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Abstract

A specialized low-temperature measuring cell with a cryogenic capillary system for infrared spectral analysis of ethanol
developed by the authors is presented. The use of the created low-temperature cell is possible for further studies of the
low-temperature properties of both pure ethanol and mixtures with its contents, which is currently an urgent task, and
the data obtained with its help can be used for ice research. Two methods of ethanol research at low temperature are
presented in comparison. In the first method proposed by the authors, a specially developed low-temperature measuring
cell based on a diffuse reflection prefix of the Fourier spectrometer FSM 2203 with a cryogenic capillary system is
used. This system allows you to achieve the required low-temperature regime at normal atmospheric pressure. The
results of the experiment are compared with the traditional method of gas-phase condensation of the test sample under
low temperature conditions at the pressure P = 1.0-10-5 Torr. Infrared spectra of low molecular weight amorphous and
crystalline ethanol were obtained at a temperature of 150 K at normal atmospheric pressure and in vacuum. Comparison
of experimental results confirmed the operability of the new installation. In the experiments, peaks were observed in the
absorption bands from 2850 to 3000 cm~! and from 2950 to 3100 cm~!, corresponding to the valence CH vibrations of
ethanol as well as in the absorption bands from 3150 to 3400 cm~! and from 3300 to 3500 cm~!, which corresponds to
the valence vibrations of OH. The results of the study showed the prospects of the proposed method and can be useful
by researchers in the field of low-temperature spectroscopy at normal pressure.
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AHHOTaNMS

BBenenue. Pa3zpaborana cnenuanu3upoBaHHas HU3KOTEMIIepaTypHas W3MEpHUTEIbHAsA siueiika ¢ KpUOTEHHOU
KamMJUIIPHOH CHCTEMOM It HH(PAKPACHOTO CHEKTPANbHOTO aHamu3a 3TaHona. Co3ganHas HU3KOTEMIIepaTypHas
sYeiika MOXeT OBITh IMPUMEHEHA JJIsl HCCIEAOBaHNN HU3KOTEMIIEPATyPHBIX CBOMCTB YHUCTOTO 3TAHONA U CMeCeH
C ero cofepKUMBbIM. Takoe HCIIONb30BaHHE B HACTOSAIIEE BPEeMs SIBISIETCS aKTyaJbHOH 3ajadeif, a moirydaemble
C ee MOMOIIBIO JaHHBIE MOTYT HAlTH MpHUMEHEHHE I UCClIeqoBaHus Jba0B. MeToa. BrimonHeno cpaBHeHnue
JIBYX METOJIOB MCCIIEIOBAHMS dTAaHONA IIPH HU3KOI Temreparype. B mepBoM, mpeayioxkeHHOM MeToje MpUMeHeHa
CIIelabHO pa3paboTaHHass HU3KOTEMIIepaTypHasl H3MepHUTeIIbHas suelika Ha 6a3e nmpuctaBky JU(Gy3HOT0 OTPaKEHUS
dypre-cnekrpomerpa ®CM 2203 ¢ KpUOTeHHOI KanuuIApHONW cucTeMoi. Mcnonb30BaHne CUCTEMbI TO3BOIMIIO
HOJIY4YHUTh TPeOyeMblii HU3KOTEMIIEPATYPHBIH PEeXHUM IPU HOPMAJbHOM aTMOC(EpHOM JaBieHUH. Pe3ynbTaThl
9KCHEPUMEHTA COTOCTABIECHbI C TPAAUIMOHHBIM METOAOM ra3o(a3Hol KOHAEHCAINH UCCIeayeMoro obpasna B
YCIIOBHUSIX HU3KOM Temrieparypsl nipu aasiernu P = 1,0-10-5 Topp. Pe3yabrarsl. [TonydeHsl nHppakpacHbie CIEKTPhI
HU3KOMOJICKYJSIPHOTO aMOP(HOTO U KPUCTAININIECKOTO TaHoMa pu Temreparype 150 K, Hopmamsaom armocdheproM
JaBIICHUX U B BakyyMme. CpaBHEHHE SKCIEPUMEHTAIBHBIX Pe3yIbTaToOB MOATBEPIMIO PAaOOTOCIIOCOOHOCTE HOBOH
YCTaHOBKH. B pe3ynmbrare sKCriepuMeHTOB HAGMIONANICH TIMKK B ToJ0ocax nomiomenus ot 2850 1o 3000 cm~! u ot
2950 1o 3100 cm !, coorBercTByrOIIME BaneHTHEIM CH-KoNeGanusIM dTaHosa, a TAKXKE B MOJI0CaX MOMIoneHus ot 3150
110 3400 cm~! u ot 3300 10 3500 cM!, uto cooTBercTBYyeT BaseHTHbIM KoneOaHusim OH. O6cy:xnenue. [TonyyeHHbie
PE3yNbTaThl MOKA3aIH MEePCIEKTUBHOCTD MPEI0KEHHOT0 METO/[a U MOTYT OBITh MOJIE3HBI HCCIIEI0BATENAMU B 001aCTH
HHU3KOTEMIIEPATYPHOH CTIIEKTPOCKONNH MPH HOPMAIbHOM JABIECHHN.

KaroueBbie c10Ba
HU3KOTeMIIepaTypHasi siaelika, KpHOTeHHasl KaluIsIipHas cucrtema, stanoin, MK crekrper, quddysHoe oTpakeHue

BaaronapuocTu
HccnenoBanue BBITOTHEHO MTpU (PUHAHCOBOM Moiep kke MuHMCTepCcTBa 00pa3oBaHus u Hayku Pecryonuku Kazaxcras,
rpant AP15473758.

Ccpuika s nurupoBanusi: Ken6ait A A., T'omukos O.10., AnmusipoB A.Y., Epexen /I.E. HuzkoremmneparypHas sraetika
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Introduction

Amorphous ices are the dominant form of water and
alcohol in the universe, but they do not naturally form
on Earth’s lithosphere. Amorphous ices mostly form on
interstellar dust, in comets, and many other astrophysical
environments including the Saturnian rings. For example,
crystalline benzene has been identified in the atmosphere
of Titan [1] within the Solar System, while benzene ice
has been detected in the direction of a proto-planetary
nebula beyond the Solar System [2]. There are plenty
of conditions of the amorphous ice formation in nature.
Crystalline ice may amorphize under the influence of UV-
or ion-irradiation [3]. A significant amount of laboratory
researches has been conducted on extraterrestrial ices at
low temperatures, primarily focusing on analyzing the
infrared (IR) spectra and other characteristics of amorphous
molecular solids that consist of one or more components
[4]. Unfortunately, this emphasis on amorphous solids
has often resulted in the neglect of studying crystalline
compounds, despite their presence in various environments
within the Solar System.

Among the organic matters that have been found in ices
by astronomers were also methanol (CH;OH) which has
received the most detailed and widespread attention [5-8],
and solid ethanol (C,HsOH) which has almost been ignored
by astrochemists. Taking into account the importance of
ethanol for such areas as energy [9-12], medicine [13, 14],
industry [15, 16], study of ethanol in its various states

and conditions is very relevant. Insufficient information
about amorphous C,HsOH, in which phase it is expected
in many extraterrestrial environments, makes it impossible
to understand and evaluate ethanol-ice by IR astronomers
[17].

One of the methods that can help us to get more
information about amorphous ethanol is IR spectroscopy
that has been invaluable in the study of extraterrestrial ices,
both through astronomical observations and laboratory
studies. In both cases, the two reference spectroscopic
quantities of greatest need are spectral positions and IR
intensities, such as band strengths or absorption coefficients
for IR peaks. However, although the IR literature contains
extensive results on spectral positions, peak assignments,
and vibrational modes, quantitative results on intensities
for many compounds in the solid state has not been studied
in depth [18-21]. The centrality of such reference IR
intensities for calculating abundances in astrochemical
problems is well illustrated by discussions in both a
recent and an older review of icy solids in extraterrestrial
environments [22]. IR spectra are crucial in identifying
and characterizing extraterrestrial ices, and the quantitative
measurements of intensity such as band strengths and
absorption coefficients are used to measure abundances.
Additionally, optical constants have applications in
computational models of solid-phase compositions [23].
IR spectroscopy is the most reliable method for remote
identification of molecules and ions in extraterrestrial
solids, and it remains possible to not only identify but also
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Low-temperature cell for IR Fourier spectrometric investigation of hydrocarbon substances

quantify IR detections to obtain molecular abundances by
comparing astronomical data to reference measurements
from terrestrial laboratories [24]. The IR spectra of ethanol
can be used to study the low-temperature chemistry of
interstellar clouds and of extraterrestrial objects in our solar
system, such as ice-covered moons and trans-Neptunian
objects in connection with upcoming NASA and ESA space
missions involving IR instrumentation [25].

The present work is aimed at confirming the
measurement technique using the developed by us
specialized low-temperature cell through conducting
fundamental research of ice (amorphous/solid) and liquid
ethanol properties in the temperature range of 90-200 K
under normal conditions (atmospheric pressure) which are
provided by the developed cell.

Methodology

To research the thermophysical properties of ethanol
within the framework of this research, we conducted
two types of fundamentally different experiments of
studiyng ethanol at low temperature to compare them
later. The first one was conducted at low temperatures and
normal atmospheric pressure, the second one — at low
temperatures in vacuum chamber.

To conduct the first experiment, it was necessary to
create such an installation that will allow researching the
properties of ethanol in the IR range at low temperatures
and at normal pressure. Currently available diffuse
reflection attachments for spectrometers do not have the
ability to record the spectral characteristics of substances
at temperatures different from the ambient temperature.
Nevertheless, the forced choice of the diffuse reflection
mode of IR spectroscopy is due to the possibility of creating
a modified attachment that would allow to record spectra
at different temperatures with the simultaneous possibility
of cooling the sample.

The basis on which the modernization was carried out
within the framework of this research was the IR Fourier
spectrometer FSM 2203 of the INFRASPEK company
(St. Petersburg, Russia) with a special attachment for
diffuse reflection. This IR Fourier spectrometer allows
obtaining high-resolution IR spectra for the qualitative
and quantitative analysis of the samples under research.
Fourier spectrometer FSM 2203 (Fig. 1) operates in the

OCM 2203

Fig. 1. Infrared Fourier spectrometer “FSM 2203” with a diffuse
reflection attachment

Mid-Infrared Region (MIR) with a spectral resolution of
0.1 cm! in the range of 370-7800 cm~!.

Since this research implies an experimental research of
ethanol thermophysical properties at low temperatures and
at normal pressure, the question of creating the possibility
of the test sample temperature controlling inside the diffuse
reflection attachment arises (Fig. 2), the sample is placed
in the cuvette compartment of the FSM 2203 spectrometer.
The greatest importance is the possibility of lowering the
temperature to 80—90 K. The diffuse reflection method
has minimal requirements for preparing a sample of the
test material. It is possible to research irregular surfaces
or coatings including polymer ones. In addition, it is
possible to obtain spectra in a wide range, which gives it
an advantage over the classic transmission measurement
method.

The main elements of this attachment are the system of
mirrors and a retractable sample holder (Fig. 2, pos. 4) in
the cells of which the test samples are placed. A micrometer
screw (Fig. 2, pos. /) is used to adjust the vertical position
of the sample holder by moving the directive (Fig. 2, pos. 3)
in the direction of the vertical axis. The radiation passing
through the inlet of the attachment hits the surface of a flat
double-sided mirror (Fig. 2, pos. 2), being reflected from it,
the beam falls on an elliptical mirror (Fig. 2, pos. 3) which
focuses it on the surface of the test sample located in the
cell retractable holder. The beam diffusely reflected from
the sample surface again hits the elliptical mirror which
redirects it to the spherical mirror (Fig. 2, pos. 6), then the
beam hits the other side of the two-sided flat mirror exiting
into the detector chamber of the FSM 2203 spectrometer.
Primary processing of the received IR spectra is carried out
in the FSpec software, the analysis is performed using the
Origin software.

To be able to lower the test sample temperature inside
the cell of the retractable holder of this attachment, a
specially developed modification based on the standard

Fig. 2. Schematic representation of the DRA diffuse reflection
attachment: / — micrometer screw; 2 — double-sided flat
mirror; 3 — elliptical mirror; 4 — retractable sample holder;
5 — directive; 6 — spherical mirror
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Fig. 3. Three-dimensional model of a retractable holder: standard retractable sample holder («); modernized specialized retractable
sample holder, assembled (b); modernized specialized retractable sample holder, disassembled (c).

1 — holder handle; 2 — heat insulating cover of the holder; 3 — cryogenic capillary system; 4 — temperature sensor; 5 — container

sample holder was used (Fig. 3). The design of the upgraded
holder is made up of two main materials: polylactide and
copper. The choice of these materials for specific parts of
the holder is determined by their thermal conductivity.
Thus, the choice of polylactide, which has a thermal
conductivity of about 0.11-0.19 W/(m-K), is made with the
purpose to prevent the negative effect of the temperature of
the external atmosphere on the temperatures of the copper
bar and samples placed in the measuring cells. The bar
with cylindrical holes for placing the test samples (Fig. 3,
pos. 5) is made of copper, a material with high thermal
conductivity, to enable rapid and uniform distribution of
the temperature supplied through the cryogenic capillary
system. The cryogenic capillary system (Fig. 3, pos. 3) is
also made of copper for the same reasons.

Cooling of the studied samples to the temperature of
80 K is carried out on account of the continuous circulation
of liquid and gaseous nitrogen inside the copper tube of
the cryogenic capillary system. The direct contact of the
copper tube and copper bar with the cells, as well as the
high thermal conductivity of copper, make it possible
to achieve rapid cooling of the test substance (in our
case, ethanol) to the required temperature. The current
temperature of the copper bar is measured using the
LakeShore PID controller thermocouple (Fig. 3, pos. 4)
mounted on the surface of the copper bar. Heating of the
test samples is achieved by stopping nitrogen circulation
through the cryogenic capillary system and restoring the
thermodynamic equilibrium between the test substance
and the environment. The nitrogen circulation through the
copper tubes of the cryogenic capillary system is achieved
by establishing a high pressure by heating in a special
Dewar vessel. As a result, nitrogen vapor is “squeezed out”
from the vessel into the cryogenic capillary system with the
help of which cooling of the samples is achieved.

For the sake of the experiment purity, a blowing
system was also added to the diffuse reflection attachment.
Gaseous nitrogen supplied inside the attachment creates
the necessary inert environment and also prevents frost
formation on the surface of the samples and the copper
bar. Ethanol produced by SeccoSolv was chosen as the test
substance (purity >= 99.9 %, dried, Darmstadt, Germany).

The second experiment (Physical Vapor Deposition
(PVD)) was conducted with using experimental setup for
cryovacuum condensation [26] shown in Fig. 4.

A substrate (Fig. 4, pos. 6) is thermally connected to
a closed-cycle helium Gifford-McMahon refrigerator and

placed within the vacuum chamber (Fig. 4, pos. /). The
cooling system has two stages, first is capable of cooling
the substrate to a temperature of 7.5 K and the second
one — cooling to 12 K. A resistor heater is attached to the
second stage. The PID temperature controller LakeShore
allows for temperature adjustments between 12-200 K
[27]. To obtain the condensed ethanol sample, the gas
phase was deposited onto the substrate at a pressure of
P =1.0-10"5 Torr while maintaining the substrate
temperature at 150 K. IR radiation supplied from an
external source reflects from sample, passes through a
system of mirrors and goes into FSM 2203 where it is being
processed and transformed into spectra we receive.

Results and discussion

In our researches, the main attention was paid to the IR
spectra of low molecular weight amorphous and crystalline
ethanol in the range from 2700 to 4000 cm™!, obtained
under normal conditions at a temperature of 90-200 K,
with an emphasis on amorphous ices at temperature of

Fig. 4. Experimental setup for cryovacuum condensation:
1 — vacuum chamber; 2 — vacuum pump Turbo-V-301; 3 —
vacuum gate valve CFF-100; 4 — pressure detector FRG-700;
5 — Gifford-McMahon refrigerator; 6 — substrate; 7 — photo
multiplier, laser interferometer; § — light source, optical
channel; 9 — IR spectrometer; /0 — high-precision gas supply
leak into the chamber; and // — gas leak into the mixture
production system
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Fig. 5. A family of transmittance (7) of the IR spectra of ethanol
in the temperature range of 93-200 K

150 K. The family of obtained spectra and their temperature
evolution are shown on Fig. 5. IR spectra were recorded
from a sample placed in a measuring low-temperature
cell at room temperature and subsequently cooled with
cryogenic capillary system in a special attachment
to a temperature of 93 K. Direct recording was carried
out by heating the sample from the minimum obtained
temperature to room temperature. The temperature interval
from 200 K to 300 K was cut out because of the absence
of any important structural-phase changes in the sample
in this interval. The inner part of the diffuse reflection
attachment, as mentioned earlier, was continuously blowing
with nitrogen to create the most inert environment and
exclude the possibility of foreign substances getting inside
the sample under research.

Main result is shown on the Fig. 6. How you can see on
the figure, we conducted two type of experiments and now
present comparing and analysis of them. First experiment
was conducted under normal atmospheric pressure using
developed low-temperature cell with cryogenic capillary
system which provides cooling of ethanol, and second one
in vacuum uses cryovacuum chamber with PVD method.
In the experiment with designed low-temperature cell,
we can observe hypsochromic shift at 150 K relative to
the experiment in vacuum. This is due to the method
of obtaining a solid sample, since the vacuum sample
is obtained using PVD, and the atmospheric sample is
obtained by cooling the liquid phase ethanol. Despite
the shift, we observe the peaks in absorption bands
from 2850 cm! to 3000 cm~! and from 2950 cm!
to 3100 cm~!, which correspond to the C—H stretching
vibrations of ethanol in experiment with PVD and with
Cell, respectively, from 3150 cm~! to 3400 cm~! and from

_ % ——150 K, Cell
20 /
a\n

26I000 I 38{ Ko' 38IOO I

Wavelength, cm™

Fig. 6. Transmittance (7)) of the IR spectrum of ethanol at 150 K
from two experiments

3300 cm! to 3500 cm~!, which correspond to the O-H
stretching vibrations in the experiments with PVD and
Cell, respectively.

Presence of ethanol functional groups characteristic
peaks confirms working capability and efficiency of
measurement technique with our cryogenic capillary
system and particularly the low-temperature cell.

Conclusion

The initial motivation for this article arose from desire
to modernize existing methods in the study of hydrocarbons
with habitual equipment and create fundamentally new
installation to research them at low temperatures but
under normal atmospheric pressure. The present work
contains useful results about successful modernizing of
diffuse reflection attachment for IR Fourier spectrometer.
The developed at Al-Farabi University cryogenic
capillary system with low-temperature cell is completely
workable. These results can be used, for example, for a
new researching works in the sphere of low-temperature
spectroscopy at normal pressure. This cell and measurement
technique made it possible to obtain low-temperature
spectra of ethanol under atmospheric conditions. This
makes it possible to state the operability of this method
as well as the possibility of conducting a number of
further researches aimed at studying the thermophysical
properties of many hydrocarbons including monohydric
alcohols at low temperatures. Using the developed low-
temperature cell will help to understand how many types of
hydrocarbons behave at low temperatures and atmospheric
pressure.
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