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TEMPERATURE DEPENDENCE OF THE BULK
ELASTICITY MODULUS OF ALIPHATIC ALCOHOLS
AND THEIR FLUORINATED ANALOGS

The density of some fluorinated and non-fluorinated normal monoatomic alcohols and the
sound propagation velocity in them have been studied experimentally in a temperature interval
of 293–363 K. The bulk modulus of elasticity is calculated, and its relation with the intermolec-
ular interaction energy is analyzed. The energy of intermolecular interaction in fluorinated al-
cohols is shown to be lower than in their non-fluorinated analogs. The substitution of hydrogen
atoms by fluorine ones in the molecules of aliphatic alcohols increases the equilibrium distance
between the molecules.
K e yw o r d s: fluorinated alcohols, sound velocity, elasticity modulus, intermolecular interac-
tion.

1. Introduction

Fluorinated alcohols are widely used in industry as
coolants and refrigerants, in medicine as anesthetics
and blood substitutes, and in agriculture as pesti-
cides and dyes. They also play the role of intermediate
products in organic synthesis, as well as monomers for
the fabrication of polymer materials [1–3].

Despite the fluorinated alcohols are widely used
in various domains, their physical properties have
been studied much worse than the properties of non-
fluorinated alcohols [4]. However, it is of interest to
trace the changes in the physical properties of alco-
hols, when the latter are subjected to the fluorina-
tion. The aim of this work is to study the acoustic
and rheologic properties of fluorinated monoatomic
alcohols and to analyze the fluorination effect on the
physical properties of alcohols.

2. Experimental Part

It is known that the velocity 𝑐 of sound propagation
in visco-elastic media, including alcohols, is related
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to the bulk elasticity modulus 𝐾 by the formula

𝑐 =
√︀

𝐾/𝜌, (1)

where 𝜌 is the medium density. Therefore, in order to
study the temperature dependence of the bulk elas-
ticity modulus in alcohols and how fluorination af-
fects this behavior, a number of experiments were
carried out, in which the velocity of sound propa-
gation was measured at various temperatures. Both
non-fluorinated (ethanol-1, propanol-1, and heptanol-
1) and fluorinated (2,2,2-trifluoroethanol-1; 2,2,3,3,3-
pentafluoropropanol-1; 2,2,3,3,4,4,5,5,6,6,7,7-dodeca-
fluoroheptanol-1; and 1H,1H-tridecafluoroheptanol-
1) aliphatic alcohols were selected for researches.

Experimental measurements were carried out in a
temperature interval of 293–363 K. The density 𝜌 was
determined with an error of 0.05% within the pyc-
nometric method. The sound propagation velocity 𝑐
was measured, by using the pulsed method of var-
ied distance at a frequency of 27.5 MHz. The total
measurement error for the sound propagation veloc-
ity was equal to 1%. The methods used in the mea-
surements for those quantities were described in work
[5] in detail.
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In Figs. 1 and 2, the experimental temperature
dependences of the sound propagation velocity in
non-fluorinated (ethanol-1, propanol-1, and heptanol-
1) and fluorinated (2,2,2-trifluoroethanol-1;2,2,3,3,3-
pentafluoropropanol-1; 2,2,3,3,4,4,5,5,6,6,7,7-dodeca-
fluoroheptanol-1; and 1H,1H-tridecafluoroheptanol-
1) alcohols, respectively, are shown. As one can
see, the sound velocity in both the non-fluorinated
and fluorinated alcohols almost linearly depends on
the temperature in the examined temperature inter-
val. The sound velocity in the fluorinated alcohols is
much lower than in their non-fluorinated analogs. As
the temperature increases, the velocity of sound prop-
agation decreases.

The insets in Figs. 1 and 2 demonstrate the depen-
dence of the sound propagation velocity on the molar
mass of alcohols at the temperature 𝑇 = 293 K. For
the non-fluorinated alcohols, the sound propagation
velocity increases with the molar mass. For the fluori-
nated alcohols, the situation is inverse: with increas-
ing the molar mass, the sound propagation velocity
decreases.

Using the measured values for the density of alco-
hols and the velocity of sound propagation in them,
the value of the bulk modulus of elasticity 𝐾 was
calculated from formula (1). Furthermore, the tem-
perature dependences of this parameter were ana-
lyzed for the non-fluorinated alcohols and their flu-
orinated analogs. Those dependences are similar to
one another, and they will be analyzed below in the
framework of the hole model of liquid structure.

3. Discussion of Results

In work [6], on the basis on the hole model for the
liqiud structure and by analyzing experimental data,
it was shown that the temperature dependence of the
low-frequency elasticity modulus 𝐾 in alcohols is de-
scribed by the equation

𝐾 =
𝛾𝑅𝑇

𝑉𝜇
exp

(︂
Δ𝐺

𝑅𝑇

)︂
, (2)

where 𝛾 = 𝐶𝑃 /𝐶𝑉 is the ratio between the heat ca-
pacities at a constant pressure and a constant volume,
𝑅 the universal gas constant, and 𝑉𝜇 the molar vol-
ume. The parameter

Δ𝐺 = Δ𝐻 − 𝑇Δ𝑆 (3)

Fig. 1. Temperature dependences of the sound propagation
velocity in non-fluorinated alcohols: ethanol-1 (◇), propanol-1
(∘), and heptanol-1 (+). The dependence of the sound velocity
on the molar mass in non-fluorinated alcohols at a temperature
of 293 K is shown in the inset

Fig. 2. Temperature dependences of the sound propagation
velocity in fluorinated alcohols: 2,2,2-trifluoroethanol-1 (∙);
2,2,3,3,3-pentafluoropropanol-1 (N); 2,2,3,3,4,4,5,5,6,6,7,7-do-
decafluoroheptanol-1 (*), and 1H,1H-tridecafluoroheptanol-1
(×). The dependence of the sound velocity on the molar mass
in fluorinated alcohols at a temperature of 293 K is shown in
the inset

is a change of the Gibbs potential per one mole at
the hole formation, where Δ𝐻 and Δ𝑆 are the corre-
sponding changes of the specific enthalpy and the spe-
cific entropy, respectively. Then Eq. (2) can be rewrit-
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Fig. 3. Dependences of the quantity ln
𝐾𝑉𝜇

𝛾𝑅𝑇
on the inverse

temperature for ethanol-1 (◇), trifluoroethanol-1 (∙), propa-
nol-1 (∘), pentafluoropropanol-1 (N), heptanol-1 (+), dodeca-
fluoroheptanol-1 (*), and tridecafluoroheptanol-1 (×)

Fig. 4. Temperature dependences of the intermolecular dis-
tance 𝐿𝑓 for ethanol-1 (◇), trifluoroethanol-1 (∙), propanol-1
(∘), pentafluoropropanol-1 (N), heptanol-1 (+), dodecafluoro-
heptanol-1 (*), and tridecafluoroheptanol-1 (×)

ten in the form

𝐾 =
𝛾𝑅𝑇

𝑉𝜇
exp

(︂
Δ𝐻

𝑅𝑇
− Δ𝑆

𝑅

)︂
. (4)

From whence, it follows that

ln
𝐾𝑉𝜇

𝛾𝑅𝑇
=

Δ𝐻

𝑅𝑇
− Δ𝑆

𝑅
. (5)

Hence, the quantity on the left-hand side of Eq. (5)
has to be a linear function of the inverse temperature
within the experimental error limits. In Fig. 3, this
dependence is shown for the examined alcohols. The
results obtained allowed us to determine the specific
enthalpy Δ𝐻 for the researched non-fluorinated alco-
hols and their fluorinated analogs. The corresponding
data are quoted in the second column of Table.

The analysis of those data testifies that the fluori-
nation increases the specific enthalpy of hole forma-
tion. In work [7], it was shown that, in the framework
of the hole model, the ratio between the hole, 𝑉0, and
molecule, 𝑉𝑀 , volumes equals

𝑉0

𝑉𝑀
=

Δ𝐻

Δ𝐻𝑉
, (6)

where Δ𝐻𝑉 is the specific enthalpy of vaporiza-
tion. The entropy of vaporization is known to be di-
rectly related to the potential of intermolecular inter-
action [8]: the larger the magnitude of intermolecular
interaction, the larger the enthalpy of vaporization.

The enthalpy of vaporization at the normal boil-
ing temperature can be calculated, by using the Kis-
tiakowsky method [9]. The corresponding values for
the researched alcohols are shown in the third column
of Table. The analysis of the presented data testifies

Influence of the fluorination on the specific
enthalpy of hole formation Δ𝐻, the specific
enthalpy of vaporization Δ𝐻𝑉 , and the average
intermolecular distance 𝐿𝑓

Substance
Δ𝐻, Δ𝐻𝑉 , 𝑉0

𝑉𝑀

𝐿𝑓 × 1011,
kJ
mol

kJ
mol m

Ethanol-1
C2H5OH 7.6 39.4 0.19 6.25

Propanol-1
C3H7OH 8.6 41.7 0.21 5.86

Heptanol-1
C7H15OH 6.6 51.7 0.13 5.30

Trifluoroethanol-1
CF3CH2OH 8.2 38.7 0.21 6.32

Pentafluoropropanol-1
CF3CF2CH2OH 9.1 39.6 0.23 6.80

Dodecafluoroheptanol-1
H(CF2)6CH2OH 7.7 50.8 0.15 5.55

Tridecafluoroheptanol-1
F(CF2)6CH2OH 8.4 47.9 0.18 6.45
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that the fluorination reduces the specific enthalpy of
vaporization in alcohols and, accordingly, reduces the
intermolecular interaction. Going further and using
formula (6) in the framework of the hole model for
liquids, we can find the ratio between the volumes of
a hole and an alcohol molecule. The results of corre-
sponding calculations are given in the fourth column
of Table. As one can see, the substitution of hydro-
gen atoms in the alcohol molecules by fluorine ones
increases the hole volume with respect to the molecule
volume.

In the framework of the hole model and using the
data of the acoustic experiment, the average inter-
molecular distance 𝐿𝑓 can be estimated [10]:

𝐿𝑓 =
𝐾𝐽√
𝐾

. (7)

Here, 𝐾𝐽 is the Jacobson constant, which is a di-
mensional quantity and depends on the temperature
[10]. The temperature dependences of the intermolec-
ular distance 𝐿𝑓 , which were calculated for the exam-
ined alcohols on the basis of the corresponding tem-
perature dependences of the bulk elasticity modulus,
are depicted in Fig. 4. The analysis of the plots shows
that the fluorination of alcohols increases the average
intermolecular distances in them. Those results ob-
tained in the framework of the hole model correlate
with the results of X-ray diffraction experiments [11]
and molecular dynamics simulation [12]. In particu-
lar, in the cited works, it was shown that the substi-
tution of a hydrogen atom in the molecules of organic
compounds by a fluorine atom increases the average
distance between the molecules.

4. Conclusions

To summarize, the researches of the temperature
dependences of the sound propagation velocity
in ethanol-1; propanol-1; heptanol-1; 2,2,2-tri-
fluoroethanol-1; 2,2,3,3,3-pentafluoropropanol-1;
2,2,3,3,4,4,5,5,6,6,7,7-dodecafluoroheptanol-1; and
1H,1H-tridecafluoroheptanol-1, as well as the densi-
ties of those liquids are carried out. The temperature
dependences of the bulk elasticity modulus for the
indicated alcohols are calculated. The enthalpies of
formation of one mole of holes in the mentioned
alcohols are found in the framework of the hole
model. In the non-fluorinated alcohols, the energy of
intermolecular interaction is shown to be higher, and
the average distance between the molecules shorter
than in their fluorinated analogs.
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ТЕМПЕРАТУРНА ЗАЛЕЖНIСТЬ ОБ’ЄМНОГО
МОДУЛЯ ПРУЖНОСТI АЛIФАТИЧНИХ СПИРТIВ
ТА ФТОРОВАНИХ ЇХ АНАЛОГIВ

Р е з ю м е

Експериментально дослiдженi швидкiсть поширення звуку
та густина низки фторованих та нефторованих нормаль-
них одноатомних спиртiв в температурному iнтервалi 293–
363 К. Розраховано об’ємний модуль пружностi, проаналi-
зовано його зв’язок з енергiєю мiжмолекулярної взаємодiї.
Показано, що у фторованих спиртах енергiя мiжмолеку-
лярної взаємодiї менша, нiж у їх нефторованих аналогах.
Замiщення атомiв водню на атоми фтору в молекулах алi-
фатичних спиртiв призводить до збiльшення рiвноважної
вiдстанi мiж молекулами.
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