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In the temperature range 16–100 K, IR spectrometric studies of thermally stimulated transformations in
cryocondensed Freon 134a films were carried out. It was found that Freon 134a cryofilms, formed at T =
16 K, under heating range from 70 to 90 K undergo multiple structural transformations of various nature.
It was concluded that at a temperature of Tg = 72 K, takes place the glassy state transition to the super-
cooled liquid (G-SCL). At about T = 78 K, crystallization of SCL begins the state of an orientationally dis-
ordered plastic crystal. At a transition temperature Ttrans = 80 K, a second quasi-glass transition occurs
from the state of the orientation glass to a plastic crystal with an ordered rotational subsystem.
Within temperature range 83–85 K, a plastic crystal-monoclinic crystal phase transition takes place.

� 2018 Elsevier B.V. All rights reserved.
1. Introduction

It is well-known that the method of cryovacuum condensation
of samples is one of the effective ways of creating cryofilms in var-
ious and more important, well-controlled structural-phase states.
As a result, the method of physical vapor deposition (PVD [1]) is
widely used to study the properties of substance at low and super-
low temperatures, such as density [2], polarizability [3,4], optical
characteristics [5,6], to solve range of astrophysical and astrochem-
ical research problems [7–9]. It is also important that the formed
films of cryovacuum condensates of different substances have a
number of unique properties, that cannot be obtained by freezing
the same substances from the liquid phase even if the freezing rate
is sufficiently high. In particular, it is related to the glass-forming
materials, a number of properties of which depend crucially on
the temperature of the cryodeposition, namely, on the degree of
its distance from the temperature of the glass transition (Tg).

In the last decade the behavior of thin films of cryocondensates
of elementary organic molecules, such as methane [10], ethanol
[11], different composition of Freons [12] and others are receiving
great attention. Realizing the important practical and ecological
significance of studying the properties of such substances, at the
same time, in this article, this study focuses on the fundamental
issues of the formation of cryogenic films and the formation of
their properties. In particular, the reason cause the formation of
glass-like states of cryodeposits of organic molecules with different
kinetic stability. At the same time, those of the glass-like sub-
stances, the relaxation processes in which occur according to the
Arrhenius law, refer to ‘‘strong” glassformers, while those whose
relaxation times significantly exceed the ‘‘standard” values corre-
sponding to the Arrhenius law, Refer to ‘‘fragile” glassformers. In
this case, the relaxation times are described by the well-known
Vogel-Fulcher-Tammann equation.

Physical and chemical parameters, which mainly determine the
properties of cryovacuum condensates are external and internal
conditions of cryogenic deposition. External temperatures include
the cryogenic deposition temperature and the velocity of the gas-
solid interface separation, i.e. Pressure of the gas phase. It is clear
that the temperature of the substrate determines the degree of
mobility of the molecules and limits the time to search for the min-
imum energy position on the sample surface [13]. In this case, the
pressure determines the time after which the molecules on the
surface in the adsorption layer will be absorbed by the front of
the growing monolithic sample [14] in its current state. However,
it should be noticed, that too high supersaturation in pressure can
lead to the heating of the condensation surface itself due to the
release of the heat of condensation and the final value of the ther-
mal conductivity of the layer.

As for the molecular-kinetic reasons that contribute to the for-
mation of stable glasses. It should be highlighted, that the
intramolecular degrees of freedom of organic molecules increase
the activation barrier for transition to a more stable low-energy
state in the process of cryo-precipitation. In addition, in accordance
to the model S.L.L.M. Ramos [15] an important circumstance affect-
ing the formation of stable organic glasses is the anisotropic molec-
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ular structure of glassformers. That is, the presence of additional
features in the molecule such as the dipole moment, which
increases the activation energy and shifts the glass transition tem-
perature to a range of higher temperatures.

The above-mentioned circumstances were the impetus for car-
rying out complex studies of the processes of thermally stimulated
transformations in organic glass-forming environs at low temper-
atures. The studied substances are Freons 134 and 134a, which dif-
fer in the structure of the molecules [16,17]. And if Freon 134
(CHF2-CHF2) is a symmetrical variant of the molecule, then its iso-
mer Freon 134a (CF3-CH2F) demonstrates an anisotropic molecular
structure. At this stage, the object of our research is Freon 134a,
and the data presented in this article demonstrate the results of
IR spectrometric studies of CF3-CH2F cryovacuum condensates.
Fig. 1. The thermogram (lower curve) at the observation frequency mobs = 842 cm�1

and the corresponding change in the position of the absorption band of the m7 mode
of the Freon 134a molecule when the sample is heated from 79 to 90 K.

Fig. 2. The thermogram at the observation frequency mobs = 1055 cm�1 and the
corresponding change in the position of the absorption band of the m6 mode of the
Freon 134a molecule when the sample is heated from 60 to 90 K.
2. Material and methods

The results proposed in this paper are a continuation of our IR
spectrometric studies of Freon CF3-CH2F [18], in which the IR
spectra of CF3-CH2F in the gas phase and in the condensed state
were compared at low temperatures, and the effect of substrate
temperature changes on the vibrational Spectra of thin-film cry-
ocondensed samples. On the basis of the obtained IR spectrometric
data, in [18] it is assumed that in the temperature range from T =
16 K to T = 90 K several structural modifications of solid Freon
134a, as well as thermostimulated transformations between them,
are made. The most intensive transformations of vibrational spec-
tra associated with structural transformations are observed in the
temperature range 70–85 K. Moreover, a number of additional
experimental factors made it possible to make the assumption that
it is in this temperature range that the glass transition temperature
is located. In particular, one of such factors is the thermodesorption
effect, and it is known that this kind of phenomenon always
accompanied the process of transition from a vitreous state to a
supercooled liquid state of various cryocondensates, in particular
water and ethanol [19,20].

The vibrational frequencies of the molecule, the results of which
are given in this paper. The objects of investigation are thin films of
Freon cryovacuum condensates condensed on a cooled metallic
mirror in a range of deposition temperatures from 16 to 100 K
and gas phase pressures from 10�4 to 10�6 Torr. The thickness of
the films was measured by a two-beam laser interferometer and
amounted to about d = 2.5 lm. At the same time, the refractive
index of the condensed samples was measured. The vibrational
spectra were measured by IR-spectrometer ICS 20 in the interval
400–4200 cm�1. For continuous monitoring of the position of the
absorption band, the value of the observation frequency of the
spectrometer at the half-width of the absorption band was fixed
and the corresponding thermogram was taken. This gives current
information about the changes in the position of the absorption
bands of the vibrational spectrum of Freon 134a during the ther-
movariation of the sample under study. In detail, the experimental
setup and the measurement technique are described by us in ear-
lier publications [19,20].
3. Theory and experiment

Below at Figs. 1–3 are the thermograms of the change in the
position of the absorption bands, as well as the final positions of
the absorption bands when these heating temperatures are
reached.

Thus, Fig. 1 shows the data for the vibrational mode m7 of the
Freon 134a molecule. The sample was deposited at a condensation
temperature T = 16 K and then warmed to T = 90 K. The figure con-
tains the heating thermogram (lower curve) at the observation fre-
quency mobs = 842 cm�1 and the absorption bands at a temperature
T = 79 and T = 90 K. The arrow indicates an abrupt increase in the
spectrometer signal due to the ‘‘red” shift of the absorption band
when the film is heated from 79 K to 90 K. These absorption bands
reflect precisely the last stage of the transformation, correspond-
ing, as we suppose [18] (in accordance with the data of [21]), to
the transition from the state of the plastic crystal to the state of
the monoclinic crystal structure. Analyzing the behavior of the
thermogram in the entire indicated temperature range, it can be
stated that the sample undergoes sharp transformations in the
range 70–73 K, which correspond to the ‘‘blue” shift of the mode
band m7. Further, there is a narrow temperature range (73–75 K),
in which a certain metastable phase of solid CF3-CFH2 is possible.
Further in the interval 76–78 K again observe a sharp drop in the
signal, which means a further ‘‘blue” shift of the band. The absence
of changes in the 78–80 K temperature range may indicate the
existence in this range of a quasi-stable structural modification



Fig. 3. (A) Thermally induced changes in the position and nature of the absorption
of the m15 mode and the thermogram at the observation frequencies mobs = 967 cm�1

and mobs = 958 cm�1 when the sample is heated from 40 to 90 K. (B) Enhanced
fragment of the thermogram 3 showing the change in the splitting rate of the
absorption band m15.
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(plastic crystal), which is further transformed into a stable phase of
the CF3-CFH2-monoclinic crystal.

Similar data for the m6 mode are shown at Fig. 2. The curve
marked as mobs = 1055 cm�1 is a thermogram at the corresponding
observation frequency, which covers the temperature change
interval from 60 to 90 K. The arrow indicates a general change in
the signal with a temperature change of 16–90 K. Analysis of the
thermogram shows that in the interval 60–73 K there is a mono-
tonic shift of the absorption band m6 to the ‘‘blue” region of the
spectrum with its simultaneous narrowing. In the interval 73–76
K, the velocity of the shift of the band increases, and further at tem-
peratures from 76 to 79 K the rate of change of the position of the
band decreases again, and at T = 79 K, a sharp increase in the signal
of the spectrometer is observed, which, as we have already indi-
cated, corresponds to a transition to a monoclinic modification of
Freon 134a.

It can be noted that the data on the behavior of the thermogram
shown at Fig. 2 and the corresponding changes in the position of
the m6 band correlate well with the results shown at Fig. 1. This
concerns the temperature ranges 73–76 K, 76–79 K and, in partic-
ular, the temperature 79–80 K of the onset of an abrupt transition
to the monoclinic modification. The partial mismatch of the tem-
perature values is explained by the fact that different types of
vibrations of the CF3-CFH2 molecules are compared, which require
different energies to activate the corresponding transformations.

Figs. 1 and 2 show absorption bands related to the A/-symmetry
group, for which the change in the dipole moment parallel to the
plane of symmetry is characteristic [22]. At the same time, Fig. 3
shows the results obtained for the absorption band of the m15
mode, whose mode of vibration belongs to the symmetry group
A//, for which the perpendicular direction of the change in the
dipole-moment vector with respect to the symmetry plane is char-
acteristic. It can be assumed that it is this circumstance that is the
cause of the complex behavior of this type of oscillation in the pro-
cess of thermostimulation. Earlier we discovered [18] that as a
result of sample heating the band m15 not only changes its position,
but also undergoes splitting into two components. These processes
are clearly demonstrated at Fig. 3.

At Fig. 3, curves 1 and 2 represent the absorption bands of the
m15 mode at the condensation temperature T = 16 K (1) and after
heating to T = 90 K (2), curves 3 and 4 are thermograms at observa-
tion frequencies, respectively, mobs = 967 cm�1 and mobs = 958 cm�1.
In this case, thermogram 3 monitors the beginning of the band
splitting process, and the thermogram 4 ‘‘is responsible” for mon-
itoring the position of this absorption band. Comparing these posi-
tions of the band m15 and thermograms 3 and 4, we can arrive at
the following conclusions. An increase in the temperature of the
film from T = 16 K to T = 70 K is accompanied by a gradual shift
of the band m15 into the range of higher frequencies (‘‘blue” shift).
At a temperature in the vicinity of T = 71 K, this displacement
acquires a sharp character, as evidenced by a jump upward of
the thermogram 4 and a slight drop in the values of the thermo-
gram 3. Further increase in temperature from 73 to 77 K is charac-
terized by a relatively stable state of the film. Starting with T = 78
K, a sharp shift of the absorption band to the ‘‘red” area of the spec-
trum is observed (the drop in the values of thermogram 4, arrow 4
downward) with simultaneous initiation of the band splitting m15
(an increase in the signal of thermogram 3, arrow 3 upwards). At a
temperature around T = 83 K, the state of the film stabilizes (the
horizontal section of thermogram 4), while the band splitting con-
tinues up to T = 87 K (the horizontal section of thermogram 3). It is
also interesting to note that the thermogram 3, during its growth,
undergoes a break at T = 81 K (insertion), which can be interpreted
as a change (slowing) in the dynamics of the band splitting m15. At
a temperature of about 100 K, the sample begins to evaporate.

This difference in the behavior of thermograms 3 and 4 at Fig. 3
may indicate that isothermal relaxation processes are carried out
in the temperature range 78–85 K, one of which leads to mixing
of the position of the band m15, and the other to a splitting of the
position of the band m15. The presence of such processes is indi-
cated by the data shown at Fig. 4, the procedure for obtaining
which is as follows. The sample was condensed at T = 16 K and
then warmed to T = 76 K (thermogram 1), i.e. Up to the tempera-
ture of existence, as we assume, of a plastic crystal (Fig. 1). Then
the temperature was set equal to T = 76 K, and at this temperature
the sample was held for 20 min. As can be seen (the arrow marked
as t = 20 min), during this time the signal decreased, which indi-
cates isothermal relaxation in the sample. The question arises: if
in this state we only have a plastic crystal (PC), then, by analogy
with ethanol [23] and on the basis of general concepts [24], as a
result of cooling, the sample can be transformed into a state with
a frozen-out rotational subsystem-orientation glass (OG). In this
case, the transition from PC to OG and back must be reversible.
As can be seen at Fig. 4, cooling from T = 76 K to T = 16 K (thermo-
gram 2) leads, as can be seen at Fig. 1, to an insignificant ‘‘blue”
shift of the band m7. Re-heating (thermogram 3) differs from ther-
mogram 2 and, in addition, exhibits residual relaxation phenomena
at temperatures above T = 70 K. On the basis of what has been said,



Fig. 4. Thermograms of the change in the position of the absorption band m7 during
thermal cycling.
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it can be assumed that the sample in the final state of thermogram
1 and the initial state of thermogram 2 is a mixture containing, as
we assume, a super-cooled liquid phase and a plastic crystal.

As for the glass transition temperature Tg, in 18 we assumed
that its value lies within T = 71–72 K. The main reason for this
was the thermodesorption effect accompanying the sample heat-
ing and showing itself also within the temperatures 71–72 K. In
order to verify this assumption, we performed measurements at
various cryoprecipitation temperatures of the samples in the vicin-
ity of the presumed glass transition temperature. During the sub-
sequent thermocycling at a fixed observation frequency, heating
thermograms from T = 16 K to the evaporation temperature T = 1
02 K have been measured. The nature of the thermograms for dif-
ferent cryoprecipitation temperatures gives information on the
states of the Freon 134a film that are realized during its heating.
These data are shown at Fig. 5. Five different thermograms of the
heating of samples deposited at cryocondensation temperatures
of 16 K, 75 K, 77 K, 78 K, and 80 K are presented. The lower curve
shows the pressure jump in the chamber corresponding to the
onset of evaporation of the samples.

It seems reasonable to begin the analysis of the figure from the
thermogram 5 relating to the temperature of cryogenic deposition
T = 80 K. As can be seen, a film formed at T = 80 K does not undergo
Fig. 5. Thermograms of heating Freon 132a cryofilms, formed at different
temperatures.
any changes in the process of thermovariation, which can mean
that at a given temperature the sample is formed immediately in
its most stable monoclinic modification [21]. In turn, the thermo-
gram 1 (Tdep = 16 K) demonstrates the behavior that we interpret
as: (1) the transition from the state of the glass to the super-
cooled liquid (SCL) at a temperature near T = 72–73 K (upward
jump of the spectrometer signal); (2) the existence of SCL and its
crystallization into a plastic crystal of PC in the interval from T =
75 to T = 78 K; (3) the transformation of a plastic crystal of PC into
a monoclinic crystal of MC. It is interesting to note that at temper-
atures in the vicinity of T = 75 K the character of the change in the
thermogram changes (Fig. 6). We assume that this is a reflection of
the phase transition of a plastic orientationally disordered crystal
(OG orientation glass) into a plastic PC crystal with an ordered
rotational subsystem. With this assumption, the behavior of ther-
mograms 2–4 can be explained as follows. At condensation tem-
peratures in the range 75–77 K, a film is formed consisting of a
mixture of OG and PC. At the same time, the concentration of PC
increases with increasing temperature of film formation. Heating
the film leads to a transition from the OG state to the PC. As can
be seen at Fig. 6, this transition is completed in the vicinity of
the temperature T = 79–80 K, and then the sample passes into
the state of a monoclinic crystal. The behavior of thermogram 4
reflects the fact that at 78 K the Freon 134a film was condensed
directly into the plastic phase, passing on to further heating into
a monoclinic crystal.

Fig. 6 is an enlarged fragment of the thermogram 1 of Fig. 5. It
clearly demonstrates our interpretation of the behavior of the cry-
ovacuum condensate CF3-CFH2.

4. Results and discussion

The Tg icon indicates the expected transition temperature from
the glass state (G) to the SCL state. The range of existence of the
quasi-liquid SCL phase and the transition to the OG orientation
glass are given below. The transition temperature from the OG
state to the state of the plastic crystal of the PC is indicated by
an arrow as Ttrans. The arrow denoted as MC indicates the comple-
tion of the transition from the PC state to the MC. It is important to
note the fact that the results shown at Figs. 5 and 6 are in good
agreement with the information presented in the right-hand inset
of Fig. 3, namely, the value of the temperature T = 80 K of the frac-
Fig. 6. Enlarged fragment of the thermogram 1 of Fig. 5. Tg – value of the transition
temperature from the glass state (G) to the SCL state. SCL is the temperature range
of the quasi-liquid phase and the transition to the OG orientation glass. Ttrans is the
temperature of the transition from the OG state to the state of the plastic crystal PC.
MC-completion of the transition from the state of the PC to the MC.
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ture of the thermogram of the splitting of the band m15 is consistent
with the temperature Ttrans (Fig. 6), also approximately equal to 80
K.

5. Conclusions

Data on the IR spectra of cryofilms in general, and Freon 134a in
particular, cannot serve as a basis for categorical conclusions
regarding the structure and structural-phase transformations in
the objects under investigation. Nevertheless, based on the
obtained results, our own experience of studying such systems,
and also comparing our data with the results of structural studies
of cryocondensates, we can make a number of assumptions indi-
cating the approximate parameters and the possible nature of
the transformations in the cryovacuum condensates CF3-CFH2.

(1) It is evident that the cryofilms of Freon 134a, formed at T =
16 K, experience multiple structural transformations of var-
ious nature in the temperature range from 70 to 90 K. At a
temperature in the vicinity of 72 K, the classical transition
is a glassy state-supercooled liquid (G-SCL). We believe that
the value of the temperature of this glass transition is
approximately equal to Tg = 72 K. The temperature range
from 75 to 78 K is the area of the quasistable existence of
SCL. At a temperature of about T = 78 K, crystallization of
SCL into the state of an orientationally disordered plastic
crystal-OG orientation glass begins. At a temperature of Ttr
ans = 80 K, a second quasi-glass transition occurs from the
state of the OG orientation glass, a plastic crystal with an
ordered rotational subsystem of the PC. In the temperature
range 83–85 K, a plastic crystal-monoclinic crystal phase
transition is realized.

(2) From the studies of Brunelli and FitchI [21] it follows that
during the crystallization of Freon 134a from the liquid
phase, the substance undergoes liquid-plastic orientation-
ally disordered crystal stages during the cooling (T = 156 K)
; Plastic orientationally disordered crystal-plastic crystal
(120 K), plastic crystal-monoclinic crystal (T = 108 K). It is
in this sequence that transformations in the cryocondensed
Freon 134a appear to us, with the difference that they are
realized not with decreasing temperature, as in [21], but
with increasing temperature! The final state in both cases
is a monoclinic crystal. The same state can be achieved in
completely different ways! Or these states are not equiva-
lent, as in the case of Water ‘‘A” and Water ‘‘B” [25].
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