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Abstract. The aim of this paper is to study the IR spectra of thin films of a mixture of carbon dioxide and water obtained 
via vapor deposition in the temperature range of 11-180 K. Based on the analysis of the spectra, we examine the 
formation of hydrates and clathrates that are of interest to modern condensed matter physics. To carry out this research, 
the methods of IR spectroscopy, mass spectroscopy, and optical analysis of the thin films formed were utilized. Fourier 
transform infrared spectroscopy is one of the most reliable methods for the identification of the molecular composition 
and structural states of molecular mixtures. Additional tools, such as mass spectroscopy and interference patterns, were 
used to confirm the formation of specific structures in the carbon dioxide and water mixture. During the experiments, 
CO2 hydrate and gas hydrate structures formed in the mixture. The gas hydrates that formed in the mixture can be 
classified as sI-type hydrates. The hydrate compounds hold CO2 molecules in their structures, preventing them from 
sublimating at 93 K (the sublimation temperature of unbound CO2 at a pressure of P = 0.5µTorr). At the same time, the 
sublimation temperature of CO2 molecules bound in hydrate structures becomes equal to 147-150 K. For the selected 
concentration of CO2 (25%) – H2O (75%), the changes in the observed spectra and the data obtained using mass 
spectroscopy indicate incomplete hydration of the mixture. Some of the CO2 molecules remain unbound and sublimate 
earlier. The increase in the refractive index as the concentration of H2O in the mixture approaches 25% indicates the 
growth of structures that are denser compared to amorphous CO2 condensates and amorphous H2O ice. The results 
expand the current knowledge of the clathrate and hydrate formation processes in mixtures of CO2 and H2O, their 
physical characteristics, and the emergence of certain characteristics depending on the method of formation. 
Key words: Cryocondensation, hydrate, PVD, carbon dioxide, thin films. 

 
 
Introduction 
 
Capturing and storing carbon dioxide molecules 

is one of the most promising strategies to combat 
global warming, a potential environmental disaster 
[1–3]. It is known that CO2 molecules present at a 
depth of more than 400 meters underwater change 
their shape and form gas hydrates, which block their 
evaporation to the water surface and the atmosphere, 
thus avoiding the formation of greenhouse gases. 
This concept has become one of the key factors in 
reducing CO2 emissions [4]. In addition, gas hydrates 
contain a large amount of relatively clean energy 
compared with other conventional sources of 
hydrocarbons [5]. Besides, natural gas can be 
obtained from gas hydrates, as described in several 
articles on a number of advanced mining 
technologies [6, 7]. However, it is important to know 
the conditions under which CO2 molecules are able 
to create gas hydrate structures and remain in them. 

Gas hydrates are compounds formed by water 
molecules connected by hydrogen bonding in a 
spherical shape, which is stabilized by a guest 
molecule (NO2, Ar, CO2). The guest molecule is 
“locked” inside the H2O lattice during the 
stabilization process and stays inside it for a long time 
until the integrity of the hydrogen bond is broken [8]. 
A unique physical feature of gas hydrates is guest 
selectivity [9, 10], which is of particular importance 
for the development of the technology of separation 
and storage of certain gases. In other words, it can be 
said that CO2 molecules, or any guest molecules, can 
be easily captured even in mixed gases. Furthermore, 
gas hydrates exhibit extremely high gas storage 
performance in the created structure [11–13]. 

The concept of storing CO2 molecules in so-
called hydrate sealing was proposed in the work of 
Koide [14]. Later, this effect was described in more 
detail in Tohidi’s paper [15]. The application of this 
effect was described in [16][17][18] in which the 

https://orcid.org/0000-0002-6691-8346
https://orcid.org/0000-0002-2232-2911
https://orcid.org/0000-0003-4034-6981
mailto:golikov@physics.kz


54 A semi-automatic examination of CO2 structures in thin films at low temperatures

Int. j. math. phys. (Online)                                       International Journal of Mathematics and Physics 14, №1 (2023)

authors considered the possibility and technical 
feasibility of storing carbon dioxide molecules using 
gas hydrate-based capture. 

A number of works concerning gas hydrates also 
focus on more fundamental research, for example, 
studying the speed of hydrate structure formation [19, 
20], clathrate (gas hydrate) separation based on 
capture technology in a carbon Integrated 
Gasification Combined-Cycle [21–24], and the effect 
of temperature and pressure on the formation of gas 
hydrates [25]. Studying the behavior and properties 
of the formation of hydrate and gas hydrate structures 
is still one of the relevant research topics in the field 
of ecology and energy [26–29]. 

This paper includes a study of the formation 
process and the main spectral characteristics of thin 
films and gas hydrate structures of CO2 molecules 
obtained using the vapor deposition method. Fourier 
transform infrared spectroscopy (FTIR spectroscopy) 
in the mid-IR range (400-4200 1/cm) and mass 
spectroscopy were chosen as the main tools to 
analyze the obtained samples. FTIR was chosen due 
to several considerations: firstly, this method is used 
by researchers and has demonstrated its effectiveness 
in many scientific fields, including the study of thin 
films and cryocondensates [30–32]; secondly, in the 
mid-IR range, it is possible to observe most of the 
spectral peaks that are of interest to us and are 
mentioned in the works of other authors, we are 
interested in [33–35]. The mass spectroscopy method 
was only used in our research for verification. 

 
Materials and Methods  
 
The thin films of the samples of CO2 + H2O 

compounds were formed using the physical vapor 
deposition (PVD) method [36]. The deposition was 
performed at T=11 K on a special, gold-coated 
substrate of a semi-automatic cryovacuum spectro-
photometer unit, shown in figure 1. The vapor depo-
sition method is one of the most effective methods of 
obtaining thin films of cryocondensates in well-
controlled structural phase states [37–39]. It is also 
widely used to study the physical properties of com-
pounds at low and ultra-low temperatures [39–43].  

The presence of the Extorr XT100 gas analyzer 
(Extorr Inc., USA), a quadrupole residual gas 
analyzer, and a heating element built into the 
substrate permits quantitative determination of the 
components during their sublimation. In this 
research, the spectra were obtained in the temperature 
range of 11-200 K at a pressure of P=0.5µTorr. The 

thickness of the films remained the same throughout 
all the experiments at all condensation temperatures. 

 
 

 
Figure 1 – Cryovacuum condensation experimental 

setup: 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, 8) light source, 
optical channel, 9) IR-spectrometer, 10) high-precision 
gas supply leak into the chamber; 11) gas leak into the 

mixture production system; 12) The Extorr XT100 
 
An automated temperature control module made 

with the LabView software package (National 
Instruments, USA) is another important feature of the 
unit. This module connects the cooling substrate of 
the Gifford-McMahon machine, the heater, the 
temperature sensor DT-670, and the PID controller of 
the LakeShore 325 thermal controller (LakeShore, 
USA). It helps to reach the required temperatures 
more quickly and further stabilize them near the 
reference point at which the spectral characteristics 
are obtained. In addition, as soon as the reference 
point is reached, the module switches off the Gifford-
McMahon machine, which creates vibration 
oscillations when it is working. 

The spectral characteristics of the samples were 
detected using the FSM 2203 FTIR spectrometer 
(INFRASPEK, Russia), which has a maximum 
spectral resolution of 0.125 1/cm and a spectral range 
of 370-7800 1/cm. 

The refractive index and thickness of the thin film 
deposited on the substrate are determined using the 
interference patterns obtained from two beams of a 
semiconductor laser formed by fission and detected 
using a P25A photomultiplier tube (Sens-Tech, UK). 
The angles of incidence of the two beams are α1 ≈ 0° 
and α2 ≈ 45°. The laser wavelength is λ=406 nm, and 
the maximum sensitivity of the PMT is also in the 
range of about 400 nm, which is important for 
obtaining high-quality interference patterns. The 
calculation of the refractive indexes is performed 
according to the formula: 
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where t1 and t2 are the periods, and α1 and α2 are the 
angles of incidence of the first and second lasers, 
respectively. 

The formation and path of the laser beam during 
the experiment are demonstrated in the form of a 3D 
model shown in figure 2. The data recorded from the 
lasers were used to check the direction of 
evaporation: does the sublimation process really start 
from the substrate, on which the sample is located, or 
is it the exhaust of residual gases from another part of 
the vacuum chamber? Since vapor has a strong 
influence on the path of the beam, the lasers began to 
spike when the sublimation process began from the 
substrate. 

 

 
 

Figure 2 – 3D-model of the laser beam formation during 
the cryovacuum condensation: 1) vacuum chamber;  

2) substrate; 3) laser; 4) photomultipliers;  
5) optical splitter 

 
During the research, mixtures in different 

concentration ratios of H2O and CO2 were created. 
For this purpose, a flow system was used (figure 1, 
11). When determining the necessary proportions of 

water and carbon dioxide, we relied on Dalton’s law 
of partial pressure. In general, the sequence of the 
sample creation looks like this: 

1. The small volume of the leakage system, in 
which the mixture is subsequently created, is drained. 

2. The first substance (H2O in our case) of the 
future mixture, which has a lower saturated vapor 
pressure, is injected into the drained volume. 

3. The second substance is injected. After the 
first and second substances are injected, their ratios 
are determined according to the pressure values. 

4. The mixture created is injected into the 
vacuum chamber and deposited on the substrate. 

СО2 of 99.999% purity (ISHAN TEHNO-GAS 
LLP, Almaty, Kazakhstan) was used in experiments. 
It had a maximum oxygen fraction not exceeding 
0.0005%, water vapors not exceeding 0.0007%, and 
distilled water with a mass fraction of residue after 
evaporation not exceeding 0.005% of the volume was 
used in experiments. 

 
Results and Discussion 
 
Refractive index and growth rate 
During the experiment, the condensate growth 

rate and refractive indices for a number of different 
concentrations of СО2 and Н2О were determined at 
the temperatures of T=11 K, T=45 K, T=80 K, and 
T=110 K. The data obtained using the interference 
patterns of two laser beams for the mixtures of water 
and carbon dioxide are presented in table 1 and table 
2. An increase in the refractive index can be observed 
as the concentration of water in the mixture 
approaches 25% (H2O(25%) + CO2(75%), table 2). 
This pattern may indicate the growth of structures 
that are denser than amorphous carbon dioxide 
condensates or amorphous water ice. This interesting 
pattern can be observed in other gas hydrate mixtures 
as well [42].

 
 

Table 1 – Film deposition and refractive rates versus temperature. 
 

Prepared mixture for 
condensation 

Temperature, K Deposition rate, µm/s Refractive index, n 

H2O(85%) + CO2(15%) 11 0.0167 1.2567 
H2O(85%) + CO2(15%) 45 0.0141 1.3293 
H2O(85%) + CO2(15%) 80 0.0110 1.4044 
H2O(85%) + CO2(15%) 110 0.0052 1.2875 

CO2(100%) 11 0.0230 1.2320 
CO2(100%) 45 0.0138 1.3935 
H2O(100%) 11 0.0167 1.2231 
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Table 2 – The film index of refraction on the concentration of the mixture. 
 

Substance Temperature, K Deposition rate, µm/s Refractive index, n 
CO2 11 0.0118 1.2320 

H2O(25%) + CO2(75%) 11 0.0114 1.3381 
H2O(50%) + CO2(50%) 11 0.0176 1.2860 
H2O(75%) + CO2(25%) 11 0.0181 1.2760 
H2O(80%) + CO2(20%) 11 0.0166 1.2703 
H2O(85%) + CO2(15%) 11 0.0166 1.2708 
H2O(90%) + CO2(10%) 11 0.0155 1.2539 
H2O(95%) + CO2(5%) 11 0.0173 1.2330 

H2O(100%) 11 0.0167 1.2231 
 
 
Moreover, the data in table 1 suggest that the 

refractive index for the mixture of H2O(85%) + 
CO2(15%) increases up to 80 K and then decreases at 
110 K as the condensation temperature rises. This is 
most likely related to the fact that the sublimation 
temperature of free CO2 molecules at a pressure of 
P=0.5µTorr is 93 K. 

 
FTIR spectroscopy 
The values of the frequencies of asymmetric 

vibrations (ν3 mode) are most often used to identify 
and describe gas, solid, hydrate, and gas hydrate 

formations of carbon dioxide in various compounds 
[33-35]. Our study is focused on it. Figure 3 shows 
the vibrational modes of two ranges. The first range, 
2265-2295 1/cm (figure 3(a)), is typical of the 
asymmetric vibrations of the O16C13O16 isotope. The 
second range, 2310-2390 1/cm (figure 3 (b)), is 
typical of pure O16C12O16 carbon dioxide molecules. 
Oscillations at higher frequencies (2279 1/cm and 
2283 1/cm) can most likely be classified as vibrations 
of small carbon dioxide structures (512) for O16C13O16 

molecules, while vibrations at 2275 1/cm can be 
classified as vibrations of large structures (51262).

 
 

 

 

(a) (b) 
 

Figure 3 – Carbon dioxide spectrum dependent on the temperature:  
(a) in the vibrational region 2265-2295 1/cm ν3 of O16C13O16;  

(b) in the vibrational region 2310-2380 1/cm ν3 of O16C12O16 molecules 
 
 
Asymmetric vibrational spectra at frequencies of 

2275 1/cm and 2280 1/cm reflect a correlation with 
the FTIR spectra of sI-type O16C13O16 gas hydrates as 
reported by the researchers in [44]. Besides, in 

addition to the peaks, the presence of a shift towards 
a decrease in the wave number with an increase in the 
substrate temperature indicates a correlation as well. 
The bifurcation of the main peak at an additional 
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frequency of 2283 1/cm is an intriguing feature. This 
frequency can also be attributed to the vibrations of 
the O16C13O16 isotope molecules [45]. It can be seen 
that the intensity of this oscillation weakens as the 
temperature increases, and after 94 K, it disappears. 
This can be related to the fact that this peak belongs 
to the vibrations of free molecules of O16C13O16 that 
have not formed a hydrogen bond with H2O 
molecules; therefore, they evaporate as soon as the 
sublimation temperature of pure carbon dioxide is 
reached. The fact that this peak belongs to the 
frequencies of vibration of gaseous and ice O16C13O16 

is stated in [33] as well. 
The asymmetric ν3 stretching-mode spectra for 

the O16C12O16 molecules that we observed in the 
experiments are shown in figure 3(b) (frequencies of 
2340 1/cm and 2357 1/cm). In [33], the vibrational 
peak at the frequency of 2360 1/cm is classified as an 
oscillation of pure gaseous O16C12O16. The 
vibrational peak at the frequency of 2340 1/cm is 
interpreted differently in different sources because 
gas, ice, and hydrate O16C12O16 show asymmetric 
vibrations at this frequency [33, 46, 47]. We assume 
that this peak belongs to the O16C12O16 sI-type gas 
hydrate as we observe the presence of carbon dioxide 
molecules after the sublimation temperature typical 
of CO2 ices and gases. The peak at 2380 1/cm is an 
uncharacteristic peak of the O16C13O16 isotope [45] 
and belongs to the gas structure of carbon dioxide 
molecules that are not bound to H2O. 

During the experiments, the (2ν1 + ν3) FR1 
oscillations were not observed. However, their 
expected position is shown in [33]. The absence of 
these peaks during our experiments is most likely 
related to the fact that water ice demonstrates a high 
absorption intensity in this range, thus preventing the 
weaker (2ν1 + ν3) FR1 peaks from being detected at 
frequencies of 3580-3620 1/cm. 

Figure 4 depicts the (ν1 + ν3) FR1 absorption 
peaks. Similar to the vibrational peak at a frequency 
of 2340 1/cm, this region is very difficult to interpret 
due to the vibrational spectra of gas, hydrate, and 
clathrate CO2 and H2O compounds being very 
similar. Based on what is stated in [33, 35, 44], we 
assume that the peaks at 3709 1/cm and the 
absorption at 3704 1/cm can be classified as 
characteristic peaks and absorption of a CO2 hydrate. 

An interesting dependence can be seen in the 
three-dimensional representation of the ν3 
vibrational spectra shown in figure 5. We stress again 
that the process of sublimation of free carbon dioxide 
molecules under the pressure of P = 0.5µTorr begins 

at the temperature of T = 94 K [48]. Nevertheless, it 
can be observed that v3 asymmetric vibrations for 
CO2 molecules at 2340 1/cm occur up to 150 K. This 
observation may indicate that some of the carbon 
dioxide molecules remain in the mixture after 
reaching the sublimation temperature, apparently 
trapped in the gas hydrate structures. 

 

 
Figure 4 – Carbon dioxide spectrum dependent on the 

temperature in the (ν1 + ν3) FR1 vibrational region 
 

 
Figure 5 – Temperature evolution of the ν3 vibrational 
mode of CO2 for the band at the frequencies of 2320 

1/cm – 2400 1/cm 
 
It is also possible to observe that the shape of the 

vibrational peak in the frequency range of 2320-2380 
1/cm changes after reaching a temperature of 94 K. 
This is most likely connected with the evaporation of 
the molecules of the O16C13O16 free isotope, which is 
either free or trapped in small structures (512). 
However, further research is required in order to be 
certain that these peaks belong to the O16C13O16 

isotope. 
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Mass spectroscopy  
The mass spectra of the H2O + CO2 mixture 

obtained during the sublimation processes are shown 
in figure 6. They were obtained mainly to identify the 
sublimation agent by its molar mass. It can be seen 
that, to a certain extent, the sublimation of carbon 
dioxide and water molecules proceeds at their typical 
temperatures at a pressure of P = 0.5µTorr: for CO2, 
the temperature is about 93 K (insignificant 
sublimation is observed), and for H2O, the 
temperature is about 172 K (complete sublimation of 
water molecules). 

 

 
Figure 6 – Mass spectra of the condensation mixture  

of water and CO2 
 
However, the same figure shows that some of the 

carbon dioxide molecules remain in the mixture even 
after reaching its sublimation temperature. The only 
way to explain this phenomenon is the formation of 
hydrate structures that prevent the sublimation of 
some of the CO2 molecules, keeping them in the 
mixture. It is assumed that these structures are most 
likely gas hydrates and that the CO2 molecules are 
“stuck” in the spherically bound water molecules that 
trap them and prevent them from sublimating at 93 
K. Moreover, the FTIR spectra presented above 
suggest that CO2 remains in the mixture after 
overcoming the sublimation temperature. 

 
Conclusion 
 
The experiments carried out in this research were 

aimed at studying and further identifying the 

structural formations obtained via PVD in a mixture 
of H2O + CO2. Several methods were used to achieve 
the goals: mass spectroscopy, optical studies, and 
FTIR spectroscopy. The results allow us to conclude 
the following: 

- During the experiments, the formation of CO2 

hydrate and gas hydrate structures occurred in the 
mixture. 

- The gas hydrates formed can be classified as sI-
type hydrates. 

- The hydrate compounds formed hold CO2 
molecules in their structures, preventing them from 
sublimating at 93 K (the sublimation temperature of 
free CO2 at a pressure of P = 0.5µTorr). In this case, 
the sublimation temperature of CO2 molecules that 
form hydrate structures becomes equal to 147-150 K. 

- For the chosen concentration of CO2 (25%) – 
H2O (75%), the changes in the spectra obtained and 
the data collected using mass spectroscopy indicate 
incomplete hydration of the mixture. Some of the 
CO2 molecules remain free and sublimate earlier. 

- The increase in the refractive index as the 
concentration of H2O in the mixture approaches 25% 
indicates the growth of structures that are denser 
compared to amorphous CO2 condensates and 
amorphous H2O ice. 

Of course, in order to study the conditions of the 
formation of hydrate and gas hydrate CO2 
compounds more accurately, further research is 
required. Studies in the field of hydrate and clathrate 
structures do not provide sufficient data on the 
physical characteristics of their composition and the 
emergence of certain characteristics depending on the 
method of formation of a hydrate or clathrate. This is 
why it is important to explore this field from different 
angles, using different methods to form hydrates, 
including the formation of hydrates in thin films 
obtained using the vapor deposition method. 
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