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In this work, the properties of liquid 1-chloropropane, 2-chloropropane and 1,3-dichloropropane are
investigated. The Span–Wagner equation of state (EoS) is used to improve the existing thermophysical
properties as a function of the temperature and pressure of these chloropropanes. For 1-chloropropane
and 2-chloropropane, the thermophysical properties are compared with Molecular Dynamics simulation
results performed in the range of temperature 293.15–373.15 K and the range of pressure 0.1–200 MPa.
In addition, for both monochloropropanes, the isobaric thermal expansion coefficient obtained from
Span–Wagner EoS and MD simulations is compared with the one obtained from the recently proposed
Daridon’s method.

� 2022 Elsevier B.V. All rights reserved.
1. Introduction

The interplay of functional forms and parameters of equations
of state with macroscopic thermoelastic coefficients and the
microscopic molecular nature of the described system is not only
of fundamental interest of condensed matter physics and physical
chemistry but also is the starting point for most thermodynamic
issues related to engineering applications from chemistry and fluid
mechanics to materials engineering and nanotechnology. The
knowledge of an effective and predictive equation of state and
thermoelastic coefficients for a wide range of liquid systems is
becoming essential in the context of designing technological pro-
cesses under high pressure. Therefore, the analysis of the anoma-
lous thermodynamic properties of liquids (thermodynamic
response functions) in connection with the molecular structure
of liquids acquires an entirely new meaning.

Within this context, a particular interest can be focused on
halogenated propanes. They provide an opportunity to explore
the influence of the qualitative change of pure n-alkane originating
from the introduction of the heavy atom. It is possible either sym-
metrically (with two opposite kinds of effects: in the middle of
chain for 2-halogen-propane; and at the end of the molecule for
1,3-halogen-propane) or asymmetrically for 1-halogen-propane.
This work focused primarily on one class of chloroalkanes, namely
1-chloropropane, 2-chloropropane, and 1,3-dichloropropane.
Experimental datasets are determined in a similar range of ther-
modynamic conditions intended to validate modeling approaches.
In addition, it should be pointed out that haloalkanes have a prac-
tical application; namely, they are used, for example, as solvents,
propellants, fumigants, disinfectants, or refrigerants [1–4].

However, the prediction of fluid properties over a wide range of
thermodynamic states is a complex scientific task. Direct experi-
mental measurement of parameters at high temperature and pres-
sure requires sophisticated equipment. Generally, theoretical
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methods work well for simple systems. Some experimental data
are needed to use semi-empirical methods using correlations and
approximations. The use of computer simulation methods can gen-
erate valuable information and bridge the gap between experiment
and theory. This work will apply the Span–Wagner Equation of
State (Span–Wagner EoS), known as one of the most accurate
empiric correlations that can reproduce the thermodynamic prop-
erties in a wide range of temperatures and pressures with an accu-
racy comparable to the one of practical experimental
measurements. Respectively, obtaining parameters of this EoS that
allow analytical calculating of primary and derivative thermody-
namic quantities gives a background for discussing direct molecu-
lar features revealed by MD simulations.

This work will look specifically at the isobaric thermal expan-
sion coefficient aP ¼ �q�1 @q=@Tð ÞP , which is known as a thermo-
dynamic quantity quite sensitive to the data and its processing.
In particular, the IUPAC recommends paying attention to the repro-
ducibility of aP ’s behavior when developing data regression and
modeling with equations of state [5]. One of such features of
importance is that isotherms of aP intersect at a given pressure
or within a specific range of pressures. In general, they cross below
200 MPa, depending on the temperature range studied [6,7] and
the nature of the liquid system [8–10]. In other words, there exist
a curve on the thermodynamic plane, where @aP=@Tð ÞP ¼ 0. To sim-
plify, we will call this feature as the ”intersection of isotherms”
instead of the long sentence ”zeroing the temperature derivative
of the isobaric thermal expansion coefficient”.

The experimental data evaluation of three chloropropanes is
shown in Section 2. Section 3 is focused on the MD simula-
tions’ details. The following section shows how we used
experimental data to apply Span–Wagner’s method and calcu-
late the fundamental thermodynamic properties from computer
simulation results. The discussion section presents the fitting
of coefficients and their uncertainty in the Span–Wagner
method and different views on calculating the thermal expan-
sion coefficient.
2. Experimental data evaluation

2.1. 1-chloropropane

The experimental data presented in work [11] and other
literature sources referenced therein were evaluated using the
ThermoData Engine (TDE) [12,13]. It has been revealed that
the density data along isotherms T P 333:15 K, i.e., larger than
the boiling temperature Tb ¼ 319:8 K, and pressures
P P 10 MPa looks inconsistent with the rest of the data as it
exhibits deviations toward large densities. Thus, these data
were rejected, and we need to redetermine the respective val-
ues. At the same time, the course of isotherms of the speed
of sound satisfies the self-consistent overall picture of the avail-
able PVT data. Thus, we decided to redetermine the densities
based on the modified acoustic route described in details in
Lowe et al.’s work [14].

To integrate the thermodynamic equalities
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where CP and aP are the isobaric heat capacity and the coefficient of
thermal expansion supplied with the experimental data of the
speed of sound, which cubed value is fitted by cubic polynomials

along isotherms c3ðPÞ ¼P2
n¼1

P2
j¼0AjnðTÞðP � P0Þn, it is required to
2

state initial conditions along an isobar P0. Since the temperature
interval, T ¼ ð293:15� 373:15Þ K covers the significant range after
the boiling point of 1-chloropropane, the isobar P0 ¼ 4:9 MPa was
chosen. Evaluating the data from [11,15] along all these tempera-
ture regions and the data from [9] for its part below the boiling
point indicates good consistency between these sources. The speed
of sound along this isobar was taken from Melent’ev and Post-
nikov’s work [11].

For the isobaric heat capacity, we applied a two-step proce-
dure. The data evaluation demonstrated that the data presented
in work [11] need to be slightly shifted by adding a constant
value DCP ¼ 1:7J=ðmol � KÞ. In this case, the data at 298.15 K are
centred concerning the set of available experimental data for this
temperature. The whole sequence of CP values follows a smooth
continuous curve formed by the rest of the experimental data
and TDE-based predictions for the saturated heat capacity. Note
that the shift applied is within the uncertainty range defined
for the original data in Melent’ev and Postnikov’s work [11];
therefore, this procedure does not out-throw redefined values
supplied with the uncertainty range bounded by the original data
from the validity range of the experiment. As the next step, the
Span–Wagner equation of state for polar substances was fitted
to the whole set of available (and not rejected due to large devi-
ations) data using the standard TDE procedure. As a result, the
desired heat capacity data for the isobar P0 ¼ 4:9MPa were
obtained.

2.2. 2-chloropropane

As done for 1-chloropropane, the recalculation of the density
via the acoustic route was carried out. Again, the isobar P ¼ 4:5
MPa was chosen as the reference one for the initial conditions;
the density q0 and the speed of sound c0 were taken from the
Melent’ev and Postnikov’s work [16]. As for the isobaric heat
capacity at this pressure, the following procedure was applied.
The values at the ambient atmospheric pressure C0

P were reported
in Melent’ev and Postnikov’s work [17]. We used the second-order
polynomial interpolation for q0; c0, and C0

P and one step of integra-
tion of Eq. (1). As a result, the values of CPð4:9MPaÞ for tempera-
tures lower than the boiling point were obtained; in turn, they
were interpolated by the second-order polynomial to end the val-
ues extrapolated to the temperatures exceeding the boiling tem-
perature. The resulting density at high pressures was found as
described above for 1-chloropropane by integrating the system
(1) and (2) with the simultaneous uncertainty quantification and
applying the processing 104 times replicated Monte Carlo
ensemble.

2.3. 1,3-dichloropropane

A unique example of halogenated propanes is 1,3-
dichloropropane, for which the direct measurements of the iso-
baric expansion coefficient at high pressures are available [18]. It
means that these values can play a role in the reference set since
they are not connected to any density approximation method.

At the same time, to the best of our knowledge, despite rela-
tively extensive amounts of saturated data and the data measured
at ambient atmospheric pressure [19], the data on the density itself
at elevated pressure is absent. However, there exists a dataset of
the speed of sound data [20]. Thus, the acoustic route for the den-
sity determination, analogous to the one described above, has been
carried out. Moreover, the third-order polynomial interpolation
was used to determine the isobaric thermal expansion coefficient
during the intermediate steps, possibly due to the higher temper-
ature points.
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3. Simulation details

MD simulations are performed with home-made simulation
codes in periodic boundary conditions (PBC) with N = 1000 rigid
molecules in the central cubic box interacting through an atom–
atom two-body potential containing Lennard-Jones and Coulomb
interactions. The choice of using rigid molecules has been made
in order to increase the value of the time step. The molecular
geometries have been optimized at Hartree–Fock level with a 6-
31G* basis set. In the case of 1-chloropropane, the molecule has
three important conformational isomers corresponding to different
values of the torsion angle C–C–C–Cl: one trans (’ 180o) and two
gauche (’60� and ’300�) conformers. In order to approximate
the experimental situation as close as possible for each studied
thermodynamic state, the experimental percentages of each con-
former trans, gauche+, and gauche� have been used. These popula-
tions at different temperatures and pressures have been
interpolated from the results of a Raman study [21]. The number
of 1-chloropropane conformers and the molecular geometries are
given in Tables S1 and S2 of the Supplementary Information,
respectively.

Atomic partial charges have been fitted from ab initio calcula-
tion at Hartree–Fock level with the 6-31G* basis set in order to
reproduce the electrostatic potential around the molecule (ESP
charges). Points are located around the molecule with a spacing
of 0.35 Å in each Cartesian direction with points located at dis-
tances between 1.0 and 2.0 times the van der Waals radius of each
atom and removing points closer from any atom than 1.0 times its
van der Waals radius. The van der Waals radii are taken from Bondi
for the carbon and chlorine atoms and Rowland for the hydrogen
atom [22,23]. The grids around the three conformers of trans,
gauche+, gauche� 1-chloropropane, and 2-chloropropane have
6659, 6563, 6563, and 6506 points, respectively. Charges of hydro-
gen atoms of each CH2, of each CH3 groups, and terminal carbon
atoms in 2-chloropropane are fitted with a constraint of equality.
Then, for 1-chloropropane, an average is taken over the three con-
formers in order to use a single charge-set. Charges of 1-
chloropropane are eventually scaled by 0.99. The ratio of the dipole
moment of both isomers of chloropropane would be equal to the
value obtained with the ab initio values of the dipole moments.
Ab initio calculations have been performed using the Gaussian
package [24], and atomic charges are fitted using a home-made
code based on the standard minimization of mean-square devia-
tion between the electrostatic potential obtained from the ab initio
calculation and the one obtained from the atomic-charge model.
The Lennard-Jones parameters have been taken from the OPLS-
AA force field, and consistently geometric combination rules are
applied for �a;b and ra;b parameters for pairs of dissimilar atoms a
and b [25]. The atomic charges and Lennard-Jones parameters are
gathered in Table S3 of the Supplementary Information.

Equations of motion are solved using the center of mass degrees
of freedom and a leapfrog quaternion algorithm due to Svanberg
[26] with a time step equal to 4 fs. This scheme improves a previ-
ous algorithm developed by Fincham [27,28]. In this approach,
each molecule’s quaternion vector Q(t+Dt/2) is obtained itera-
Table 1
Thermodynamic parameters at the pressure P0 ¼ 4:9MPa, which play the role
uðqÞ ¼ 2:2kg �m�3; uðcÞ ¼ 3:4m � s�1 ;uðCPÞ ¼ 1:8J �mol�1 � K�1.

T=K 293.15 313.15

qðP0Þ=kg �m�3 896.5 871.6

cðP0Þ=m � s�1 1117.4 1028.3

CPðP0Þ=J �mol�1 � K�1 128.2 132.5

3

tively. In our code, iterations are stopped when the norm of its
variation between two consecutive iterations is lower than 10�9.
Electrostatic interactions are computed using lattice summations
based on the Ladd approach, initially proposed for assemblies of
point dipoles [29–31] and generalized to systems of point charges
[32,33], leading to expressions equivalent to the ones proposed by
other groups [34,35]. A reaction field contribution is added with
the dielectric constant of the surrounding continuum equal to
infinity, making the method physically equivalent to the standard
Ewald approach [31]. It has been observed that the truncation at
rank 10 of the expansion of the electrostatic interaction energy
in cubic harmonics leads to good accuracy even for highly polar
and polarizable systems [31,36]. The van der Waals interactions
are truncated beyond a molecular-based cutoff of 20.0 Å. Usual cor-
rections on potential energy and pressure due to this cutoff have
been applied [28].
4. Results

4.1. 1-chloropropane

The complete set of the initial data used for solving Eqs. 1,2 is
listed in Table 1. The resulting density was found by integrating
the (1) and (2) system using the Heun’s method with these initial
conditions applying the second-order polynomials along isobars
for determining the coefficient of thermal expansion and its
derivative with respect to pressure. Table S4 in the Supplementary
Information presents the obtained values. The standard uncer-
tainty of the data was determined by the Monte Carlo method of
uncertainty quantification [37,38]. Each initial condition was repli-
cated 104 times to form a Gaussian ensemble with the dispersions
corresponding to the values listed in Table 1.

Fig. 1 presents the density values compared to other known
data for some of these isotherms. One can see that the behavior
of the isotherms for temperatures T > Tb significantly deviates
from the values listed in the table of densities in Melent’ev and
Posnikov’s work [11]. On the contrary, for T < Tb, the values of both
sets are reasonably consistent, with an average absolute deviation
AAD ¼ 0:002. The same is true in a direct comparison with the data
from [9] for two isotherms with coinciding temperatures
AAD ¼ 0:001, i.e., the correspondence is even better, which is also
visible in Fig. 1, where asterisks are practically overlapped with cir-
cles. As an additional criterion, isotherms from Bridgman’s work
[39] are shown. They correspond to the temperatures that do not
coincide with those we considered. However, the position, slope,
and curvature of these intermediate curves support the accuracy
of the new proposed dataset. In particular, when comparing the
highest pressure region for the isotherm T ¼ 293:15K and Bridg-
man’s isotherm T ¼ 273:15K, we can conclude that the deviation
of crosses (previous data from Ref. [11]) from new (circles) is irrel-
evant and new (more extensive and less curved) data should be
preferred. Finally, it can be pointed out that comparison of the data
listed in Table 1 for P P 10 MPa with the prediction of the initial
TDE’s Span–Wagner model built by fitting the data (except the
of initial conditions for the system 1,2. Their standard uncertainties are

333.15 353.15 373.15

846.3 820.5 794.3
943.1 862.8 788.0
137.2 142.3 147.9



Fig. 2. The density found via the speed of sound-based thermodynamic route
(circles), the data from [16] (crosses) for isotherms listed in Table S5 in the
Supplementary Information (from up to down). For comparison, the data from [9]
for T ¼ 283:15K; T ¼ 293:15K and T ¼ 303:15K are shown as black asterisks. Lines
connect markers for visual guidance.

Fig. 1. The density found via the speed of sound-based thermodynamic route
(circles), the data from [11] (crosses) for isotherms listed in Table S4 in the
Supplementary Information (from up to down). For comparison, the data from [9]
for T ¼ 293:15K and T ¼ 313:15K are shown as asterisks and the data from [39] for
T ¼ 273:15K; T ¼ 323:15K, and T ¼ 368:15K as black diamonds. Lines connect
markers for visual guidance.
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speed of sound) at temperatures not exceeding Tb for such pres-
sures deviates from these new determined densities with
AAD ¼ 0:002.

Thus, we can conclude that the dataset for the density of 1-
chloropropane published in work [11] should be rejected and
replaced with the new dataset given in Table S4.

4.2. 2-chloropropane

Fig. 2 illustrates the pressure dependence of the density
obtained via acoustic route presented in Table S5 in the Supple-
mentary Information compared to the data given in Ref. [16] and
three isotherms from Ref. [9]. Unfortunately, there is no other data
related to this compound at high pressures. One can see that again,
newly obtained values are well-coordinated with the previously
reported ones for temperatures below the boiling point as it was
noted for 1-chloropropane. However, one can see deviations for
P > 100MPa. Nevertheless, for lower pressures, the correspon-
dence is quite accurate; in particular AAD ¼ 0:1% (1:06kg �m�3 in
the dimensional form) that is reliably within the experimental
uncertainty for the isotherm 293:15K from [9], the only one which
coincides with these data in the temperature value. Two other iso-
therms, which go on both sides from the mentioned one, also
demonstrate coordinated position and shape with the newly
obtained one. For the two largest temperatures in the studied
interval, there is the visible deviation of data from Ref. [16] in
the intermediate region of pressures that we can associate with
the possible instrumental inaccuracies affecting the results of vol-
umetric density determination in the cited work.

4.3. 1,3-dichloropropane

The obtained results are listed in Table S6 in the Supplementary
Information. Unfortunately, to the best of our knowledge, there are
no other data for this liquid.

4.4. MD Simulations

1-chloropropane and 2-chloropropane have been studied at six
temperatures (293.15, 303.15, 313.15, 333.15, 353.15 and
4

373.15 K) and densities have been fitted to get eight pressures
(0.1, 12,5, 25.0, 50.0, 75.0, 100, 150.0 and 200.0 MPa). In the first
stage, the volume is adjusted to get the desired pressure using con-
stant volume simulation with frequent scaling of velocities and
angular momenta to impose the desired temperature. Pressure is
averaged over 50000–100000 time step periods and used itera-
tively to guide volume change. When the right density is obtained,
the system is simulated at constant energy and volume during a
production period of 400000 time steps. The imposed energy is
the average total (internal) energy obtained in the last 25000 time
steps of the last thermalization run (see Table S8 of the Supple-
mentary Information). Due to finite time step and cutoff of
Lennard-Jones interactions, a rescaling of velocities and angular
momenta is performed every 500-time step in order to maintain
the total energy constant. Among the 48 thermodynamical states
of both systems, the root-mean-square deviation between the
imposed energies and the MD averaged energies (over 1.6 ns) is
around 0.6 J/mol and the maximum deviation is 1.6 J/mol. Aver-
aged translational and rotational temperatures, computed during
the simulation from molecular velocities and angular momenta,
are very close to the target values. The root-mean-square devia-
tions of the translation and rotational temperatures for the 96
MD runs for the target values is ’0.3 K. The maximum deviation
is 0.75 K. The averaged pressures differ from the target values by
less than 1 % for the systems under pressure. At 0.1 MPa, the devi-
ations are within the range �0.2 MPa.
5. Discussion

5.1. Span–Wagner EoS for chloropropanes: coefficients fitting and
uncertainty evaluation

With the datasets prepared in the previous sections supplied
additionally with the other available experimental data given in
the NIST standard reference database 103b [19], the fitting of polar
Span–Wagner EoS for 1-chloropropane, 2-chloropropane, and 1,3-
dichloropropane was carried out with the TDE fitting tool by
employing the ”simulated annealing” fitting procedure.

The Span–Wagner EoS operates with the Helmholtz free energy
per unit mass Am as a thermodynamic potential for obtaining other
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thermodynamic properties of the substance, written in the follow-
ing form:

aðd; sÞ ¼ Am

RT
¼ a0ðd; sÞ þ arðd; sÞ ð3Þ

where d ¼ q=qc; s ¼ Tc=T with qc as the critical density and Tc as
the critical temperature, R is the specific gas constant, a0 is the ideal
gas part of the Helmholtz free energy, and ar is the residual part.

For the polar Span–Wagner EoS, the residual part of Eq. (3) is
usually found as the following sum:

arðd; sÞ ¼
X5
i¼1

nid
disti þ

X12
i¼6

nid
disti e�dci ð4Þ

The ideal gas part of Eq. (3) is usually obtained from the ideal gas
heat capacity function C0

PðTÞ by calculating the integrals in the fol-
lowing expression:

a0ðd; sÞ ¼ 1
RT

Z T

T0

C0
PdT þ h0

0
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1� 1
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P � R
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q
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0

� �
þ s00

 !
ð5Þ

where all variables with the lower index ”0” refer to an arbitrary
reference state and do not contribute to the derived liquid’s proper-
ties, the C0

PðTÞ functions for all studied substances are provided by

TDE as a 4-degree polynomial C0
PðTÞ=R ¼P4

i¼0CiT
i. Thus, the integra-

tion of Eq. (5) gives the following form of a0ðd; sÞ for this type of the
C0
PðTÞ fitting function:

a0ðd; sÞ ¼ ln dþ a0 lnsþ a1s�1 þ a2s�2 þ a3s�3 þ a4s�4 ð6Þ
For 1-chloropropane, the following constants were used for fitting:
Tc ¼ 503:305 K;qc ¼ 3:733 mol=l and R ¼ 105:862 J=kg K. The
coefficients, obtained for the ideal gas part in the form of Eq. (6),
are the following: a0 ¼ 4:21713431; a1 ¼ 0:93881713; a2 ¼ �
4:95589391; a3 ¼ 2:04005711 and a4 ¼ �0:32740601.

For 2-chloropropane, the following constants were used for fit-
ting: Tc ¼ 482:401 K;qc ¼ 4:079 mol=l and R ¼ 105:862 J=kg K.
The coefficients, obtained for the ideal gas part in the form of Eq.
(6), are the following: a0 ¼ 5:10191966; a1 ¼ 2:65807121; a2 ¼
�5:88923338; a3 ¼ 2:47291938 and a4 ¼ �0:41940059.

For 1,3-dichloropropane, the following constants were used for
fitting: Tc ¼ 614:600 K;qc ¼ 3:473 mol=l and R ¼ 73:589 J=kg K.
The coefficients, obtained for the ideal gas part in the form of Eq.
(6), are the following:
a0 ¼ 6:76492505; a1 ¼ 3:25768226; a2 ¼ �8:92941215; a3 ¼
4:54996311 and a4 ¼ �0:91194098.

The coefficients of Eq. (4), obtained from the fitting procedure,
are listed in Table S7 (note that coefficients di; ti, and ci are specific
for the polar type of the Span–Wagner EoS and do not vary from
one substance to another).

To evaluate the uncertainties of all obtained EoS, the experi-
mental data for density and the speed of sound for compressed
and saturated liquid, the heat capacity at constant pressure and
the heat capacity at saturation pressure, were used. All data were
taken from the TDE database [19], except for the points rejected
after performing the Data Evaluation procedure or replaced to
the corrected values in the previous sections. The theoretical pre-
dictions of the density values at particular pressure and tempera-
ture were made by choosing the q value that predicts the closest
value of pressure by the formula pðd; sÞ ¼ qRTð1þ dar

dÞ, with a q
increment of 10�6qc. The equations for the heat capacity per unit
mass at constant pressure, heat capacity per unit mass at satura-
5

tion pressure, and the speed of sound via derivatives of the Helm-
holtz free energy are following:

CPðd; sÞ
R

¼ �s2ða0ss þ arssÞ þ
ð1þ dard � dsardsÞ2
1þ 2dar

d þ d2ardd
ð7Þ
Csðd; sÞ
R

¼ �s2ða0ss þ arssÞ þ
ð1þ dard � dsardsÞ2
1þ 2dard þ d2ardd
ð1þ dard � dsardsÞ �
qc

Rd
dps

dT

� �
ð8Þ
c2ðd; sÞ
RT

¼ 1þ 2dard þ d2ardd �
ð1þ dard � dsardsÞ2
s2ða0ss þ arssÞ

ð9Þ

with psðTÞ as the phase boundary pressure function. In equations
above, subscripts d and s denote partial derivatives respectively to
these reduced variables. To evaluate the uncertainties at the satura-
tion curve, the experimental phase boundary pressure data pro-
vided by the TDE database were fitted by the Wagner vapor
pressure equation. Using this equation, the values of boundary pres-
sure were added to each data point so that it would be possible to
apply the Span–Wagner EoS for calculations. The deviations of the
density values, calculated by obtained EoS’, from respective exper-
imental values at elevated pressure for all studied liquids are shown
in Fig. S1 of the Supplementary Information. The deviations of pre-
dicted density values at the saturation curves from the experimen-
tal ones are shown in Fig. S2 of the Supplementary Information.

AAD calculation was made for all above-counted quantities in
the range of temperatures from 273.15 K to 373.15 K, and for all
values of the temperatures presented in considered datasets.
Table S10 of the Supplementary Information summarizes the
AAD values obtained for all considered substances in compressed
liquid and saturated liquid states.
5.2. The isobaric thermal expansion intersection curves and the
thermodynamic curvature isolines

Using the Span–Wagner EoS with the obtained coefficients, the
isobaric thermal expansion intersection curve and the thermody-
namic Riemannian curvature contours were plotted for all studied
liquids by the procedure described in the Supplementary Informa-
tion of Pribylov and Postnikov’s work [40]. Fig. S3 of the Supple-
mentary Information shows the obtained isolines of the
Riemannian curvature R and the aP intersection curve on the
ðP; TÞ plane, as well as the contours of dimensionless thermody-
namic curvature R� ¼ R=VvdW , where VvdW is the van der Waals
molecular volume characterizing the size of molecules in ðq�; TÞ
coordinates, where q� ¼ q=qvdW with qvdW ¼ M=NaVvdW as the
van der Waals density, where M – molar mass and NA – Avogadro
constant.

One can see that the intersection curve behaves for these liquids
in the manner typical of n-alkanes, it coincides with an isoline of
the thermodynamic curvature when the liquid tends to melt.
Around the melting point, such a coincidence is observed for sub-
stances with longer chains starting from n-pentane rather than for
n-propane, characterized by the specificity of packing near the
melting point [40]. However, this observation is in line with the
analysis of the cohesive energy density [41], which indicates that
for 1-haloalkanes, introducing chlorine atom (which is signifi-
cantly heavier than the replaced hydrogen) is equivalent form
the point of view of the energy of intermolecular interactions to
the ascending shift along with pure alkane’s homologous series
on just about three members of it, see [42].
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Thus, the aP intersection curves for 1-chloropropane, 2-
chloropropane and 1,3-dichloropropane obtained in the present
study can be compared to each other and to the one of n-
propane reported in Pribylov and Postnikov’s work [40], by plotting
in both dimensionless ðq�; T�Þ with T� ¼ T=Tc , and ðP; TÞ sets of
coordinates. Fig. S4 of the Supplementary Information shows those
intersection curves in chosen coordinates. One can see that despite
the different position of the intersection curves on the ðP; TÞ, three
out of four of them are almost merged practically in one narrow
stripe on the ðq�; T�Þ plane. As discussed in [40], this stripe can
be interpreted as the universality of molecular packing properties
corresponding to the thermodynamic state, where @aP=@Tð ÞP ¼ 0.
This is also related to the reasons mentioned above that the chlo-
rine atom replacing the hydrogen in the methyl group is equiva-
lent, to the certain extent, to a simple elongation of the alkane’s
chain. On the contrary, introducing chlorine into the middle
methylene group results in the some displacement of the
@aP=@Tð ÞP ¼ 0 line at low reduced temperatures and its more linear
character.

5.3. Comparison of the isobaric thermal expansions obtained in
different ways

To compare aP for two isotherms whose temperatures coincide
in the direct measurements [18] and for the acoustic route based
on the speed of sound data [20], the acoustic route of the density
determination was applied to determine the isobaric thermal
expansion coefficient at the same values of pressure that in Chor-
ą _zewski et al. [18]. Since this interval of pressures overcomes avail-
able data in Yebra et al. [20], the second-order polynomial
extrapolation of the cubed speed of sound was used for
P > 95MPa and the same order of polynomial was used in the
extrapolated region for partial derivatives with respect to the tem-
perature. The Span–Wagner EoS obtained in the previous section
also allows to calculate aP by the following formula:

aP ¼ � ds
Tc

sða0ds þ ardsÞ � a0d � ar
d

1þ 2dard þ d2ardd
: ð10Þ

In this way, it is possible to compare the values of aP , obtained by
these three different methods at the values of the temperature of
303.15 K and 323.15 K (these values are only common for both
sources [18,20], the latter was used to obtain aP through the acous-
tic route), and the values of pressure, where the experimental mea-
surements were made. The uncertainties of calculations were
estimated for each point by the Monte Carlo method for the acous-
tic route calculations, and by the TDE’s EoS calculation instrument
for the Span–Wagner EoS calculations. The comparison of the
experimental and calculated values of aP is provided in Fig. S5 of
the Supplementary Information.

A comparison of the results of aP calculations using the previ-
ously described acoustic route method and the Span–Wagner EoS
can also be done in a wider range of temperatures, where the
experimental measurements of the speed of sound in [20] are
made. To avoid using extrapolation, the comparison is made only
in the interval of pressures, where the values of the speed of sound
were measured. Fig. S6 of the Supplementary Information shows
the result of calculations of the aP values with the acoustic route
method and the Span–Wagner EoS, carried out at the points where
the speed of sound was measured.

Finally, we look at a recently published numerical method,
where a limited number of experimental data were used to esti-
mate the isobaric thermal expansion coefficient and its uncertainty
[43]. It is based on a proper power-law transformation of variables
(density and temperature) that linearizes the experimental points
in such a representation. In comparison with the other method
6

where a proper polynomial degree is needed, it is unnecessary
here. For the calculations, we used the MD results. To calculate
the isobaric thermal expansion coefficient, we used the following
equation proposed by Daridon et al. [43]:

aP ¼ � Tm

mnT
a1
qn

ð11Þ

where Tm and qn are the temperature and density re-expressed as a

power transformation Tm ¼ T1=m;qn ¼ q
1000

� �n� 	
; T is the tempera-

ture, and a1 is the slope of the expression qnðTmÞ.
The results of MD simulations, carried out for 1-chloropropane

and 2-chloropropane, also allow to calculate aP by making a poly-
nomial interpolation of the obtained values of density from the

thermodynamic definition aP ¼ � 1
q

� 	
@q
@T

� �
P
, with the temperature

dependence of the density fitted using a polynomial of order 2.
Thus, the comparison of the MD results, the ones predicted by fit-
ting on the experimental data Span–Wagner EoS, and the ones pre-
dicted by the Daridon et al. method can be provided. The respective
values of aP for 1- and 2-chloropropane were calculated from the
results of the MD simulations by the Span–Wagner EoS’ and Dari-
don et al. method at the points where the simulations were made
are shown in Fig. 3.

Using the polynomial interpolation of the obtained MD values
of density compared to the Daridon et al. method [43], we obtained
very similar results in the high-pressure region. Here, the crossing
occurs around 150 MPa and in the range of pressures 150–200 MPa
for 1-chloropropane and 2-chloropropane, respectively. There is a
difference between polynomial and Daridon et al. method for the
highest temperatures at small pressures. Such behavior is under-
standable because it corresponds to the state far after the boiling
point. The results obtained by the Span–Wagner method differ
from those previously mentioned. Here, the crossing occurs in
the range 100–122 MPa and 75–115 MPa for two isomers of
chloropropane. The intersection ranges occur in relatively close
ranges for 1-chloropropane. However, a significant intersection
shift is seen for 2-chloropropane. This may be due to obtaining a
more significant discrepancy in the MD density results compared
to the data obtained with Span–Wagner EoS.

5.4. The other thermodynamic quantities calculated from the MD
results

The computer simulations were used to obtain the thermophys-
ical properties for 1-chloropropane, and 2-chloropropane, such as
the density, the isothermal compressibility, constant volume and
constant pressure heat capacities, and the speed of sound.

The density was calculated using the formula q ¼ N
V , where N is

the number of molecules, and V is the volume. The isothermal
compressibility, jT , was computed from the thermodynamic defi-

nition jT ¼ 1
q

� 	
@q
@P

� �
T with the density dependence of density mod-

eled by the functional form used in the Tait equation.
The constant volume heat capacity was obtained from the fluc-

tuation formula in the NVE ensemble [44,45,28]:

CV ¼ 3NkB

1� <dE2kin>

3Nk2BT
2

ð12Þ

where dEkin ¼ Ekin� < Ekin >, with Ekin the total (translational and
rotational) kinetic energy of the system of N rigid molecules, kB
being the Boltzmann constant and T is the temperature. The con-
stant pressure heat capacity is computed from the formula
CP ¼ @H

@T

� �
P where the temperature dependence of the enthalpy H

is fitted using a polynomial of order 2. Quantum corrections due
to vibrational degrees of freedom for heat capacities are computed



Fig. 3. The isobaric thermal expansion coefficients of 1-chloropropane (A) and 2-chloropropane (B), found from the MD simulations data (crosses), by the obtained Span–
Wagner EoS (circles) and the Daridon et al. method (triangles) at the points where the simulations were made. Lines connect markers for visual guidance.
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assuming a harmonic oscillator model for the molecular vibrations.
Values of the vibrational frequencies are taken from the literature.
For 1-chloropropane gauche and trans rotamers they are taken from
an infrared (IR) study in gas phase; the missing values for the trans
rotamer being estimated from the corresponding modes of the
gauche conformer and ab initio values from
m0estimatedIR0;trans ¼ mIR;gauche �mabinitio;trans

mabinitio;gauche
[46]. For 2-chloropropane, observed

frequencies from the gas phase and liquid phase IR data are used
[47]. Using vibrationally quantum corrected heat capacities, the
speed of sound is obtained from the equation:

c ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
CP

CV

V
MjT

s
ð13Þ
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whereM is the mass of the system, the numerical values of the den-
sity are given in Table S9 of the Supplementary Information.

The comparison of the thermodynamic quantities obtained
from the MD simulations to the respective Span–Wagner EoS is
provided in Fig. 4 for 1-chloropropane and Fig. 5 for 2-
chloropropane, respectively. The colors of markers and lines match
the same temperature values as in Fig. 3.

First, we look at the density (Fig. 4(A)) and Fig. 5(A)). As seen,
better results for 1-chloropropane compared to 2-chloropropane
were obtained. This is due to a smaller error for 1-chloropropane
than 2-chloropropane, for which the density plot is more ”elon-
gated”. This also explains the behavior of the thermal expansion
coefficient discussed above. On the other hand, for both heat
capacities, the ”almost” monotonic functions from MD results



Fig. 4. The comparison of the values of density (A), heat capacity at constant pressure (B), heat capacity at constant volume (C), speed of sound (D) and isothermal
compressibility (E) of 1-chloropropane, found from the MD Simulations data (crosses) and by the obtained Span–Wagner EoS (circles) at the points where the simulations
were made. Lines connect markers for visual guidance.
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(Figs. 4(B), (C)) and Figs. 5(B), (C)) were obtained. This may be due
to the use of a small number of energy isotherms used to calculate
the constant pressure and constant volume heat capacities. As the
temperature increases, the error increases for CP , while for Cv for
each isotherm, the error remains approximately constant. The
speed of sound calculated from Eq. 13 is shown in Fig. 4(D) and
Fig. 5(D). Here also, we obtained better results for 1-
chloropropane, which may be due to the use of the values with
error used to calculate the speed of sound from the thermody-
namic equation. The Fig. 4(E) and Fig. 5(E) show the results for
isothermal compressibility.

For both chloropropanes, we obtain acceptable results except
for the results for P ¼ 0:1 MPa. Several temperatures are larger
than the boiling temperature in these points, which explains the
larger deviations. In Table 2 the Absolute Average Deviations
8

(AADs) for each thermodynamic properties of two chlorinated pro-
panes are shown.

One may wonder why simulation results differ between liquids
composed of isomers that do not differ significantly. The OPLS force
field and ESP/HF-6-31G* charges give a very similar density for
both liquids in a given thermodynamic state. In contrast, experi-
mentally, 2-chloropropane has a density lower than 1-
chloropropane by a few per cents. Focusing on the four extreme
state points explored in the simulation: 293.15 K – 0.1 MPa,
293.15 K – 200 MPa, 373.15 K – 0.1 MPa and 373.15 K –
200 MPa, the extrapolation of experimental densities of this work
through a polynomial fitting of order 6 gives ’experimental’ values
of the density at these four states, respectively: 890.7, 1024.2,
783.7 and 965.9 kg�m�3 for 1-chloropropane and 864.7, 1001.6,
758.5 and 952.1 kg�m�3 for 2-chloropropane, respectively 2,9,



Fig. 5. The comparison of the values of density (A), heat capacity at constant pressure (B), heat capacity at constant volume (C), speed of sound (D) and isothermal
compressibility (E) of 2-chloropropane, found from the MD simulation data (crosses) and by the obtained Span–Wagner EoS (circles) at the points where the simulations were
made. Lines connect markers for visual guidance.

Table 2
The AADs for the thermodynamic properties of 1-chloropropane and 2-chloropropane
from the MD simulations and Span–Wagner EoS.

AADs 1-chloropropane 2-chloropropane

q/% 0.543 2.141
CP/% 3.415 2.407
CV /% 4.734 9.128
c/% 3.820 26.928
jT /% 4.206 3.661
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2.2, 3.2 and 1.4 % lower than for 1-chloropropane. The OPLS/ESP-
HF/6-31G* model we have used gives densities for both liquids
1-chloropropane/2-chloropropane equal to 890/891, 1019/1021,
758/756, 988/960 kg�m�3 in the four states, respectively. Let us
9

remind that in this work, the simulations of 1-chloropropane and
2-chloropropane are performed with rigid molecules.

In order to model the volume-dependent thermophysical prop-
erties accurately, it is crucial to get a very accurate reproduction of
the density as a function of temperature and pressure. To see the
effect of the force field, we did a NPT simulation with the AMBER
package (release 18) and the GAFF2 force field [48,49] coupled to
our set of charges of both liquids in the four previous states. After
thermalization, with 150 ps runs, we got densities for both liquids
1-chloropropane/2-chloropropane equal to 885/883, 1006/1005,
765/763, 947/947 kg�m�3. Doing the simulation with the same
GAFF2 potential and our set of charges using the Lammps package
[50] (the Oct. 2020 version), the densities were found to be equal to
862/859, 997/995, 717/718, 937/937 kg�m�3, the error bars being
around �5 kg�m�3 except for the third state where it is around
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�10 kg�m�3. The differences are due to differences in algorithmic
features used in both packages. These tests also differ from our
simulations because they fully include molecular flexibility.

Additionally, we performed another test to examine the effect
of a charge model. We fitted a new set of ESP charges but we chose
the grid points differently. The points where the electrostatic
potential is computed are restrained with distances from atoms
ranging from 1.00 to 1.01 times an atom’s van der Waals radius.
The simulation with the GAFF2 potential and the new charges
using the Lammps package give densities equal to 858/859,
997/995, 722/711, 936/935 kg�m�3. The effect of the set of the
set of charges is thus very small, which is not unexpected because
the electrostatic interaction energy is a small fraction of the cohe-
sive energy for these liquids. The interesting information we get
from these comparisons is that whatever the model one uses, the
densities of both 1-chloropropane and 2-chloropropane remain
very close at any thermodynamic state. Thus such models cannot
be good for both liquids simultaneously. It thus seems that to
improve the interaction model significantly, it will be necessary
to modify the functional form and/or reconsider the transferability
of parameters between both isomers. This task is a challenge for
molecular modeling far beyond the scope of the present work.

6. Conclusions

In this work, we modeled the thermophysical properties of 1-
chloropropane, 2-chloropropane, and 1,3-dichloropropane as a
function of temperature and pressure using thermodynamic and
molecular dynamics modeling. The study was motivated by the
fact that halogenated propanes represent the most straightforward
systems, which makes it possible to explore the effect on the ther-
modynamic properties of the liquid caused by the changes in
molecular symmetry originating from the replacement of hydro-
gen by a heavy atom. Therefore, the study requires (i) the building
of a high-accurate equation of state, which would be valid for a
wide range of states. It would be based on a comprehensive critical
evaluation of the existing experimental data and (ii) direct molec-
ular dynamics simulations whose purpose is to test the conven-
tional MD force fields. The differences associated with the
various positions of a halogen atom allow us to capture the respec-
tive specificity of thermodynamic functions.

Thus, the main results can be formulated as follows:

1. we have found parameters for the Span–Wagner Equation of
State, which has recently been considered the most accurate
empiric multiparametric EoS (implemented in particular in
the REFPROP system providing the standard reference data by
the National Institute of Standard and Technologies), for all
studied substances;

2. while building the model mentioned above, we critically evalu-
ated the complete set of experimental data existing in the liter-
ature. We noted these data, which demonstrably deviate from
the self-consistent thermodynamic model. We, therefore, pro-
posed appropriate corrections that included their tabular form;

3. we explored the behavior of the thermal expansion coefficients
in detail. Indeed, the IUPAC recommended this as a sensitive
criterion for testing the accuracy of equations of state and
was noted earlier as an open problem exhibiting a big difference
between the compressed states of 1-chloropropane and 2-
chloropropane. It is of specific fundamental interest to discuss
the universality of its zero temperature isobaric derivative
respective to the molecular packing and thermodynamic
curvature;

4. in addition to this thermodynamic consideration, we reported
and analyzed the results of the molecular dynamics simula-
tions, which indicated the validity ranges of conventional force
10
fields for reproducing the thermodynamics of 1-chloropropane
and 2-chloropropane and posed required directions for future
studies outside of these ranges.
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