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Abstract: A methodology for forming a baseline of infrared (IR) spectra of external reflection for objects with a smooth
non-flat surface is proposed. The procedure for forming a baseline provides conditions for the correct application of
the Kramers-Kronig method. The method is tested in determining the complex refractive index of 3D objects made of
polymeric materials.
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1. Introduction
Polymer products are widely used in various fields of science and technology: optics and photonics, mechanical

engineering and aircraft manufacturing, as well as in medicine and biology [1]. IR transmission spectroscopy methods
are traditionally used to develop and study new polymeric materials. However, with the advent of modern Fourier
spectrophotometers with a high signal-to-noise ratio (S/N), external specular reflection IR-spectroscopy methods have
become increasingly used to identify different types of polymers [2–5]. The use of external reflection (R) methods to
identify different polymers significantly simplifies the sample preparation procedure. However, quantitative research
methods using external reflectance spectroscopy R, especially when applied to real industrial products, encounter
difficulties. This is because the configuration of industrial polymer 3D objects often differs from a flat surface. The
shape relief of the reflecting surface affects the course of the spectral dependence of R. Since all models of mathematical
processing of the results of reflection measurements use a flat surface boundary, deviation from these conditions imposes
restrictions on the application of the Kramers-Kronig method for processing the real spectrum of R. To eliminate the
influence of the object shape on the spectrum of R, it is proposed to introduce a correction using a standard software
platform for data collection and data management, which controls Fourier IR spectrometers [6–8]. The typical menu
(Processing) includes the Baseline Correction option, using the “rubberband line” option, for example, Spectrum 10
(Perkin Elmer, USA), OPUS 7.0 (Bruker Optiks, Germany), OMNIC Specta-2.1 (Thermo FS, USA). However, the typical
“rubberband line” procedure is designed to correct the background of the spectra: absorption A (or transmission T ) [9–11],
attenuated total reflection (ATR) spectra, and diffuse reflectance infrared Fourier transform (DRIFT) and is not directly
intended for the correction of external reflectance spectra (R).
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The use of typical algorithms [6–8] for the correction of the baseline in external reflectance spectra during their
subsequent processing by the Kramers-Kronig method leads to a distortion of the dispersion behavior n at the edges of
the spectral range of wavelengths λ and affects the ratio of the intensities of the absorption bands. It should be noted that
the use of the typical “rubberband line” correction procedure, which is applied to the A spectrum, when applied to the
processing of the R spectrum, the position of the maxima of the main absorption bands changes practically little. This
allows using this method of correcting the R spectrum for qualitative analysis tasks, for example, polymer identification
[6–8].

If the sample surface is smooth but does not meet certain requirements for surface flatness, phase-sensitive methods
of external reflectionR [12, 13] or classical dispersion analysis [14] are used in small areas of the spectrum. Thesemethods
allow one to calculate the complex refractive index (n̂= n−ι ·k), where n and k are defined as the refractive and absorption
indices, respectively. In this case, the absorption coefficient (Kcm−1) is determined from the ratio: T = lg(Kd), where T is
the transmission, d is the film thickness and K = 4πk/λ . The wavelength λ is related to the wavenumber υ by the relation
υ = 1/λ . In the case of polymers, distortions introduced into the R spectrum due to deviation of the sample shape from
the ideal plane often prevent reliable data from being obtained for the absorption index k values. Often, these deviations
in the absorption spectra calculated by different methods for real polymer samples are especially clearly manifested in the
short-wavelength region λ for large values of k ≥ 0.1 [13–16].

This work aims to substantiate a method for correcting the experimental IR reflection spectrum in the region of the
normal to the surface of a 3D sample, which allows, use a “baseline”, to correct the influence of the sample shape on its
specular reflection spectrum.

2. Samples and equipment
Samples made of standard polymeric material were selected for the study: polystyrene (PS) and polymethyl

methacrylate (PMMA). These materials are often used for modeling the optical properties of various objects [17–19].
Industrial samples of polymer products in the form of cylindrical tubes of different diameters were used. The thickness
of the tube is indicated in Table 1. Along with samples with a cylindrical surface, complex-shaped polyethylene (high
density polyethylene (HDPE), low density polyethylene (LDPE)) products were studied, see Table 1.

Table 1. Parameters of samples and surface roughness dimensions Ra

Samples Surface shape Surface dimensions (mm) Tube thickness
(mm)

Surface roughness
parameter Ra (nm) [20] Surface condition

PS
Cylindrical External diameter of the

tube = 60 6 - Long-term
storage in air

Plate 60 × 60 7 1.3 Fresh surface

PMMA
Cylindrical External diameter of the

tube = 80 5 - Fresh surface

Plate 60 × 60 8 0.4 Fresh surface

LDPE Plate (oval edges) 50 × 30 5 11.1 Contacted with
chemicals

HDPE Elongated (deformed)
ellipsoid halfaxes ≈ 120 × 25 × 20 ≈ 40 2.5 Long-term

storage in air

The choice of PS and PMMA objects was due to the widespread use of these polymers for photonics problems, as
well as for modeling the optical properties of various objects [18–21]. Data for the complex refractive index of PS and
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PMMA polymers in the IR region were obtained mainly for films [21–26]. Therefore, it was necessary to use typical
industrial supplies of massive polymer plates (5-8 mm), which were used as samples. For these thick plates, independent
data for the complex refractive index were obtained for comparison with 3D tube samples, see Table 1.

For HDPE and LDPE polyethylene, the available data on the absorption value k are very limited and vary greatly in
value [22–26], which is due to the different ratios of the amorphous and crystalline phases in the studied samples. For
example, according to [26], the −lgR value (proportional to the absorption index k) for various industrial polyethylene
films obtained by the ATR method in the IR absorption band of 2,925 cm−1 can change by 3.5 times. The difference in
the −lgR value for polyethylene films of different compositions is determined by their density (kg/m3), which depends
on crystallinity. Reflectivity measurements of 3D samples were carried out using a Bruker TENSOR 27 IR Fourier
spectrometer, spectral resolution 2 cm−1, number of scans 50. The position of the 3D samples was controlled by the
largest value of the reflected signal. When measuring the reflection from samples whose shape differs from a flat plate,
the recommendations for working with non-standard samples on an IR Fourier spectrometer were taken into account [27].

2.1 Method for determining the “baseline” in the external reflection spectrum

The geometry of the scheme for reflecting an IR beam from a non-flat smooth cylindrical sample is shown in Figure
1. The aperture of the incident α beam, when reflecting from a cylindrical object, the beam divergence increases-A. As
the diameter of the cylinder D decreases, the intensity of the reflected IR beam decreases.

Figure 1. Geometry of the scheme of reflection of the beam of IR radiation from a smooth cylinder. α-aperture of the incident beam: downward
direction of the inner blue arrows-incident beam, upward direction of the red-blue wide arrows-beam reflected from the conventional horizontal plane
perpendicular to the radius of the cylinder D/2; A-aperture of the beam reflected from the surface of the cylinder (outer blue arrows), red arrows-useful
part of the beam reflected from the surface of the cylinder entering the Fourier spectrometer, D-diameter of the cylindrical sample

The concept of “baseline” is used when correcting the normal reflection spectrum from smooth non-flat objects. To
correct such a reflection spectrum, the baseline must be a smooth curve dependent on the wavelength λ . This smooth curve
is located at a certain distance from the reflection spectrum, which depends on the integral intensity of the reflection bands
of the object. With increasing λ , the distance between the reflection spectrum and the baseline will increase, depending
on the intensity of the spectral bands, see Figure 2. The convex shape of the surface of 3D samples leads to a smooth
increase in the reflection spectrum R(λ ) with increasing λ . It is assumed that the angle of incidence near the normal
remains constant, i.e. does not depend on λ . The slope of the spectrum R(λ ) depends on the ratio D/λ . For a fixed size
D, with increasing λ , the intensity of the spectrum R(λ ) smoothly increases, see Figure 2. For 3D samples, the reflection
spectrum R(λ ) depends on the shape and radius of the local area of the reflecting surface.

To correct theR(λ ) spectrum of a polymer object with a complex surface, one can use a “baseline” whose construction
differs from the baseline used in absorption spectroscopy [18–22]. The rationale for forming a “baseline” for the R(λ )
spectrum can be conveniently examined using classical dispersion analysis (CDA) for a typical polymer with a small
number of bands in the reflection spectrum.
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Figure 2. 1-experimental reflection spectrum R1(λ ) of a plate with a non-flat surface (LDPE polyethylene), see Table 1. 2-intermediate points for
constructing the “baseline”

2.2 Method of correction of experimental spectrum R

Classical dispersion analysis relations: equations (1) and (2) are presented by Lorentz-Lorenz and describe the value
of the complex permittivity ε̈ = εr − iεIm, where εr(v) = n2(v)−k2(v), εIm = 2n(v)k(v) using a set of damped oscillators
[9]:

n2(v)− k2(v) = ε∞ +∑
j

Fj
v2

j − v2(
v2

j − v2
)2

+Γ2
jv2

(1)

2n(v)k(v) = ∑
j

FjΓ jv(
v2

j − v2
)2

+Γ2
jv2

(2)

The value εr = ε∞ = n2
∞ (high-frequency component) determines the base level, j is an individual oscillator centered

at frequency v j, the parameter Fj is related by the relation Fj = f jNe2/(πc2m) with the oscillator strength f , Γ j is related
to the oscillator damping γ , Γ j = γ j/(2πc), where e denotes the electron charge, m is the mass electron, c is the speed of
light in vacuum, N is the number of oscillators, j = 1, 2, . . . , N.

In the external reflection spectrum R(λ ) of the polymer, the “baseline” for a massive polymer 3D sample (see Figure
3) is similar to the “baseline” in the spectrum of the polymer dispersion curve n(λ ) [18–22]. As can be seen from Figure 3,
in the spectral sections (regions) following the reflection bands R, the distance ∆R between the “baseline” and the curve R
increases. The value of ∆R is proportional to the area of the band R, which for typical polymer bands k(λ ) ≤ 0.3 correlates
with the course of dispersion n(λ ). Thus, as the frequency v increases, the distance ∆R between the “baseline” and the
spectrum R will increase. The “baseline” will have a fixed point in the high-frequency part of the spectrum R and will
smoothly increase the value of ∆R moving away from the curve R as λ increases, see Figure 3.
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Figure 3. Model spectrum of the reflection coefficient R of polyethylene for a normal angle of incidence, the calculation was performed by the CDA
method: the number of oscillators is 7, the parameters of the oscillators are [22], ∆R is the distance between the horizontal “baseline” and the spectrum
R in the long-wave region

The features of the dependence of the experimental reflection spectrum of a 3D sample with a complex surface
require correction of the obtained spectrum, which is necessary for subsequent matte processing. In practice, a relative
method for measuring the reflection coefficient R from the surface of a flat sample is usually used. In this case, we have
the relationship: R = Is/Ie ×RET , where R is the reflection coefficient for a flat surface of a polymer sample, Is is the
signal from the sample, Ie is the signal from the comparison standard, RET is the reflection coefficient for the comparison
standard. When measuring reflection for a 3D sample, the experimental spectrum R1 differs from the spectrum of a flat
sample R ̸= R1. To reduce the measured R1 to the value of R for a flat sample, it is necessary to correct the measured
spectrum R1 using a correction that takes into account the effect of the curvature of the 3D sample surface. In this case,
the reconstruction of the R spectrum for a 3D sample can be presented as:

R = R1 ×Π(v, ϕ), (3)

where Π(v, ϕ) = a(ϕ)×M(v, ϕ) is a correction factor, a(ϕ) is a constant coefficient depending on the local shape of the
surface interacting with the incident IR radiation beam, M(v, ϕ) is a variable coefficient depending on the frequency and
local shape of the 3D-sample surface. By correcting the experimental value of R1 based on equation (3), we can obtain
the R spectrum and subsequently use the Kramers-Kronig relations or classical dispersion analysis (CDA).

The two main reference points for forming the “baseline” required for constructing Π(v, ϕ) for the initial high-
frequency point of the spectrum (R∞) and the low-frequency point (R0) for typical polymers can be obtained from reference
data for R∞ and n2

0 [22–24, 28]. For polymers, the value of n∞ can be represented in the first approximation by the values
of nD for the visible region [22], and the constant n2

0 is replaced by the value of the permittivity εr [28] for a given polymer.
It is assumed that the calculated values of R∞ and R0 correspond to the initial and final points of the calculated spectrum
R, respectively. Since k = 0 for these frequency ranges, knowing n∞ and n0, one can find the correct values for R∞ and R
of the polymer [5] using Eq. (4):

R =
(n−1)2 + k2

(n+1)2 + k2 (4)

The intermediate points between the fixed points with known values of R∞ and R0, required for correcting the
initial spectrum R1, are found manually empirically using the “baseline” formation, see Figure 2. Then, interpolation
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is applied using a spline to find the spectrum of the correction factor Π(v, ϕ). After determining R, the subsequent stages
of calculating the spectrum of the complex refractive index are conveniently carried out using the Kramers-Kronig method
[9]:

φ(v) =−2v
π

∫ vk

vH

ln
√

R(v∗)
v∗2 − v2 dv∗, (5)

where φ(v) is the phase of the reflected radiation, vH and vk are the initial and final points of integration of the spectrum
R(v), v is the current frequency for which the value of φ is calculated, v∗ is the frequency that serves as the integration
variable.

r⃗ =
1−n− ik
1+n+ ik

= |r|eiφ , |r|=
√
(R) (6)

r-is the amplitude reflection coefficient.
By measuring R(v) and calculating φ , n(v) and k(v) can be determined [4].
The results of calculating n(v) and k(v) of a 3D object based on the corrected spectrum R are compared with the

databases of n(v) and k(v) spectra of polymers [22–24]. To achieve good agreement between the results of calculating
the n(v) and k(v) values of a 3D object and the databases, it is necessary to manually refine the parameters Π(v, ϕ) of the
“baseline” approximately 3-5 times.

Another method for calculating the spectrum of the complex refractive index is based on machine modeling using
the CDA. With this method, the original spectrum R1(v) can be reconstructed in the first approximation into the spectrum
R(v) by constructing a “baseline” for standard tools [2–4]. The frequency values v j for the maxima of the absorption
bands are found using the primary processing of R1(v) using the Kramers-Kronig method.

Then, using the CDA method, nexp(v) and kexp(v) of the 3D-object are calculated from the spectrum R(v) and
compared in machine mode with the known data nmodel(v) and kmodel(v), obtained mainly for polymer films [24, 25].
To calculate the data nmodel(v) and kmodel(v), the known number of oscillators N and the frequency values v j are entered
into the CDA program in advance. For rapid convergence of the calculation results, it is advisable to specify the range
of k j values   for the most intense bands in the spectrum R. In the process of machine search, the data nexp(v) and kexp(v),
calculated using the CDA program from the reconstructed spectrum R(v), are compared with the values of nmodel(v) and
kmodel(v) from the reference data [22–24, 29]. This calculation method, when the search is carried out for a fixed number
of bands v j, simplifies the finding of nexp(v) and kexp(v), but the information is lost for weak impurity IR bands that may
be present in the surface layer [13, 22, 30, 31].

The magnitude of the difference between the model spectrum and the experimental one is characterized using the
residual function Q. For example, for the case of analyzing the spectrum kexp(v), it is convenient to use the residual
function Q of the form:

Q2 =
1

vH − vK

∫ vK

vH

[kmodel(v)− kexp(v)]
2 dv, (7)

where vH , vk-the boundaries of the range occupied by the analyzed spectrum k(v). The accuracy characteristics of the
calculated parameter kexp(v) for PS and PMMA samples were compared with reliable literature values of kmodel(v) [21, 29].
With a 3-5-fold iteration of the value M(v, ϕ) and subsequent calculation of kexp(v), the value of the parameter Q2 is
1×10−4−1×10−6. The value of Q2 mainly depends on the surface condition of the 3D sample and the experience of the
researcher. For fresh PS and PMMA samples in the form of plates, the parameter Q2 for the calculated spectrum kexp(v)
was 2×10−6, while for LDPE and HDPE polyethylene samples, the value of Q2 was significantly larger≈ 2×10−4. The
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relatively large value of Q2 for polyethylene is associated with the degradation of the surface layer of these two samples,
see Table 1.

3. Discussion of results
3.1 Surface research of bulk 3D-objects PS, PMMA

Figure 4 shows the experimental R1(v) and corrected R(v) spectra of 3D objects made of polymers (PS, PMMA) in
the form of cylindrical tubes of different diameters with a smooth surface. The R(v) spectra were obtained in the manual
“baseline” formation mode with a 3-fold iteration of the correction parameter M(v, ϕ). The reference constant coefficient
a(ϕ) was determined for PS and PMMA based on the known tabular values of n∞ and n2

0 [22, 28].

Figure 4. Reflection coefficients R1(v) and R(v) for industrial cylindrical tubes made of PS and PMMA see Table 1

When calculating nexp(v) and kexp(v) for PS and PMMA samples, we proceeded from a simplified optical model:
industrial cylindrical tubes have smooth surfaces and border on the air environment. The results of nexp(v) and kexp(v)
calculations obtained by processing the R(v) spectrum in the range of 5,000-400 cm−1 by the kk method are shown in
Figure 5.

The obtained values of nexp(v) and kexp(v) for the 3D-sample PMMA are in good agreement with the result obtained
for the model plate. On the other hand, the kexp(v) spectrum for the 3D-sample PS differs significantly from the spectrum
for the model plates, see Figure 6. It should be noted that the values of n(v) and k(v) for polymers strongly depend on
several conditions, such as the instrumental research method [31–35], sample preparation technology [31–34] and storage
conditions [35–37], on which the surface condition depends. The differences are especially noticeable when comparing
the k(v) values of polymers for thin films [14, 16] and bulk samples [22, 31], see Tables 2, 3.

From the analysis of Tables 2 and 3, it is evident that the greatest differences in the kmax values of PS and PMMA
polymers are observed for the strongest absorption bands. For less intense k bands in the PS spectrum, differences can
also be seen between the 3D sample that was exposed to air for a long time (see Table 1) and the sample with a fresh
surface [21], see Figure 6.
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Figure 5. The refractive indices nexp(v) and absorption indices kexp(v) calculated by the kk method for industrial cylindrical tubes made of PS and
PMMA are given in Table 1

Table 2. Absorption indices kmax for the main IR bands of PS

v, cm−1 [35] [32] [12] [21] [29] This work

3,082 0.0101 0.02 0.012 0.011 0.0139 0.012

3,060 0.0144 0.03 0.017 0.0159 - 0.0146

3,026.5 0.0237 0.06 0.035 0.0331 0.0224 0.032

3,001.5 0.0063 - - 0.0073 - -

2,923 0.0294 0.0265 0.040 0.047 0.033 0.066

2,849.5 0.0108 0.009 0.013 0.017 0.013 0.025

1,943 0.0036 0.003 0.003 0.0041 0.0065 0.0075

1,801.5 0.0038 0.0026 0.0024 0.0034 0.0060 0.0104

1,601.5 0.0220* 0.0209 0.027 0.0278 0.0188 0.025

1,493 0.0407 0.067 0.075 0.0841 0.0381 0.088

1,451.5 0.0455 0.065 0.072 0.084 0.0499 0.090

1,371.5 0.0107 0.0078 0.010 0.017 0.0172 0.022

1,181.5 0.0099 0.0074 0.008 0.0086 - 0.025

1,154.5 0.0092 0.0071 0.006 0.0099 - 0.021

1,069.5 0.0139 0.0102 0.015 0.0129 0.0316 0.015

1,028 0.0243 0.0215 0.029 0.0281 0.0354 0.025

906.5 0.0168 0.0149 0.020 0.0162 0.0198 0.020

842 0.0076 0.0072 - 0.0064 0.0122 0.012

756.5 0.0951 0.0897 - 0.107 0.1048 0.12

700 0.1169 0.25* - 0.543 0.3233 0.60

540.5 0.0663 0.0563 - 0.052 0.064 0.105

Note: kmax values (25, 35, 48, 51) were obtained for PS films, data for bulk PS [29] and the last column
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Figure 6. Absorption indices kexp(v) calculated by the kk method. PS: red line-cylindrical tube, blue line-comparison plate, see Table 1. PMMA: red
line-cylindrical tube, blue line-comparison plate [29]

Table 3. Absorption indices kmax of the main IR bands of PMMA (bulk)

v, cm−1 [35] [15] [33] [2] [29] This work

2,995 - - ≈ 0.04 0.033 0.025 0.029

2,951 - - ≈ 0.06 0.053 0.034 0.044

1,730 0.44 0.45 0.407 0.402 0.361 0.403

1,448 ≈ 0.10 0.11 0.10 0.097 0.092 0.096

1,387 ≈ 0.03 0.06 ≈ 0.06 0.0403 0.038 0.044

1,270 0.08 0.26 0.14 0.149 0.116 0.136

1,241 0.14 0.18 0.18 0.168 0.149 0.165

1,192 0.19 0.265 0.24 0.237 0.216 0.236

1,150 0.33 0.41 0.329 0.357 0.329 0.348

989 0.058 0.076 0.085 0.067 0.0629 0.079

841 ≈ 0.05 0.0419 0.05 0.036 0.0351 0.04

750 - 0.019 0.055 0.059 0.0448 0.06

483 - - ≈ 0.03 ≈ 0.014 ≈ 0.033

The appearance of additional IR bands in the spectrum of the 3D-sample of the PS polymer in the region of vibrations
of OH groups (3,580, 3,400, 1,640 cm−1) and various carbonyl groups (carbonyl band 1,740 cm−1 C=O group, triplet
1,368, 1,287, 1,187 cm−1 C-O-C group) indicates degradation of the surface layer of the sample under study. Changes in
the chemical structure of the PS surface are associated with the effects of moisture, atmospheric oxygen, and ultraviolet
rays [36]. In the spectrum of PMMA, the differences between the compared 3D image and the model plate were practically
insignificant. Therefore, it was decided to compare the spectrum of the 3D-sample PMMAwith the spectrum of the model
plate from the work [29]. The observed differences in Figure 6 for the kmax values of PMMAbetween the compared spectra
are associated with different spectral interval widths: in our work, we have 2 cm−1, while in work [29] the interval width
is 16 cm−1. As a result of differences in spectral resolution, the intensity of the bands is reduced, and their half-width ∆v
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in the work [29] is noticeably larger, see Figure 6. For example, according to data [29], the IR bands of PMMA have a
half-width of 1,493 cm−1 (∆v = 19 cm−1), 756 cm−1 (∆v = 32 cm−1), 700 cm−1 (∆v = 20 cm−1), while according to our
data (see Table 3), the corresponding bands have a width of ∆v = 6 cm−1, ∆v = 29 cm−1, ∆v = 9.5 cm−1, respectively.

3.2 Surface research of bulk 3D-objects LDPE and HDPE

The results of the studies of bulk 3D samples of different grades of LDPE and HDPE polyethylene showed a high
degree of HDPE crystallinity and noticeable differences in the surface structure of the samples, see Figure 7 and Table 4.

Figure 7. Spectra for polyethylene 3D-samples (LDPE and HDPE) with a non-planar outer smooth surface, see Table 1. 1-initial experimental spectrum
R1; 2-reflection spectrum R; 3-absorption indices. The scale of the insert for the 1,450 and 720 cm−1 bands is increased in the figure margins for clarity

Figure 8. Absorption indices k of spectra: 1-LDPE polyethylene plate (see Figure 2 and Table 1), (red curve) spectrum obtained by processing spectrum
R by the kk method. 2-LDPE film, (blue curve) spectrum of the film obtained by the transmission (T ) method [24]
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The reliability of measurements of small absorption values of LDPE with the correct use of a smooth baseline is
demonstrated by the results of a comparison of the kexp(v) spectra in the background region for a 3D-object and a thin
film, see Figure 8. Interpretation of the bands in the background region in the spectrum of a 3D-object is given in Table 4.

Table 4. IR absorption indices kmax of polyethylene LDPE and HDPE

Polyethylene Reference [38], cm−1 LDPE HDPE Functional group Copolymer PE-PEO [38, 39]

- 3,320 3,340 O-H asymmetric stretch -

2,959 2,959 2,952 C-H asymmetric stretch in CH3 PE, PEO

2,914 2,918 2,918 C-H asymmetric stretch in CH2 PE

2,846 2,851 2,849 C-H symmetric stretch in CH2 PE, PEO

- 2,314, 2,115, 1,980 2,015, 1,880 -C=C-symmetric stretch PEO

- 1,665 1,615 OH2 bend -

- 1,600-1690 - -C=O stretch PEO

1,474 1,463 1,473, 1,463 CH2 bend PE

- 1,306 1,308 CH3 bend PEO

- 1,164, 1,080 1,040 C-O-C stretch PEO

- 894 850 γr (CH3) PE

- 894 808 γr (CH2) PEO

720 720 720, 730 CH2 rock PE, PEO

- 628, 537, 450 640, 522 C-C-O bend PEO

From the analysis of Figure 8 and Table 4, it is evident that the operating and storage conditions of the object have a
noticeable effect on the degradation of the surface [36–39] of the non-flat LDPE polymer plate. The most characteristic
vibration bands in the spectrum of Figure 8 are those that can be attributed to the C-O-C bonds 1,080, 900 cm−1, C-
C-O 628, 537, 450 cm−1, and CH2 1,360, 1,342 cm−1. The position of these bands in the k spectrum of the LDPE
plate resembles the spectrum of the polyethylene-polyethylene-oxide copolymer [38, 39]. The presence of frequencies
of 3,400 and 1,640 cm−1 indicates the hydrophilicity of the surface of the LDPE and HDPE samples. The frequencies
and intensities of the polyethylene-oxide bands in the surface layer of LDPE and HDPE are slightly different (see Table
4), but in both cases, their intensity is significantly higher than that of similar bands in the spectrum of the film thickness
obtained by the transmission method [24].

4. Prospects and limitations
The use of the “baseline” allows the future to test industrial polymer products of different configurations and shapes,

for example, those with spherical, cylindrical, and ellipsoid surfaces. Correction of the original reflection spectrum of
polymer 3D objects using the “baseline” allows to obtain objective quantitative data not only in the area of the main
absorption bands but also improves the conditions for studying small absorption values. For this purpose, the software
package of IR Fourier spectrometers should in the future includemeans for correcting the experimental reflection spectrum
for 3D objects.

It is necessary to note the limitations associated with the use of the “baseline” that concern the study of samples with a
rough surface. In this case, it is not recommended to process such a spectrum using theQCmethod. In addition, difficulties
may arise when studying samples with complex surface relief, in which local relief deviations will be comparable with
dimensions of approximately ≈ mm. This is primarily due to diffraction-interference phenomena, and secondly, to the
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low reflection of samples with such a surface profile. Another significant limitation concerns the correct choice of the
optical model of the object under study. The presence of thin layers on the surface of objects requires appropriate means of
matte processing, taking into account the presence of additional layers [5, 22]. For example, the presence of a thin surface
layer in LDPE and HDPE samples requires clarification of the optical model of the reflective surface, especially when it
is necessary to measure small values of k ≤ 0.01. At the same time, it can be noted that the thin surface layer within the
framework of the used simplified optical model in the region of weak absorption of the layer does not significantly affect
the results obtained by the Kramers-Kronig method for the main bands of the polymer array, for which k ≥ 0.01. The
thin surface layer will have the most significant effect on the results of calculating the background intensity values   of the
bands, for which k ≤ 0.01. At the same time, it is important to note that the position of the bands and their relative intensity
related to the thin surface layer will have little effect on the choice of the optical model for a small limited spectral interval.
The most radical way in a quantitative study of thin layers is to use a more correct optical model that takes into account
the thin layer.

5. Conclusion
The described method for correcting the experimental spectrum of external reflection from 3D objects at a normal

angle of incidence by constructing a “baseline” allows us to obtain quantitative values of the complex refractive index.
Correction of the original reflection spectrum of objects with a complex configuration using a “baseline” improves the
conditions for studying small absorption values. In particular, this allows us to study thin surface layers that arise
during degradation processes during the aging of polymers. As an example of the usefulness of using a “baseline”,
studies were carried out on the n(v) and k(v) values   for different shapes of polymer 3D objects (PS, PMMA, LDPE,
and HDPE). The obtained k(v) values   were compared with measurements performed for flat polished samples. It was
shown that the surface layer of LDPE and HDPE polyethylene lying in the air contains functional groups characteristic
of the polyethylene-polyethylene-oxide copolymer. Finally, it should be noted in agreement with the authors [5] that “the
results of external reflectance measurements are highly dependent on the measurement conditions. The spectra obtained
with this technique differ from those obtained with transmission spectroscopy. To obtain analytically useful information
from external reflectance spectra, it is necessary to understand the physical phenomena responsible for the generation of
the spectra and to carefully select the measurement conditions for a given sample”.
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