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Abstract—Based on machine-learning algorithms, a method is developed for determining the structural
parameters of the components of a mixture from X-ray absorption spectra. For each component, a database
of spectra is constructed for all possible deformations of its structure. The machine-learning method imple-
mented in the PyFitlt software package allows quick calculation of the spectrum for deformations of struc-
tures from the considered family and optimization of the structural parameters of the mixture by fitting the
theoretical spectrum to the experimental one. The capabilities of the method are examined by analyzing
changes in the structural characteristics and concentrations of the components of the mixture for the bis-
dioxolene complex of cobalt with functionalized iminopyridine ligands during its valence-tautomeric inter-

conversion depending on temperature.
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INTRODUCTION

There are several approaches to determine the
structural parameters of the components of a mixture
and their concentrations based on the analysis of the
near-threshold fine structure of the X-ray absorption
spectra (XANES—X-ray Absorption Near Edge
Structure). Historically, the first approach was to sim-
ulate a mixture by a linear combination of given spec-
tra and the search for corresponding coefficients [1—3].
When the number of components and their spectra are
unknown, Principal Component Analysis (PCA), fac-
tor analysis [4] and more recently, the method of mul-
tivariate curve analysis by means of root-mean-square
variation (MCR-ALS—Multivariate Curve Resolu-
tion using Alternating Least Squares) [5, 6] are used.

The problem considered in this work has its own
specifics, which cannot be taken into account by the
listed methods of analyzing mixtures. In the case when
it is most likely known to which family the atomic
structures of the mixture components belong, to
determine each component, one can use a classical,
proven approach: selection of the geometric parame-
ters of the atomic structure so that its calculated (the-
oretical) spectrum is as close as possible to the experi-
mental one. The first MXAN program to automate
this process appeared in 2001 [7—10]. Subsequently,
many other programs for calculating spectra have
included automatic-parameter-selection functions. In

order to calculate the value of the optimized function
once, it is necessary to calculate the theoretical spec-
trum, which takes a lot of time. Automatic optimiza-
tion often takes longer than a week and sometimes
results in physically unlikely or even incorrect struc-
tures. Manual intervention in the optimization process
is required. To make manual optimization convenient,
you need to provide a high speed of spectrum calcula-
tion. The Fitlt program [11] uses the preliminary cal-
culation of a set of spectra for a set of geometric
parameters and their subsequent interpolation. The
spectrum-approximation procedure implemented in
the Fitlt program has been significantly improved by
machine-learning methods in the PyFitlt application
[12]. PyFitlt functions have also been extended to
solve problems of determining structural parameters
based on analysis of the X-ray absorption spectra in
the case of a mixture of substances. Along with the
user interface, in which you can change the atomic
structures of the mixture components, achieving the
best match with the experimental spectra obtained for
different temperatures, PyFitlt also has a built-in pro-
cedure for automatic selection of the geometric
parameters of the mixture components and their con-
centrations uniformly over the entire temperature
range.

The proposed approach for determining the
parameters of mixture components is an alternative to
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the existing algorithms. i.e., PCA, factor analysis,
MCR-ALS. and can be used in conjunction with them
to confirm the results obtained. This approach has
several advantages. In particular, only one experimen-
tal spectrum is sufficient to analyze a mixture; the
algorithm also works well in the case of spectra with
high noise.

In this work, the advantages of the machine-learn-
ing method are demonstrated by the example of a
study of valence-tautomeric interconversion in a
cobalt complex (diox),Co(imPy-TEMPO). Earlier
[13], it was shown that this bis-dioxolene cobalt com-
plex, including the functionalized imopyridine ligand,
undergoes a spin transition in the temperature range of
200—300 K in the solid state. According to magnetic-
susceptibility data, this interconversion is most likely
caused by valence tautomerism. However, all attempts
to study the structural changes associated with the
observed transformation by the method of the X-ray
diffraction of single crystals have not been successful,
since the crystal is destroyed upon cooling below 220
K, and the features of the molecular structure of the
low-temperature isomer remain unknown. The
XANES spectra analysis method for the K absorption
edge of Co for (diox),Co(imPy-TEMPO) in a wide
temperature range from 30 to 300 K using machine-
learning algorithms makes it possible to determine the
parameters of the local atomic structure of various iso-
mers and their concentration depending on temperature.

EXPERIMENTAL

Following the approach implemented in the PyFi-
tlt application [12], machine-learning models are
built for each component of the mixture, which allow
quick calculation of the spectrum for a given geomet-
ric structure. In an interactive application, the user
can use sliders to change the geometric parameters of
the structures of the mixture components and imme-
diately see the resulting spectrum (Fig. 1), which
makes it possible to conveniently adjust the theoretical
spectrum to the experimental one in the manual mode
or launch the automatic optimizer.

For this approach to work, the user of the program
needs for each ith component of the mixture to deter-
mine the vector of the geometric parameters g; and
compose the function M,, which creates an atomic
structure for a given vector g;, i = 1, ..., n; nis the num-
ber of components. Displacements of groups of atoms
in some directions, rotations of parts of the structure,
displacements of individual atoms or changes in the
coordinates of all atoms of the structure can act as vec-
tor coordinates g;. It should be borne in mind that a
large number of geometric parameters will take a long
time to build the training sample.

The obtained parameters of the atomic structure of

the model compounds are then entered into a program
for calculating the X-ray absorption spectra, for exam-
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ple, FDMNES [14, 15]. We denote the procedure for
calculating the spectrum from a given atomic structure
by S. The exact calculation of the spectrum is time-
consuming and cannot be used interactively. There-
fore, we use the machine-learning approximation. We
construct a training sample by calculating the XANES
spectra ith component for a set of vector values g,
Jj=1 .., m:

XANES; = S(M,(g;)),
Jj=L..,m, i=1,.., n

(1)

The calculated database of spectra makes it possi-
ble to construct an approximation A4, of the superposi-
tion SeM,, to quickly obtain an approximation of the
spectrum for a given arbitrary vector of geometric
parameters g;:

(2)

The final XANES spectrum is obtained by sum-
ming the approximate spectra multiplied by some
weights C,(T), depending on the case of the considered
cobalt complex on temperature 7*

ApproxXANES,; = 4,(g;), i=1 ..., n

XANES (T) =3 °C, (T) Approx XANES,.  (3)
i=l

Point selection g; has a significant effect on the
accuracy of the constructed approximation. Practice
has shown that good quality results can be obtained
from an improved method for selecting points based
on the Latin hypercube [16] (IHS—Improved Hyper-
cube Sampling). In contrast to the method for select-
ing points at the nodes of the coordinate grid, with the
IHS approach to generating vectors g points with non-
repeating coordinates which are evenly distributed in
space are obtained. This allows a better approximation
of the functions of several variables, provided that the
function depends weakly on one or more variables.

Any regression reconstruction methods can be
used as an approximation model. As shown in Fig. 1,
PyFitlt allows a choice between the following meth-
ods: forest of trees with increased randomness [17],
ridge regression (linear/quadratic) [18], and radial
basis functions [19]. The latter method is interpolation
and often gives the best results, although not always.

The final scheme for the approximation of spectra
and the selection of geometric parameters is shown in
Fig. 2. In addition to the graphical user interface,
PyFitlt provides the ability to fully automatically
select the geometric parameters of the atomic struc-
tures of components and the dependence of their con-
centrations on temperature. This approach optimizes
the function F(gy, ..., g,) structural parameters:
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Fig. 1. PyFitlt interface with sliders based on Jupyter Notebook framework.
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Since optimization can converge to a local mini-
mum, PyFitlt makes several attempts to carry out
minimization F(g,, ..., g,) for various initial configura-
tions of the atomic structure. The resulting depen-
dences of the concentrations on temperature C(7) in
some cases may turn out to be nonsmooth. To elimi-
nate this drawback, PyFitlt has the ability to set the
temperature nodes for which the concentration is

(C))

sought C/(7) and summation over 7 in (4). The con-
centrations at intermediate points are calculated by
spline interpolation.

The XANES Spectra of the K-absorption edges of
Co for the calculated structures (diox),Co(imPy-
TEMPO) at valence-tautomeric interconversion were
calculated using the method of the finite difference of
the total potential implemented in FDMNES code
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Fig. 2. Scheme for constructing approximation models for a mixture.

[14, 15]. We used a finite-difference grid with a dis-
tance of 0.2 A between adjacent points inside a sphere
with a radius of 6 A around the absorbing cobalt atom.
The theoretical spectra were additionally smoothed to
take into account the broadening of the peaks due to
the tunneling effect and instrumental errors (the arct-
angent was used to model the energy dependence of
the Lorentzian width). Then the XANES spectra were
fitted using PyFitlt software [12]. Starting from den-
sity functional theory of the optimized structure, a
variation of two structural parameters in the complex
was applied: the distance between the cobalt and
nitrogen atoms of the imPy-TEMPO ligand and the

distance between the cobalt atom and four oxygen
atoms of the two diox-ligands. For each point in two-
dimensional space of the structural parameters gener-
ated by the IHS algorithm, the XANES spectrum of
the K-absorption edge of Co was calculated. Based on
the obtained training sample, the spectra were then
approximated at each point of two-dimensional space
of the structural parameters by the method of radial
basis functions.

The experimental absorption spectra of cobalt for
the K edges were measured at the structural materials
science station of the Kurchatov synchrotron radiation
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Fig. 3. Quality of spectrum approximation. The worst case
of approximation (dashed line) of the theoretical spectrum
(solid line) is presented, the largest approximation error is
obtained when training the model for the remaining spectra.

source using a Si(111) monochromator and transmis-
sion geometry.

RESULTS AND DISCUSSION

To interpolate the X-ray absorption spectra for the
K-absorption edge of cobalt of the (diox),Co(imPy-
TEMPO) complex in the training sample, the best
turned out to be the radial basis functions. To check
the quality of the approximation, ten-block cross-val-
idation was applied: the training sample was divided
into ten blocks, each of which was used in turn as a test
sample, while all the others were used as the training
sample. As a result, the average relative error in the
interpolation of the spectrum turned out to be 2.3%
with respect to the error of approximation by the aver-
age spectrum, which is a fairly good indicator. For
clarity, Fig. 3 shows the worst case of approximation:
the theoretical spectrum, for which the largest approx-
imation error was obtained when training the model
from with the remaining spectra.

Two-component fit

The first attempt at modeling the experiment was a
fit with two components obtained from the same fam-
ily of structures with different geometric parameters.
As a result of the process of fitting the experimental
spectra for each individual temperature, a graph of the
concentrations of the components was obtained
(Fig. 4). Even without imposing artificial restrictions
on the concentration of components for extreme tem-
peratures, we obtained a result with pure substances
for T'= 117 and 300 K. The structural parameters of
the component at 117 K: the average distance between
the cobalt atom and two nitrogen atoms of the imPy-
TEMPO ligand is 2.08 A, (Co—N = 2.1080, 2.1443 A
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Fig. 4. Dependence of the component concentrations on
temperature. The result is obtained with pure substances
for T= 117 (1) and 300 K (2).

at 240 K [13]); the average distance between the cobalt
atom and four oxygen atoms of two dioxy ligands is
2.03 A (Co—0 =2.0062—2.0659 A at 240 K [13]). For
the component at 7 = 300 K the average distance
between the cobalt atom and two nitrogen atoms of the
imPy-TEMPO ligand is 2.18 A (Co—N = 2.1226,
2.1586 A [13]), the average distance between cobalt
and four oxygen atoms of two diox ligands is 2.03 A
(Co—O = 2.0150—2.0747 A [13]). The spectra of the
two components, which were used to fit the series of
spectra, and the corresponding experimental spectra
are shown in Fig. 5. The temperature dependence of
the quality of fit is shown in Fig. 6 (solid line). For
extreme temperatures, the R factor is slightly larger
than for the temperatures at which the concentrations
of both components are nonzero. The reason for this,
apparently, is the broadening of the spectrum of the
mixture in the case of several components.

One Piece Fit

The methods described in the work allow the
implementation of another type of modeling of the
changes occurring in the experiment. We will fit the
experimental spectra with one component that con-
tinuously changes its structure depending on tempera-
ture. The results of this fit are shown in Fig. 7. The
parameters obtained for the extreme temperatures of
117 and 300 K agree with the parameters of the corre-
sponding component in a multicomponent fit. For
intermediate values, in order to reproduce the experi-
mentally observed broadening of the spectral bands,
the method chooses asymmetric ligand displace-
ments, which indirectly simulates the coexistence of
two phases. The graph of the dependence of the R fac-
tor versus temperature (Fig. 6, dashed line) is similar
to the graph in the case of multicomponent fitting,

JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHROTRON AND NEUTRON TECHNIQUES Vol. 15 No. 3 2021



500 ALGASOV et al.

1.50

1.25

1.00

0.75F

0.50 |-

Intensity, arb. units

0.25}F

7725 7750 7775 7800 7825
Energy, eV

Fig. 5. Experimental (/, 3) and theoretical (2, 4) spectra for
extreme temperatures 117 (Z, 2) and 300 K (3, 4).

0.20
“//\\ n
0.15- /
'I
1
R /
~
0.10 - !
)
-1
0.05

150 200 250 300
Temperature, K

Fig. 6. Quality of spectrum fit via the deformation of one
structure (one-component fit) (/) and using the superpo-
sition of two deformable structures (2) depending on the
sample temperature.

|
e
it
T

Ligand displacement, A
|
o
to
T

1 1 1 J
150 200 250 300
Temperature, K
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component of ligand displacements: dioxolene pairs (/)
and one imopyridine (2).

only it is located higher. This suggests that the results
of two-component fit are in better agreement with
experiment.

CONCLUSIONS

The paper describes a method for determining the
structural parameters of the mixture components from
the analysis of X-ray absorption spectra using
machine-learning methods. Based on the PyFitlt
software package, an application was created that
allows one to calculate the structural parameters of
mixture components from a given set of experimental
spectra. This approach is an alternative to already
known methods: analysis of the main components,
factor analysis, MCR-ALS, since it there is the ability
to select the parameters of the mixture from a single
experimental spectrum. The developed method was
used to determine the structural parameters of the
mixture components and the variation in their con-
centrations during the temperature valence-tautom-
eric interconversion in the cobalt complex
(diox),Co(imPy-TEMPO).
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