL, and 3.6
x 10* M™" em™" for the MC-FL at maximums 360 nm and
420 nm, respectively), we calculated an average number (1) of
the FL molecules in the HNS organic shell, and correlated it
with the composition of the source solution (the FL relative
concentration x).

Fig. 3 shows the dependence of n on x for the different
functional ligands studied. One can see that, quantitatively,
completely different dependences are observed.

Theoretically calculated dependence of n = 37x under the
condition of equally probable adsorption of the inert and
functional ligands and the densest ligand packing on the QD
surface (see below) is also shown.

In the case of the SQ-FL, the experimental points are
approximated by the exponential

n = (0.20 £ 0.03)exp((13.2 £ 0.7)x), 3)

correlation coefficient R = 0.996. In the case of the MC-FL, the
experimental points are approximated by the linear function

n=(32.0 £ 1.5)x — (1.95 £ 0.21), R = 0.998. (4)

Before discussing the dependences obtained, it is worthwhile
to consider an expected theoretical dependence of n on x. We
assume that all ligands compete for the same coordination

101

) SQ-FL

MC-FL

O L) L) L) Ll ] 1
0.00 0.05

Fig. 3 Average number of the functional ligand molecules (n) in the
hybrid nanosystem shell as a function of the relative concentration (x)
of this ligand in the source solution, experimental points and
approximating curves, see text.

This journal is © The Royal Society of Chemistry 2017
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Table1 Concentrations of the functional ligands SQ-FL and MC-FL in
the source solutions and hybrid nanosystems obtained

Sample Csq-rL, MM Sample Cmc-Fr, MM
HNS-1 0.5 HNS-6 1

HNS-2 1 HNS-7 1.5

HNS-3 2.5 HNS-8 2

HNS-4 3 HNS-9 3

HNS-5 3.45

centres on the QD surface, the number of such centres being
determined by the size of the QD and the nature of the facets. We
assume also a cylindrical model for the ligands, the cross section
being circle with area of S = 0.385 nm?. So, we can estimate the
upper limit of the number of ligand molecules in a monolayer of
the HNS organic shell as the maximal number (N,,,,) of the circles
with area S that can occupy the surface of a sphere of radius r,

Niax = 41enr?lS. (5)

Here r is the QD radius (assuming spherical QD), and 7 is
a packing density. For the densest packing of the circles on
a sphere, n = 7/4 = 0.785, and since r = 1.2 nm, we obtain for
the QDs studied Ny,.x = 37. This number is less than the earlier
estimated value (86), which has been obtained using the
understated cross-sectional area of BM (0.21 nm?) and without
considering the packing density.**

If monolayer of the organic ligands in the HNS is formed in
a dynamic equilibrium of attachment and detachment of
different molecules to the QD surface, one could expect the
proportionality between the relative concentration of the FL on
the HNS surface (7/Npmay) and in the source solution (x), 7/Npax
= ax, where « is a proportionality coefficient. In the simplest
case, « = 1, wherefrom n = Ny = 37x. The expected theo-
retical dependence is shown in Fig. 3.

One can see that both experimental plots curves are below
the theoretical line. Obviously, « < 1, since the number of really
accessible binding sites is lower than Np,,, which was esti-
mated as an upper limit according to simple geometrical model
provided the entire QD surface is occupied by the ligands.
Really, full filling of the QD surface doesn't occur, the number
of the binding sites depends on the nanocrystal facet type.®

The second remarkable feature of the experimental plot for
the SQ-FL in Fig. 3 is non-linearity. The upward deviation of the
plot suggests that the addition of each next SQ-FL molecule to
the QD occurs easier than that of preceding one, and this non-
proportional growth resembles a peculiar cooperative effect.
During self-association of dyes, nucleic bases, and surfactants,
the cooperative effect is characterised by the fact that, after the
formation of a dimer, the addition of following molecules to
a growing aggregate is facilitated, due to specific interactions of
the substrates. If such aggregate is attached to the growing QD,
one could anticipate increasing relative proportion of the FL in
the HNS organic shell. For the ligands studied, at spectroscopic
concentrations (~10-5 M), we did not observe the aggregate
formation. However, in syntheses, the ligand concentration was

This journal is © The Royal Society of Chemistry 2017
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higher by two orders of magnitude, so we could not exclude
formation of dimers, trimers, etc. Indeed, slight changes
(broadening and red shift) in the absorbance spectra were
observed for the SQ-FL studied at the synthetic concentrations
(~10-3 M) in the quartz cells with an optical path length of [ =
0.1 mm. For the MC-FL there was no difference in the absor-
bance spectra recorded at various concentrations.

The exponential dependence with significantly higher coef-
ficients has been found earlier for the SQ-FL with the thiol
anchor group,* indicating the higher binding ability of the thiol
group in comparison with the isothiouronium one.

As compared to the SQ-FL, in the case of the MC-FL, the
experimental plot is almost parallel to the theoretical line and
crosses the abscissa axis at x = 0.061, Fig. 3. Before the MC-FL
relative concentration reaches this critical value, the ligand is
not built into the HNS organic shell. This behaviour resembles
a critical micelle concentration (CMC), when micelles only form
above the CMC. It is interesting that at x = 0.061, theoretical
value of n is equal to 2.3, i.e. only when the quantity of the MC-
FL in solution exceeds two molecules of the ligand per the QD,
the latter begins to adsorb the former.

The microwave-assisted synthesis has some peculiarities,
which are discussed in the literature.”” These “specific MW
effects” are related to a direct interaction of the MW electric field
with molecules in the reaction mixture. The BM is a polar mole-
cule, the FLs are salts and exist in the DMF solution as ion pairs,
moreover, the SQ chromophore is neutral whereas the MC one is
positively charged. These three ligands interact differently with
the MW electric field, and activated differently. Therefore, they
can interact with the QD binding sites with different rates. In
equilibrium, these differences do not matter; however, if the HNSs
are formed in non-equilibrium conditions, these differences are
reflected in the HNS composition. We can conclude that, during
the MW-assisted synthesis, the hybrid nanosystems are formed in
kinetically rather than thermodynamically controlled process that
gives rise to the effects observed.

The developed herein one-pot microwave assisted synthesis
of HNSs can be compared with the reported previously ligand
exchange method.*® In the one-pot synthesis, up to 80% of the
FLs, dissolved in the reaction mixture, are connected to nano-
particles, whereas only ca. 40% of the FLs in the case of the
exchange method. Being simpler in the procedure, the one-pot
method additionally saves a notable quantity of the FL, which is
often expensive or synthetically hard-to-reach.

Experimental
Chemicals

Cadmium acetate dihydrate (Sigma-Aldrich, >98%), thiourea
(reagent grade), benzyl mercaptan (Sigma-Aldrich, 99%),
dimethylformamide (reagent grade) and chloroform (reagent
grade) were used as received.

Synthesis

The precursor of the SQ functional ligand, 2-(E)-(4-(9-bromononyl-
1-oxy)styryl)quinoline was synthesised according to ref. 30.

RSC Adv., 2017, 7, 2236-2241 | 2239
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Synthesis of the precursor of the MC functional ligand, N-methyl-
2-(E)-(4-(9-iodononyl-1-oxy)styryl)quinolinium iodide is described
in the ESL¥

Hybrid nanosystems were synthesised similarly to the previ-
ously described procedure,* slightly modified in order to obtain
in situ the functional ligand via nucleophilic substitution of
halogen by thiourea. The corresponding precursor (0.0025-0.017
mmol) and equimolar quantity of thiourea, as well additional
0.05 mmol of thiourea were dissolved in DMF (5 mL) and
underwent microwave (MW) irradiation for 10 min using experi-
mental setup, which has been described previously.” In brief, the
setup is equipped with 920 W 2.45 GHz magnetron (Daewoo
2M218 HF) and a cylindrical working chamber. Then cadmium
acetate dihydrate (0.05 mmol) and benzyl mercaptan (0.05 mmol)
were added and the solution underwent microwave irradiation for
40 s. Thus, in all cases, the concentrations of cadmium acetate (10
mM), thiourea (10 mM) and benzyl mercaptan (10 mM) were kept
constant, whereas concentrations of the FLs varied, Table 1. Since
all ligands used are soluble in ethanol, to separate the nano-
systems from the unbound ligands, fourfold excess of ethanol was
added, the precipitate centrifuged at 3000 rpm, and supernatant
was decanted. Then precipitate was dissolved in small amount of
DMF and re-precipitated with excess of ethanol, this procedure
was repeated twice. Final precipitate was washed with ethanol (the
absorption spectrum of the supernatant did not detect the pres-
ence of the FL) and dried under vacuum. Table 1 shows a list of
samples prepared using different concentrations of the functional
ligands, samples HNS-1-HNS-5 with the SQ-FL and samples HNS-
6-HNS-9 with the MC-FL.

Measurement and characterisation

Absorption spectra. The electronic absorption spectra were
recorded on a Specord M-400 spectrophotometer in air-
saturated solutions in DMF at room temperature in quartz
cells with an optical path length of / =1 cm or [ = 0.1 mm.

IR. ATR-FTIR measurements were collected using Perkin-
Elmer Spectrum 100 FTIR spectrometer equipped with ATR
accessory.

Conclusions

Hybrid nanosystems with CdS quantum dot (QD) as an inor-
ganic core coated by organic shell containing benzyl mercaptan
as an inert (background) ligand and a functional ligand (FL)
were prepared by one-pot microwave-assisted synthesis. Two
FLs were studied, both containing chromophores, styrylquino-
line (SQ) or O-alkylated merocyanine (MC). Owing to the pres-
ence of a chromophore, the average number (1) of the FL
molecules in the nanosystem organic shell was determined by
UV-Vis spectroscopy. The dependence of n on the relative
concentration (x) of the FL in source solution is determined by
the nature of the chromophoric group in the FL: the n depends
on x exponentially for the SQ ligand and linearly with a critical
point for the MC ligand. The effects observed are suggested to
be associated with non-equilibrium conditions of the hybrid
nanosystem formation. Because of the peculiarities of
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microwave activation of the ligands, the product composition is
controlled by reaction kinetic rather than thermodynamic.
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