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Synthesis of colloidal nanoparticles CdS:Mn in
the polymer solution for biological applications
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Kinetics of the colloidal CdS:Mn nanoparticles synthesis in the solutions of polyvinyl
pirrolidone and mixture of polyvinyl pirrolidone with polyvinyl alcohol is studied by
optical absorption method. The dependences of NPs size, polydispersity index and concen-
tration of NPs on the precursors concentration in the growth solution are studied. The
factors that affect the characteristics of colloidal nanoparticles are analyzed. It is shown
that growing in the mixture of macromolecules improves the synthesis kinetics and
provides stabilization of the average nanoparticles size in wide range of precursors concen-
tration. The possibility to use the colloidal solutions polymer/nano-CdS:Mn as light-emit-
ting labels in whole blood was demonstrated.

HccnegoBana KMHETUKA CHHTE3a KOJIoUIHBIX Hanodactui, CAS:Mn B pacTBopax moauBu-
HWINUPPOJULOHA U CMeCH IMOJUBUHIINUPPOJUIOHA ¢ IIOJMBUHUJIOBBIM CIHPTOM METOIAMU
ONITUYECKOTro mmoriomienus. OmpeeseHsl 3aBUCUMOCTUA pPasMepa, HOKasaTess IIOJUANCIEpC-
HOCTY ¥ KOHIIEHTPAIIMHK HAHOUYACTHIL OT KOHIIEHTPAIIUN IIPEKYPCOPOB B pacTBope. IIpoanasnu-
3UPOBAHBI (PAKTOPBI, KOTOPBIE BIUSAIOT HA XaPAKTEPUCTUKHN KOJJIOWIHBIX HaHouacTtur,. Iloka-
3aHO, UTO WMCIIOJb30BAHHE CMECH MAKPOMOJIEKYJ IIOJMMepa BIKAET HA KHUHETHUKY CHUHTE3a U
ofecrieunBaeT cTabMAMS3AIMIO CPEIHEr0 pasMepa HAHOYACTUIL B 0oJjiee MIHMPOKOM IHAIIA30HE
KOHIEHTPAINI IIPEeKYyPCOPOB II0 CPABHEHHUIO C PACTBOPOM oxHOro moammepa. [IpomemoncTpH-
POBaHa BO3MOXKHOCTb WCIOJb30BAHUS HAHOYACTHI], CHUHTE3MPOBAHHBIX B PACTBOPE IIOJIUBU-
HUJINUPPOJULOHA, B KAUYeCTBe JIIOMUHECIEHTHBIX METOK [IJIs WMCCAETOBAHUM IEeJbHOU KPOBH.

CunTe3 KoJOIMTHHX HaHOYacTHHOK CAS:Mn y posuuni moaimepy aas GioxoriyaHmx mo-
caimmens. B.J.®edis, I'.J0.Pydvro, A.H.Casuyx, €.I.I'yne, 1.C.Jasudenxo.

HocnimKeno KiHeTHKY cHUHTe3y Kojoiguumx HanouacTuuHok CAS:Mn y posuumax to-
aiBininmipoaigony Ta cywmimi nmoaisininmipoaizomy i mosiBiHisoBOro cnIMpTy MeTOmaAMU OII-
TUYHOTO TIOTJMIMHAHHA. BusHaueHO BaNeKHOCTI pPO3Mipy, TMOKasHUKA MOJiLHUCIEPCHOCTI Ta
KOHIleHTpalil HAaHOYAaCTHMHOK Bif KOHIeHTpallii mpekypcopiB y posunni. IlpoanasizoBano
daxTOpM, AKI BOJMBAIOTHL HA XapPaKTEePUCTUKN KOJOITHMX HAHOYACTUHOK. Busapmeno, mio
BUKOPUCTAHHA CYMIIlli MaKpPOMOJIEKYJ TIOJiMepiB BIJIWBAE Ha KiHeTUKY CUHTEe3y i s3abesre-
yye cTabijizaIio cepelHBOTO PO3Mipy HAHOUACTUHOK y UIVMPIIOMY AiamasoHi KOHIEHTpPAIiil
MPEKYPCOPiB TOPIBHAHO 3 POSUMHOM OAHOTO ToJsiMepy. IIposeMoHCTPOBAHO MOMKJIUBICTL BU-
KOPMCTAHHSA HAHOYACTUHOK, CUHTE30BAHUX Yy PO3UMHI TogiBininmiponaizony, B AKocTi aioMi-
HECIIEeHTHUX MIiTOK JIJfA AOCTiMKeHb ITiIBHOI KPORIi.
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1. Introduction

An important task of modern nano-tech-
nologies is the development and improve-
ment of the facile methods of controllable
nanoparticles (NPs) fabrication. Light-emit-
ting NPs can be effectively used both in
electro-luminescent devices and as biological
labels [1, 2]. Among the most frequently
used methods of NPs production the colloi-
dal synthesis is known to be the cheapest
one and, therefore, it is perspective for
mass production of NPs.

During a colloidal synthesis the size of
NPs is restricted by the presence of capping
agents in the solution. The choice of the
capping agent strongly influences the light-
emitting properties and structure of the
NPs synthesized. The water-soluble poly-
mers (polyvinyl alcohol, polyvinyl pyrroli-
done, gelatine, etc.) are attractive for the
colloidal synthesis because they can be eas-
ily integrated with various inorganic sub-
stances, the molecular mass of these poly-
mers can be varied in wide range, they are
cheap, optically transparent and easy-to-
shape, i.e., the polymer-based colloidal solu-
tions can assume any shape after drying of
the colloid [3—5]. The solubility in water
permits to avoid toxic solvents. The special
advantage of the above polymers is their
biocompatibility that makes these colloids
suitable for applications in the studies of
living beings in vivo. These applications are
based on the emission of light by NPs, so
the direct band semiconductors are widely
used and, in particular, CdS NPs are suit-
able for the direct visualization of certain
processes in biological objects because they
emit light in the visible range. Additional
functionality of such bio-labels can be added
by doping with magnetic ions that provides
the possibilities to control NPs by applying
magnetic field.

The colloidal growth of NPs occurs via
the precipitation in the oversaturated solu-
tion. Precipitation involves the processes of
seed formation and further growth. Strong
mutual influence of both processes during
the NPs formation essentially sophisticates
their analytical description; therefore at

present the understanding of the kinetics of
seed formation and particles growth is not
complete. This impedes the optimization of
growth processes and finding the routes for
fabricating NPs with predictable properties.
Therefore, the experimental study of the ki-
netics of the colloidal synthesis is the main
source of information on the details of NPs
growth.

The aim of the present study was to ana-
lyze the influence of the nature of organic
substances in the growth solution on the
characteristics of NPs, and to find out
whether the CdS:Mn NPs thus synthesized
can be used for creation of light-emitting
bio-sensors.

2. Experimental

Nanoparticles CdS:Mn were synthesized
by chemical precipitation route in the water
solutions containing ions Cd2*, Mn2+, S2-,
polyvinyl pirrolidone (PVP) and polyvinyl
alcohol (PVA). The salts cadmium chloride
(CdCly), sodium sulfide (Na,S), manganese
chloride (MnCly) were analytical grade and
were used with no further purification.
Synthesis was carried out at pH (4—5). The
solutions of these salts of the concentra-
tions 0.1 mol/g were prepared using the bi-
distilled water.

Optimal synthesis conditions (pH value
and precursors concentrations) were chosen
in accordance with [6] to avoid the forma-
tion of the precipitates of MnS, Mn(OH),
and Cd(OH), and to provide the colloidal
solution containing CdS:Mn NPs. Concentra-
tions of Cd2* ions and polymer were varied,
respectively, in the range (1-30 mM) and
(1-5) wt.% in all synthesis procedures.
Concentration of Mn2* ions in the synthesis
solutions was 51073 M. Absorption spectra
of the colloidal solution were studies using
the grating spectrometer MDR-23.

Calculations of the NPs parameters (av-
erage radius, concentration, polydispersity
index) were done by the following schemes.

Calculations of the average radius of
NPs.

Optical band gap was obtained from the

absorption spectra using the "knee” method

Polymer solution —p +Cd* (+Mn™) »l +§%

- b Colloidal nanoparticles
+CdT TS —Py CdS:Mn

A

Fig. 1. Sequence of the steps of CdS:Mn NPs synthesis in the water solution of polymers.
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Fig. 2. Spectral dependences of the optical density of CdS:Mn NPs synthesized in the water
solutions of PVP (a) and PVP+PVA (b) measured at different steps of the growing procedure

(shown in Fig. 1).

[7] and the second derivative of the absorp-
tion spectra [8]. Based on the band gap val-
ues obtained the average radius R of NPs
was estimated in the effective mass theory
approximation [9,10] by the formula:

n2h2( 1 1 1.8¢2 (1)
AE, = —+ |- ,
g€ 2R2%2| m, th eR

where AE, is the difference between the
band gap of NPs and the bulk CdS crystal
(2.42 eV).

Calculations of NPs concentration

To estimate the NPs concentrations at
different precursor concentrations we have
used the following assumptions:

— the synthesized nanoparticles are
spherical;

— incorporation of Mn impurity does not
influence the band gap of NPs because the
content of impurity is low;

— excess of the sulphur ions in the
growth solution provides complete incorpo-
ration of cadmium ions into the NPs, thus,
there are no free Cd ions in the solution;

— to simplify the calculations we used
the cubic cell for CdS lattice.

After obtaining the radius of NPs we
calculated the number of cadmium atoms in
one NP using the formula:

3

4 (D (2)
312
N = .
8ad

The volume of the cubic crystalline cell
is V = a3, where a is the lattice constant
(for CdS a = 0.58 nm), D — diameter of
nanoparticle.

222

Concentration of NPs was calculated as a
ratio between the concentration of Cd atoms
(or S atoms, depending on the synthesis
stage) in the solution to the number of
atoms in a single NP:

_ (Cogrorg?) - Na 3)
np — N .

Calculations of the radius polydispersity
index (RPI).

The polydispersity of NPs can be ex-
presses via standard deviation o of particles
sizes distribution (it is also called the abso-
lute polydispersity) and the average diame-
ter of NPs (2R,,g) [11, 12]:

RPI = (G/ZRavg)z +1, (4)
where RPI = 1 defines a monodisperse sam-
ple.

In the assumption of Gaussian distribu-
tion of NPs diameters the standard devia-
tion o corresponds to the half-width of the
particle size distribution [13]:

0= 2Redge - 2Ravg’ (5)
where R,;, corresponds to the average
value of the largest NPs sizes, R, , corre-
sponds to the particle size most frequently
found in the distribution. The values R,;,,
and R,,, were calculated from the absorp-
tion spectra by formula (1).

Using the above formulae we analyzed
the changes of NPs polydispersity during
the growth process using the absorption

spectra measured at each stage of the syn-
thesis (shown in Fig. 3, a and b).
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Fig. 3. Dependences of the average radius of
NPs and NPs concentration on the precursors
concentration. The polydispersity index of size
distribution obtained for each synthesis step is
labeled on the top axis. Each point on the
graphs corresponds to a curve in Figs. 2a, b.

3. Results and discussion

The main characteristics of NPs are de-
termined by the conditions of synthesis, the
size of NPs, their polydispersity and stabil-
ity. To find optimal balance of these pa-
rameters we studied the kinetics of NPs
synthesis by optical absorption method.

The sequence of the synthesis steps is
illustrated by the diagram 1. The absorption
spectra of the growth solution were meas-
ured after each synthesis step (Fig. 2a, b);
they reflect the evolution of the optical
properties of the colloid caused by the
changes of the qualitative and quantitative
composition of the solutions.

It is seen (curves I, Fig. 2a and b) that
the water solution of the PVP or PVP+PVA
that contains only the precursors MnCl, and
CdCl, (step 1 in Fig. 1) is transparent in the
spectral range 300—-700 nm. Injection of the
precursor Nao,S into this solution leads to
the formation of CdS:Mn seeds and the
slight increase of the absorption (curves 2,
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Fig. 4. a) Schemes of the hydrogen bonds be-
tween the metal ion on the surface of a NP
and functional groups of polymers; b) Possi-
ble interchain interactions in the water solu-
tions of PVP-PVA mixture.

Fig. 2a, b). During the following synthesis
steps the absorption gradually increases and
the absorption edge moves towards lower
energies thus reflecting the increase of NPs
content and average size.

To analyze the kinetics of NPs synthesis
one has to take into account two processes
which can simultaneously occur in the same
solution: NPs nucleation (formation of NPs
seeds) and their following growth. The dis-
tribution of NPs sizes depends on the stage
of growth, i.e. on the number of precursor
injection steps, precursor diffusion towards
the NP surface, binding of the precursors to
the surface. Two main processes govern the
NPs formation: the diffusion (movement of
precursors towards a NP surface) and
growth (the binding of adsorbed molecules
to the surface). If the precursor concentra-
tion becomes lower than the minimum con-
centration that is necessary for nucleation,
then the growth of the already existing NP
is determined by the diffusion of precursors
towards the surface of NP. If this diffusion
is sufficiently quick then the growth occurs
solely via the processes on the surface [14].

The behavior of the disperse systems con-
taining polymers is to a great extent condi-
tioned by the absorptive interaction of the
macromolecules with the surface of the par-
ticles of the disperse phase and by the inter-
molecular interactions in polymer [15, 16].
Important factors that determine the
mechanism of colloidal particles stabiliza-
tion are the formation of complexes of poly-
mers with metallic ions (in our case Cd2*)
and the processes of ions hydration.

The authors of [17] studied the forma-
tion of the complexes of Cd2+ with mole-
cules of PVP and PVA and demonstrated
that thermodynamic stability constants are
9.1-10% and 2.3-10% for Cd?*-PVP and Cd?*-
PVA, respectively. The enthalpy of the reac-
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tions is —0.75 and —0.23 kJ/mol for Cd?*-
PVP and Cd2+-PVA, respectively. The nega-
tive sign of the enthalpy value points to the
formation of stable complexes Cd2+-PVP
and Cd2*-PVA, and the ability of complex
formation is higher for PVP. Due to the
overlapping of molecular orbitals of PVP
with atomic orbitals of metal ions, particu-
larly with the ones located on the surface,
the donor-acceptor bonds with the groups
C=0 and N arise. These interactions can
cause alteration of the tautomeric form of
the organic molecules adsorbed on the sur-
face due to the change of effective charge
on N and C=0; as a result, the electron
delocalization varies with the concentration,
type of the solvent and with the intermo-
lecular interactions in the chemically ad-
sorbed layers [18].

Another process that plays an important
role in the formation of the adsorptive com-
plex compounds in the systems Men*
polymer-adsorbent is the hydration of NP
surface [19, 20]. According to the NMR
data [20, 21] water soluble polymers are
strongly hydrated in the solutions, their
chains bind 2—-3 water molecules. The water
molecules that are bound with exchange cat-
ions are not replaced by the adsorbed poly-
mer molecules and form the hydrogen bonds
with functional groups of polymer mole-
cules Fig. 4a).

Adsoption of water-soluble polymers con-
taining hydrophilic groups on the surface of
colloidal particles usually causes essential
hydrophilization of the disperse phase sur-
face and, correspondingly, causes the in-
creasing of the role of hydration. However,
it is difficult to quantitatively estimate the
contribution of hydration to the mechanism
of the stabilization of polymer-containing
disperse systems [22].

Analyzing the kinetics of NPs formation
we distinguished two main stages of growth
(labeled as I and II in Fig. 2a, b). Fig. 3
shows the dependence of the average NP
radius and their number in the unit volume
on the concentration of precursors. The
polydispersity index of size distribution ob-
tained for various synthesis steps is labeled
on the top axis. Observation of the abrupt
change of these parameters with the concen-
tration of precursors at the very beginning
of NPs formation (stage I) agrees with the
main postulates of the classical Ostwald rip-
ening theory. This theory [23] describes the
NPs growth at early stages when the
smaller NPs dissolve and their material is
involved in the growth of larger NPs. In-
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Fig. 5. Image of CdS:Mn NPs in the whole
blood (photoluminescence microscopy photo).

crease of the precursors concentration acti-
vates both the formation of new NPs seeds
and the increasing of the already existing
NPs radius (stage II).

To optimize the kinetics of CdS:Mn NP
growth, i.e., to increase the range of pre-
cursors concentrations where the average
radius remains constant, the synthesis con-
ditions were varied by adjusting pH values
and adding another water soluble polymer,
PVA, to the solution of PVP. Fig. 3, b
shows the dependence of the average NPs
radius as well as NPs concentration on the
precursors concentration in the solution of
the polymeric mixture PVP + PVA at pH
4,5. It should be noted that in this case the
average size of NPs remains invariable in
the wide range of precursors concentrations
which makes adjusting of synthesis condi-
tions much easier. The reason of such a
favorable behavior is larger thickness of ad-
sorptive layers on the surface of NPs grown
in polymer mixtures as compared to the
NPs grown in individual polymer solutions
[24]. As a result the stabilizing ability of
polymers is better. Another important fac-
tor that leads to the differences in the
growth kinetics is the interaction between
polymer macromolecules [16]. In the polar
solvents these are the polymer-solvent and
polymer-polymer interactions. In [25, 26]
the interactions PVP-water and PVA-water
were studied experimentally. Homo- and
hetero-interchain interaction in these sys-
tems is schematically shown in Fig. 4b.

Functional materials, 21, 2, 2014
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Homo-interchain interaction in PVP is
caused by the dipole-dipole interaction and
in PVA — by the formation of hydrogen
bonds. Hetero-interchain interaction in the
system PVP-PVA is caused by the formation
of hydrogen bonds between the carbonyl
groups of cationic PVP and hydroxyl groups
of non-ionic PVA. In [27] it is shown that
the energy of interchain interaction in the
solid solutions of PVP-PVA varies as PVA—
PVA < PVA-PVP < PVP-PVP.

The interest in the colloidal solutions of
CdS:Mn NPs is also caused by their possible
application for bio-medical purposes. It is
especially true for the colloids based on
PVP or PVA that are biologically friendly
substances. It is known that PVP is widely
used as a blood substitude [28] thus one can
expect that the NPs covered with PVP mole-
cules must be compatible with blood. We
have checked the applicability of CdS:Mn
NPs synthesized in PVP as luminescent
markers and have shown that NPs preserve
their light-emitting properties being intro-
duces into whole blood. Fig. 5 shows the
photo of the samples of whole blood contain-
ing these NPs obtained with fluorescent mi-
croscope. The fact that PL of these NPs
does not disappear in blood makes these
NPs promising for application of human
blood studies.

4. Conclusions

The influence of the qualitative and
quantitative composition of the system
(Cd2+—Mn2+—S2——polymer—H20) on the Kki-
netic parameters of the synthesis and the
stability of CdS:Mn NPs is investigated. The
evolution of the NPs average size during
the synthesis in polymer solutions (PVP and
mixture PVP + PVA) at varying precursors
concentrations is analyzed. It is shown that
growing in PVA provides steady increase of
NPs average radius while during the growth
in the mixture PVA + PVP the radius on
NPs is stabilized at the early stages of syn-
thesis and does not change with further ad-
ditions of precursors. This behavior is
caused by the interaction of different mac-
romolecules with the surface of NPs and
each other. Early stabilization NPs average
radius during the growth makes the adjust-
ing of synthesis conditions much easier.

The possibility to use the colloidal solu-
tions polymer/nano-CdS:Mn as light-emit-
ting labels in whole blood was demon-
strated.
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