
Vol.:(0123456789)

Applied Magnetic Resonance (2020) 51:1005–1017
https://doi.org/10.1007/s00723-020-01222-0

1 3

ORIGINAL PAPER

Fine Analysis of the Structure and Dynamics of Vanadyl 
Complexes Adsorbed on TiO2 (Anatase) Surface: EPR 
Investigation

Anatoly I. Kulak1 · Sergey O. Travin2 · Alexander I. Kokorin2,3

Received: 1 June 2020 / Revised: 8 July 2020 / Published online: 28 August 2020 
© Springer-Verlag GmbH Austria, part of Springer Nature 2020

Abstract
This work continues EPR investigation of photocatalytic systems based on vana-
dium modified titanium dioxide (anatase) surface containing various concentrations 
of VO2+ paramagnetic centers (PCs). Three different types of the isolated PCs are 
revealed on the surface of V–TiO2 nanoparticles and quantitatively characterized. 
Time-dependent transitions among these PCs were observed and kinetic behavior 
was described using new theoretical approach and the developed numerical calcula-
tion procedure. The slow-process kinetic rate constant has been calculated from EPR 
data.

1  Introduction

Vanadium doping of titanium dioxide has been studied in detail in many works 
with the aim to increase photocatalytic activity and for enlarging the area of spec-
tral sensitivity to the visible light region in processes of photodegradation of dyes 
[1–5], different organic compounds (ethanol, ethene, formic acid) [6–9], chlorinated 
hydrocarbons [10], NO2, NOx [11, 12]. Besides, an interest to V-doped TiO2 is con-
nected with perspectives of its application as the heterogeneous catalyst [13–17], 
electrochromic [18, 19], photochromic [20], and ferromagnetic [21] materials, as an 
electrode material for electrocatalytic oxidative processes [22] and electrochemical 
nitrogen reduction [23], in lithium- and sodium-ionic batteries [24], photovoltaic 
cells [25], and in redox-sensors [26].
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The analysis of published data evidences about complex and in some cases non-
certain dependence of functional properties of V-doped TiO2 on concentration of 
doped or adsorbed vanadium, on the method of modification and regimes of further 
treatment. As an example, studying photocatalytic activity of V-doped TiO2, some 
authors showed the maximum increase of the activity at vanadium content between 
0.002 and 0.05 mol% [1–3] while others declared much higher concentrations [4, 6, 
8, 10]. Also, strong influence on photocatalytic behavior causes a method of prepa-
ration: impregnation, sol–gel, implantation of vanadium ions, etc., and connected 
with them differences in either adsorbed forms (ions or complexes) or ions incorpo-
rated into crystalline lattice, or as V2O5 nanoclusters forming micro- or nanohetero-
geneous systems.

In the previous paper we have demonstrated that using surface modification of 
TiO2 by adsorbing vanadyl VO2+ ions from aqueous solutions, one of the main rea-
sons of such influence is the formation of various types the vanadyl-ion complexes 
with the titanium dioxide matrix [27]. Comparing dependences of the photocatalytic 
activity of the samples with different VO2+ content with the analogous plots of iso-
lated and aggregated paramagnetic centers, PCs, it was concluded that catalytically 
active are the most probably the isolated vanadyl centers on the V-doped TiO2 sur-
face [27]. Such unique information concerning peculiarities of the structure, spa-
tial organization and properties of vanadium ions on TiO2 surface could be obtained 
only with the use of the electron paramagnetic resonance (EPR) technique.

Taking into consideration written above, the aim of this work was the detailed 
analysis of structural peculiarities and dynamics of reorganization of vanadyl com-
plexes formed on TiO2 (anatase) surface using CW X-band EPR technique.

2 � Experimental

2.1 � Substances and Sample Preparation

All preparation procedures were quite similar to those described in our previous 
paper in details [27]. Shortly, adsorption of vanadyl ions onto TiO2 surface was per-
formed by a 2 h treatment of commercially available pure anatase (Hombikat UV 
100, Sachtleben Chemie, Germany) aqueous suspension containing a vanadium (IV) 
sulfate oxide VOSO4 (99.9%, Alfa Aesar, Germany) additive in a variable concen-
tration of 0.22 to 7.0 mmol/l. The suspension was shaken to attain equilibrium, and 
then, the V-doped TiO2 powder was separated from the solution by centrifugation, 
washed twice with doubly distilled water by 5 min each and dried at 295 K during 
24 h in air till the constant mass.

The BET surface area of pure Hombikat UV-100 sample was found ca. 295 ± 14 
m2  g−1 and dropped down to 198 ± 11 m2  g−1 after wetting with distilled water 
followed by calcinations at 573  K for 60  min. It has been shown in [27] that the 
increase in the vanadium content by elevating concentration in impregnating VOSO4 
solution from 0.22 to 7.0 mmol dm−3 has resulted in [VO2+] surface concentrations 
from 0.57 × 1019 to 1.25 × 1020 spin/g and led to an increase in the specific surface 
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area to 203–209 m2 g−1, which, however, is in the region of statistical dispersion of 
the experimental data.

The average weight of the samples prepared for EPR measurements was in the 
range of 40 ± 5 mg. For recording the spectrum of the whole paramagnetic staff in 
a powder, we have added 0.2 cm3 of 1.0 ± 0.05 mol/dm3 of the ascorbic acid (AA) 
solution in CH3OH: H2O = 1:1 mixture by volume into the ampoule using Hamilton 
microsyringe, and afterwards the ampoule was sealed. The solution impregnated the 
powder in 20–30 s and was ready for EPR spectra recording. Such “wet” samples 
were kept in the dark in a closed box during all time of the experiment. The pro-
cedure of adding AA to V-TiO2 system was used for reducing the main part of the 
oxidized V5+ adsorbed ions to the paramagnetic V4+ state. Indeed, due to the wide 
band gap nature of semiconductor TiO2, vanadium PCs formed from VOSO4 on the 
titania surface are mainly at the oxidized, V5+, electron configuration.

2.2 � EPR Measurements

The EPR spectra were recorded using a CW Varian E-3 X–band spectrometer in 
quartz ampules of 3.0 mm inner diameter (from Bruker) at a microwave field fre-
quency of 9.5 GHz, modulation frequency of 100 kHz, and microwave field power of 
1.0 mW at 77 K in the presence of air. The g-factor of the samples was determined 
using a standard MgO sample containing Mn2+ ions as admixture. Spin-Hamilto-
nian parameters of VO2+ species were determined according to recommendations 
given in [28] based on the second-order amendments. The content of the paramag-
netic centers (PCs) of the vanadium V4+ and VO2+ ions in the samples was deter-
mined by double integration of the spectra and comparison of the results with the 
data of the reference (the spectrum of the CuCl2·2H2O single crystal with a known 
number of spins). The experimental EPR spectra were processed using the computer 
Program package provided by Prof. A. Kh. Vorob’ev (Department of Chemistry, M. 
V. Lomonosov Moscow State University) [29]. All measuring data were inside the 
error limits range except those listed below.

2.3 � Calculation Details

Since there was no a priori information about the reference EPR spectra of the mate-
rial under investigation, we applied blind recognition to the processing of EPR spec-
tra by establishing the most probable set of basis spectra and attributing the observed 
spectra to a linear decomposition on a selected basis. For this purpose, we created 
a set of linear algebraic transformations with data sets characterized by the identity 
of the set of abscises Xi (in our case—the magnetic field H). In fact, EPR spectra 
obtained at different times and in different conditions should provide the possibility 
of comparison and algebraic transformations of numerical arrays Yk

i
 (Y is a signal at 

the i-th point of the k-spectrum) with the same Xi values. Since the H field values 
were obtained by digitizing an analog signal, the first task of data preprocessing was 
to convert primary arrays to a unified set of equidistant magnetic field values on the 
abscissa axis. At the same time, it was necessary to get rid of high-frequency noise, 
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which could lead to pseudo-revealing of false peaks. For this purpose, interpolation 
by B-splines was applied by smooth decomposition of the arbitrary function s(x) by 
polynomials of Nk

i
 degree k of special kind determined recursively [30, 31]:

To build up a spline, the grid of horizontal nodes was set, located so that inside 
the interval [a, b] there are g nodes, and at the edges are k + 1 nodes on each, where 
k is the degree of spline:

here g is the number of internal nodes.
Each spline at any internal point of the interval between the neighboring nodes 

x ∈ [�j, �j+1] was represented in a basic form as a recursive relation to the splines of 
the previous order [32]:

where

and the first order splines, which are the starting points of the recursion, were given 
as a meander:

To calculate the coefficients with the best approximating the initial noisy array of 
n experimental points, we found the minimum of functional:

or as a matrix:

The minimum is reached when the gradient on coefficients for discrepancy (the 
sum of squares of deviations of calculated spline points from experimental ones) is 
equal to zero:

(1)s(x) =

j∑
i=j−k

ciN
k+1
i

�0 = �1 = ⋯ = �k = a;�g+k+1 = �g+k+2 = ⋯ = �g+2k+1 = b

�k+i = a + i ∙ h; h =
a − b

g
; 1 ≤ i ≤ g

(2)Nk+1
i

(x) = �
k
i
(x)Nk

i
(x) +

(
1 − �

k
i
(x)

)
Nk
i+1

(x)

(3)�
k
i
(x) =

{
x−�i

�i+k−�i
, �i ≠ �i+k

0. �i = �i+k

(4)N1

i
(x) =

{
1, x ∈ [�i, �i+1[

0, x ∉ [�i, �i+1[

(5)�(c) =

n−1∑
i=0

[
yi −

g+k∑
j=0

cjN
k+1
j

(xi)

]2

(6)�(c) = ‖y − A ∙ c‖2
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We need to specify the operator ⟨⋯ ,⋯⟩ of the scalar product:

and

Let’s enter the designations

Now the matrix Eq.  (7) and the whole problem are reduced to solving a multi-
dimensional system of linear equations:

A characteristic feature of such problems is that matrix B turns out to be 
(2  k + 1)-diagonal because when |i − j| > k , the scalar product_ ⟨Ni,Nj⟩ = 0 . In 
this case, instead of standard system of linear algebraic equations (SLAE) meth-
ods, such as, for example, the Gauss method, it is more reasonable to use the 
Cholesky decomposition [33, 34].

To ensure not only the fitting of spline primary data, but also their smoothing, 
an additional requirement was introduced for minimizing outliers of derivatives 
of the spline polynomial up to the k-th order. This problem is also reduced to 
the SLAE solution by the Cholesky algorithm, and to avoid numerical errors in 
the source data was introduced a small perturbation—about 10−7 from the main 
signal. Taking into account the necessity of mass data preparation and also pre-
processing and postprocessing, we have implemented the specified algorithm 
with minor changes to VBA-Excel environment, which is best suited for these 
purposes.

The number of Ny points in the experimental data array accepted for process-
ing was varied from 190 to 550. The number of interpolation points N was usu-
ally taken as 250 and was strictly the same for all spectra within series and for 
different series as well. The B-spline order was limited to three due to the role of 
high-frequency beats rise markedly as it increased.

(7)∇�(c) = 0

(8a)⟨Ni,Nj⟩ =
n−1�
m=0

Nk+1
i

�
xm
�
∙ Nk+1

j

�
xm
�

(8b)⟨Ni, y⟩ =
n−1�
m=0

Nk+1
i

�
xm
�
∙ ym

(9)B = ATA =

⎛
⎜⎜⎝

⟨N0,N0⟩ ⋯ ⟨N0,Ng+k⟩
⋮ ⋱ ⋮

⟨Ng+k,N0⟩ ⋯ ⟨Ng+k,Ng+k⟩
⎞
⎟⎟⎠

(10)R = ATy =

⎛⎜⎜⎝

⟨N0, y⟩
⋮

⟨Ng+k, y⟩
⎞⎟⎟⎠

(11)Bc = R
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3 � Results and Discussion

3.1 � EPR Spectroscopy

EPR spectra of some prepared samples in the presence of air are shown in Fig. 1 
presenting V–TiO2 Hombikat UV100 nanoparticles after different times of incuba-
tion in 0.65 M of the ascorbic acid. [VO2+] content is 2.65·1019 spin/g. One can see 
noticeable changes of the spectra (in low-field components related to the parallel 
orientation of PCs in the magnetic field and in the central component of the perpen-
dicular orientation) in time of incubation. As it was revealed in [27], double integra-
tion of EPR spectra showed that the total concentration of PCs is not changing, in 
the precision of measurements during the whole time of the experiment. Changing 
of the spectrum shape reflects transformations occurring in the system under inves-
tigation. Paramagnetic vanadium ions exist on V-TiO2 surface in two main forms: 
isolated and aggregated, and dynamics of their reorganization has been studied in 
[27] where it was found that vanadium PCs in both forms are represented by similar 
VO2+ species.

Figure 2 illustrates the behavior of vanadium species on the surface of V–TiO2 
particles for a long time of incubation. One can see that concentration of isolated 
PCs increases noticeably in time whole the content of aggregated species decreases. 
These dependences were obtained under experimental EPR spectra simulations 
using the computer program described in [29] and further double integration 
of the resulted simulated spectra. It was shown that at low VOSO4 concentration 
VO2+ aggregates are not formed but they constitute a significant portion of the total 

Fig. 1   EPR spectra at 77  K of V-TiO2 Hombikat UV100 nanoparticles after 1  h (a), 15  days (b), and 
54 days (c) of incubation in 0.65 M of the ascorbic acid. [VO]2+ content is 5.5·1019 spin/g
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paramagnetic species at high VOSO4 content and the part of the VO2+ aggregated 
PCs increases relating to the part of the isolated PCs [27].

The detailed analysis of low-field components (the parallel orientation of spins 
in the external magnetic field) of EPR spectra recorded at different times of incuba-
tion showed that these components are not individual but consist of three lines each 
designated as A, B, and C, with their amplitudes sufficiently changed in time (Fig. 3) 
which demonstrates this much more explicit in comparison with Fig. 1. Spin Ham-
iltonian values of these PCs were determining and listed in [27] but we would note 
that whose values could be not correct exactly because the spectral resolution of 
three last components of the parallel orientation are not fine enough to be sure of the 
real g|| and A|| data. We will return back to this problem below.

Fig. 2   Concentration of the 
isolated (1) and aggregated (2) 
VO2+ PCs formed on V–TiO2 
Hombikat UV100 surface as a 
function of the incubation time 
for a sample with 5.5·1019 spin/g 
of total content of vanadium 
PCs

Fig. 3   Low-field lines of EPR 
spectra at 77 K of V-doped TiO2 
Hombikat UV100 particles 
with [ VO]2+ (2.65·1019 spin/g) 
after 1 h (a), 15 (b), 40 (c), 
and 54 days (d) of incubation. 
Letters A, B and C mark lines of 
three different VO2+ PCs on V–
TiO2 surface
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One can assume that paramagnetic species A, B, and C characterize VO2+ PCs 
with structures formed on the TiO2 surface with different number of the Ti–O–V 
bonds and distortions of the spatial coordination sphere of the vanadium complex. 
It is known from the theory of EPR spectroscopy [28, 35, 36] that in the line of 
paramagnetic metal complexes with different numbers n of the same ligand atoms 
(O, N, S, etc.), the position of the first low-field component is usually shifted to 
the higher magnetic field B magnitudes with stronger interaction with the ligand 
atoms, i.e., with the increase of the number n of coordinated atoms. According to 
this and to a fact that the intensity of lines (C) in Fig. 3 increases in time of incu-
bation, and that of lines (A) decreases, there was suggested that lines (A), (B) and 
(C) belong to complexes with one, two and three Ti–O–V bonds in the coordina-
tion sphere of VO2+–TiO2 PCs. Figure 4 illustrates these structures schematically.

Transformations of the first low-field component of EPR spectra evidently seen 
in Fig. 3 has to be carefully analyzed for obtaining information about dynamics 
of changes and their quantitative description. The formal mathematical procedure 
of calculating such data from experimental spectra as well as the results obtained 
are presented in the next section. It became also possible to determine with much 

Fig. 4   Schematic structures of VO2+ complexes A, B, and C on the TiO2 surface

Fig. 5   Spline of primary data 
with 25 internal nodes. It seems 
to be an optimal number of 
nodes, the interpolation spec-
trum repeats only the experi-
mental peaks, but filters out 
high-frequency noise
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higher precision the g|| and A|| values of various paramagnetic VO2+-doped Hom-
bikat UV 100 TiO2 nanoparticles formed on the surface.

3.2 � Kinetics and Transformations

Analysis of EPR spectra using interpolation by cubic splines showed that the best 
results are obtained in the range of 20 < g < 30, where the quality of interpolation 
is least sensitive to the choice of the number of internal nodes. When the number 
of nodes is increased to 100, the spline reproduces not only the shape of the spec-
trum, but virtually all parasitic noise. Therefore, we have adopted g = 25 and N = 250 
as the “internal standard”, and thus we have processed arrays of 250 points from 
H = 2700 G to H = 2949 G with 1 G steps (Fig. 5).

After preprocessing the primary data and bringing it to a standardized format 
with 250 pixels, in the standardized range from H = 2700 to 2949 G, the data were 
transferred to a blind spectrum separation program that we prepared ourselves.

In the method of least squares Multivariate Curve Resolution (MCR) [37, 38], 
arrays of experimental data are rows of data matrix D (that’s why on the previous 
step we had to bring the original data to the format of the same dimension). The 
task is to decompose D into the product of two smaller matrices C and ST, where 
C is a one-dimensional matrix-column of concentration profiles. It is important to 
emphasize that the height of this column is unknown, i.e. we do not have a priori 
information on how many substances (initial, intermediate, and final) contribute to 
the recorded spectrum. Similarly, we do not know the reference spectra; we have to 
calculate matrix S, whose rows are the spectra of the corresponding pure individual 
(or assumed) components. Since we do not know the column height of concentra-
tions, we do not know the number of rows in the spectrum matrix—both equal to 
the number of independent components. We know only the number of the reference 
matrix columns—the number of spectroscopic channels, which in our case are 250.

The processing procedure included determination of matrix D rank (number of 
linearly independent components in the system under study), finding of eigenvalues 

Fig. 6   Normalized base spectra 
with minimal «mutual presence»
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and eigenvectors of matrix D, compilation of the basis of reference spectra, on 
which all experimental spectra can be decomposed. Further, normalization of the 
basis was performed to obtain the most probable combination of components and to 
extract kinetic information for each of the base components.

In the first step, a covariance matrix A was built, the elements of which are paired 
scalar products of experimental spectra:

It is a square symmetrical matrix. The most direct and reliable way to calculate 
its rank is to determine the set of its own values by bringing the matrix to the nor-
mal form of Frobenius. For this purpose, the Danilevsky algorithm [39–41] was 
implemented.

The matrix is reduced to standard Frobenius form, each of the transfer matrix is 
calculated as the difference between the characteristic polynomials of two matrices 
which are related to the system state matrix, and the polynomials are computed by 
the method of Danilevsky, which is used in many numerically intensive calculations 
where extreme eigenvalues have to be estimated.

In the form of Frobenius in the matrix there are non-zero elements only on the 
first line and under the main diagonal, where they are equal to unit. This form is 
ideal for compiling a characteristic polynomial and defining eigenvalues. The poly-
nomial coefficients are elementary obtained by decomposition of the matrix deter-
minant in the first line:

The search for the real roots of the polynomial equation is not fundamentally dif-
ficult. It was carried out using stable algorithm independent of heuristic operations 
on setting and selection of the starting approximation. The solution of the character-
istic polynomial in all cases gave only two roots—eigenvalues, which corresponds to 
two independent components in mixed spectra, and indicates the absence of spectro-
scopically significant intermediate states.

Extracting the "true" spectra, we used an algorithm that consistently reduces the 
"mutual presence" of spectra and includes the following two procedures:

1.	 Successive output of all spectra to the positive region.
2.	 Sequential "abstraction" of common spectral lines so that ideally each line would 

be contained in only one base spectrum. In practice, it is not always possible to 
reduce to a base of the species "one line—one presence", but, as studies have 
shown, this is not necessary in practice. Consistent application of these two pro-
cedures gives rather good set of base spectra (Fig. 6).

The next step is to obtain kinetic curves for the initial substance and the final 
product, associated with the decomposition of spectra related to different time 
moments on the normalized basis. The basis of spectra from Fig. 6 shows that the 
"decomposition of components" did not occur completely. And instead of two pure 
exponential functions describing the drop in the fraction of isolated PCs of type A 

(12)Aij = ⟨Si, Sj⟩

(13)�
n − p1�

n−1 − p2(−�)
n−2 −⋯ − pn = 0
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from 1 to zero with the antibate increase in the fraction of VO2+ PCs of type C from 
0 to 1, changes in the narrowed range from 0.34 to 0.66.

Formally, this corresponds to the fraction of isolated VO2+ centers in PCs A 
and C at the beginning and end of the experiment. To adjust the base spectra to 
the expected kinetics A → C for true fractions, the Moore–Penrose matrix [42, 43] 
must be used. After that, kinetic curves will be obtained, allowing determine the rate 
constant of transformation of isolated VO2+ centers of type A into type C. Figure 7 
clearly demonstrates this.

One can see from Fig. 7 that three samples with different initial content of para-
magnetic vanadium PCs reveal practically coincident kinetic behavior in the range 
of 2.65·1019 ≤ [VO2+]0 ≤ 12.5·1019 spin/g which can be characterized by the effec-
tive kinetic constant of the first order k–1 equal approximately to 0.14 – 0.15 (day)–1. 
Results shown in Fig. 7 objectively demonstrate that transformations from A to C 
complexes occur irreversibly and are really first-order reactions relating to vanadium 
concentration. This follows from the exponential behavior of kinetic plots as well as 
from independence of the rate constant on the initial concentration of [VO2+]0.

One more fact has attracted our attention: the computer program which we used 
for determining EPR line positions and transformation kinetics has revealed only 
two basic states, A and C, of VO2+ PCs (Figs.  6, 7) while EPR spectra in Fig.  3 
demonstrate evidently lines characterizing complex B at all times of incubation. We 
should note that computer analysis of the complete set of the experimental first low-
field and the eighth high-field EPR components gave separately rather exact posi-
tions for all A, B and C centers. This contradiction can be caused by the approxi-
mately constant concentration of PCs B during the whole period of the experiment. 
In such a case, the program does not simply notice this intermediate but permanently 
existing species which are not the limiting factor of the transformation process.

This mathematical method became also useful for clarification of spin Hamil-
tonian parameters of VO2+ complexes. Indeed, high precision of determining line 
positions of A, B, and C paramagnetic species have increased accuracy of these 
measurements. Table 1 contains g||, A|| and g⊥, A⊥ values for these PCs calculated 
in this work in comparison with those published in Ref. [27]. One can see from the 

Fig. 7   Fractions of the compo-
nents A (●, ▲, ▼) and C (○, 
Δ, ∇) shown in Fig. 2 as a func-
tion of the incubation time for 
samples with: 2.65·1019 (●, ○), 
8.7·1019 (▲, Δ), and 12.5·1019 
spin/g (▼, ∇) of paramagnetic 
vanadium PCs
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Table that some values obtained in this work are a little bit different comparing to 
those given in [27] and more precise due to more objective analysis of the complete 
set of experimental EPR spectra and mathematical possibilities of the analytical 
method.

4 � Conclusion

For the first time, EPR investigation of photocatalytic systems based on vanadium 
modified titanium dioxide (TiO2, anatase) surface containing various concentrations 
of VO2+ paramagnetic centers allowed not only distinguishing but also quantitative 
characterizing three different types of the isolated PCs existing on the surface of 
V–TiO2 nanoparticles. Special computer program has been developed for the precise 
identification of partially resolved EPR spectra and calculating kinetic parameters of 
time-dependent transitions between these PCs. This program allowed determining 
and describing structural behavior of these PCs which contain different number of 
the ligand oxygen atoms of the titania surface in VO2+ coordination sphere. Slow 
dynamics of the surface reorganization have been observed and resulted in calcu-
lating the kinetic rate constant equal to ca. 0.15 (day)–1. Computer analysis of the 
low-field and high-field components of EPR spectra using new theoretical approach 
helped also to determine g|| and A|| of vanadium PCs with higher precision.
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2+ [27] 20.1 ± 0.2 1.933 ± 0.002 7.62 1.983
- “- [44] 20.5 1.931 7.7 1.978
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