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COMPARATIVE ANALYSIS OF THE TEMPERATURE
DEPENDENCE OF ADIABATIC THERMODYNAMIC
COEFFICIENTS OF LIQUID H2O, H2O2, AND Ar

Temperature dependences of the adiabatic thermodynamic coefficients of water, where the net-
work of hydrogen bonds is formed under certain conditions, have been compared with the corre-
sponding dependences for hydrogen peroxide, where hydrogen bonds do exist, but the network of
hydrogen bonds does not, and for argon with no hydrogen bonds at all. In our opinion, specific
temperature dependences of the indicated parameters for water are associated with the existence
of a network of hydrogen bonds in water under certain conditions. This network is formed by
two dynamic structures (the LWD and HDW phases) and is responsible for the hierarchy of
anomalous water properties in a wide temperature interval. In addition, it has been shown that
the network of hydrogen bonds substantially affects the behavior of the temperature dependence
of the sound propagation speed related to the adiabatic coefficient of liquid compressibility.
K e yw o r d s: water, argon, hydrogen peroxide, adiabatic compressibility coefficient, sound
speed, hydrogen bonds.

1. Introduction
Water is one of the most complicated liquids in na-
ture by its properties [1, 2]. Water demonstrates the
unique behavior as a solvent [3–5] and in small con-
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fined systems [6, 7]. In work [8], a hierarchy of anoma-
lies in water was proposed: the structural anomalies
are observed at temperatures below 360 K, the dy-
namic anomalies at temperatures below 340 K, and
the thermodynamic anomalies at temperatures below
280 K.

Most anomalous properties of water are observed in
the temperature interval below 100 ∘C. For example,
the maximum value of the sound propagation speed is
observed at a temperature of 74 ∘C [9], the minimum
of isothermal compressibility takes place at a temper-
ature of 46.5 ∘C [10], that of isobaric heat capacity
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at a temperature of 36 ∘C [11], and that of specific
volume 𝑉 at a temperature of 4 ∘C [12].

The influence of the temperature 𝑇 , pressure 𝑃 ,
and chemical potential 𝜇 on the thermodynamic
coefficients − (𝜕𝑉 /𝜕𝑃 )𝑇 and (𝜕𝑉 /𝜕𝑇 )𝑃 of water
and argon was studied in our previous works [13,
14]. In work [13], it was shown that the tempera-
tures 𝑇 ≈ 4 ∘C and 42 ∘C, at which the specific vol-
ume 𝑉 and the isothermal compressibility coefficient
− (𝜕𝑉 /𝜕𝑃 )𝑇 , respectively, of water demonstrate min-
imum, are correlated with the anomalous phase tran-
sition liquid–hexagonal ice 1ℎ, which is called the
entropy-driven phase transition [15, 16].

According to the thermodynamic theory of fluc-
tuations [17], the adiabatic thermodynamic coeffi-
cients are related to pressure and temperature fluctu-
ations. According to work [17], the thermodynamic
coefficient − (𝜕𝑉 /𝜕𝑃 )𝑆 is determined by pressure
fluctuations,

− (𝜕𝑃/𝜕𝑉 )𝑆 =

⟨︀
(𝛿𝑃 )2

⟩︀
𝑘B𝑇

, (1)

the thermodynamic coefficient (𝜕𝑉 /𝜕𝑇 )𝑆 by pressure
and temperature fluctuations,

(𝜕𝑇/𝜕𝑉 )𝑆 = − (𝜕𝑃/𝜕𝑆)𝑉 = −⟨𝛿𝑃𝛿𝑇 ⟩
𝑘B𝑇

, (2)

and the thermodynamic coefficient (𝜕𝑇/𝜕𝑃 )𝑆 by
their ratio,

(𝜕𝑇/𝜕𝑃 )𝑆 =
(𝜕𝑇/𝜕𝑉 )𝑆
(𝜕𝑃/𝜕𝑉 )𝑆

=
⟨𝛿𝑃𝛿𝑇 ⟩
⟨(𝛿𝑃 )2⟩

. (3)

In our opinion, the study of these quantities is of
interest from the viewpoint of finding answers to ques-
tions about the physical mechanisms of the anoma-
lous properties of H2O in the liquid state and the role
and character of hydrogen bonds in water.

The aim of this work is to compare the temperature
dependences of the adiabatic thermodynamic coeffi-
cients (𝜕𝑉 /𝜕𝑇 )𝑆 , − (𝜕𝑉 /𝜕𝑃 )𝑆 , and (𝜕𝑇/𝜕𝑃 )𝑆 , as
well as the related quantity, the speed of sound prop-
agation in liquid H2O, H2O2, and Ar in a vicinity of
the liquid-vapor coexistence curve. For the selected
objects to study, such a comparison makes it pos-
sible to analyze the influence of hydrogen bonds on
the indicated adiabatic thermodynamic coefficients of
the examined liquids. As is known, there are hydro-
gen bonds in liquid water H2O, and they also form a
continuous network at normal pressure and in a tem-
perature interval of (0÷42) ∘C [18]. However, under

the same thermodynamic conditions, there are hy-
drogen bonds in hydrogen peroxide H2O2, but they
do not form a continuous network [19]. Surely, in liq-
uid argon Ar, there are no hydrogen bonds at all. It is
clear that a comparison of these liquids should be car-
ried out on the basis of the principle of corresponding
states.

2. Calculation Technique
for Adiabatic Thermodynamic
Coefficients

When applying the principle of corresponding states
[20, 21] to analyze the temperature influence on
the adiabatic thermodynamic coefficients (𝜕𝑉/𝜕𝑇 )𝑆 ,
−(𝜕𝑉/𝜕𝑃 )𝑆 , (𝜕𝑇/𝜕𝑃 )𝑆 , and the related sound ve-
locity 𝐶, we used the most reliable data obtained
for H2O [22–24], H2O2 [25–27], and Ar [28–30] and
published in modern reference books [31, 32] and
databases [33–40]. Proceeding from the fact that 𝑆 ,
as a rule, the adiabatic thermodynamic coefficients
(𝜕𝑉/𝜕𝑇 )𝑆 , −(𝜕𝑉/𝜕𝑃 )𝑆 , and (𝜕𝑇/𝜕𝑃 ) are not mea-
sured directly in experiment [32], we calculated those
quantities according to the available thermodynamic
relationships [17].

The calculations were performed according to the
formulas given below (see also work [17]). Then, the
thermodynamic coefficient (𝜕𝑉/𝜕𝑇 )𝑆 can be obtained
in three ways according to the formulas(︂
𝜕𝑉

𝜕𝑇

)︂
𝑆

= −
(︂
𝜕𝑆

𝜕𝑃

)︂
𝑉

=
𝛼𝑃 · 𝑉(︁
𝐶𝑃

𝐶𝑉
− 1
)︁ =

=

(︀
𝜕𝑉
𝜕𝑇

)︀
𝑃(︀(︀

𝜕𝑆
𝜕𝑇

)︀
𝑃

(︀
𝜕𝑇
𝜕𝑆

)︀
𝑉
− 1
)︀
,

(4)(︂
𝜕𝑉

𝜕𝑇

)︂
𝑆

=
𝛽𝑇 · 𝐶𝑉

𝑇 · 𝛼𝑃
=

(︀
𝜕𝑉
𝜕𝑃

)︀
𝑇
·
(︀
𝜕𝑆
𝜕𝑇

)︀
𝑉(︀

𝜕𝑉
𝜕𝑇

)︀
𝑃

(5)

or⃒⃒⃒⃒(︂
𝜕𝑉

𝜕𝑇

)︂
𝑆

⃒⃒⃒⃒
=

⎛⎝ 𝑉 · 𝛽𝑆

𝑇
(︁

1
𝐶𝑉

− 1
𝐶𝑃

)︁
⎞⎠0.5 =

=

(︃
−
(︀
𝜕𝑉
𝜕𝑃

)︀
𝑆(︀

𝜕𝑇
𝜕𝑆

)︀
𝑉
−
(︀
𝜕𝑇
𝜕𝑆

)︀
𝑃

)︃0.5
. (6)

The thermodynamic coefficient (𝜕𝑇/𝜕𝑃 )𝑆 was ob-
tained as a result of calculations in two ways accord-
ing to the formulas(︂
𝜕𝑇

𝜕𝑃

)︂
𝑆

=

(︂
𝜕𝑉

𝜕𝑆

)︂
𝑃

= −
(︂
𝜕𝑆

𝜕𝑃

)︂
𝑇

·
(︂
𝜕𝑇

𝜕𝑆

)︂
𝑃

=
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=

(︂
𝜕𝑉

𝜕𝑇

)︂
𝑃

·
(︂
𝜕𝑇

𝜕𝑆

)︂
𝑃

(7)

or(︂
𝜕𝑇

𝜕𝑃

)︂
𝑆

=

(︂
𝜕𝑉

𝜕𝑃

)︂
𝑆

·
(︂
𝜕𝑇

𝜕𝑉

)︂
𝑆

. (8)

In formulas (4)–(8), the following notation was
used: the density 𝜌 = 1/𝑉 , the isobaric heat capac-
ity 𝐶𝑃 = 𝑇 · (𝜕𝑆/𝜕𝑇 )𝑃 , the isochoric heat capacity
𝐶𝑉 = 𝑇 · (𝜕𝑆/𝜕𝑇 )𝑉 , the isobaric volumetric expan-
sion coefficient 𝛼𝑃 = (𝜕𝑉/𝜕𝑇 )𝑃 /𝑉 = −(𝜕𝜌/𝜕𝑇 )𝑃 /𝜌,
the adiabatic compressibility 𝛽𝑆 = −(𝜕𝑉/𝜕𝑃 )𝑆/𝑉 =
= (𝜕𝜌/𝜕𝑃 )𝑆/𝜌, the isothermal compressibility 𝛽𝑇 =
= −(𝜕𝑉/𝜕𝑃 )𝑇 /𝑉 = (𝜕𝜌/𝜕𝑃 )𝑇 /𝜌, and the sound
propagation speed 𝐶 = (𝛽𝑆 · 𝜌)−1/2 = (𝜕𝑃/𝜕𝜌)

1/2
𝑆 =

= (−(𝜕𝑃/𝜕𝑉 )𝑆)
1/2. Here, the density 𝜌 = 1/𝑉 is

measured in kg/m3 units, and the specific volume 𝑉
in m3/kg units.

In order to reduce the error of final results, we
used alternative ways (see formulas (4)–(6) and (7)–
(8)) when calculating the adiabatic thermodynamic
coefficients.

When calculating the sound propagation speed 𝐶,
the data on the density 𝜌 = 1/𝑉 and the adiabatic
compressibility 𝛽𝑆 = −(𝜕𝑉/𝜕𝑃 )𝑆/𝑉 = (𝜕𝜌/𝜕𝑃 )𝑆/𝜌
were used.

According to the principle of corresponding states,
the adiabatic coefficients (𝜕𝑉/𝜕𝑇 )𝑆 , −(𝜕𝑉/𝜕𝑃 )𝑆 ,
and (𝜕𝑇/𝜕𝑃 )𝑆 were nondimensionalized using the
critical parameter values. In particular, the dimen-
sionless sound propagation speed 𝐶* looks like

𝐶* =
𝑉

𝑉𝐶
·
(︂
−
(︂
𝜕𝑃

𝜕𝑉

)︂
𝑆

· 𝑉𝐶

𝑃𝐶

)︂0.5
=

𝐶

(𝑉𝐶 · 𝑃𝐶)
0.5 . (9)

The critical parameter values 𝑇𝐶 , 𝑃𝐶 , and 𝑉𝐶 and
the freezing temperatures 𝑇𝑀 (see Table) were taken
from literature databases [31, 32, 39, 40].

3. Temperature Dependences
of the Adiabatic Thermodynamic Coefficients
of Liquid H2O, H2O2, and Ar in a Vicinity
of the Liquid-Vapor Coexistence Curve

3.1. Adiabatic thermal
expansion coefficient (𝜕𝑉/𝜕𝑇 )𝑆

Our analysis of the experimental data [32–35] showed
that the adiabatic thermal expansion coefficient

Fig. 1. Temperature dependences of the thermodynamic co-
efficient (𝜕𝑉/𝜕𝑇 )𝑆 · 𝑇𝐶/𝑉𝐶 along the liquid-vapor coexistence
curve for H2O (1 ), H2O2 (2 ), and Ar (3 ). The vertical dashed
line marks a temperature of 4 ∘C characteristic of water. The
vertical solid line marks a temperature of 223.1 ∘C (the maxi-
mum of the quantity (𝜕𝑉/𝜕𝑇 )𝑆 · 𝑇𝐶/𝑉𝐶 for H2O). The circles
mark triple points for H2O2 and Ar

(𝜕𝑉/𝜕𝑇 )𝑆 is negative [see formula (5)], and it is a
monotonically decreasing function of the temperature
for most liquids. In Fig. 1, the temperature depen-
dences of the coefficient (𝜕𝑉/𝜕𝑇 )𝑆 for liquid H2O,
H2O2, and Ar are shown. Their analysis testifies that,
unlike the H2O case, the temperature dependences of
the adiabatic coefficient (𝜕𝑉/𝜕𝑇 )𝑆 for H2O2 and Ar
are monotonically decreasing function of the temper-
ature within the interval from the triple point to the
critical one, and the value of this coefficient remains
negative ((𝜕𝑉/𝜕𝑇 )𝑆 < 0).

At the same time, for H2O, (𝜕𝑉/𝜕𝑇 )𝑆 is a non-
monotonic function of the temperature with a maxi-
mum at 𝑇 = 223.1 ∘C. A comparison of these data for
H2O with the data for H2O2 and Ar shows that the

Critical temperatures (𝑇𝐶), critical
pressures (𝑃𝐶), critical specific volumes (𝑉𝐶),
and freezing points (𝑇𝑀 ) for H2O, H2O2, and Ar

Liquid 𝑇𝑀 , K 𝑇𝐶 , K 𝑃𝐶 , kPa 𝑉𝐶 , m3/kg

H2O 273.16 647.1 22064 0.003106
H2O2 272.74 727.98 16202 0.002159
Ar 83.806 150.69 4863 0.001867
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Fig. 2. Temperature dependence of the thermodynamic co-
efficient (𝜕𝑉/𝜕𝑇 )𝑆 · 𝑇𝐶/𝑉𝐶 along the liquid-vapor coexistence
curve for H2O in the temperature interval 𝑇 < 4 ∘C. The ver-
tical dashed line marks a characteristic temperature of 4 ∘C.
The triple point is marked with a circle

Fig. 3. Temperature dependences of the thermodynamic co-
efficient (𝜕𝑇/𝜕𝑉 )𝑆 · 𝑉𝐶/𝑇𝐶 along the liquid-vapor coexistence
curve for H2O (1 ), H2O2 (2 ), and Ar (3 ). The vertical
dashed line marks a temperature of 223.1 ∘C (the minimum
of (𝜕𝑇/𝜕𝑉 )𝑆 · 𝑉𝐶/𝑇𝐶 for H2O). The circles mark the triple
points for H2O, H2O2, and Ar. The temperature dependence
of (𝜕𝑇/𝜕𝑉 )𝑆 around 4 ∘C for H2O is shown in the unset; the
vertical dashed line marks a temperature of 4 ∘C

principle of corresponding states cannot be applied in
a wide temperature interval 𝑇/𝑇𝐶 < 0.8. Moreover,
at relative temperatures 𝑇/𝑇𝐶 > 0.94, the tempera-
ture dependences of (𝜕𝑉/𝜕𝑇 )𝑆 · 𝑇𝐶/𝑉𝐶 for H2O and

Fig. 4. Temperature dependences of the thermodynamic co-
efficient (𝜕𝑇/𝜕𝑃 )𝑆 ·𝑃𝐶/𝑇𝐶 along the liquid-vapor coexistence
curve for H2O (1 ), H2O2 (2 ), and Ar (3 ). The vertical dashed
line marks a temperature of 102.2∘C (the inflection point of
(𝜕𝑇/𝜕𝑃 )𝑆 ·𝑃𝐶/𝑇𝐶 for H2O). The inset shows the relative tem-
perature interval 𝑇/𝑇𝐶 < 0.5. The vertical dashed line marks a
temperature of 4 ∘C (characteristic of H2O). The circles mark
the triple points for H2O, H2O2, and Ar

H2O2 practically coincide, differing noticeably from
the corresponding dependence for Ar. As follows from
Fig. 2, the coefficient (𝜕𝑉/𝜕𝑇 )𝑆 for H2O has a singu-
larity at a temperature of 4 ∘C and becomes positive
at temperatures 𝑇 < 4 ∘C, which is not observed for
H2O2, Ar, and the vast majority of liquids.

Let us consider the temperature dependences of
the quantity (𝜕𝑇/𝜕𝑉 )𝑆 , which is inverse to the ther-
modynamic coefficient (𝜕𝑉/𝜕𝑇 )𝑆 , for liquid H2O,
H2O2, and Ar (see Fig. 3). The corresponding anal-
ysis showed that the temperature dependence of
(𝜕𝑇/𝜕𝑉 )𝑆 · 𝑉𝐶/𝑇𝐶 for H2O passes through the zero
value at a temperature of 4 ∘C. For this quantity, the
minimum condition (𝜕(𝜕𝑉/𝜕𝑇 )𝑆)/𝜕𝑇 )𝑃 = 0 is satis-
fied at a temperature of 223.1 ∘C for H2O, whereas
for H2O2 and Ar, this condition is satisfied at their
freezing temperatures (0.4097 ∘C and −189.34 ∘C,
respectively).

3.2. Inverse adiabatic
thermal pressure coefficient

Let us consider the adiabatic thermodynamic coeffi-
cient (𝜕𝑇/𝜕𝑃 )𝑆 , which is the inverse of the adiabatic
thermal pressure coefficient (𝜕𝑃/𝜕𝑇 )𝑆 . In Fig. 4, the
temperature dependences of the dimensionless coeffi-
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cient (𝜕𝑇/𝜕𝑃 )𝑆 ·𝑃𝐶/𝑇𝐶 are presented for liquid H2O,
H2O2, and Ar. A corresponding analysis showed that
the temperature dependence of (𝜕𝑇/𝜕𝑃 )𝑆 · 𝑃𝐶/𝑇𝐶

for H2O has an inflection point at a temperature of
102.2 ∘C. The temperature dependence of (𝜕𝑇/𝜕𝑃 )𝑆 ·
𝑃𝐶/𝑇𝐶 for H2O intersects the similar dependence for
H2O2 and reaches negative values at temperatures
𝑇 < 4 ∘C.

Unlike H2O, the temperature dependences of the
inverse adiabatic thermal pressure coefficient for
H2O2 and Ar have no inflection points, being ther-
modynamically similar to each other.

For H2O, the temperature dependence of
(𝜕𝑇/𝜕𝑃 )𝑆 has an inflection point, reaches neg-
ative values below the temperature 𝑇 < 4 ∘C, and
is qualitatively similar to the temperature depen-
dence of (𝜕𝑉/𝜕𝑇 )𝑃 [12]. The inflection point in the
(𝜕𝑇/𝜕𝑃 )𝑆 curve at a temperature of 102.2 ∘C is in
mutual relation with a temperature of 4 ∘C specific
for water.

3.3. Thermodynamic coefficient
of adiabatic compressibility and speed
of sound propagation

Now, let us consider the adiabatic compressibility
coefficient −(𝜕𝑉/𝜕𝑃 )𝑆 of liquids. Figure 5 demon-
strates the temperature dependences of the dimen-
sionless thermodynamic coefficient of adiabatic com-
pressibility −(𝜕𝑉/𝜕𝑃 )𝑇 ·𝑃𝐶/𝑉𝐶 for H2O, H2O2, and
Ar. From the analysis of this figure, it follows that
the temperature dependences of −(𝜕𝑉/𝜕𝑃 )𝑇 ·𝑃𝐶/𝑉𝐶

for H2O2 and Ar intersect at the relative tempera-
ture 𝑇/𝑇𝐶 = 0.94. In our opinion, the difference be-
tween the behaviors of the indicated dependences for
H2O2 and Ar arise due to the presence of hydrogen
bonds in H2O2 and their absence in Ar. This differ-
ence also demonstrates that the principle of corre-
sponding states is not always obeyed even at high
temperatures in a vicinity of the critical point.

For H2O, the temperature dependence of
−(𝜕𝑉/𝜕𝑃 )𝑇 · 𝑃𝐶/𝑉𝐶 has a minimum at 56.3 ∘C.
Above the minimum temperature, the temperature
dependence of −(𝜕𝑉/𝜕𝑃 )𝑆 for H2O is qualitatively
similar to its counterparts for H2O2 and Ar.

Now, let us consider the speed of sound propaga-
tion 𝐶* [Eq. (9)], which is related to the adiabatic
compressibility coefficient −(𝜕𝑉/𝜕𝑃 )𝑆 . In Fig. 6, the
temperature dependences of the sound speed for

Fig. 5. Temperature dependences of the thermodynamic coef-
ficient −(𝜕𝑉/𝜕𝑃 )𝑇 ·𝑃𝐶/𝑉𝐶 along the liquid-vapor coexistence
curve for H2O (1 ), H2O2 (2 ), and Ar (3 ). The inset shows
the relative temperature interval 𝑇/𝑇𝐶 < 0.65. The vertical
dashed line marks a temperature of 56.3 ∘C (the minimum of
−(𝜕𝑉/𝜕𝑃 )𝑇 · 𝑃𝐶/𝑉𝐶 for H2O). The vertical solid line marks
the intersection of the −(𝜕𝑉/𝜕𝑃 )𝑇 · 𝑃𝐶/𝑉𝐶 dependences for
H2O2 and Ar (𝑇/𝑇𝐶 ≈ 0.93). The circles mark the triple
points for H2O, H2O2 and Ar

Fig. 6. Temperature dependences of the sound speed 𝐶*

along the liquid-vapor coexistence curve for H2O (1 ), H2O2

(2 ), and Ar (3 ). The vertical dashed line marks a temperature
of 74.2 ∘C (the maximum of sound speed in H2O). The ver-
tical solid line marks the intersection of the 𝐶* dependences
for H2O2 and Ar (𝑇/𝑇𝐶 ≈ 0.88). The circles mark the triple
points for H2O, H2O2 and Ar
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Fig. 7. Temperature dependences of the logarithm of the
sound propagation speed (1 ) in H2O and the logarithmic sum-
mands: the specific volume (2 ) and the adiabatic compress-
ibility coefficient (3 )

Fig. 8. Temperature dependence of the temperature deriva-
tive of the logarithm of the specific volume for H2O

H2O, H2O2, and Ar nondimensionalized according to
Eq. (9) are shown. An analysis of this figure showed
that the temperature dependences of the sound speed
in H2O2 and Ar intersect at the relative temperature
𝑇/𝑇𝐶 ≈ 0.88. This intersection can be a result of the
availability of hydrogen bonds in H2O2 [19] and their
absence in Ar. For H2O, the temperature dependence
of the sound velocity is nonmonotonic and has a min-
imum at 𝑇 = 74.2 ∘C.

Fig. 9. Temperature dependences of the temperature deriva-
tives of the logarithms of the sound propagation speed (1 ) and
the adiabatic compressibility coefficient (3 ) for H2O

Let us analyze the temperature dependence of the
sound speed in the researched liquids. According to
formula (9), the dimensionless sound propagation
speed 𝐶* depends on the adiabatic compressibility
coefficient −(𝜕𝑉/𝜕𝑃 )𝑆 and the specific volume 𝑉 . To
analyze this dependence, we rewrite formula (9) in the
logarithmic form,

ln(𝐶*) = ln

(︂
𝑉

𝑉𝐶

)︂
+

1

2
· ln
(︂
−
(︂
𝜕𝑃

𝜕𝑉

)︂
𝑆

· 𝑉𝐶

𝑃𝐶

)︂
=

= ln(𝑉 *) +
1

2
· ln
(︂
−
(︂
𝜕𝑃

𝜕𝑉

)︂*
𝑆

)︂
. (10)

Figure 7 shows the contributions of two terms to the
𝐶*-value for H2O: from the dimensionless specific vol-
ume 𝑉 * and the dimensionless adiabatic compress-
ibility coefficient −(𝜕𝑉/𝜕𝑃 )*𝑆 . It follows from Fig. 7
that ln(𝐶*) itself and the corresponding contributions
to this quantity are nonmonotonic functions of the
temperature.

Figures 8 and Fig. 9 illustrate the temperature
derivatives of the logarithms of the sound speed,
ln(𝐶*), and the contributions from the specific vol-
ume, ln(𝑉/𝑉 *), and the adiabatic compressibility co-
efficient, ln(−(𝜕𝑃/𝜕𝑉 )𝑆 ·𝑃𝐶/𝑉𝐶)

1/2. The intersection
of each indicated dependence with the abscissa axis
(the zero value of the derivative) determines the tem-
peratures where this dependence has an extremum:
at 4.0 ∘C for the specific volume, at –56.3 ∘C for the
adiabatic compressibility coefficient, and at –74.2 ∘C
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for the speed of sound. As one can see, those extrema
are interdependent for H2O.

4. Discussion

According to the results of neutron research [41, 42],
at temperatures below 42 ∘C and atmospheric pres-
sure, there arises a hydrogen bond network in wa-
ter. According to the two-structure model [11, 43–
45], it is characterized by an enhanced role of the
less dense and more ordered structure (the ES struc-
ture, the LWD phase) and a reduced role of the more
dense and less ordered phase (the CS structure, the
HWD phase) [46, 47]. Those water structures are as-
sociated in the literature [1, 11, 44] with disordered
hydrogen bonds in the rapid picture of their change
at the molecular vibration [48–50], flickering [51], and
dissociation into H3O+ and OH− ions [52, 53]. The
characteristic times of those processes are of an order
of 10−12 s according to work [52], the change in the
water volume at the dissociation of its molecules into
ions is maximum at a temperature close to 42 ∘C.

It should be noted that, in our opinion, such phe-
nomena as the minimum of the isothermal thermo-
dynamic compressibility coefficient −(𝜕𝑉/𝜕𝑃 )𝑇 [54]
and the anomalous changes in the viscosity of wa-
ter [55] and aqueous solutions [56], the pH relaxation
time [57, 58], and the Raman depolarization ratio [59]
for water, which are observed experimentally, can be
considered the signs of the emergence of a hydrogen
bond network. At the same time, also in our opin-
ion, the monotonic decrease of −(𝜕𝑉/𝜕𝑃 )𝑇 with the
temperature till reaching the triple point, which is ob-
served for other liquids with hydrogen bonds, means
that conditions for the emergence of a hydrogen bond
network do not arise in them.

In works [19, 60, 61], the H2O2 properties were
studied, and the hydrogen bonds in H2O and H2O2

were compared. According to the results of those
works, the strength of hydrogen bonds in H2O2 is
weaker than that in H2O. The maximum number of
possible hydrogen bonds for a H2O2 molecule equals
six, which is larger than that for H2O. The self-
diffusion coefficient of hydrogen peroxide is approx-
imately equal to half the self-diffusion coefficient of
water [61]. The addition of hydrogen peroxide to wa-
ter destroys the tetrahedral network structure of hy-
drogen bonds in water [61]. Although the freezing
points of H2O2 and H2O are close, the boiling point

of H2O2 is noticeably higher than that of H2O. Un-
like the first-order phase transition liquid-hexagonal
ice in H2O, the density of H2O2 in the solid state
exceeds its density in the liquid phase at the first-
order liquid-solid phase transition [62]. These proper-
ties mean that, unlike the anomalous entropy-driven
phase transition in H2O [14–16], the phase transition
in H2O2 has the features of a density-driven one [63].

It can be assumed that, in this case, there are no
factors for the growth of the role of the more ex-
panded, but also more ordered, structure in H2O2.
This assumption is supported by thermodynamic
experimental data [32–35, 39] according to which,
the minimum of the quantity −(𝜕𝑉/𝜕𝑃 )𝑇 along the
liquid-vapor coexistence curve is not observed for
H2O2, in contrast to H2O.

5. Conclusions

1. The temperature dependences of the adiabatic
thermodynamic coefficients for water, where a hydro-
gen bond network is formed under certain conditions,
hydrogen peroxide, where hydrogen bonds exist, but
do not form a network, and argon, where hydrogen
bonds are absent altogether, were compared.

2. It was shown that, unlike the cases of argon
and hydrogen peroxide, the thermodynamic coeffi-
cient (𝜕𝑉/𝜕𝑇 )𝑆 for H2O diverges at a temperature of
4 ∘C and becomes positive in the temperature interval
𝑇 < 4 ∘C; the thermodynamic coefficient (𝜕𝑇/𝜕𝑃 )𝑆
has an inflection point at a temperature of 102.2 ∘C
and reaches zero at a temperature of 4 ∘C specific
for water and negative values at temperatures below
4 ∘C; the thermodynamic coefficient −(𝜕𝑉/𝜕𝑃 )𝑆 has
a minimum at a temperature of 56.3 ∘C.

3. In our opinion, the temperature dependences
of the adiabatic thermodynamic coefficients of wa-
ter originate from the existence of a hydrogen bond
network, which is formed by two dynamic structures.

4. It is shown that, unlike the case of argon, for
hydrogen peroxide, where hydrogen bonds also exist,
but there is no hydrogen bond network, the tempera-
ture dependences of the quantity (𝜕𝑉/𝜕𝑃 )𝑆 · 𝑇𝐶/𝑉𝐶

at temperatures 𝑇/𝑇𝐶 > 0.93 coincide with similar
dependences for water.

5. It is shown that the hydrogen bond network in
water substantially affects the character of the tem-
perature dependence of the sound propagation speed,
which is related to the adiabatic compressibility coef-
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ficient. For argon and hydrogen peroxide, this depen-
dence is monotonic, but, for water, it has a minimum
at a temperature of 74.2 ∘C.
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ПОРIВНЯЛЬНИЙ АНАЛIЗ
ТЕМПЕРАТУРНОЇ ЗАЛЕЖНОСТI
АДIАБАТИЧНИХ ТЕРМОДИНАМIЧНИХ
КОЕФIЦIЄНТIВ ДЛЯ H2O, H2O2, Ar У СТАНI РIДИНИ

Проведено порiвняння температурних залежностей адiаба-
тичних термодинамiчних коефiцiєнтiв води, у якiй за пев-

них умов утворюється сiтка водневих зв’язкiв, з вiдповiд-
ними залежностями для перекису водню, в якому iснують
водневi зв’язки, але сiтка водневих зв’язкiв не утворюється,
та з аргоном, в якому водневi зв’язки взагалi вiдсутнi. Осо-
бливi температурнi залежностi адiабатичних термодинамi-
чних коефiцiєнтiв води, на нашу думку, пов’язанi з iснуван-
ням у водi за певних умов сiтки водневих зв’язкiв, якi утво-
рюються двома динамiчними структурами (LWD та HDW
фази), що зумовлює iєрархiю аномальних властивостей во-
ди у широкому iнтервалi температур. Крiм того, показа-
но, що сiтка водневих зв’язкiв суттєво впливає на характер
температурних залежностей швидкостi поширення звуку,
яка пов’язана iз адiабатичним коефiцiєнтом стисливостi
рiдини.

Ключ о в i с л о в а: вода, аргон, перекис водню, адiаба-
тичний коефiцiєнт стисливостi, швидкiсть звуку, водневi
зв’язки.
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