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Infra-red spectroscopy of reflection-absorbance with account for thin
surface layers: the theoty and experiment
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The description of the reflectance-absorbance spectra for the light reflecting from the plane boundary between
absorbing liquid phase and the gaseous one is developed accounting a thin anisotropic absorbing interfacial layer.
The surface contributions are shown being described in terms of four integral parameters of the permittivity profiles
universal respectively of the incidence angle and the type of profile. The results of performed studies of angular
dependency of the reflectance-absorbance spectra in the infra red region for the lipid on the water- gas interface
are in a fair agreement numerically with the model considered.
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Introduction

Use of the optical methods to study the absorbing surface
layers and films, among which one of the most common is
the reflection absorption spectroscopy (IRRAS — infrared
reflection absorption spectroscopy), continues to be of
intense interest both from the fundamental or applied points
of view. The thin layers and films are studied, provided that
the layer thickness is small: L < A, where 4 — wavelength
of the incident radiation, L — specific thickness of the
layer. Despite the smallness of the parameter L/A, the
specified methods make it possible to effectively determine
the surface corrections to the reflection coefficients both
in the infrared and in the visible areas of the spectrum.
The study results are relevant in different applications both
on the surface of liquid media, for example, surface layers
and films of surfactants [1-3], polymers [4,5], DNA [6-8],
proteins and lipids [9-12], and on the surface of hard media,
for example, metals [13-15].

During interpretation of the experimental data of re-
flection absorption spectroscopy the authors quite often
restrict themselves to discussion of appearance or absence
of the bands, and also their variation in certain experimental
situations. In quantitative description, usually an approach
is used, when initially a surface layer (SL) model is created,
and its parameters are varied to achieve the compliance
between the experimental and calculated spectra of optical
density. Besides, the question of how many independent
parameters this model may contain remains out of consider-
ation. Such approach is also used for interpretation of multi-
angle data [9,16-22]. Intuitively it seems evident that the
analysis of multi-angle dependences increases the reliability
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of the calculation results and may enable production of the
additional information. However, the question of the range
of angles and the number of spectra necessary and sufficient
for the valid interpretation of data remains out of discussion.

The simplest SL model is a homogeneous film with
thickness of L between two half-infinite media. There is a
well known analytical solution [23] for this model, making
it possible to relate the material and the imaginary parts of
the SL refraction index and its thickness with the reflection
coefficients of polarized radiation. This approximation is
widely used for numerical calculations, however, the bulk-
iness of the final expressions for the reflection coefficients
complicates the clear analytical discussion of the produced
results [24]. The papers [24-29] simplified this approach in
the assumption L/1 < 1.

In the theoretical description of the radiation reflection
with account of interphase layers the effective approach
was the molecular-statistical one [16,30-33], which was
used in the large number of papers [9,18,34-38]. It is
material that it is not necessary to preset the profiles of local
values characteristics, such as the material and imaginary
components of the dielectric permittivity when using this
approach. Before it was shown that the use of this approach
for s-polarization [39] makes it possible to produce the
expressions for the reflective capacity and optical density,
which contain only one parameter determined by the profile
of dielectric permittivity in SL. This fact makes it possible,
using the measurement of these values at one angle of
incidence, to predict them at any other angle. Therefore,
it was shown that this parameter is an angular invariant.
It should be emphasized that in this paper we consider the
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case of external reflection of electromagnet wave, the case of
the internal reflection was considered, for example, in [40).

This paper considers the reflection of p-polarized light,
it is demonstrated that the reflective capacity and optical
density in this case are determined by three parameters
determined by the profile of dielectric permittivity, ac-
cordingly, for the determination of angular dependences
of these values it is necessary to measure the reflection-
absorption spectra at three angles of incidence. The
possibility to determine only three parameters on the basis
of the experiment results in the fact that the built SL. model
may not contain more than three independent parameters.

To demonstrate the reliability of data produced on the
basis of the developed model description, we performed
the multi-angle measurements of reflective capacity spectra
in the system of vapor—lipid film—water for p-polarized
radiation. The obtained data demonstrated good compliance
with the theoretical estimates, in particular, good agreement
of data obtained for s- and p-polarizations.

Reflection coefficients and reflective
capacity with account of the thin surface
layer

Let us consider as in [33] the problem of reflection of the
flat polarized electromagnet wave from the flat border of
two media with account of an anisotropic heterogeneous SL.
For the sake of simplicity let us assume that the medium A,
from which the radiation falls on the interface with the
medium B, is the rarified gas with dielectric permittivity
&1 =1 (Fig. 1). Besides, we will assume that the SL is thin,
1e. its specific thickness is much less than the wavelength
of the incident radiation A. In [33] the expressions
were obtained for the reflection coefficients Rp and Rs of
reflective capacities I'p and I's in such systems for radiation
polarized in the plane of incidence (p-polarization), and
perpendicularly to the plane of incidence (S-polarization).
These expressions have the following form:
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Figure 1. The optical scheme of reflection of radiation at the
interface of two media A and B with the thin surface layer between
them. The refracted beam is not considered in this study, therefore,
its image is excluded.

Here, )
RE = sin(¢ — ¢s)/ sin(¢po + ¢s)
and

R}, = tan(¢ — ¢s)/ tan(¢o + ¢s)

— Fresnel reflection coefficients for a sharp step-like
interface between the media for s- and p-polarized radiation,
accordingly, rs = ﬁsﬁg and rp = FNQpFNQ;;, ko = 2m/A, ¢pg —
angle of incidence, ¢g — angle of refraction, eg — dielectric
permittivity of the medium B. Hereinafter the tilde specifies
the complex nature of the value.

The equations (2) and (4) are not applicable in the direct
vicinity of the Brewster angle, when cos(¢¢ + ¢g) becomes
comparable or less than the corrections from SL.

Integrals I and I, in (1)—(4) are the only values deter-
mining the contribution of the surface optical characteristics
to the reflection coefficients and reflective capacities:

[ =l +1ly = [ dz(&(2) — &), (5)
/

- [ E(2)— s
|2—|2r+||2| —b/dZW (6)

The tensor of dielectric permittivity in the flat surface
layer &(z) = &j(z)&; is diagonal as a result of cylin-
drical symmetry, 6j; — Kronecker’s delta, i, j =X,Y, z,
Cartesian ordinates X and y lie in the plane of SL,
Cartesian ordinate z is perpendicular to its plane.
For the sake of brevity let us introduce designations
Exx(z) = &yy(z) = &(z) and &,(z) = &n(z). Hereinafter
we will designate the complex dielectric permittivities as
& =¢ +1€’', where i = xX,yy,zzt,n, B.

We will name the value || an integral surface excess
of dielectric permittivity, and I, — the integral surface
excess of the return dielectric permittivity. Both values are
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determined by the difference of the dielectric permittivities
of the surface layer and the volume medium and have the
length size
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In case of normal
and (3) matches (4).
The surface contribution to the reflective capacity of s-
polarized radiation is determined by value Igf), the angular
dependence of corrections to the Fresnel contribution is
determined by the multiplier cos¢o. The surface contri-

incidence (1) matches (2),

bution for p-polarization is determined by Ig?. Its angular
dependence in this case is quite complicated. Dependence
on the angle of incidence in the denominator is determined
by the volume dielectric permittivity and the angle of inci-
dence, and its discussion is not of independent interest when
discussing the surface contribution to the reflective capacity.
The angular dependence of the numerator, the value of
which is the one determined by the surface excesses, is
determined by the three contributions proportional to cos ¢y,
sin? ¢o cos ¢y and sin* o cos Po.

The value Igf) is determined by excesses of the material
and the imaginary parts of only the tangential component of

the tensor of dielectric permittivity (5) and does not depend

on the angle of incidence. The value I(i?f) depends on the

angle of incidence and is determined by the material and
imaginary parts of integral excesses (5) and (6).

Determining the optical density of reflection as
as = —log,, &z and ap, = —log,, 1£, we get
s P
4Kkq cos ¢y | <§)
as = — < 2 (11)
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a _4k0 cos g
P In(10)

| (p)

X eff .
[(ef — 1)2 + e4?][(1 — O sin? )2 + O sin* by

(12)

Comparing (3), (4) and (11), (12), it is possible to
ascertain that the above conclusions on the contribution of
surface excesses to the reflective capacities of the polarized
light and their dependences on the angle of incidence are
true for optical densities as and ap as well. It should be
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Figure 2. The optical scheme of experimental installation for
measurement of the reflection absorption spectra in the IR range
at different angles of incidence and polarization of light.

emphasized that in the main approximation by the thickness
of SL the values of optical densities are determined only
by four integral parameters, depending on the surface
characteristics, namely, the material and imaginary parts of
the surface excesses (5) and (6).

Experiment

Measurement of the reflection-absorption spectra at dif-
ferent angles of incidence and polarization of radiation was
carried out using IR Fourier spectrometer Nicolet 8700
(Thermo Fisher Scientific), equipped with an external
optical module (OM) with the receiver MCT-D. The
experimental scheme of installation is shown in Fig. 2.
Infrared radiation from the spectrometer is directed to
the external optical module OM. The linear polarizer and
mirrors / and 2 are fixed on the motorized translators,
which makes it possible to automatically specify the nec-
essary S- or p-polarization and the angle of incidence ¢ of
light. The light reflected from the interface of water—thin
film—water vapor is directed using the mirror 2 and the
optical lens to the cathode of the receiver MCT-D. The
reflection absorption spectra were measured in the range
of 1000—4000 cm~! with resolution 2cm~! and averaging
by 1024 measurements.

Multi-angle measurements of the reflective capacity were
performed for the interval of the angles of incidence 20—50°
from three samples of water with the applied film of
dipalmitoylphosphatidylcholine (DPPC), the surface density
is 0.49nm?/mol. Measurements started in 1.5 hours after
installation of the sample in the OM and application of the
film. The temperature in the OM was 23 + 0.5 C.

Results and discussion

The measured reflection-absorption spectra made it pos-
sible to calculate the spectra of optical density in the
interval of wave numbers 1000—4000cm~'. In Fig. 3 the
dependence of the optical density on the wave number
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Figure 3. The spectra of optical density calculated from exper-
imental data for DPPC at angle of incidence 30°, s-polarization
(solid curve), p-polarization (dotted line).
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Figure 4. The spectra of optical density calculated on the basis
of experimental data for DPPC at angles of incidence 20 (solid
curve), 30 (dashed curve), 40° (dotted line) for s-polarization.

is presented for both polarizations at the angle of inci-
dence 30°.

This paper studies in detail the symmetric (2850cm™!)
and antisymmetric (2919cm™!) methylene bands, which
are convenient both from the point of view of a quite
high absorption ratio and significant distance from other
resonances. Discussion of other bands, first of all, related
to the water spectra in the volume and vapor phases, is of
obvious interest, but is not included in the objectives of this
paper.

The calculated spectra of optical density of both polar-
izations for the angles of incidence 20, 30 and 40° are
presented in Fig. 4, 5 and 6. From the figures it can be seen
that the bands in case of p—polarization are much larger
in amplitude than s-polarizations. Besides, in accordance
with the above consideration, the intensity of these bands
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increases noticeably when approaching the Brewster angle.
In case of s-polarization the dependence of the optical
density on the angle is relatively low, since according to (11)
it is defined by the cosine of the angle of incidence. For
comparison, in Fig. 6 there are spectra of optical density for
s- and p-polarized radiation at angle of incidence 40°.

Note that the amplitude of maxima for the specified bands
differs more than twice. Since at narrow angles of incidence
under the general assumptions the maxima are close in
value, it is obvious that this difference is caused by faster
growth of the optical density for p—polarized light upon
increase of the angle of incidence compared to the case of
S—polarized radiation.

The experimental data make it possible to determine the
values ISQF) and Igff). The results are shown in Fig. 7, 8.
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Figure 5. The spectra of optical density calculated on the basis
of experimental data for DPPC at angles of incidence 20 (solid
curve), 30 (dashed curve), 40° (dotted line) for p-polarization.
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Figure 6. The spectra of optical density calculated on the basis of

experimental data for DPPC at angles of incidence 40° for s- (solid
curve) and p- (dashed curve) of polarized radiation.
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In accordance with (7) Igf) dos not depend on the angle
of incidence, which corresponds to the experimental data
of Fig. 7, which provide the results for the maxima of
symmetric and antisymmetric methylene bands produced
for various angles of incidence. The values of dielec-
tric permittivity of water necessary for calculations were
taken from the paper [41]. The results of data pro-
cessing yield the average values of maxima 2850.5 £+ .0.4
and 2918.8 £ 0.4cm~! positions, and the average Igéf)
1.08£0.04 and 1.60+0.03nm for the symmetric and

antisymmetric bands, accordingly.

The value Iégv) depends on the angle of incidence and

contains summands proportional to sin® ¢o, ] =0,1,2
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Figure 7. The value Igf) calculated from the experimental data for
antisymmetric (circles) and symmetric (squares) methylene bands
at different angles of incidence for s—polarization.
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Figure 8. The value IE? calculated from the experimental data for
antisymmetric (circles) and symmetric (squares) methylene bands
at different angles of incidence for p—polarization.

The values (nm) of three integral parameters produced for
symmetric @; and antisymmetric w, methylene bands

Polarization | Sf) ls lsq
w1 1.07 +£0.04 -2.2+0.2 0.8+0.3
w; 1.61 +0.05 —-3.5+0.3 1.5+0.4

It should be noted that the contribution to Ié?f) at

j =0 is determined by ISQF). The average values of
the band maxima positions obtained from experimental
data processing for p—polarized radiation: 2850.2 +0.7

and 2919.3 £ 1.1cm™!; the results for Ig? are provided
in the table.

The values for the position of bands produced by both
polarizations are well agreed with each other and the
references [3,17,18].

(s)

Comparing values | g, calculated from the measurement
results for S— and p—polarizations, one may note that they
match well. It means in particular that the measurements for
S—polarized radiation provide no additional data in respect
to the results obtained by using p—polarization. The error
value in the case of p—polarization is higher since it is
explained by the low reflective capacity in this case.

The accuracy of determination of | sy and | g4 is noticeably

lower than for the value of | S;f), which is due to the relatively
narrow interval of angles of incidence. In accordance
with (8) the analysis of angular dependence of p—polarized
light makes it possible to calculate only three values: IST), )
and lg4. Therefore, using measurements of optical density
will not allow for calculation of the material and imaginary
parts of the surface excesses (5) and (6). The developed
models of the surface layer structure must be agreed with

(s

the experimentally measured values | eﬂv) , lsp and lgg4.

Conclusion

Based on the obtained experimental data, it is possible
to conclude that the reflection-absorption spectroscopy in
the main approximation by the thickness of film makes it
possible to determine the three parameters set by excesses
of dielectric permittivity in SL. As a result, when discussing
it structure, the model shall not contain more than three
parameters. The proposed film models must comply with
their experimentally found values.

The study of the optical density during reflection of
S—polarized radiation provides no additional information
in addition to the one obtained from analysis of optical
density of p—polarized light. Multi-angle measurements at
S—polarization may only help to improve the measurement
accuracy. Nevertheless, measurement of reflection of s—of
polarized radiation may be used to align the device. In this
case the criterion of proper optical tuning will be the

Optics and Spectroscopy, 2024, Vol. 132, No. 2
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stability of the angular invariant determined for various
angles of light incidence.
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