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STATISTICAL APPROXIMATION OF FOURIER TRANSFORM-IR SPECTROSCOPY DATA
FOR ZINC WHITE PIGMENT FROM TWENTIETH-CENTURY RUSSIAN PAINTINGS

I. A. Balakhnina,*"* N. N. Brandt, D. Valenti,” UDC 535.34:667.622.114.712
I. A. Grigorieva,® B. Spagnolo,’ and A. Yu. Chikishev®

We present a statistical model for approximation of experimental Fourier transform-IR spectroscopy (FTIR) data

for paint samples from paintings of different ages. The model utilizes random variations in some parameters (initial
ageing rate, degree of change in ageing rate and time at which the change occurs). We determine the parameters
characterizing variation in the paint composition and the storage conditions for the paintings. The numerical
calculation is qualitatively consistent with the experimental data. In the proposed model, changes in the initial
composition of the paint and the storage conditions make about the same contribution to the experimentally observed
scatter in the data points.
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Introduction. Ageing of a paint layer is associated with various physical and chemical processes, in particular
with polymerization and oxidation as the binders dry out, and also with chemical reactions when the binders react with the
pigments, resulting in formation of new substances (compounds). Photoinduced changes in the binders and pigments, their
chemical reactions during storage of the paintings (especially when the atmosphere is significantly polluted), as well as
mechanical damage to the paint and varnish layers are also possible. Study of processes associated with ageing of paintings
is important for modern applied science. The corresponding results allow us to solve a number of practical problems such as
restoration, determination of authenticity, and dating.

Several experimental methods can be used to determine the composition of the paint layer in a painting. Optical
spectroscopy is a useful tool in analysis of the molecular composition of samples (see, for example, [1, 2]). The position
and relative intensities of the spectral bands can be used to determine structural changes in the analyte molecules. Fourier
transform-IR (FTIR) microspectroscopy is often used as a highly sensitive method, making it possible to work with micron-
sized samples [3]. Databases for IR spectra of paints and binders are available for interpretation of the experimental results
[4, 5]. Ageing causes changes in the molecular composition of the paint layers. Measurements of the spectroscopic parameters
(line intensities and positions) probably can be used to determine the age of a painting. In fact, monotonic changes in the
spectral lines of the oil after drying out have been demonstrated in [6]. However, polymerization and oxidation processes
associated with ageing of the paint layer depend considerably on the environment (temperature, humidity, and composition
of the atmosphere) and the illumination conditions. Thus identical spectral changes can be observed for paintings of different
ages while the measured parameters can be quite different for two paintings of the same age.

In order to solve this problem, after determining the time-dependent parameter for a set of paintings of different ages,
we use statistical data processing methods. Then for an unknown painting, the parameter can be used to estimate the age. Such
an approach requires knowing a specific mathematical model for ageing, making it possible to calculate an analytical "dating
curve". Nevertheless, analysis of experimental data for a statistically significant number of paintings has shown that such an
approach does not work due to the significant scatter in the experimental data and the lack of an adequate analytical model
for ageing of paintings under unknown conditions [7]. Furthermore, the results of averaging have shown that the nature of the
dependences under study are considerably nonlinear (threshold type) [7].
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Fig. 1. FTIR spectra of 192 samples of zinc white after computer processing.

We start from the hypothesis that significant changes in the measured spectroscopic parameters (for example, the line
intensities) with the age of the painting can be associated with variation in both the original compositions of the paints and
also the storage conditions for the painting. We introduce a parameter characterizing the closeness between the model and the
experiment which is not the mean-square deviation. The aim of this work was to develop a statistical (nonanalytical) model
for approximation of previously obtained experimental data and to determine the parameters characterizing the variation in
the paint composition and the storage conditions for the paintings.

The Experiment. We analyzed 493 zinc white paint samples, taken from 230 paintings by Russian artists
(A. K. Savrasov, K. E. Makovsky, P. P. Konchalovsky, M. F. Larionov, V. V. Kandinsky, N. I. Altman, K. S. Malevich,
B. M. Kustodiev, A. M. Rodchenko, R. R. Falk, and A. V. Lentulov). The paintings were provided by several Russian
museums and also private collectors. The artist and the creation date are indicated on most of the paintings. There are art
expert assessments for all the paintings.

Samples were taken under an optical microscope. The sample size was on the order of fractions of a millimeter.
The samples were cleaned to remove foreign particulates. From the entire collection of samples, we selected N =219 in which
we confirmed the presence of zinc white and the absence of lead white using X-ray spectral microanalysis. Note that M = 54
different ages of the paintings corresponds to the 219 analyte samples (there are several samples for each age of a painting,
except for four). For spectroscopic analysis, fragments of size 2050 pm were mechanically removed from the interior of the
sample without using organic solvents. In such fragments, there are practically no elements from the varnish and underlying
layers. A roller knife was used to make thin layers from the fragments on KBr plates.

The measurements on the FTIR transmission spectra were done on a Hyperion 1000 microscope (Bruker) with
a Tensor 37 spectrometer [8] in the 600—4000 cm’! range, with resolution 4 cm . Lateral resolution 20 pm. The lines in the
IR spectra were identified using the data in [6, 9—11].

Results and Discussion. For processing and comparing the spectra, we used an algorithm for approximating one
spectrum by another spectrum with addition of a polynomial of a given degree, which allows us to do a comparative analysis
of the spectra without resorting to elimination of the background signal [12]. Note that the lines for vibrations of zinc-
containing molecular groups lie outside the indicated spectral range. All the observable lines are assigned to the oil binder,
while the 1650 cm ™! line is assigned to the reaction products between the oil and the pigment. The spectra are normalized
to the integrated intensity /; in the 2780-3020 cm’! range (interval /; in Fig. 1). The spectral components in this range
correspond to symmetric (2850 cmﬁl) and antisymmetric (2930 cmﬁl) stretching vibrations of the CH, groups and symmetric
(2870 cmﬁl) and antisymmetric (2960 cmﬁl) stretching vibrations of the CH3 groups [13]. We can see that the intensity /; does
not change with the age of the painting [7].

The band at frequency 1740 cm™! corresponds to vibrations of the carbonyl groups and has a shoulder at 1709 cm™
(carboxyl groups and/or free carboxylates) [14]. The intensity of this band decreases during polymerization and oxidation
of the oil [6]. Let us introduce the parameter ¥ = I/, where I, is the integrated intensity in the range 1700-1790 em ™.
Let us consider the dependence of Y on the age of the painting (Fig. 2a, points). Note the considerable scatter in the
experimental data. Since the mean-square deviation of the Y values obtained for different samples from the same painting is
not greater than 0.03, we can say that this scatter is mainly due to differences between the oxidation and/or polymerization
processes in the oil paints on different canvases. As noted in [7], approximation of the presented data using any analytical
function is not a valid procedure. However, we can propose a theoretical model including a number of random parameters.
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Fig. 2. The parameter Y vs. the age of the painting: a) experimental results (points) and
calculated ageing curves for a = ag/1.7 (1), ay (2), and 1.7aq (3); b) calculated ageing
curve (dashed line) for constant storage conditions and for changes in ageing conditions
(solid line); c¢) change in ageing rate; d) determination of points approximating the
experimental data.

Since the values of ¥ may differ for paintings of the same age by an amount considerably greater than the scatter in Y for
a single painting, it is logical to hypothesize that there exists some parameter characterizing the ageing rate for zinc white
in each painting. This parameter can be determined by the presence in the paint of components accelerating its drying
(dessicants), and/or it can vary over time in connection with a change in the storage conditions for the painting.

In order to study the dependence of Y on the age ¢ of the painting, we constructed a model with the following
conditions and assumptions:

1. At the time the picture was painted (when ¢ = 0), the value of Y is maximum: maxY = ¥(0) = Y;. In order to
determine the value of Y, we measured the IR spectrum of fresh paint (zinc white), dried on canvas for 10 days under normal
conditions (Y = 0.293).

2. If the storage conditions (exposure conditions) for the painting do not change, then Yy(f) = Yye “, where a is the
ageing rate of the paint on the painting.

3. The entire ensemble of experimental points is approximated by the function Y(£) = 0.293¢~“"". Figure 2a shows the
approximation curve obtained with ay = 0.00836 yearﬁl.

4. Since the initial ageing rates of the paint are different for different paintings, we introduce the maximum difference
coefficient C >1 indicating the difference between the initial ageing rate and the average rate ay. For simulation of the
experimental data, we randomly choose the sign for the change in the rate relative to the average, and then we choose the
ageing rate of the current painting from the intervals [ag, Cag] or [ag/C, ay] depending on the sign for the change. Here and
below, to randomly choose the value of the parameter from some interval we use the standard rand function of the MatLab
environment. Figure 2a shows two limiting exponentials with a = ay/1.7 and a = 1.7ay.

5. Changes in the storage conditions for the painting can lead to either an increase or a decrease in the ageing rate.
The number of such changes and the time when they occur are random parameters. Figure 2b shows the ageing curves
for a single painting for unchanged conditions and for some changes in the storage conditions at the indicated times.
For unchanged conditions, the ageing rate a is constant. In the second case, at the initial time the rate is equal to a(, and then
changes abruptly (Fig. 2¢) at the times when the age of the painting is 27, 32, 95, and 104 years.

Let us determine the maximum number k of changes in the ageing rate during storage of the painting. Let us choose
the actual number of changes in rate for the given painting randomly in the interval from O to k. Then let us choose the sign
for the change in the rate of relative to the average and the ageing rate of the current painting from the intervals [ag, gag] or
[ao/q, ap] depending on the sign of the deviation. For the case shown in Fig. 2, we used the parameters £ = 6 and g = 3.

6. The experimental data are a set of N =219 points, each of which corresponds to a single painting. We used the
following procedure to simulate such a data set: Construct a set of N curves with individual parameters C, k, and g. Compare
each curve with one painting. On the curve, select a point corresponding to the age of the painting. As a result, obtain a set of
N points. For example, in Fig. 2d, we show five simulated curves and the corresponding points.

7. The problem of comparing the simulated and experimental sets of data points on the (Y, £) coordinate plane
requires separate consideration. At first glance, in order to compare the results of the calculation Y4 for different parameters
C, k, and ¢ and the experimental data Y**P, it is logical to calculate a quantity analogous to the mean-square deviation:
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Fig. 3. The parameter Y vs. age of the painting (experimental results (®) and approximation
results (L) for C = 1.1 (a), 1.3 (b), and 1.5 (¢)) and the @(C) dependence for k= 0 (d).
Dashed lines: exponential curves with a = a(/1.25 and 1.25a,.

N=219
2
1 . . .
o’ = (1/ N ) z (Yicac - YieXp) , and tends toward its lowest possible value. However, calculated estimates show that

i=1
o? monotonically decreases as C, k, and ¢ increase, while the minimum value of o in this case corresponds to the curve

Y(¢) = 0.293 exp (—apt).

In order to do a proper comparison, we suggest determining at least two parameters: the first characterizes the vertical
shift of the data sets relative to each other, and the second characterizes the scatter in the data points, i.e., the area occupied by
the data set on the coordinate plane. However, calculation of the first parameter is impractical, since in the suggested model
the data points are automatically scattered relative to the curve Y(¢) = 0.293 exp (—apt). Consequently, the model already
includes zero shift of the data sets relative to each other. Thus it is sufficient to just compare the areas of the data sets. For
each age ¢; (except for four of the M = 54 ages), several values of Y are included in the experimental and consequently also

in the simulated data sets, the maximum and minimum of which we denote as ¥; .« and ¥; in. Then the area of the data set
M =54

isS= Z (I/},maX =Y min ), and for comparison of the scatter of the points in the experimental and simulated data sets for
i=1
different parameters C, k, and g, we can introduce the parameter ¢ = |1 — Scalc/SexpL
Let us consider three variants for variation of the model parameters. In the first variant, the ageing rates a for all
the paintings are initially different, but do not change over the entire storage time for the painting (k= 0). Such an approximation
is valid if the scatter in the experimental points is completely determined by variation in the original composition of the paint,
and does not depend on the storage conditions for the painting. In Fig. 3a—c, we show the calculation results for C=1.1, 1.3,
and 1.5; in Fig. 3d, we show the @(C) dependence, having a minimum at C = 1.3. Each point on the dependence is the result
of averaging over 100 realizations of the numerical calculations. For convenience, the ageing process can be described by
both the rate a and the quantity T = 1/a, which we call the ageing time. For C = 1.3, the ageing time interval [1/(Cay), C/ag]
is 92156 years (in this case, Tg = 1/ag = 120 years).
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Fig. 4. The ¢(g) dependence in the case C =1 (a) and 1.2 (b).

In the second variant, the initial ageing rate for all the paintings is the same (C = 1), while changes in the rate occur
during storage of the painting (k # 0). Such a situation is realized in practice if the variation in the original composition of
the paint makes a contribution to the observed scatter in the experimental points that is negligibly small compared with
the contribution from changes in the storage conditions. In Fig. 4a, we show the dependences @(q) for k=0, 4, 7, 10. The
minimum on the curves is achieved at ¢ = 1.7, which corresponds to the interval [1/(gag), g/ag] of ageing times 71-204 years.

In the third variant, the parameters C and ¢ are varied simultaneously (for £ # 0). Since for C = 1.3 and £ = 0, the
parameter @ ~ 0 (i.e., the model describes the experimental data well), we can hypothesize that introducing an additional
independent parameter g for £ # 0 makes the results of the approximation worse for C > 1.3. The approximation result
shows that as C decreases, in order to achieve ¢ = 0, we need to decrease ¢ relative to the value of this parameter for
C =1 (compare Fig. 4a and b). The smallest values Cyin, ¢min for which ¢ is minimum are equal to 1.25, 1.35. We see that in
this case, the corresponding ageing time intervals 96—150 and 89161 years practically coincide. Thus within the proposed
model, variations in the initial composition of the paint and changes in the storage conditions are equivalent effects, making
a contribution to the scatter in the data points observed in the experiment (Fig. 2). Figure 3b shows two curves corresponding
to ageing times 96 and 150 years. 129 experimental points (~60% of the samples) fall within the region bounded by
these curves.

Conclusions. The ratio of the integrated intensities in the intervals 1700—1790 and 2780-3020 cm’! (the parameter Y)
in the FTIR spectra of oil paints based on zinc white from paintings by Nineteenth-Century and Twentieth-Century Russian
artists depends on the age of the paintings. However, the experimental data do not allow us to determine the analytical
dependence of the parameter Y on time due to the large scatter in its values even for paintings that were painted in the same
year. Such scatter may be associated both with the difference between the original paint compositions and with different
storage conditions for the painting, where the storage conditions can change several times for each painting. Within the
model, we have approximated the experimental data, using random changes in some parameters of the model (the initial
ageing rate, the degree of change in the ageing rate and the time at which the change occurs). In the proposed model, changes
in the initial composition of the paint and the storage conditions make about the same contribution to the scatter in the data
points observed in the experiment. Based on the calculations performed, we can say that the ageing time interval for the
paintings from the considered set is *90—160 years. In this case, the proposed model cannot be used for dating an individual
painting with acceptable accuracy.
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