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Abstract: Molybdenum blue dispersions were synthesized by reducing an acidic molybdate solu-
tion with glucose, hydroquinone and ascorbic acid. The role of the H/Mo molar ratio in the process
of formation for molybdenum particles was established. For each reducing agent, the conditions for
the formation of aggregative stable dispersion of nanoclusters with the maximum concentration of
particles were determined. The dispersed phase was represented by toroidal molybdenum oxide
nanoclusters, which was confirmed by the results of UV-Vis, FTIR, XPS spectroscopy, DLS and
TEM.
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1. Introduction

Molybdates in aqueous solutions can form a variety of structures. Of greatest interest
are the self-assembling molybdate nanostructures, one of which is molybdenum blue [1-
3]. Molybdenum blue structures are oxygen-containing compounds of molybdenum of
variable composition in which molybdenum is in oxidation states +5 and +6.

Molybdenum-oxygen clusters represent a large class of polyoxometalates (POM).
The modern chemistry of polyoxometalates is very extensive and includes clusters of var-
ious chemical compositions, sizes and shapes [4-6]. Usually, the disperse phase of poly-
oxometalates represents giant clusters in the order of 1-3 nm, which are formed as a result
of self-organization from the original building units [7].

Polyoxometalates exhibit remarkable physicochemical properties, structural versal-
ity and highly reactivity. These systems can be used as homogeneous and heterogeneous
catalysts for drug delivery and for the synthesis of hybrid materials [2,3,8,9].

Since the synthesis of clusters of polyoxomolybdates is a process of self-assembly,
the attention of researchers has been focused on the targeted synthesis of nanoscale struc-
tures from various initial building blocks and the identification of its structure.

There are various methods of obtaining molybdenum blue, and the most common is
the reduction of molybdates in an acid solution. An either organic or organic compound
can be used as the reducing agent [2-5].

Most works in the area of molybdenum-oxygen clusters are related to the production
of aqueous systems of molybdates, their functionalization or their crystalline precipita-
tion. Water systems containing molybdenum oxide clusters are often considered within
the framework of the chemistry of complex compounds but not as objects of colloid chem-
istry [8,9].
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One of the reasons for this approach is that molybdenum oxide clusters can undergo
dissociation to form true solutions. Despite this, in many works devoted to molybdenum-
oxygen clusters, such characteristics of disperse systems as the sign of the electrokinetic
potential and the hydrodynamic radius were determined [5,10-12]. On the other hand,
the behavior of these systems under certain conditions, including aggregation in the pres-
ence of some electrolytes, allows us to attribute molybdenum blue to disperse systems
[13].

In [14-16] we found that the use of organic reducing agents such as glucose, hydro-
quinone and ascorbic acid made it possible to obtain colloidal systems. The selection of
conditions—the contents of reducing agent and acid —makes it possible to create a chem-
ical stable and resistant to sedimentation systems.

A study of the processes leading to the formation of particles in stable colloidal sys-
tems would lead to a more complete understanding of the synthesis of molybdenum blue
as a colloidal system. The goals of this work were to obtain stable dispersions of molyb-
denum blue using organic reducing agents and investigate the process of self-assembly.

2. Materials and Methods

Dispersions of molybdenum blue nanoparticles were synthesized using the reagents
ammonium heptamolybdate ((NHs)sMo7O24-4H20, reagent grade), crystalline glucose
(CsH120g,), hydroquinone (CsHsO2), ascorbic acid (CsHsOz) and hydrochloric acid (HCI).
All reagents were purchased by CT Lantan (Moscow, Russia) and were of reagent grade.

A HI-8314 pH/mV meter (Hanna Instruments, Vohringen, Germany) with a com-
bined electrode was used for measuring pH.

UV-Vis spectra were obtained by scanning spectrophotometer Leki S52110 UV (ME-
DIORA OY, Helsinki, Finland) in quartz cells.

The hydrodynamic radii were calculated from the results of dynamic light scattering
using a Photocor Compact-Z analyzer (OOO Photocor, Moscow, Russia). The signal was
accumulated during 30 min (laser power of 20 mW and laser wavelength of 658 nm).

The sizes and shapes of the particles were determined by LEO 912AM Omega Carl
Zeiss transmission electron microscope.

IR spectra were recorded by Nicolet 380 IR Fourier spectrometer (Thermo Fisher Sci-
entific Inc., Waltham, MA, USA) in KBr pellets (range 350 to 4000 cm™1).

3. Results
3.1. Properties of Molybdenum Blue Properties

According to the literature, the nanoclusters of molybdenum blue are formed as a
result of the self-organization (self-assembly) of molybdenum complexes. For the process
of self-organization, the presence of certain complexes of Mo>* and Mo¢* is required. For
the obtaining of Mo* complexes, it is necessary to carry out a partial reduction of the mo-
lybdate ions in solutions. In this case, the self-assembly process is possible only at a certain
dispersion pH (pH < 2). The polycondensation of molybdate ions is observed at this pH
with further organization into giant molybdenum oxide clusters (nanoparticles of molyb-
denum blue).

For the synthesis of dispersions of molybdenum oxide nanoclusters (hereinafter re-
ferred to as molybdenum blue), the optimal molar ratios of the reagents should be deter-
mined: reducing agent/Mo (R/Mo); acid/Mo (H/Mo). Additionally, it is necessary to estab-
lish the pH value at which molybdenum blue hydrosols with long-lasting stability are
formed. In this work, glucose, hydroquinone and ascorbic acid were used as the reducing
agents.

Earlier [14-16], we found that the aggregative stable molybdenum blue dispersions
are formed at a certain R/Mo ratio, while for each reducing agent there is an optimal ratio.
For example, when using glucose, the required ratio of R/Mo is 7/1; for hydroquinone, 4/1;
and 1/1 for ascorbic acid. Under these conditions the maximum number of molybdenum
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oxide clusters is formed. These parameters were used in this work for the synthesis of
stable dispersions.

The interactions of ammonium heptamolybdate with reducing agents in the above
ratios led to the formation of dispersions of molybdenum blue with chemical and aggre-
gative stability. The fact of their formation was confirmed by the appearance of an intense
blue color and a change in the optical spectrum of electronic absorption. In Figure 1 UV-
Vis spectra are given for dispersions synthesized using glucose, hydroquinone and ascor-
bic acid.
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Figure 1. The UV-Vis spectrum of dispersion of molybdenum oxide clusters synthesized using
various reducing agents: glucose (1), hydroquinone (2), ascorbic acid (3).

According to the literature, the self-assembly of molybdenum blue nanoparticles pro-
ceeds over time [17]. To establish the effect of the H/Mo molar ratio on the rate of the self-
assembly of molybdenum blue particles, a series of samples were prepared with a con-
stant R/Mo ratio and different acid contents. The absorbance at the wavelength corre-
sponding to the absorption maximum (A = 745 nm) was used as a controlled parameter.
The time plots of the absorbance for various values of H/Mo are shown in Figure 2.

The formation of molybdenum blue particles occurred on the first day after mixing
the reagents. These results were also confirmed by dynamic light scattering data (see Fig-
ure 3).

Over time, for systems prepared with glucose and hydroquinone, an increase in the
optical density, and hence the number of particles of molybdenum blue, was observed.
The rate of formation depends on the molar ratio of H/Mo. There is a range of values in
which the rate of formation is higher. For glucose this range was 0.5-0.8 with a maximum
of particles of molybdenum blue being observed at H/Mo = 0.5. At values of H/Mo less
than 0.5, molybdenum blue formation did not occur. For hydroquinone, this range was
1.0-5.0, and the maximum was observed at H/Mo =1.5.

Molybdenum blues synthesized under these conditions retained their aggregative
stability for a long time.
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Figure 2. The dependence of the optical density of samples of molybdenum blue on time and mo-

lar ratio H/Mo, synthesized by using glucose (R/Mo = 7/1) (a), hydroquinone (R/Mo = 4/1) (b) and
ascorbic acid (R/Mo = 1/1) (c).

A different situation was observed in systems synthesized with ascorbic acid. Particle
formation occurred on the first day for the entire range H/ Mo ratios. The largest number
of clusters was formed when H/Mo = 1. However, over time the optical density decreased
to a certain value, whereas the character of the spectrum did not change (the absorption
maximum was 745 nm). Such behavior can be explained by the reaction taking a long time
to establish an equilibrium between the nanoclusters formed and the building blocks.

Based on DLS measurement, the particle-size distribution in the molybdenum blue
dispersion was established. The predominant radius of the particles (Rn=1.5 nm) obtained
from DLS did not change during the study period.

TEM images were used to determine the particle size of the molybdenum blue. Fig-
ure 3 shows TEM images of molybdenum blue particles synthesized using glucose. The
dispersed phase of the molybdenum blue is represented by particles with diameters not
exceeding 5 nm.

The image of the particles does not have high contrast; the electron diffraction pat-
terns lack clear reflections, which indicates a low degree of crystallization of the particles.
Regardless of the reducing agent used, molybdenum blue nanoparticles were close in
shape to spheres; the presence of toroidal particles is difficult to establish at this resolu-
tion.

According to the particle size distribution, the particles of molybdenum blue have a
narrow size distribution: the predominant diameter is about 3 nm.
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Figure 3. TEM images of particles (a) and the particle size distribution (b) of molybdenum blue
synthesized by using glucose.

3.2. Characterization of Nanoparticles

UV-Vis and FTIR spectroscopy were used to characterize molybdenum blue particles
and their structure [18,19]. The UV-Vis spectra of molybdenum blue particles synthesized
using various reducing agents are presented in Figure 4.
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Figure 4. The electronic absorption spectra of molybdenum oxide clusters isolated from disper-
sions synthesized using various reducing agents: glucose (1), hydroquinone (2), ascorbic acid (3).

The electronic absorption spectra contain wide absorption bands around 213, 750 and
1050 nm. The observed bands, according to the literature [18], are typical for the molyb-
denum blue dispersions which contain tori nanoclusters (Moz13s, Mo1so, Mo1s4, Mo176).

The cluster structure can be determined using IR spectroscopy. The number of ab-
sorption bands is typical for Moissx toroidal nanoclusters [18,19].

XPS spectroscopy was chosen for analysis of reduced molybdenum MoV in the ana-
lyzed samples. XPS spectroscopy confirmed the presence of reduced molybdenum Mo5*
in the structure of molybdenum oxide nanoclusters. The percentage of reduced molyb-
denum Mo®* synthesized using glucose or hydroquinone was about 12%; with the use of
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ascorbic acid —29%. These values are in a good agreement with the literature data on the
reduction degree of molybdenum in tori-like nanoclusters.

4. Discussion

Methods for the synthesis of aggregative stable molybdenum blue hydrosols in the
presence of organic reducing agents (glucose, hydroquinone and ascorbic acid) have been
developed.

The role of the H/Mo molar ratio in the formation of molybdenum particles was es-
tablished. For each reducing agent, the conditions (molar ratios of H/Mo, pH value) for
the formation of aggregative stable dispersions of nanoclusters with the maximum con-
centration of particles were determined.

Based on the UV-Vis, FTIR, XPS spectroscopy, DLS and TEM data, it was shown that
the particles of the dispersed phase are represented by a nanocluster of a toroidal shape.

Supplementary Materials: The following are available online at https://www.mdpi.com/arti-
cle/10.3390/IOCN2020-07895/s1.
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