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TEMPERATURE AND PRESSURE
EFFECT ON THE THERMODYNAMIC
COEFFICIENT (𝜕𝑉/𝜕𝑇 )𝑃 OF WATER

On the basis of literature data, the temperature and pressure dependences of the thermodynamic
coefficient (𝜕𝑉/𝜕𝑇 )𝑃 for liquid water have been calculated and analyzed. The obtained results
are compared with the relevant data for argon. Taking the principle of corresponding states
into account, the existence of a region, where the thermodynamic similarity between water
and argon takes place, is confirmed. At the same time, there is a region, where the indicated
similarity is not observed, and the thermodynamic properties of water demonstrate a peculiar
behavior. In particular, an inflection point at a temperature of (91 .0 ± 0 .2 ) ∘C is observed in
the temperature dependence of the curve (𝜕𝑉/𝜕𝑇 )𝑃 for water, but not for argon, along the
liquid-vapor equilibrium curve. The existence of inflection point in the dependence (𝜕𝑉/𝜕𝑇 )𝑃
for water leads to the presence of negative values of (𝜕𝑉/𝜕𝑇 )𝑃 at temperatures below 3.98 ∘C,
as well as to the intersection of the temperature dependences of isobars (𝜕𝑉/𝜕𝑇 )𝑃 in water at
a temperature of (42 .0 ± 0 .2 ) ∘C. On the contrary, the temperature dependences of the curves
(𝜕𝑉/𝜕𝑇 )𝑃 for argon along the liquid-vapor equilibrium curve do not have a corresponding
inflection point.
K e yw o r d s: water, argon, isobaric expansion coefficient, liquid-vapor coexistence curve,
liquid-solid coexistence curve, hydrogen bonds.

1. Introduction

Among the liquids that exist in nature, liquid water
is probably the most complicated one, which demon-
strates a number of anomalous properties [1, 2]. The
physical origins of the latter were discussed in works
[3–5]. Water possesses unique properties of its behav-
ior as a solvent [6–8]. On the other hand, the atomic
liquid argon can be considered as a liquid with the
simplest structure and possessing the physical prop-
erties that are most typical of many liquids [9, 10].

In this work, in order to analyze the anomalous
properties of water in the liquid state, we com-
pare the behavior of the thermodynamic coefficient
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(𝜕𝑉/𝜕𝑇 )𝑃 = 𝛼𝑃 𝑉 for water and argon. This param-
eter is associated with the isobaric expansion coeffi-
cient 𝛼𝑃 = 𝑉 −1 (𝜕𝑉/𝜕𝑇 )𝑃 . The latter, for water, was
studied in work [11].

Water in the liquid state is characterized by anoma-
lies of both mechanical and caloric quantities [12,
13]. Therefore, the examined parameter (𝜕𝑉/𝜕𝑇 )𝑃 is
important, because it determines the transient “com-
bined” mechanical–caloric response of the thermody-
namic system to an external action [13],(︂
𝜕𝑉

𝜕𝑇

)︂
𝑃

= −
(︂
𝜕𝑆

𝜕𝑃

)︂
𝑇

, (1)

and is related to the pair correlator of thermal fluc-
tuations “specific entropy 𝑆–specific volume 𝑉 ” [14]

⟨Δ𝑉 Δ𝑆⟩ = 1

𝑘B𝑇

(︂
𝜕𝑉

𝜕𝑇

)︂
𝑃

=
𝛼𝑃𝑉

𝑘B𝑇
. (2)

The aim of this work is to calculate and analyze the
temperature and pressure dependences of the ther-
modynamic coefficient (𝜕𝑉/𝜕𝑇 )𝑃 for water in the
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liquid state in the interval of relative temperatures
𝑇/𝑇𝑐 < 0.7, where 𝑇𝑐 is the critical temperature of
water, and compare the indicated dependences for
water and argon.

2. Calculation Technique
for the Thermodynamic Coefficient
(𝜕𝑉/𝜕𝑇 )𝑃 for Water and Argon

The calculations of the quantity (𝜕𝑉/𝜕𝑇 )𝑃 were per-
formed on the basis of the most reliable experimen-
tal data for the thermodynamic properties of wa-
ter and argon, which are available in modern ref-
erence books [15, 16] and physical databases [17–
22]. The existing methods of processing experimen-
tal data [16] were supplemented by calculating the
thermodynamic derivatives following the method de-
scribed below. The proposed approach may be of in-
dependent interest, and it can be used in the future
to analyze the thermodynamic properties of other liq-
uids for which high-quality experimental data are ab-
sent. Therefore, let us firstly describe the basic gen-
eral algorithm for the calculation of the derivative
(𝜕𝑉/𝜕𝑇 )𝑃 .

In the minimum variant, to obtain data on the
derivative (𝜕𝑉/𝜕𝑇 )𝑃 , data are required concerning
the temperature dependence of the density, 𝜌(𝑇 ) =
= 1/𝑉 (𝑇 ), for the liquid branch of the liquid-vapor
coexistence curve for the corresponding substance,
as well the temperature dependence of the pressure,
𝑃 (𝑇 ), along the equilibrium curve.

In the absence of primary experimental data, the
temperature dependence of the density 𝜌 along the
coexistence curve can be predicted using the Rack-
ett and Gunn–Yamada methods [16, 23], whereas the
temperature dependence of the pressure 𝑃 along the
coexistence curve can be predicted using the Riedel
method [16,23]. In addition, the required data can be
obtained using the simulation method and neural net-
works, on the basis of the most reliable experimental
data and quantum mechanical calculations of molec-
ular parameters, namely, the Mol-instincts simula-
tion [23] or the ChemRTP one [24]. The Mol-instincts
simulation makes it possible to obtain temperature
dependences for a set of thermodynamic quantities,
whereas the ChemRTP simulation provides reference
values of physical quantities that should be used in
combination with the application of modern meth-
ods of thermodynamic similarity [25,26]. It should be
noted that, in recent years, simulation methods based

on neural networks have made significant progress,
which allows physical quantities to be calculated with
an error close to their determination errors in modern
experimental studies [23, 24].

If the experimental or predicted data for the tem-
perature dependences of the density 𝜌 and the pres-
sure 𝑃 of the liquid phase along the coexistence
curve are available and the temperature dependence
of the second virial coefficient 𝐵2 along the isobar
𝑃 = 1 atm is known, the temperature and pressure
dependences of the derivative (𝜕𝑉/𝜕𝑇 )𝑃 for the liq-
uid phase can be obtained by applying the following
method.

At the first stage, the derivative (𝜕𝑉/𝜕𝑇 )𝑃 is de-
termined at various temperatures by directly differ-
entiating the temperature dependence of the spe-
cific volume 𝑉 = 1/𝜌 along the liquid-vapor coex-
istence curve. Far from the critical point, this deriva-
tive practically does not differ from that at a con-
stant pressure, (𝜕𝑉/𝜕𝑇 )𝑐𝑥𝑐 ≈ (𝜕𝑉/𝜕𝑇 )𝑃 , where the
subscript 𝑐𝑥𝑐 denotes the liquid-vapor coexistence
curve. The discrepancy between those quantities is
determined by the formula(︂
𝜕𝑉

𝜕𝑇

)︂
𝑐𝑥𝑐

=

(︂
𝜕𝑉

𝜕𝑇

)︂
𝑃

+

(︂
𝜕𝑉

𝜕𝑃

)︂
𝑇

(︂
𝜕𝑃

𝜕𝑇

)︂
𝑐𝑥𝑐

. (3)

The calculations showed that,far from the critical
point, i.e., at 𝑇/𝑇𝑐 6 0.7, the second term in Eq. (3)
is much smaller than the first one.

The temperature dependences of the derivative
(𝜕𝑉/𝜕𝑇 )𝑃 along the isobars can be obtained, for ex-
ample, as follows. First, using the Tait equation [27],
the pressure dependences of the liquid phase density
𝜌 along a successive equidistant set of isotherms with
an endpoint on the liquid-vapor equilibrium curve are
calculated. Afterward, a transition from isotherms to
isobars is carried out in the 𝑇 − 𝑃 plane. For this
purpose, the temperature dependences of the density
𝜌 are determined on the isobars that equidistantly
intersect the obtained pressure dependences of the
density on the isotherms. Thus, for the density 𝜌, the
isotherms and isobars form a grid in the 𝑇 −𝑃 plane,
with the grid nodes containing the calculated values
of the density 𝜌.

At the next stage, the derivative (𝜕𝑉/𝜕𝑇 )𝑃 is de-
termined in all grid nodes by differentiating the tem-
perature dependences of the specific volume 𝑉 = 1/𝜌
along the isobars, i.e., at a constant pressure. As
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a result, the pressure and temperature dependences
for the derivative (𝜕𝑉/𝜕𝑇 )𝑃 are determined in the
𝑇 − 𝑃 plane.

Besides the Tait equation [27], one can also use the
Kesselman equation [28], the Benedict–Webb–Rubin
(BWR) equation [29], its modifications by Starling
(BWRS) or Jacobson and Stewart (mBWR), and oth-
ers [29, 30].

The parameters of the equations of state for the liq-
uid phase beyond the critical region are determined
from the available experimental data or from the pre-
dicted values for the liquid density 𝜌 and the pres-
sure 𝑃 along the coexistence curve, as well as for
the second virial coefficient 𝐵2 for the vapor along
the isobar 𝑃 = 1 atm. In so doing, the values of the
virial coefficient 𝐵2 can be calculated using reference
experimental data [31, 32] or other prediction meth-
ods [31]. In the absence of experimental data for the
third virial coefficient 𝐵3, its value can be found by
applying the Aubey formula [31] or by solving cubic
equations of state using the known values for 𝜌, 𝑃 ,
and 𝐵2 [32].

In modern thermodynamic databases (e.g., Mini-
refprop [17], Refprop [18], SRD69 [19], Coolprop [20],
ThermodataEngine [21], and WTT [22]), the temper-
ature and pressure dependences of the main thermo-
dynamic quantities – in particular, the density 𝜌 – are
presented in the form of certain mathematical func-
tions, with each analytical function used for a reliable
representation of every physical quantity in the indi-
cated databases being described in detail.

The indicated reference functions for a particu-
lar substance are determined on the basis of a sta-
tistical analysis of most reliable experimental data
available for this physical quantity. As a result, it
becomes possible to analytically calculate thermo-
dynamic derivatives of various orders for those de-
pendences. The corresponding calculation error is not
larger than the error of the primary experimental
data. Therefore, it is the error of the initial exper-
imental data forming the basis for the calculations
that is mainly responsible for the error of calculated
physical quantities. Our analysis showed that the er-
ror of temperatures peculiar for water which are de-
termined by us is the sum of the errors of values
experimentally obtained and presented in the liter-
ature, and this error equals ±0.2 K for the tempera-
ture at which the isothermal compressibility of water
is minimum.

When calculating the derivative (𝜕𝑉/𝜕𝑇 )𝑃 for wa-
ter and argon in the temperature interval from their
melting points to temperatures 𝑇/𝑇𝑐 < 0.7 and for
the pressures from 𝑃/𝑃𝑐 > 0.02 to the liquid-solid
coexistence curve, the examined temperature inter-
vals were represented by 103 equidistant points. Pro-
vided such a representation, the results of numerical
calculations of thermodynamic derivatives and the re-
sults of analytical calculations carried out by differen-
tiating the corresponding analytical functions differed
from each other by less than 1%.

When calculating the pressure dependences, the ex-
amined pressure intervals were represented by at least
200 equidistant points. However, the pressure deriva-
tives were not calculated in this article. Therefore,
when constructing the grid of orthogonal isotherms
and isobars in the 𝑇 − 𝑃 plane for the temperature-
pressure dependences, the selected pressure interval
was represented by 20 equidistant points.

3. Comparison of Specific
Features in the Behavior of (𝜕𝑉/𝜕𝑇 )𝑃
for Water and Argon

3.1. Temperature dependences of (𝜕𝑉/𝜕𝑇 )𝑃

Figures 1 and 2 illustrate the temperature depen-
dences of the derivative (𝜕𝑉/𝜕𝑇 )𝑃 for water and ar-
gon, respectively, which were calculated using the
method described above along the coexistence curve
and certain isobars. Let us compare the temperature
dependences of the derivative (𝜕𝑉/𝜕𝑇 )𝑃 obtained for
water and argon along the liquid-vapor equilibrium
curve. As we can see from Fig. 1, the temperature de-
pendence of the derivative (𝜕𝑉/𝜕𝑇 )𝑃 for water along
the liquid-vapor coexistence curve has an inflection
point at the temperature 𝑇 = (364.0 ± 0.2) K. The
inset demonstrates the temperature dependence of
the derivative

(︀
𝜕2𝑉/𝜕𝑇 2

)︀
𝑃

along the liquid-vapor
coexistence curve. It has a minimum – i.e., here(︀
𝜕3𝑉/𝜕𝑇 3

)︀
𝑃

= 0 – at the temperature 𝑇 = 364 K,
which coincides with the inflection temperature in the
temperature dependence of the derivative (𝜕𝑉/𝜕𝑇 )𝑃
along the liquid-vapor coexistence curve.

For temperatures higher than the inflection tem-
perature 𝑇 = 364 K, the derivative (𝜕2𝑉/𝜕𝑇 2)𝑃 de-
creases, as the temperature grows, along the liquid-
vapor coexistence curve. The derivative (𝜕3𝑉/𝜕𝑇 3)𝑃
remains positive at that. At temperatures lower than
𝑇 = 364 K, the derivative (𝜕2𝑉/𝜕𝑇 2)𝑃 increases,
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and the derivative (𝜕3𝑉/𝜕𝑇 3)𝑃 becomes negative
(see the inset in Fig. 1). Therefore, the existence of
the inflection temperature 𝑇 = 364 K gives rise to
a more rapid variation of the derivative (𝜕𝑉/𝜕𝑇 )𝑃
and, as a result, even to its negative values. This
occurs at temperatures below the specific tempera-
ture 𝑇 = 277.133 K [33], which corresponds to the
minimum – here, (𝜕𝑉/𝜕𝑇 )𝑃 = 0 – in the temper-
ature dependence of the specific volume 𝑉 = 𝑉𝑚 +
+

∫︀
(𝜕𝑉/𝜕𝑇 )𝑃 𝑑𝑇 along the liquid-vapor coexistence

curve. In the last formula, 𝑉𝑚 is the specific volume
at the melting point, and the integral is calculated
along the coexistence curve.

In contrast to the case of water, the derivative
(𝜕2𝑉/𝜕𝑇 2)𝑃 for argon decreases monotonically, as
the temperature decreases along the liquid-vapor
equilibrium curve, with the derivative (𝜕3𝑉/𝜕𝑇 3)𝑃
remaining positive within the entire temperature in-
terval (see the inset in Fig. 2). As a result, the ther-
modynamic coefficient (𝜕𝑉/𝜕𝑇 )𝑃 for argon also re-
mains positive within the whole temperature interval.

A comparison of the temperature dependences of
the derivative (𝜕𝑉/𝜕𝑇 )𝑃 for water and argon along
the corresponding coexistence curves on the basis
of the principle of corresponding states showed that
the relative inflection temperature of the derivative
(𝜕𝑉/𝜕𝑇 )𝑃 equals 𝑇/𝑇𝑐 = 0.562 for water, which is
close to the relative freezing point for argon, 𝑇/𝑇𝑐 =
= 0.556 (the difference is 1%). In other words, below
the temperature 𝑇 = 315±0.2 K, water has an essen-
tially different behavior of its thermodynamic coeffi-
cient (𝜕𝑉/𝜕𝑇 )𝑃 in comparison with that for argon.

In particular, in the case of water, the curves de-
scribing the temperature dependences of the deriva-
tive (𝜕𝑉/𝜕𝑇 )𝑃 at various pressures approach each
other, as the temperature decreases, and mutually
intersect at the temperature 𝑇 = 315 ± 0.2 K (see
Fig. 1). Owing to the intersection of those isobars, the
temperature dependence of the derivative (𝜕𝑉/𝜕𝑇 )𝑃
along the liquid-vapor coexistence curve at 𝑇 < 315 K
lies below the isobars of this quantity (see Fig. 1),
which is also an example of the anomalous physical
behavior of water.

On the contrary, the temperature dependences
of the derivative (𝜕𝑉/𝜕𝑇 )𝑃 for argon along vari-
ous isobars do not intersect each other at any tem-
perature (see Fig. 2). The interval of relative tem-
peratures 𝑇/𝑇𝑐 < 0.056, where the water anoma-
lies manifest themselves – in particular, it occurs

Fig. 1. Temperature dependences of the derivative (𝜕𝑉/𝜕𝑇 )𝑃
for water in the liquid state in the temperature interval
273.15 K 6 𝑇 6 450 K, which contains the inflection tem-
perature 𝑇 = 364 K and the intersection temperature of iso-
bars 𝑇 = 315 K: liquid-vapor coexistence curve (1 ), 1 × 104-
kPa isobar (2 ), and 2 × 104-kPa isobar (3 ). The tempera-
ture dependence of the derivative

(︀
𝜕2𝑉/𝜕𝑇 2

)︀
𝑃

for water along
the liquid-vapor coexistence curve is shown in the inset; its
minimum at 𝑇 = 364 K determines the inflection temperature,
where

(︀
𝜕3𝑉/𝜕𝑇 3

)︀
𝑃

= 0, of the temperature dependence of the
derivative (𝜕𝑉/𝜕𝑇 )𝑃 along the liquid-vapor coexistence curve

Fig. 2. Temperature dependences of the derivative (𝜕𝑉/𝜕𝑇 )𝑃
for argon in the liquid state in the temperature interval
83.81 K 6 𝑇 6 145 K: liquid-vapor coexistence curve (1 ),
3×103-kPa isobar (2 ), 4×105-kPa isobar (3 ), and boiling point
for the 3× 103-kPa isobar(4). The temperature dependence of
the derivative

(︀
𝜕2𝑉/𝜕𝑇 2

)︀
𝑃

for argon along the liquid-vapor
coexistence curve in the temperature interval 83.81 K 6 𝑇 6
6 120 K is shown in the inset. The thermodynamic coefficient
(𝜕𝑉/𝜕𝑇 )𝑃 is positive within the whole temperature interval
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Fig. 3. Pressure dependences of the derivative (𝜕𝑉/𝜕𝑇 )𝑃 for
water in the liquid state along the isotherms when moving away
from the liquid-vapor coexistence curve. At the temperature
𝑇 = 315 K, the condition 𝜕2𝑉/𝜕𝑇𝜕𝑃 = 0 is satisfied

Fig. 4. Pressure dependences of the derivative (𝜕𝑉/𝜕𝑇 )𝑃 for
argon in the liquid state along the isotherms when moving away
from the liquid-vapor coexistence curve: (1 ) liquid-vapor co-
existence curve with the end freezing point at 𝑇𝑚 = 83.81 K,
and (2 ) liquid-solid coexistence curve

at 𝑇 = (315± 0.2) K and 𝑇 = 277.133 K [33] –
is unattainable for argon in the liquid state, be-
cause it is located below the freezing point of argon
(𝑇 = 83.8058 K, 𝑇/𝑇𝑐 = 0.056 [15]).

The graphical analysis of Fig. 1 allows a conclusion
to be drawn that all three temperatures 𝑇 = 277, 315,
and 364 K that are peculiar in the temperature de-
pendences of the derivative (𝜕𝑉/𝜕𝑇 )𝑃 along the coex-
istence curve for water and for isobars in a vicinity of

the coexistence curve are interrelated. In accordance
with the conclusions made in works [3, 34–37], those
anomalies can be explained in the framework of the
two-structure model of water.

3.2. Pressure dependences of (𝜕𝑉/𝜕𝑇 )𝑃

For water, the presence of the temperature of inter-
section of the temperature dependences of the deriva-
tive (𝜕𝑉/𝜕𝑇 )𝑃 along various isobars in a vicinity of
the liquid-vapor coexistence curve means the follow-
ing: for isotherms above the temperature 𝑇 = 315 K,
the derivative (𝜕𝑉/𝜕𝑇 )𝑃 decreases, as the pressure
increases; at the temperature 𝑇 = 315 K, the deriva-
tive (𝜕𝑉/𝜕𝑇 )𝑃 is constant; and, below the tempera-
ture 𝑇 = 315 K, the derivative (𝜕𝑉/𝜕𝑇 )𝑃 increases
together with the pressure. For argon, on the con-
trary, the absence of an analogous temperature with
the intersection of the temperature dependences of
the derivative (𝜕𝑉/𝜕𝑇 )𝑃 along various isobars means
that the derivative (𝜕𝑉/𝜕𝑇 )𝑃 does not change its
sign, as the pressure increases, and the derivative
(𝜕2𝑉/𝜕𝑇 2)𝑃 remains positive within the whole tem-
perature interval.

In Figs. 3 and 4, the temperature dependences of
the derivative (𝜕𝑉/𝜕𝑇 )𝑃 are shown for water and ar-
gon, respectively (see Figs. 1 and 2). The data on the
pressure dependences for water, which are presented
in Fig. 3, allow a conclusion to be made that the
derivative(︂

𝜕

𝜕𝑃

(︂
𝜕𝑉

𝜕𝑇

)︂
𝑃

)︂
𝑇

=
𝜕2𝑉

𝜕𝑇𝜕𝑃
= −

(︂
𝜕2𝑆

𝜕𝑃 2

)︂
𝑇

is negative for the isotherms above the temperature
𝑇 = 315 K. At the temperature 𝑇 = 315 K, the
derivative 𝜕2𝑉/𝜕𝑇𝜕𝑃 equals zero, and, below this
temperature, the derivative 𝜕2𝑉/𝜕𝑇𝜕𝑃 is positive in
the indicated pressure interval. On the contrary, the
analysis of experimental data for argon [16] demon-
strates that the derivative 𝜕2𝑉/𝜕𝑇𝜕𝑃 is negative
along the isotherms at all temperatures.

The analysis of the data presented in Figs. 1 to 4
makes it possible to conclude that the temperature
𝑇 = 315 K should be considered as a peculiar one for
water.
3.3. Temperature-pressure
dependences of (𝜕𝑉/𝜕𝑇 )𝑃

The pressure-temperature dependences of the deriva-
tive (𝜕𝑉/𝜕𝑇 )𝑃 for water and argon were analyzed

126 ISSN 2071-0186. Ukr. J. Phys. 2023. Vol. 68, No. 2



Temperature and Pressure Effect

with regard for the principle of corresponding states
[26]. Note that, according to works [38–40], despite a
substantial difference between the properties of wa-
ter and argon, there exists a temperature interval, at
𝑇 ≪ 𝑇𝑐, where the principle of corresponding states
can be applied.

Since the relative freezing point for argon, 𝑇/𝑇𝑐 =
= 0.556 (𝑇 = 83.81 K), is substantially higher than
that for water, 𝑇/𝑇𝑐 = 0.422 (𝑇 = 273.15 K), in order
to make a comparative analysis of those liquids, we
selected the temperature interval 0.556 < 𝑇/𝑇𝑐 < 0.7,
where the influence of the critical fluctuations of the
order parameter can be neglected. In this tempera-
ture interval, the pressure dependences of thermo-
dynamic quantities for argon are limited from the
higher-pressure side by the liquid-solid coexistence
curve. This physical condition determines the maxi-
mum pressure value 𝑃/𝑃𝑐 = 20.56 (𝑃 = 1× 105 kPa)
at which argon still exists in the liquid state at the
temperature 𝑇/𝑇𝑐 = 0.7 (𝑇 = 105.48 K).

Let us plot three-dimensional surfaces of the
𝑃 − 𝑇 dependences for water (Fig. 5) and argon
(Fig. 6) in the same intervals of relative tempera-
ture, 0.556 < 𝑇/𝑇𝑐 < 0.7, and pressure, 0.02 <
< 𝑃/𝑃𝑐 < 20.56. The corresponding absolute param-
eter intervals are 359.87 K < 𝑇 < 452.97 K and
441.28 kPa < 𝑃 < 4.54 × 105 kPa for water, and
83.81 K < 𝑇 < 105.48 K and 97.26 kPa < 𝑃 <
< 1 × 105 kPa for argon. It should be noted that,
unlike the case with argon, the indicated intervals of
relative temperatures and pressures for water does
not contain the liquid-solid coexistence curve.

The analysis of the data presented in Figs. 5 and 6
showed that the surfaces of the pressure-temperature
dependences of the derivative (𝜕𝑉/𝜕𝑇 )𝑃 for water
and argon are qualitatively similar in the intervals
of relative temperatures 0.56 < 𝑇/𝑇𝑐 < 0.7 and pres-
sures 0.02 < 𝑃/𝑃𝑐 < 20. This fact confirms the valid-
ity of the principle of corresponding states for water
and argon and is consistent with the conclusions of
works [38–40].

By comparing Figs. 6 and 7, a conclusion can also
be drawn that the regions of thermodynamic anoma-
lies in the derivative (𝜕𝑉/𝜕𝑇 )𝑃 are qualitatively dif-
ferent for water and argon. In particular, the pres-
sure dependences of the derivative (𝜕𝑉/𝜕𝑇 )𝑃 for wa-
ter are non-monotonic along the isotherms in a vicin-
ity of the temperature 𝑇 = 315 K. Really, a line of
extremes in the derivative (𝜕𝑉/𝜕𝑇 )𝑃 – i.e., where

Fig. 5. Surface of 𝑃 − 𝑇 dependences of the derivative
(𝜕𝑉/𝜕𝑇 )𝑃 for water in the liquid state in the intervals of rel-
ative temperatures 0.556 < 𝑇/𝑇𝑐 < 0.7 and relative pressures
0.02 < 𝑃/𝑃𝑐 < 20.56: liquid-vapor coexistence curve (1 )

Fig. 6. Surface of 𝑃 − 𝑇 dependences of the derivative
(𝜕𝑉/𝜕𝑇 )𝑃 for argon in the liquid state in the intervals of rel-
ative temperatures 0.556 < 𝑇/𝑇𝑐 < 0.7 and relative pressures
0.02 < 𝑃/𝑃𝑐 < 20.56: liquid-vapor coexistence curve (1 ), and
liquid-solid coexistence curve (2 )

(𝜕(𝜕𝑉/𝜕𝑇 )𝑃 /𝜕𝑃 )𝑇 = (𝜕2𝑉/𝜕𝑇𝜕𝑃 ) = 0 – can be
observed in Fig. 7 in the region, where the tempera-
tures are lower than 𝑇 = 320 K, and the pressures are
larger than 𝑃 = 1.5× 105 kPa. The presence of such
a line of maxima in the derivative (𝜕𝑉/𝜕𝑇 )𝑃 means
that, at temperatures below 𝑇 = 315 K, the deriva-
tive (𝜕𝑉/𝜕𝑇 )𝑃 increases along the isotherms, as the
pressure grows (see Fig. 3), but only in the region
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Fig. 7. The surface of the 𝑃 − 𝑇 dependences of the deriva-
tive (𝜕𝑉/𝜕𝑇 )𝑃 for water in the liquid state in the interval of
relative temperatures 0.422 < 𝑇/𝑇𝑐 < 0.556, i.e., from the
freezing point for water, 𝑇 = 273.15 K, to the temperature
𝑇 = 359.87 K, which, according to the principle of corre-
sponding states, corresponds to the freezing point for argon,
𝑇 = 83.81 K: line of maxima of the derivative (𝜕𝑉/𝜕𝑇 )𝑃 ,
where 𝜕2𝑉/𝜕𝑇𝜕𝑃 = 0 (1 ); liquid-vapor coexistence curve (2 );
and liquid-solid coexistence curve (3 )

Fig. 8. Pressure dependences of the derivative (𝜕𝑉/𝜕𝑇 )𝑃 for
water along the isotherms: line of maxima of the derivative
(𝜕𝑉/𝜕𝑇 )𝑃 , where 𝜕2𝑉/𝜕𝑇𝜕𝑃 = 0 (1 ); and liquid-solid coex-
istence curve (2 ). The non-monotonic pressure dependence
of the derivative (𝜕𝑉/𝜕𝑇 )𝑃 along the liquid-solid coexistence
curve with the inflection point, where 𝜕3𝑉/𝜕𝑇𝜕𝑃 2 = 0, at
𝑃 = 1× 106 kPa is shown in the inset

extending from the liquid-vapor coexistence curve
to the line of maxima in the derivative (𝜕𝑉/𝜕𝑇 )𝑃
(see Fig. 8).

The analysis of Fig. 8 showed that, in the case of
water, if the pressure grows further beyond the line
of maxima, the derivative (𝜕𝑉/𝜕𝑇 )𝑃 decreases and,
when the liquid-solid equilibrium curve is reached,
has lower values than it would have in the absence of
the line of maxima. In the case of water, such a be-
havior leads to the growth of the derivative (𝜕𝑉/𝜕𝑇 )𝑃
along the liquid-solid equilibrium curve at pressures
lower than 𝑃 = 7.2×105 kPa. If the pressure increases
further, the derivative (𝜕𝑉/𝜕𝑇 )𝑃 decreases.

Furthermore, the curve (𝜕𝑉/𝜕𝑇 )𝑃 has an in-
flection point, where (𝜕2(𝜕𝑉/𝜕𝑇 )𝑃 /𝜕𝑃

2)𝑇 =
= 𝜕3𝑉/𝜕𝑇𝜕𝑃 2 = 0, along the liquid-solid equilib-
rium curve at 𝑃 = 1 × 106 kPa (see the inset
in Fig. 8). Its presence means that the derivative
(𝜕(𝜕𝑉/𝜕𝑇 )𝑃 /𝜕𝑃 )𝑇 = 𝜕2𝑉/𝜕𝑇𝜕𝑃 decreases along the
liquid-solid equilibrium curve at pressures less than
𝑃 = 1 × 106 kPa. As the pressure grows further
above the inflection point, the derivative 𝜕2𝑉/𝜕𝑇𝜕𝑃
increases.

Hence, the above-described behavior of the deriva-
tive (𝜕𝑉/𝜕𝑇 )𝑃 for water along the liquid-solid equi-
librium curve is associated with the presence of the
line of extremes, where 𝜕2𝑉/𝜕𝑇𝜕𝑃 = 0, for the fam-
ily of isotherms (Figs. 7 and 8) and with the presence
of the intersection point for the family of isobars, for
which 𝜕2𝑉/𝜕𝑇𝜕𝑃 = 0 too at the peculiar temper-
ature 𝑇 = 315 K for water (Figs. 1 and 3). At the
same time, contrary to the case of water, the deriva-
tive (𝜕𝑉/𝜕𝑇 )𝑃 for argon decreases with the increasing
pressure along the liquid-solid equilibrium curve (see
Fig. 6), and the derivative 𝜕2𝑉/𝜕𝑇𝜕𝑃 increases at all
temperatures.

At the same time, from the analysis of the results
presented above, it follows that, for argon, there is no
intersection point of isobars, no line of extremes of the
derivative (𝜕𝑉/𝜕𝑇 )𝑃 , and no non-monotonic depen-
dence of this quantity along the liquid-solid equilib-
rium curve. All those facts testify that the tempera-
ture 𝑇 = 315 K is peculiar for water, and the ther-
modynamic features of the latter are associated with
this temperature.

This conclusion is consistent with the results of
other studies. For instance, in a vicinity of the tem-
perature 𝑇 = 315 K, the specific behavior is observed
for such quantities as the Raman depolarization ra-
tio [41], thermodynamic coefficients [13], the second
peak in the oxygen-oxygen pair correlation function
[42], pH [43], the interaction of solvents in water [44],
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the dielectric permittivity [45], the pressure derivative
of the refractive index [46], the viscosity [47, 48], and
the self-diffusion coefficient [13]. The data obtained
using neutron methods [49] show that if the tempera-
ture grows and reaches a value of 315 K, the residence
time of water molecules tends to zero in the frame-
work of the Frenkel model; in other words, water loses
its quasicrystalline character at this temperature. In
a vicinity of the temperature 𝑇 = 315 K, the pH re-
laxation time in water is minimum [50,51]. Thus, the
conclusion of this work about the peculiar tempera-
ture 𝑇 = 315 K for water is consistent with the results
of studies of other water properties presented in the
scientific literature.

4. Conclusions

On the basis of existing physical databases, a compar-
ative analysis of the temperature and pressure depen-
dences of the thermodynamic coefficient (𝜕𝑉/𝜕𝑇 )𝑃
has been carried out for water and argon in the liq-
uid state.

1. The existence of a region of thermodynamic sim-
ilarity between water and argon is confirmed. The
indicated similarity is observed in the relative-
temperature interval 0.56 < 𝑇/𝑇𝑐 < 0.7 and the
relative-pressure interval 0.02 < 𝑃/𝑃𝑐 < 20. At the
same time, there is a region of thermodynamic pa-
rameters, where the properties of water and argon
are substantially different.

2. It is shown that, in the case of water, the
curve of the temperature dependence of the thermo-
dynamic coefficient (𝜕𝑉/𝜕𝑇 )𝑃 along the liquid-va-
por equilibrium line has an inflection point, where
(𝜕3𝑉/𝜕𝑇 3)𝑃 = 0, at a temperature of (91.0±0.2) ∘C.
This temperature corresponds to the lower boundary
of the water and argon similarity region.

3. The presence of the inflection point on the curve
for the thermodynamic coefficient (𝜕𝑉/𝜕𝑇 )𝑃 leads to
negative values of this quantity at temperatures below
3.98 ∘C. The specific volume of water 𝑉𝑚 reaches a
minimum at the indicated temperature.

4. It is shown that there exists a peculiar tempera-
ture of (42.0±0.2) ∘C for water, which is the intersec-
tion temperature for the curves of the isobar family
(𝜕𝑉/𝜕𝑇 )𝑃 , and where the thermodynamic coefficient
−(𝜕𝑉/𝜕𝑃 )𝑇 is minimum.
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zález, H. Bazin, Ju.M. Zwier, D. Jaque, N. Hildebrandt. pH
dependence of water anomaly temperature investigated by
Eu(III) cryptate luminescence. Analyt. Bioanalyt. Chem.
412, 73 (2020).

44. J. Catalán, J.A. Gonzalo. Liquid water changes its struc-
ture at 43 ∘C. Chem. Phys. Lett. 679, 86 (2017).

45. J.C. del Valle, E. Camarillo, L.M. Maestro, J.A. Gonzalo,
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ВПЛИВ ТЕМПЕРАТУРИ ТА ТИСКУ
НА ТЕРМОДИНАМIЧНИЙ КОЕФIЦIЄНТ
(𝜕𝑉/𝜕𝑇 )𝑃 ВОДИ

На основi лiтературних даних проведено розрахунки та ана-
лiз температурних i баричних залежностей термодинамi-
чного коефiцiєнта (𝜕𝑉/𝜕𝑇 )𝑃 для води у станi рiдини. Про-
ведено порiвняння вказаного коефiцiєнта для води та ар-
гону. З урахуванням принципу вiдповiдних станiв пiдтвер-
джено iснування областi термодинамiчної подiбностi мiж
водою та аргоном. При цьому iснує область, в якiй за-
значена подiбнiсть мiж водою та аргоном не спостерiгає-
ться i наявна особлива поведiнка термодинамiчних власти-
востей води. Так, у води крива температурної залежностi

(𝜕𝑉/𝜕𝑇 )𝑃 уздовж лiнiї рiвноваги рiдина–пара має точку
перегину за температури (91,0 ± 0,2) ∘C, чого не спостерi-
гається в аргонi. Iснування для води точки перегину кривої
(𝜕𝑉/𝜕𝑇 )𝑃 приводить до вiд’ємних значень (𝜕𝑉/𝜕𝑇 )𝑃 при
температурах, нижчих 3,98 ∘C. Крiм того, наявнiсть точки
перегину на вказанiй температурнiй залежностi приводить
до перетину температурних залежностей сiмейства iзобар
(𝜕𝑉/𝜕𝑇 )𝑃 у водi при температурi (42, 0 ± 0, 2) ∘C. На вiд-
мiну вiд цього, кривi температурної залежностi (𝜕𝑉/𝜕𝑇 )𝑃
аргону уздовж лiнiї рiвноваги рiдина–пара не мають вiдпо-
вiдної точки перегину.

Ключ о в i с л о в а: вода, аргон, коефiцiєнт об’ємного роз-
ширення, крива спiвiснування рiдина–пара, крива спiвiсну-
вання рiдина–тверде тiло, водневi зв’язки.
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