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Abstract
Motivated by evidence that silver nanoparticles have found numerous technological applications we have explored in this 
work utilization of polythiocyanatohydroquinone as a new efficient reducing and stabilizing agent for the preparation of 
such nanoparticles. The formation of silver nanoparticles has been confirmed by the UV–Vis spectroscopy, X-ray powder 
diffraction and by transmission electron microscopy. The potentiometric and spectroscopy kinetic measurements during 
the nanoparticles growth are also presented. Thermodynamic activation parameters for the silver nanoparticle formation 
have been determined from the reaction kinetic studies at variable temperatures. On the ground of observations using 
these techniques, a mechanism for silver nanoparticle growth has been proposed. The narrow size (20–40 nm) and 
spherical shape distribution of the fabricated nanoparticles together with the high stability of colloids for sedimentation 
provide a firm basis for applications of the polythiocyanatohydroquinone polymer as a reducing and stabilizing material 
for the metal nanoparticles preparation and storage.
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1. Introduction
Silver nanoparticles (AgNPs) are of special interest 

because of their unique physicochemical properties, in-
cluding optical, magnetic and electronic characteristics, 
catalytic activity and biological impact,1–3 which make 
these particles applicable in a variety of technological areas 
in medicine, agriculture, environment, and industry.4,5 
The AgNPs have also a high potential as commercial nano-
materials in cosmetics and as effective antimicrobial 
agents.1,6

There are several methods proposed for fabrication 
of AgNPs, including chemical and physical approaches.7–9 
Among them, the chemical reduction of silver ions in the 
presence of a protecting agent, is the most common and 
useful approach. Special attention is often devoted to the 
choice of reducing and capping agents since the physico-
chemical properties of the AgNPs are strongly dependent 
on the incorporated capping agent species.10–12 Organic 
polymers are in this context of especial interest because 
they can perform a reduction function while simultane-

ously being adsorbed on the nanoparticles surfaces there-
by stabilizing them.13–16 

In this report we present the first attempt to synthe-
size AgNPs by using polythiocyanatohydroquinone 
(PTHQ)17 as a reducing and stabilizing agent with the aim 
to form the small size and highly distributed AgNPs. We 
present here kinetic investigations in order to predict the 
mechanism of the Ag+-ions reduction by PTHQ.

2. Experimental
2. 1. Materials

All reagents (analytical-grade) were used as received 
from Sigma-Aldrich. De-ionized water (18 MΩ/cm) from 
a Millipore Milli-Q water purification system was used to 
prepare all aqueous solutions. The synthesis of PTHQ has 
been described previously.17 Briefly, the PTHQ was syn-
thesized by the three-stage synthesis. The 1,4-benzoqui-
none crystal was dissolved in the glacial acetic acid (GAA) 
and treated with the NH4SCN salt in the GGA medium. 
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The forming benzene-1,4-diol and thiocyanogen at the 
same conditions produce next the ortho-substituted 
2-thiocyanatobenzene-1,4-diol which polymerizes rapidly 
into the target PTHQ compound. The orange-brown 
PTHQ polymer was precipitated by water, filtered, washed 
and dried upon 80 °C.

2. 1. �Preparation of silver nanoparticles using 
PTHQ
In a typical experiment, a 19.6 mg of PTHQ was di-

solved in 1.1 ml 1М solution of NaOH and the volume was 
adjusted to 60 mL with distilled water. The flask with re-
sulting mixed solution was placed in a thermostat water 
bath at 30 °С. Next, 3.0 mL 0.2 M AgNO3 was added under 
vigorous stirring. The final concentrations in the mixture 
were 1.67 mM PTHQ, 18.3 mM NaOH, and 10  mM 
AgNO3.

Characterization. UV-Visible spectra were recorded 
as a function of reaction time on Lambda 35 Perkin Elmer 
UV-Visible spectrophotometer in the range of 320–520 
nm. Aliquots of silver colloid (0.2 mL) were diluted to 25 
ml for the UV-Visible experiments. The X-ray powder dif-
fraction (XRD) analyses were performed on a DRON-2 
X-ray diffractometer (LOMO, Russia) with Fe Kα radia-
tion (λ = 1.9360 Å) at a scanning speed of 0.01°/s over the 
2θ range of 20–120°. Transmission electron microscopy 
(TEM) was carried out by using a JEOL microscope (JEM-
200A, Japan) with the accelerating voltage 200 kV. Samples 
for TEM investigations were prepared by evaporation of 
products on the surface of carbon films. The TEM images 
were registered with the CE video camera. The size of the 
particle can be calculated by using the scale provided in 
the micrograph. Potentiometric study the process of Ag-
NPs formation was carried out on ionomer EV-74 with 
electrode system containing a glass electrode of type ESL-
63–07 and a silver electrode of type EVL-1М3. As a refer-
ence electrode was used silver-oxide half-cell. The FT-IR 
spectra of the samples were recorded on Perkin-Elmer 
spectrometer (SpectrumGX) with a resolution of 2  cm–1 
over a scan range 4000–500 cm–1 using KBr pellet method.

Computational details. The structure of PTHQ ac-
tive site in different oxidized forms has been optimized as 
oligomer at the density functional theory (DFT) level us-
ing the B3LYP18,19 hybrid functional and the 6–31G(d)20 
basis set. The edge vacancies within –(C=N)– chain of the 
PTHQ polymer have been terminated by methyl groups in 
the oligomer model. We have also calculated the IR spectra 
for the studied species. All vibration frequencies were 
found to be real, which indicates the global minimum 
finding on the potential energy hypersurface. For the cor-
rect estimation of ionization potential (IP) values the po-
larizable continuum model (PCM)21 with water as a sol-
vent has been used in the optimization procedure. The fi-
nal IP values have been evaluated using Koopmans ap-
proach as the energy of the highest occupied molecular 

orbital (HOMO) with the opposite sign (IP = – ε(HO-
MO)). All the calculations have been carried out using the 
Gaussian- 16 program package.22

3. Results and Discussion
Stable aqueous colloids of AgNPs were prepared by 

chemical reduction of Ag+ ions using the PTHQ in the 
presence of NaOH. Due to the presences of phenolic group 
in the PTHQ structure17 the former reduces the Ag+ ions 
to Ag0 atoms and are then adsorbed on the surface of the 
growing AgNPs. In the alkaline medium the chemosorbed 
PTHQ species and their partially oxidized products pos-
sess a large negative charge due to ionization of the hy-
droxyl and carboxyl groups. The repulsive forces prevent 
the aggregation of nanoparticles and provide stability of 
the colloidal system. The final colloids are stable and can 
be stored more the one year without aggregation.

X-ray diffraction (XRD) results. The formation of 
the nanocrystalline AgNPs has been confirmed by the 
XRD analysis (Figure 1). Strong peaks observed at 48.6°, 
56.8°, 84.5°, 104.1° and 110.9°, corresponding to the (111), 
(200), (220), (311) and (222) Bragg’s reflections that deter-
mine the face-centered-cubic (fcc) crystal structure of Ag-
NPs. The broadening of the Bragg’s peaks indicates the 
formation of Ag NPs. The XRD pattern thus shows that the 

Fig. 1. XRD patterns of silver nanoparticles synthesized with PTHQ 
usage

Ag NPs formed by the reduction of Ag+ ions by PTHQ 
polymer are of the crystalline nature. The average size of 
the Ag nanoparticles has been calculated from the XRD 
line width using the Debye-Scherrer equation23 and was 
found to be equal 20.8 nm.

Transmission electron microscopy (TEM) study. 
TEM was used to determine the size and shape of the 
nanoparticles. The TEM images of the PTHQ, prepared 
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AgNPs are shown in the Fig.  2. TEM images show that 
they have spherical shape. A particle size distribution his-
togram determined from TEM is shown in Fig. 2c. The 
average AgNPs size is 19.8 nm. The particle sizes calculat-
ed from the XRD pattern have been found to vary within 
5% of those obtained from TEM studies. The main differ-
ence of these hydrosols from similar nanosystems received 
with the use of other reducers, in particular the humic 
substances,15 is that the metal nanoparticles are fixed on 
the globule of the polymer. 

Study of the silver nanoparticles formation by 
UV–Vis spectroscopy. The most popular method applied 
for the measurements of the kinetics of nanocluster forma-
tion in solution is UV-Visible spectroscopy since the sharp 
surface plasmon resonance band with maximum at 400 
nm is a distinctive feature of the silver colloids.24,25 Evolu-
tion of the absorption spectrum of the silver colloidal solu-
tion during reduction of the Ag+ ions by PTHQ at 30 °C is 
shown in Figure 3a. For the early stages of clusters forma-
tion, the broad absorption band near 480 nm appeared 
which indicates the formation of small Ag particles on the 
surface of the large Ag2O particles. That position of this 
band absorption is the result in electronic interactions be-

tween the two types of materials because Ag2O has semi-
conducting properties. Research by the authors26 has ex-
plained this fact by electron density transfer from the pure 
metal to the metal oxide nanoparticles when the small sil-
ver particles are formed on the surface of the n-type Ag2O 
semiconductor. At longer reaction times, the absorption 
band shifts continuously to shorter wavelengths. The in-
crease of absorption maximum intensity over the time is 
connected with continuation of the Ag+ ions reduction 
process and with the increase of the number of the colloi-
dal particles. The final surface plasmon resonance band 
has been observed at 400 nm (Figure 3a). 

To investigate the reaction kinetics of the AgNPs for-
mation, the absorbance at 400 nm has been plotted against 
the reaction time (Figure 3b). The visible absorbance of the 
product can be observed immediately after the mixing of 
the reagents and rises rapidly at the beginning of the reac-
tion. Then absorbance reaches a plateau, which indicates 
the reaction completion (Figure 3b).

Proposed mechanism of silver nanoparticles for-
mation. Evidently, at the initial stage of the Ag+ cations 
reaction with the OH– anions in the presence of PTHQ the 
formation of an Ag2O microphase occurs. However, the 

Fig. 2. The TEM images of PTHQ (a), AgNPs (b) and the corresponding size distribution histograms of AgNPs stabilized by PTHQ (c). The borders 
of the PTHQ globule are shown by the dotted line in part (b).

Fig. 3. The UV–Visible spectra of silver nanoparticles as a function of time (a); Absorbance at 400 nm versus time plot for the silver nanoparticles 
formation (b)
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detection of Ag2O microphase in similar systems by X-ray 
diffraction is extremely difficult, no mater how fast the 
separation of the precipitate from the solution is.27 Huang 
et al.26 have shown that it might be possible to capture 
some Ag2O if the reaction was performed at a very low 
temperature (–45 °C).

The polymer chemisorbed on the Ag2О particles in 
the alkaline environment has a negative charge due to ion-
ization of the phenolic group, something that provides sta-
bilization of nanoparticles. In the system “Ag2O – organic 
reducer” few simultaneous processes can take place. The 
first of them is a dissolution of Ag2O with the subsequent 
dissociation of AgOH:

						       (1)

						       (2)

The equilibrium within the Ag2O – H2O system can be 
considered as a metallo-buffer for the Ag+ ions, and where 
the concentration of the latter shows a hyperbolic function 
of the OH– ion concentration. Thus, in water suspension of 
the Ag2O species under intense stirring condition, the Ag+ 
ion concentration is expected to be constant and equal to 
1.39 · 10–4 M (the solubility of Ag2O is 1.95 · 10–8).

At the same time, the other important process of the 
NPs growth includes interaction of PTHQ with Ag+ and 

ОН– ions, which results in the metal atom formation being 
aggregated into the nanoparticles. The major reducing 
groups in the structure of the PTHQ polymer are the phe-
nolic groups, which are oxidized to the quinone structures. 
Thus, in situ-generated Ag2O nanocrystallites act as het-
erogeneous nucleation centers. The reduction of Ag+ ions 
proceeds according to the following scheme:

The reduction reaction will proceed in the system 
until the whole Ag2O microphase is dissolved or the re-
ductive possibilities of the organic reducer will be ex-
hausted. However, during the synthesis the molar ratio 
“Ag+: elementary link PTHQ” (r) did not exceed 6. If 
r > 6 a formation of a black deposit already in the course 
of the nanosystem synthesis was observed. Apparently, at 
excess of the ratio, the polymer will not have enough 
phenolic groups for delivery of a stabilizing charge to the 
complex particles [Ag@PTOH]х– according to Eq. 4 
(Scheme 1).

From this equation, it is clear, that the reductive abil-
ity of the aromatic core was practically exhausted, and that 
there is no possibility of formation of a sufficient amount 
of ionized hydroxyl groups for the maintenance of a nega-
tive charge of the complex. However, from the scheme 1 
the possibility of a stable nanosystem formation at r = 8 
follows, but the real ratio r is much lower because of the 
presence of the ditiocianhydroquinone bridges in the 
PTHQ structure.

Scheme 1. Proposed mechanism for the reduction of Ag+ ions by PTHQ in alkaline media
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In order to explain how the reductive ability of PTHQ 
changes with the AgNPs growing we have performed the 
quantum-chemical estimations for ionization potentials of 
the PTHQ active site in different oxidation states. As can 
be seen from Scheme 2 the ionization potential of the 
PTHQ active site increases strongly (5.66 vs. 6.63 eV) right 
after the first stage when two hydroxyl groups transform 
into carbonyl groups. Actually, this stage provides the de-
activation of PTHQ for the next reduction activity. Howev-
er, assuming the possible next oxidation steps of the qui-
none ring in Scheme 1 we have found that the correspond-
ing ionization potential (IP) decreases gradually with the 
appearance of OH groups (6.63 eV for quinone ring vs. 
6.23 eV for trihydroxyquinone moiety), i.e. the reductive 
ability of PTHQ increases with the addition of new OH 
groups. We consider these stages as the activation of PTHQ 
for reductive activity. Finally, the oxidation of trihydroxy-
quinone ring into the tetra-carbonyl form provides a com-
plete deactivation of PTHQ active site due to its final IP 
increase and the complete electronic exhaustion. 

Concluding shortly, we should note that these com-
putational findings additionally approve the proposed 
mechanism (scheme 1) for the reduction of Ag+ ions by 
PTHQ in alkaline media. Moreover, the tendency for the 
IP changes upon PTHQ oxidation sequence is in a good 
agreement with the experimental kinetic measurements 
data for the silver cation reduction. 

Potentiometric study of the kinetics and mechan-
sim of the silver nanoparticles formation. For real-time 
control of the Ag+ ion reduction process, we have used a 
potentiometric method, as ion-selective electrodes (ISE) 
responds continuously and instantaneously to the changes 
of the silver ion concentration.28,29 The potentiometric 
method for studying the chemical reaction kinetic is based 
on measurements and interpretation of the time depen-
dence of the redox potential for the indicator electrode re-
versible to the particles participating in the studied reac-
tion. A use of this dependence in the kinetic studies is only 
possible if the rate of the establishment of the electrode 
equilibrium is higher than the rate of introduction of all 
others equilibriums in the system with the potential-deter-

mined particles. As the Ag+/Ag system is one of the most 
prompt redox systems we can use the potentiometric 
method in our studies. Since the signal output of the ISE 
corresponds to the logarithm of the concentration of the 
solute ions, such a direct potentiometric control of the de-
pleted metal ions provides additional information on the 
nanoparticle formation, which is not accessible by other 
techniques. In our work, we have used a simple silver elec-
trode instead of ISE since the studied system does not con-
tain any perturbing ions. The silver electrode is particularly 
useful for gaining information about the kinetic processes 
at later stages of the nanoparticle growth, in which case the 
solute ions become dilute and the concentration changes 
are much more easily discerned compared to other meth-
ods. The potentiometric curves of рAg as a function of 
time for the process of the AgNPs formation using PTHQ 
at different temperatures are shown in Fig. 4. The figure 
indicates a three-step growth process (ab; bc and cd site).

Let us consider the correspondence of different re-
gions on the potentiometric curve (Fig. 4) to the kinetic 
stages of the process proposed in Scheme 1. The decrease 
of the pAg curve (аb site) indicates the balance displace-

Scheme 2. The reductive ability of PTHQ active site upon the gradual rising of silver cluster

Fig. 4. The рAg potentiometric curves as a function of time for sil-
ver nanoparticles formation process at different temperatures
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ment in Ag2O dissociation as a result of a decrease in the 
concentration of the OH– ions which are also the reagents 
of the given reaction. 

As the reaction of silver ion reduction occurs on the 
surface of the Ag2O particles (heterogeneous process), the 
rate of reaction does not depend on the Ag2O concentra-
tion in solution. Thus, this stage is described by a zero-or-
der kinetics in respect to Ag2O and the rate constant (k0) of 
the AgNPs formation at the initial stage can be found from 
the equation: k0 = dn(Ag2O)/dt, where n(Ag2O) – is an 
amount of the Ag2O microphase (mole); t – time of the 
Ag2O microphase existence in the system (s); k0 – zero-or-
der rate constant (mole · s–1).

At the point b of the pAg curve the whole Ag2O mi-
crophase is dissolved and begins the growth of рAg values 
according to the linear law that specifies the first order re-
action with respect to Ag+-ion. The rate constant at this 
stage can be found from the following equation: k1 = F / RT 
· (∂E / ∂t)T OH–, [Ag0

n  ]
, where k1 – is the first-order rate con-

stant (s–1), F – is the Faraday constant (9.65 · 104 coulomb/
mole); R – the universal gas constant (8.314 JK−1mol−1), T 
– temperature (K); (∂E / ∂t)T, OH–, [Ag0

n  ]
– the change of the 

equilibrium potential E of the Ag-electrode during the 
time t. The value of the derivative (∂E / ∂t)T, OH–, [Ag0

n  ]
 was 

determined from the measurements of the slopes of the 

linear parts of the pAg plots versus time (bc site, Fig. 5 A), 
taking into account that E = 2.303·(RT/F) · ∆pAg. 

At a point c the рAg curve passes through a maxi-
mum. Some decrease of the рAg values (cd site) corre-
sponds to an increase in the concentration of the Ag+ ions 
due to oxidation of the AgNPs by air oxygen30,31 according 
to the equation:

4Ag0 + O2 + 4H+ → 4Ag+ + 2H2O.      		   (5)

The process described by Eq. (5) was controlled by 
N2 barbotation through the reaction solvent. In this case 
the рAg potentiometric curve after the point c in Fig. 4 
does not go down. This is because the AgNPs are quite 
small and very reactive (the surface/volume ratio is great) 
in comparison with the massive silver metal. 

On the ground of potentiometric curves it is possible 
to make a conclusion that the formation mechanism of the 
AgNPs with the use of PTHQ is similar to those mecha-
nisms which use the synthetic humic substances;30 in par-
ticular: 1) a fast formation of the Ag2O microphase in the 
system after mixing of reagents; 2) reduction of silver ions 
on the surface of the Ag2O particles according to the ze-
ro-order kinetics; 3) growth of AgNPs due to reduction of 
silver ions from solution on a surface of already generated 

Table 1. Dependence of the rate constants at various temperatures for different stages of silver nanoparticles formation 
using PTHQ

	 Initial stage	 Later stage
	 zero-order rate constants 	 first-order rate constants
	 k0 · 103 (mole · s–1)	 k1 · 103 (s–1)

293 K	 303 K	 313 K	 323 K	 293 K	 303 K	 313 K	 323 K
 0.25	 0.60	 0.92	 1.20	 1.62	 3.83	 5.64	 7.50

Fig. 5. The Arrhenius (A) and Eyring (B) plots of the silver nanoparticles formation for the initial (•) and later (▲) stages using the PTHQ reagent
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nuclei of AgNPs according to the first order kinetics after 
the Ag2O microphase dissolution.

The temperature influence on the reaction rate was 
also studied. Calculated values of the zero-order rate con-
stant (k0) for the initial stage of nanoparticles formation 
(before full dissolution of Ag2O) and the first-order rate 
constants (k1) at the later stages of the nanoparticle growth 
for different temperature are presented in Table 1. It is pos-
sible to observe that the reaction rate increases with tem-
perature. No extra yield is obtained at higher temperature. 
The data suggest that the process can easily be promoted 
by the thermal activation mechanism.

Since the reduction of Ag+ ions occurs at the surface 
of Ag0 nuclei in the contact place of metal and silver oxide 
solid phases, the reaction rate does not depend on Ag2O 
concentration in the solvent. Thus, the reaction rate con-
stant of the Ag2O depletion for the Ag NPs production at 
this initial stage is determined by the zero kinetic order 
according to equation k0 = dn(Ag2O)/dt

Finally, from the Arrhenius Equation (k = Ae−Ea/RT) 
and the Eyring Equation plots (Fig. 5), the activation pa-
rameters, e.g. the activation energy (Еa), the enthalpy (H#) 
and entropy (S#) of activation, were calculated. 

The estimated values of these parameters for differ-
ent stage of silver nanoparticle formation with the use of 
PTHQ as reducing and stabilizing agent are presented in 
Table 2.

The Ag2O suspension is the source of the Ag+ ions at 
the initial stage. The rise of Ag+ ion concentration in Fig. 4 
(аb site), being determined by the decrease in concentration 
of the OH– ions working also as reagents in the reaction of 
Ag+ with PTHQ polymer, is an important prerequisite for 
the upcoming activation process. The latter includes reduc-
tion of the ions with the simultaneous growth of nanoparti-
cles. The organic polymer is a reservoir of electrons for the 
reduction processes, which is rather complicated; the Ag+ 
ions at the first stage represent large rising concentration. 
The activation energy spent for electron transfer from 
PTHQ polymer (all averaged processes presented in Scheme 
1) includes C-O and O-H bond cleavage with simultaneous 
ionization and subsequent electron attachment.

The similar processes occur at the later stage but in 
the limit of a decreased Ag+ ion concentration; the reac-
tion strongly depends on this concentration (first order 
reaction). That is why the activation energies are quite 
similar for both stages (Table 2). The small difference can 
be connected with the fact that electronic resources are ex-
hausted at the late step of the process.

4. Conclusions
A facile approach for the synthesis of stable aqueous 

colloids of silver nanoparticles (AgNPs) is described in 
the present work using the polythiocyanatohydroquinone 
(PTHQ) polymer as a reducing and stabilizing reagent in 
water. The AgNPs were characterized by different tech-
niques such as UV–vis spectroscopy, X-ray diffraction 
and transmission electron microscopy. The TEM experi-
ments indicate that these nanoparticles are formed with 
spherical shapes. The X-ray diffraction pattern shows a 
high purity and face centered cubic structure of the Ag-
NPs. On the basis of various observations a three-step 
mechanism is proposed for the reduction of the silver ions 
by PTHQ: 1) a fast formation of the Ag2O microphase in 
the system after mixing of reagents; 2) a reduction of the 
silver ions on the surface of the Ag2O particles according 
to the zero-order kinetics; 3) a growth of AgNPs due to 
reduction of silver ions from a solution on the surface of 
already generated nuclear of AgNPs according to the first 
order kinetics after the Ag2O microphase dissolution. The 
kinetic constants at various temperatures and for different 
stages were calculated and thermodynamic activation pa-
rameters were determined by variable temperature kinet-
ic studies.
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Povzetek
Motivirani z dokazi, da imajo nanodelci srebra številne tehnološke aplikacije, smo v tem delu raziskali uporabo politioc-
ianatohidrokinona kot novega učinkovitega redukcijskega in stabilizacijskega reagenta za pripravo takšnih nanodelcev. 
Nanodelce srebra smo karakterizirali z UV-Vis spektroskopijo, rentgensko praškovno difrakcijo in presevno elektronsko 
mikroskopijo (TEM). Predstavljene so tudi potenciometrične in spektrofotometrične kinetične meritve rasti nanodelcev 
srebra. Termodinamične aktivacijske parametre za tvorbo nanodelcev srebra smo določili iz reakcijskih kinetičnih študij 
pri različnih temperaturah. Predlagali smo mehanizem za nastanek nanodelcev srebra. Velikost (20–40 nm) in sferična 
porazdelitev nanodelcev skupaj z visoko stabilnostjo koloidov nam dajeta trdno osnovo za morebitno uporabo polimera 
kot redukcijskega in stabilizacijskega regenta za pripravo in shranjevanje kovinskih nanodelcev.
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