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Abstract
Four azoles of different chemical structure were intercalated into MoO3, V2O5, and 
WO3 oxides synthetized via polycondensation of corresponding oxo-acids under the 
solvothermal conditions. Structural and morphology peculiarities of these hybrid 
materials were characterized using X-ray and neutron diffraction, electron micros-
copy and EPR spectroscopy. The EPR measurements provided the evidence that 
azole molecules coordinate monomers and oligomers of molybdic, tungstic and 
vanadic acids during the course of solvothermal synthesis of azole-oxide hybrid 
structures. This coordination is accompanied with reorganization of growing oxide 
frame leading to the unprecedently high azole loading. As the result, the azole-inter-
calated layered oxides with high concentration of ordered paramagnetic centers are 
formed.

1  Introduction

Non-compact structure inherent in the layered polymorphs of molybdenum, tungsten 
and vanadium oxides makes them effective hosts for intercalation of small organic 
molecules [1–4]. Moreover, the possibility of combining the synthesis of these tran-
sition-metal oxides via polycondensation of oxo-compounds [5] with intercalation 
of guest molecules facilitates formation of organic-oxide hybrid materials with high 
degree of intercalation which show much promise as the depot medias (analogues of 

Applied
Magnetic Resonance

 *	 E. A. Konstantinova 
	 liza35@mail.ru

1	 Physics Department, M.V. Lomonosov Moscow State University, Moscow, Russian Federation
2	 National Research Center “Kurchatov Institute”, Moscow, Russian Federation
3	 N. N. Semenov Federal Research Center for Chemical Physics, Russian Academy of Sciences, 

Moscow, Russian Federation
4	 Plekhanov Russian University of Economics, Moscow, Russian Federation
5	 Chemistry Department, Belarusian State University, Minsk, Republic of Belarus

http://orcid.org/0000-0003-4542-6999
http://crossmark.crossref.org/dialog/?doi=10.1007/s00723-020-01205-1&domain=pdf


1080	 E. A. Konstantinova et al.

1 3

the nanocontainer structures). In the case of transition-metal oxides, chemical inter-
calation is accompanied with coordination of guest molecules that generally leads to 
the pseudomorphous structural transformations of the oxide host [6, 7].

Intercalative polymerization of aniline, pyrrole or 2,2′-bithiophene in V2O5 xero-
gels was shown to be useful method of synthesis of layered composites of metal-
oxide and conductive polymers as a novel electrically conductive material [8]. Since 
the driving force for such intercalation materials is redox chemistry, the conductivity 
type appears to be a function of the polymer/V2O5 xerogel ratio [8].

Polyaniline was inserted in V2O5·nH2O xerogel by oxidative polymerization/
intercalation of aniline or anilinium [9]. The interlayer separation (5.6 Å) was con-
sistent with a monolayer of polyaniline chains in the V2O5 framework. It was sug-
gested that anilinium is first intercalated and then is oxidatively polymerized in the 
xerogel upon exposure in air. Upon standing in air, (a) the partial reoxidation of the 
reduced V2O5 framework and (b) further oxidative coupling of anilinium and aniline 
oligomers occurs inside the V2O5 layers. Variable-temperature 2H-wide-line NMR 
of polyaniline-intercalated V2O5·nH2O showed that the polymer chains are sterically 
confined with respect to phenyl ring rotation. Room-temperature thermoelectric 
power was negative and depended on the polymer content and the degree of polym-
erization [9].

A layered V2O5 structured xerogel was synthesized via a hydrothermal method 
from commercial V2O5 powder and graphene: V2O5·nH2O xerogel composites were 
then prepared [10]. Structure and morphology were investigated and heat treat-
ment at different temperatures yielded compounds with different graphene loading. 
In V2O5·nH2O, the phase transformation occurs similar to those in the bare V2O5. 
The vanadium oxide xerogel is built of layers ca. 100 nm in width. Increase of the 
graphene content in the composites results in better cycling stability under testing 
as cathodes in lithium ion batteries. The outstanding electrochemical performance 
were attributed to the grapheme-induced special structure and morphology [10].

Novel anion exchange hybrid materials were prepared by the intercalating poly-
diallymethylammonium chloride (P1) or poly-allylamine hydrochloride (P2) poly-
electrolytes into V2O5 [11]. It was shown that the interlayer space of V2O5 expands 
from 0.44 to 1.40 nm and 1.80 nm upon intercalation of P1 and P2, respectively. 
X-ray photoelectron spectroscopy revealed that some V5+ centers were reduced to 
the V4+ state during the intercalation. The interlayer separation was consistent with 
the formation of coiled conformation of the polycations. The resultant hybrid mate-
rials retain ca.45% and 37% of chloride ions still available for anionic exchange, 
respectively. These materials were used to encapsulate a cyanine anionic dye [11].

Ionic liquid has been used to modify two-dimensional (2D) layered transition-
metal dichalcogenide (TMDCs) crystals which revealed properties not seen in the 
bulk materials [12]. In the case of TMDC-based transistor structures, the ionic liquid 
led to ion intercalation when the ion size of ‘gate’ electrolyte was small compared 
to the interlayer one. The time-dependent source-drain resistances of thin crystals 
showed the effect of ion intercalation, and the correlation between the ion occupa-
tion of allowed interstitial sites and the device characteristics [12].

The structural, physical and chemical properties of layered transition-metal 
oxides were as two-dimensional (2D) systems were reviewed in detail in [13]. With 
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the use of 2D ultrathin vanadyl phosphate (VOPO4) nanosheets as a model mate-
rial, an interlayer engineering strategy employing controlled intercalation of organic 
molecules was proposed. These materials are promising for lithium ion batteries 
and, seems, have potential for large-scale energy storage systems [14].

Very recently, the MXenes demonstrated outstanding properties due to their 
highly active hydrophilic surfaces coupled with high metallic conductivity based 
on the intercalation between Ti3C2Tx (Tx describes the surface termination) [15]. 
Thus, it has been shown that the capacitance and charge carrier kinetics in the case 
of Ti3C2Tx MXene electrodes exhibit drastic enhancement after urea intercalation. 
Such improvement was attributed to the urea intercalation-induced changes in the 
Ti3C2Tx surface chemistry [15].

The outstanding effectiveness of nanocontainer depot systems based on benza-
zole-loaded mesoporous oxides as the corrosion protection and metal surface heal-
ing systems was demonstrated recently [16–18].

The intercalation of organics into lamellar transition-metal oxides can be thus 
considered as a powerful tool for design and engineering of hybrid materials. Due to 
redox activity inherent into transition-metal oxides which is responsible for produc-
tion of paramagnetic centers (PCs) as the result of coordination in the oxide frame, 
the electron paramagnetic resonance (EPR) spectroscopy makes it possible a direct 
investigation of the interaction between intercalated molecules and oxide matrix 
accompanied with the intercalation-induced phase transitions.

In this work, we have employed EPR spectroscopy to investigate the interac-
tions arising between hexagonal MoO3 (h-MoO3), hexagonal WO3 (h-WO3) and 
layered V2O5 matrixes, on the one hand, and different azoles, including benzotria-
zole (BTA), benzoimidazole (BIA), 2-aminotriazole (2ATA), and tetrazole (TA), on 
the other hand, to elucidate their role as a key factor, governing the intercalation-
induced transformations of oxide matrix that facilitates the adaption of the solvo-
thermally derived oxide host to the incorporation of guest molecules.

2 � Experimental

2.1 � Synthesis of Azole‑Intercalated Oxides

For preparation of h-MoO3, h-WO3 and layered V2O5 as well as azole-intercalated 
hybrid structures on their basis, the solvothermal synthetic technique [5] was 
employed. In all cases, as the oxide precursor corresponding oxo-acids obtained 
by ion-exchange method (i.e., via acidification of sodium molybdate, sodium tung-
state or sodium vanadate at the resin) were used. The synthesis of oxide dispersions 
was carried out through the incubation of aqueous solutions of oxo-acids (starting 
concentration in all cases was 0.2 mol/L) at 100 °C for 4 h under continuous stir-
ring (the reaction volume was maintained constant throughout the incubation). To 
obtain azole-oxide hybrids, BTA, BIA, 2ATA, or TA (see the structures given in 
Fig. 1) were dissolved in the water–ethanol mixture and added to the reactant solu-
tion before synthesis. In all cases, the azole concentration was 10 g/L. The resultant 
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precipitate was collected by centrifugation and thoroughly washed with water–etha-
nol (1:1) mixture to remove residual azoles.

The azole loading in thus synthesized organic-oxide hybrid materials given in 
Table 1 was evaluated spectrophotometrically by dissolving oxide matrix in NH4OH 
(25% aqueous solution) + ethanol mixture (1:9). It is apparent that the amount of 
azole substances incorporated into the MoO3 matrix is governed mainly by the 
size of the guest molecules and the number of N-atoms capable of coordination 
in the oxide host. Thus, as evident from Table  1, the most effective intercalation 
is observed in the case of relatively small molecules of 2ATA (56 mol %) and TA 
(43 mol%) with large number of N-atoms which can be involved in the formation of 
non-covalent bonds (including hydrogen ones).

2.2 � Structural and Morphological Characterization of Azole‑Intercalated Oxides

The crystal structure of azole-intercalated oxides was assigned by X-ray diffrac-
tion on a PANalytical Empyrean instrument with Cu Kα radiation (λ = 1.54178 Å). 
The XRD analysis evidenced that intercalation accompanying the growing of oxide 
matrix results in the phase segregation and, as the result, initial hexagonal MoO3 
exhibits partial conversion into anorthic MoO3, whereas hexagonal WO3 transforms 
into the mixture of two orthorhombic polymorphs; similarly, monoclinic V2O5 
exhibits conversion into orthorhombic V4O9 phase with the admixture of monoclinic 
V5O12 phase. The typical XRD patterns for BTA-intercalated transition-metal oxides 
are given in Fig. 2.

To ensure the exact identification of the phases arising due to pseudomorphous 
structural transformations of the oxide host resulted from the azole intercalation, 
the neutron diffraction measurements were performed using the High-Resolution 

Benzotriazole (BTA) Benzoimidazole (BIA) Aminotriazole (2ATA) Tetrazole (TA)

Fig. 1   Structures of the azoles used for preparation azole-intercalated hybrids

Table 1   Concentration of azoles 
intercalated into metal oxides

Azole-oxide hybrid structure Azole load-
ing, mol%

MoO3:BTA 41.0
WO3:BTA 4.6
V2O5:BTA 4.1
MoO3:2ATA​ 56.0
MoO3: BIA 25.0
MoO3:TA 45.0
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Fourier Diffractometer at IBR-2 pulsed reactor (Joint Institution for Nuclear 
Research, Dubna, Russia). To minimize the neutron scattering by protons, the sam-
ples of azole-intercalated oxides were treated before neutron diffraction experiments 
at 45  °C for 3  days to ensure their dehydration (the structural water content was 
evaluated by TG analysis from 25 to 500 °C using a TG-DSC analyzer NETZSCH 
STA 449 Jupiter); however, high hydration degree inherent in V2O5 and hybrid 

Fig. 2   a XRD pattern of BTA-intercalated MoO3.The reflexes in the pattern are related to hexagonal and 
anorthic MoO3 phases (the reflexes corresponding to the anorthic MoO3 are indicated by arrows). The 
structure representations of hexagonal and anorthic MoO3 are given in the insertion. b XRD pattern of: 
BTA-intercalated WO3. The reflexes in the pattern correspond to the orthorhombic WO3 (a mixture of 
two pseudopolymorphs with structures similar to those of hydrated oxide forms o-WO3·H2O (indicated 
by arrows) and o-WO3·0.33H2O).The structure representations of initial hexagonal WO3 and orthorhom-
bic WO3 arising as the result of intercalation are given in the insertion. c XRD pattern of BTA-interca-
lated V2O5. The reflexes in the pattern correspond to the orthorhombic phase V4O9 with the admixture 
of monoclinic V5O12 (the latter is indicated with arrows). The structure representation of orthorhombic 
V4O9 is given in the insertion
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structures on its basis plagues registration of neutron diffraction in their case. The 
neutron diffraction patterns (Fig. 3) strongly confirm formation of anorthic MoO3 
and orthorhombic WO3 upon intercalation.

The morphological investigations of bare and azole-intercalated oxides were per-
formed employing LEO 1420 SEM microscope. The SEM images evidenced that 
solvothermal synthesis yields the micron-sized regular prismatic (in the case of 
MoO3) or tablet-like (in the case of WO3 and V2O5) crystallites (Fig. 4).

The polycondensation of oxo-acids in the presence of BTA yields distorted and 
highly irregular tablet-shaped particles which, however, preserve crystalline struc-
ture (Fig.  4). The SEM images given in Fig.  4 also suggest that coordination of 
2ATA molecules occurring in the interlamellar space is accompanied with degrada-
tion of solvothermally derived oxide crystallites leading to the formation of sheet-
like particles. The XRD patterns (not shown) evidence that resultant 2ATA-interca-
lated oxide host consists of the mixture of hexagonal and anorthic MoO3 phases. On 
the other hand, the TA molecules exhibiting the prominent coordination tendency 
coordination can interact with oxo-oligomers already at the initial stages of the sol-
vothermal synthesis thus hampering the recrystallization of growing oxide into hex-
agonal polymorph and the whiskers of monoclinic MoO3 appears to be the main 
product of synthesis in this case. In contrast, the incorporation of BTA molecules 
having aromatic ring in their structure occurs less effective (the loading was found to 
be 41 mol%), whereas the lack of N-centers responsible for coordination in the case 
of BIA results in further decrease of intercalation efficiency (the loading does not 
exceed 25 mol%). Note that due to low loading values, the structure of MoO3 parti-
cles exhibits only a mere distortion upon intercalation as evident by XRD analysis.

2.3 � EPR Measurements

The EPR spectra were recorded on a Bruker ELEXSYS-E500 spectrometer (X-band, 
the sensitivity up to 1010 spin/G) at 77 K. We have used modulation frequency equal 
to 100 kHz and the microwave power of 0.2 mW. Concentrations of paramagnetic 

Fig. 3   Neutron diffraction patterns of a MoO3:BTA and b WO3:BTA. Black arrows indicate reflexes cor-
responding to anorthic MoO3, gray arrows indicate orthorhombic WO3; the remaining reflexes are related 
to the h-MoO3 (curve a) and orthorhombic WO3 (curve b)
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centers were evaluated by double integration of the spectrum and it comparison with 
that one of CuCl2⋅2H2O crystal with known number of spins used as the standard. 
To determine the g-factor values of PCs, paramagnetic centers the EPR spectra sim-
ulations were carried out with the use of EasySpin MATLAB toolbox [19].

3 � Results and Discussion

3.1 � Effect of the Nature of Metal Oxides

Both the nature of metal oxide and structure of intercalated azole can be consid-
ered as the key factor affecting the EPR behavior of organic-oxide hybrid materi-
als The role of the first factor was investigated using a family of BTA-intercalated 
transition-metal oxides. Typical EPR spectra of bare h-MoO3 and h-WO3 as well 
as MoO3:BTA and WO3:BTA hybrid structures are given in Fig. 5. The main sig-
nal locating between 360 and 380 mT belongs to the Mo5+ centers; the determined 
spin-Hamiltonian parameters of these PCs are presented in Table 2. Comparison of 
gained parameters with data known from the literature [20–23] confirms that we 
observe really Mo5+ PCs in MoO3. Figure 5 evidences that the intercalation of BTA 
results in ca. fivefold increase of the signal intensity in parallel with a fact that the 

Fig. 4   SEM images of microcrystals of a h-MoO3, b h-WO3, c V2O5, d MoO3:BTA, e WO3:BTA, f 
V2O5:BTA, g MoO3:2AMT, h MoO3: BIA; k MoO3:TA
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spectrum became much more individual. Double integration of the EPR spectrum 
gives the total concentration of Mo5+ centers which is listed in Table 2.

The g-tensor values of MoO3:BTA sample are shifted from those of Mo5+ PCs 
out of measurement errors what indicates changes of the Mo5+ PCs structure and 
in its local environment. It is also seen from Fig. 5 that a very narrow low-intensity 
single line with gS = 2.000 ± 0.003 and a linewidth ΔHS = 0.3 ± 0.02 mT arises in the 
spectrum of MoO3:BTA hybrid material. Taking into account the parameters of this 
singlet line, one can attribute it to the organic radical species produced during for-
mation of organic-oxide hybrid structure and stabilized in the oxide matrix.

Fig. 5   EPR spectra of a bare h-MoO3, b MoO3:BTA hybrid structure, c h-WO3, and d WO3:BTA hybrid 
structure at 77 K. (b2) is a simulated spectrum

Table 2   EPR parameters of the samples studied. S = 1/2. I = 5/2 (Mo5+). I = 7/2 (V4+)

Sample Magnetic parameters PC content, spin/g

MoO3 g1 = 1.948, g2 = 1.913, g||= 1.815 6.1·1017

MoO3:BTA g⊥ = 1.934, g||= 1.889, gS = 2.000 3.1·1018

MoO3:BIA g⊥ = 1.952, g||= 1.937 2.65·1019

MoO3:TA g1 = 1.955, g2 = 1.945, g||= 1.921, gS = 1.9997 1.45·1019

MoO3:2ATA​ g1 = 1.942, g2 = 1.929, g||= 1.917, g0 = 2.251, ΔH0 = 12.0 mT –
WO3 g1 = 1.973, g2 = 1.933, g3 = 1.888 5.0·1017

WO3:BTA g⊥ = 1.898, g||= 1.943, gS = 2.000, ΔHS = 0.3 mT 4.2·1018

V2O5 g⊥ = 1.986, g||= 1.934, A⊥ = 7.7 mT, A||= 20.3 mT 2.2·1019

V2O5:BTA g0 = 1.971, ΔH0 = 12.8 mT 6.7·1019
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The signal from W5+ PCs in the case of bare h-WO3 and WO3:BTA are observed 
in EPR spectra (Fig. 5) at similar magnetic fields, and their parameters are shown 
in Table  2. A signal corresponding to the organic radical is also detected in case 
of BTA intercalation into WO3 matrix but shows lower intensity as compared to 
MoO3:BTA (Fig. 5; Table 2).

Typical EPR spectrum of solvothermally derived layered V2O5 is shown in Fig. 6. 
The spin-Hamiltonian parameters of V4+ centers, which are the source of EPR sig-
nal, are given in Table 2. Comparison of the determined parameters with the data 
available from the literature allows us to attribute these PCs to paramagnetic O=V2+ 
centers with g||< g⊥ which possess the structure of the distorted square bipyramide; 
these PCs are described in detail by many researches [24–32 and Refs therein].

Intercalation of only 4  mol% of BTA causes drastic changes in EPR spectrum 
(Fig. 6) which becomes mainly a singlet with very small residual components with 
positions typical of the isolated PCs (cf. with the spectrum from bare V2O5 pre-
pared via solvothermal synthesis). This single line has the following parameters: 
gV = 1.971 ± 0.003 and ΔHV = 13.2 ± 0.3 mT. Such hfs-structure-free spectrum 
points to the aggregation of V4+ centers yielding clusters with a strong electron 
spin exchange interaction among the PCs [22, 33]. We have compared a value of gV 
which is in excellent agreement with an isotropic constant g0 = (g||+ 2 g⊥)/3 = 1.969 
calculated from parameters g|| and g⊥ given in Table 2. This permits us to conclude 
that the nature and structure of corresponding PCs, both isolated and aggregated, are 
identical. A signal from organic radical species is not observed in this case due to its 
low intensity as compared to the signal produced by V4+ centers.

Fig. 6   EPR spectra of a bare V2O5 (solid line) and b V2O5:BTA hybrid structure at 77 K. Spectra are 
normalized by the amplitude. Curve c is the fivefold enlarged section of spectrum b; asterisk and arrows 
indicate lines demonstrated by spectrum a. Open circles represent a simulated spectrum a 
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Double integration of EPR spectrum for isolated PCs (spectrum a in Fig. 6) and 
aggregated ones (spectrum b in Fig.  6) yields the following values for concentra-
tion of isolated and aggregated V4+ centers: (2.2 ± 0.2) × 1019 and (6.7 ± 0.7) × 1019 
spin/g, respectively. The insertion of BTA molecules thus results in the ca. three-fold 
increase in V4+ concentration that, however, is not enough to ensure the observed 
singletization of the EPR spectrum. It can be thus assumed that BTA intercalation 
should led to serious structure reorganization resulting in formation of aggregates 
with high local concentration of V4+ centers which initially were homogeneously 
distributed in the oxide matrix. We should note that one can easily calculate the total 
content of vanadium atoms [Vn+]0 equal to ca. (6.6 ± 0.7) × 1021 atom/g, i.e., only 
approximately 1% of vanadium ions in bare V2O5 are paramagnetic ones, whereas 
remaining 99% are diamagnetic and cannot be detected by EPR technique.

The EPR spectra given in Figs. 5, 6 evidence that there exists a strong interaction 
between intercalated BTA molecules and oxide frame resulting in the formation of 
the charge-transfer complexes. However, due to the differences in the mechanism of 
polycondensation of molybdic, tungstic, and vanadic acids, these interactions affect 
the growing of oxide matrixes in quite different manners. Thus, the prolonged induc-
tion period typical for polycondensation of molybdic acid [5] creates favorable con-
ditions for complexation of its monomers and small oligomeric species. According 
to XRD and neutron diffraction analysis (the diffraction patterns are given in Figs. 2, 
3), such complexation of precursors of the oxide matrix with BTA molecules results 
in the formation, along with the hexagonal phase, also the anorthic (triclinic) one, 
the concentration of the latter polymorph in the resultant MoO3:BTA hybrid mate-
rial being below 15%. Both polymorphs possess a layered structure and are able 
to incorporate BTA molecules in the interlamellar spacing in the case of anorthic 
phase and both in the interlamellar domain and within the hexagonal channels in 
the case of hexagonal phase (the BTA loading amounts 41 mol%—Table 1). In this 
case, Mo5+ centers generated as the result of interaction of BTA molecules with 
matrix oxide appears to be almost homogeneously distributed in the MoO3 frame 
and behave as individual ones as evident by Fig. 5.

In contrast to the solvothermal synthesis of h-MoO3, the growing of layered 
V2O5 via polycondensation occurs through the formation of colloidal hydrated oxide 
[5, 34]. The binding of V2O5 particles with BTA affects their further aggregation 
and, as evident by XRD analysis (Fig. 2), the mixture of monoclinic V2O15 (~ 60%) 
and orthorhombic V4O9 (~ 30%) is formed instead of monoclinic V2O5 (so-called 
lamellar ‘xerogel’ phase [35]) that normally crystallizes from aqueous solution of 
vanadic acid in the absence of BTA. Trapping of BTA molecules occurs exclusively 
in the interlamellar volume of monoclinic phase that results in high local concentra-
tion of V4+ centers which thus exhibit aggregation, the manifestations of which are 
observed in the EPR spectrum (Fig. 6).

Under solvothermal conditions, tungstic acid exhibits rapid spontaneous polycon-
densation [5, 36] due to which the growing of the oxide phase occurs through aggrega-
tion of large building blocks of hydrated oxide followed by the precipitate recrystalliza-
tion [5]. The substitution of the coordinated water in the hydrated tungsten oxide forces 
their crystallization in orthorhombic polymorph as evident by XRD and neutron dif-
fraction patterns given in Figs. 2, 3. The formation of orthorhombic structure resulting 
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from the shift of oxide lamellae relative to each other can be attributed to the biden-
tate nature of BTA molecules as the complexing agent. However, the orthorhombic 
WO3 matrix provides only limited number of positions for intercalation of guest mol-
ecules (Table 1 evidences that BTA loading in the case of WO3:BTA hybrid material 
of orthorhombic structure is much lower as compared to MoO3:BTA hybrid material 
exhibiting the hexagonal/anorthic structure). Coordination of BTA molecules forming 
bridges between oxide lamellae is accompanied with formation of stabilized organic 
radical species; however, due to widening of EPR lines as the result of the effective 
charge delocalization in the oxide blocks, the manifestations of the W5+ centers in the 
EPR spectrum of WO3:BTA hybrid structure appears to be insignificant.

3.2 � Effect of Structure of the Incorporated Azole Molecules

To elucidate the role of the chemical structure of guest molecules in the formation of 
azole-intercalated metal oxide and their functional behavior, we have studied and com-
pared the effect of four different intercalating agents (Fig. 1). Figure 7 represents EPR 
spectra recorded at 77 K in a wide range of magnetic field for MoO3 oxide intercalated 
with BIA, 2ATA, and TA. One can see from Figs. 5, 7 that obtained EPR spectra differ 
as to their shape and spin-Hamiltonian parameters (Table 2). This points to the fact that 
hybrid structures arising as the result of intercalation of these four azoles are not the 
same as to their micro-environmental and spatial organization. Also, the PCs content in 
these intercalated systems differs also up to eightfold. In principle, the observed effects 
could be explained taking into consideration differences in the chemical structure and 
in the complex-forming behavior of azoles used. Taking into account the spectrum 
shape and EPR parameters, we can assume that TA molecules form the structures with 
Mo5+ ions rather similar to those observed in the case of BTA, while very intensive line 
at ca. 352.7 mT (x–y orientation in the external magnetic field, Fig. 7) in the case of 
MoO3:BIA sample seems to reflect either the existence of several coordination struc-
tures or/and domains with very high local concentration of Mo5+ PCs. Note that in no 
one case except BTA, signals from organic radicals were observed.

The most intriguing is the appearance of the broad single line with g0 = 2.251 and 
the line width ΔH0 = 12.0 mT in the case of MoO3:2ATA superimposing with a resid-
ual spectrum similar to the isolated Mo5+ PCs in MoO3. Such broad single lines are 
characteristic for metal-oxide systems containing nanoparticles with ferromagnetic 
interaction between metal ions [37–41]. One can expect that due to lamellar structure 
of the oxide host and high 2ATA loading (Table 1), a layered ‘metal ion-coordinated 
azole ligand’ structure with long range ordering providing the parallel orientation of 
spins is formed which could be similar to Cu(II)-tetrazole complexes demonstrating 
ferromagnetic coupling at low temperatures [42].
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(a)

(b)

Fig. 7   EPR spectra of a MoO3:TA, b MoO3:BIA, and c MoO3:2AMT at 77 K at two scales of the mag-
netic field. The amplitude of spectrum c is fourfold decreased comparing to other spectra
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4 � Conclusions

The EPR measurements provide an evidenced that azole molecules coordinate 
monomers and oligomers of molybdic, tungstic and vanadic acids during the 
course of solvothermal synthesis of azole-oxide hybrid materials. This coordina-
tion is strong enough to be accompanied with charge transfer effects and leads 
to the reorganization of growing oxide frame which thus appears to be adapted 
to the incorporation of guest molecules. The unprecedently high azole loading 
(up to 56 mol%) attained in the case of solvothermally derived azole-intercalated 
transition-metal oxides yields complex lamellar composites with high concentra-
tion of ordered paramagnetic centers.
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