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In this paper, an intricate effect of the isothermal compression of simple liquids on their 

volumetric response is reported for α,ω-halogenoalkanes as examples. We apply an accurate 

experimental technique, which is the scanning transitiometry, to directly measure isobaric 

thermal volume expansivities αp of the liquids in a wide density range. To thoroughly analyze 

the observed intersection of the experimental isothermal pressure dependences of αp, we 

develop a class of equations of state derived in the density scaling regime for molecular 

dynamics, finding successful temperature parameterizations of an isothermal equation of state 

(EOS) intrinsically adapted to describe volumetric data in an extremely wide density range. 

The EOS based analyses of the scanning transitiomery data as a function of temperature T and 

pressure p undoubtedly show that the previously considered crossing point of the isothermal 

dependences αp(p) is in general represented by a non-linear and non-monotonic curve in the 

(T-p) phase diagram. 
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�

�
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1 Introduction 

The knowledge of the thermophysical properties of liquids under 

elevated pressure is of high interest on account of their wide usage in 

science and chemical industrial processes. Thermodynamic 

properties of liquids are crucial for designing chemical processes as 

well as for verifying modern equations of state. From many 

physicochemical properties of fluids, the isobaric coefficient of 

thermal expansion, ( )
pp TVV ∂∂≡ −1α , stands out. The isobaric 

expansivity αp can be expressed by the second mix derivative of the 

Gibbs potential with respect to pressure p and temperature T,   

( ) ( ) ( )
TTp

pQTpSTVpTGTpG ∂∂−=∂∂−=∂∂=∂∂∂=∂∂∂ −122
. The 

Maxwell relation between entropy and volume changes shows that the 

heat absorbed per unit volume in a pressure reduction depends on the 

same derivative as the work done per unit volume in a thermal 

expansion.  

Accurate liquid thermal expansivities, αp, over large ranges of 

pressure and temperature are needed in many engineering problems 

where changes in dimension or density due to temperature are 

expected, such as process simulations, equipment and pipe design. 

For example, the thermal expansion coefficient is a property of great 

interest, since it is involved in the oil and automotive industry,1 

where temperatures of about 200°C and pressures of about 200 MPa 

are routinely encountered. For instance, a highly efficient and 

properly constructed fuel injection system is one of the most 

important key components, which determine emissions and fuel 

consumption. Injector geometry, nozzle designs, fuel pump and 

injection pressure are keys to the ideal injection process condition. In 

the modern generation of common rail direct diesel fuel injection 

system, the fuel pressure can reach up to 200 MPa. It is important 

therefore to be able to measure thermophysical properties of liquid 

fuels under such extreme conditions for tests and further 

development in the industry branch. As an example, NADIA-bio 

(New Advanced Diagnosis for Diesel Injection Analysis and bio 

fuels) French automotive federative project around hydraulics of 

common rail systems has improved 1D simulation of fuel circuits 

and developed a completely new injection test bench operating with 

actual fuels with known thermophysical properties at different 

temperature levels.2 The thermal expansion coefficient over a large 

range of pressures and temperatures is also one of the important real 

fuel physicochemical properties introduced to AMESim numerical 

tools in order to solve the continuity equation and the energy 

equation. 

In practice, αp is not usually measured directly. Several 

techniques are available to calculate isobaric thermal expansivity of 

liquids under elevated pressure. Among the nonthermal techniques, 

density measurements3,4,5,6,7,8 or correlations,9,10 pVT - volumetric 

technique,11 and sound speed measurements12 are the most 

important. The experimental significance of the mentioned Maxwell 

relations comes mainly from the fact that the thermomechanical 

coefficient ( )
p

TV ∂∂  can be determined directly from calorimetric 

measurements of the heat Q developed by variations of pressure, 

performed under isothermal conditions.13 The respective techniques 

are known as piezothermal technique,14,15 pressure-controlled 

calorimetry,13,16,17,18,19 and pressure perturbation calorimetry.20,21 

Scanning transitiometry,22,23 actually the most direct technique 

for determining thermal expansion of liquids, is a further 

development of pVT controlled scanning calorimetry,13 which was 

devoted to measurements of heat effects associated with variations 
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of the state variables.  The simultaneous recording of both the heat 

flow and volume changes resulting from a given pressure change 

under isothermal conditions leads to the simultaneous determination 

of thermal and mechanical contributions to the thermodynamic 

potential change caused by the perturbations.  The opportunity for 

isothermal pressure scanning direct measurement of thermal 

expansion, which is the second order derivative of the 

thermodynamic potential, is the unique property of scanning 

transitiometry.23 

The transitiometer, BGR TECH, Warsaw, Poland has already 

been described previously.24 More details of the calibration 

procedure and determined thermal expansivities of liquid toluene 

critically analyzed against existing literature data can be found in a 

previous paper.24 The relative uncertainty for the determination of 

thermal expansivities was found to be of 2%, while the repeatability 

of the present measurements is estimated to be ±0.5%. 

The direct measurements of isobaric thermal expansivity, the 

second derivative of the thermodynamic potential, over large 

pressure and temperature ranges permit accurate calculations 

(usually by integration) of related thermodynamic properties and key 

thermophysical properties over extended temperature and pressure 

ranges. The isobaric coefficient of thermal expansion is a quite 

sensitive to subtle changes in density, and hence its analysis provides 

more information about molecular interactions in the liquid state and 

consitutes a useful basis for understanding the nature of liquid.25,26,27 

A general observation of the pressure dependences of the isobaric 

thermal expansivities for many liquids shows that the dependences 

αp(p) decrease with increasing pressure at constant temperature and 

the isotherms intersect at high pressures, i.e., exhibit a unique 

crossing point at a single value of pressure,1,3,5,7,12,15,24-27 at which 

( ) 0=∂∂
pp Tα . Randzio and Dieters28,29 concluded that the 

existence of the unique intersection point is a key feature for 

examining and testing equations of state. Very recent studies mainly 

based on theoretical predictions25 or focused on specific materials, 

which are ionic liquids,30 have strongly suggested that the 

intersection point should be rather considered as an intersection 

curve which is in general nonlinear in the pressure-temperature 

space. Although such a behavior has been also reported for simple 

liquids,27 it has been suggested after exploiting a phenomenological 

equation of state formulated specially to describe the intersection of 

the isothermal dependences αp(p).  

In this paper, we show that the complex non-monotonic behavior 

of thermal expansivity measured by means of the scanning 

transitiometry is observed even for simple liquids such as 1,3-

dichloropropane (1,3-diClC3) and 1,5-dichloropentane (1,5-diClC5). 

To thoroughly investigate this phenomenon, we develop a class of 

equations of state very recently derived in the density scaling regime 

by some of us with no preliminary expectations that the intersection of 

the isotherms αp(p) will occur, but focusing only on the description of 

volumetric properties of simple liquids, the total instantaneous virial W 

and the total instantaneous potential energy U of which are suggested 

to obey a strong isochoric linear correlation.      

 

2 Results and discussion  

2.1 Equations of State for Simple Liquids 

Equations of state are key elements in the study of the 

thermodynamic behavior of physical systems. They describe the 

relationships that exist between relevant extensive and intensive 

parameters for a given system, and thus they are useful tools for 

prediction of thermodynamic properties of substances. To investigate 

pressure dependences of the isobaric volume expansivities 

determined from isothermal measurements carried out by means of 

the scanning transitiometry, we have exploited a class of interrelated 

equations of state recently derived31,32,33,34,35,36 in two ways: (i) using 

a modification of the definition of the isothermal bulk modulus and 

(ii) considering an effective intermolecular potential that has been 

suggested to be responsible for so-called “density scaling” of 

molecular dynamics. The density scaling idea has been initiated by 

studying molecular dynamics of glass-forming liquids in high 

pressure conditions.37,38 Phenomenological analyses of experimental 

data of supercooled liquids, mainly van der Waals liquids and 

polymer melts, have shown that dynamic quantities such as 

structural relaxation times τ or viscosities η determined from 

isobaric and isothermal measurements at various pressures can be 

plotted onto one master curve as a function of a single variable 

T/γρ=Γ , where T and ρ denote temperature and density, 

respectively, and γ is a material constant independent of 

thermodynamic conditions. It has been argued39,40,41,42,43,44,45,46 that 

the scaling exponent γ is straightforwardly related to the exponent of 

the dominant repulsive part of an effective intermolecular potential 

( ) ( ) t

m

eff ArrU IPL −= /4 σε , which is a proper short-range 

approximation of the generalized Lennard-Jones potential, 

( ) ( ) ( )nm

LJ rrrU /4/4 σεσε −= . The theoretical and simulation 

investigations have shown that mmIPL >  and At is a small constant 

or linear attractive background. What is more, it has been found that 

the scaling exponent 3/IPLm≅γ .   

This simple idea has strongly encouraged to derive an equation 

of state (EOS) from the same theoretical grounds that have been 

suggested to explain the density scaling of molecular dynamics. 

Such an EOS has been first formulated in an isothermal version31 on 

the assumption of the effective short-range potential Ueff . It has been 

shown33 that one can also arrive at the isothermal EOS based on the 

definition of the isothermal configurational bulk modulus, 

( )
T

confconf

T pB ∂∂= ρln , where pconf is the configurational pressure 

defined by the equation, 
11 −−−= υRTMppconf
 with the pressure p, 

the gas constant R, and the specific volume  
1−= ρυ . In this way, the 

applicability range of the EOS has been established to be limited to 

the linear pressure dependence of the isothermal configurational bulk 

modulus. In addition, an alternative isothermal EOS has been 

formulated33 from the definition of the bulk modulus, 

( )
TT pB ∂∂= ρln , the applicability range of which is limited to the 

linear pressure dependence of the isothermal bulk modulus (eqn 2). 

Subsequently, both the isothermal EOSs have been successfully 

parameterized34 by two temperature functions at a reference pressure 

p0 such as a polynomial temperature function of volume and an 

exponential temperature function of isothermal bulk modulus. In this 

paper, we employ the following EOS originally reported as eqn (9) 

in Ref. 34, 

 ( )
γ

γ
υυ

/1

0

0

0
)(

1),(),(

−









−+= pp

pB
pTpT

T

 (1a) 

 ∑
=

−=
k

l

l

l TTApT
0

00 )(),(υ  (1b) 

 ))(exp()( 0200 TTbbpBT −−=  (1c) 

where

 

)(
00 0

pBb
T

= , 
0

/),(ln)(
0022 TTT

TTpBpbb
=

∂∂−== , ),( 000 pTA υ= , 

and
0

/),()!/1( 0
TT

ll

l TTplA
=

∂∂= υ for l=1,2,.. .   

The isothermal and parameterized EOSs based on both the 

definitions of TB and conf

T
B have been successfully tested by using 

pVT measurement data for various liquids from different material 
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groups such as van der Waals liquids, polymer melts, aprotic and 

protic ionic liquids, and associated liquids.31-34,47,48,49,50,51,52,53,54,55,56 

The analyses based on the mentioned various experimental pVT data 

as well as molecular dynamics (MD) simulation studies35 have 

confirmed that each of the EOSs yields numerically equivalent 

values of the scaling exponent γ, which can be for instance found32,55 

as a slope of the linear dependence of T
B  on pressure at a constant 

temperature T, 

 ( )
00 )()( pppBpB TT −+= γ  (2) 

where p0 is a reference pressure. It means that the class of equations 

of state is well-interpreted in terms of the effective short-range 

intermolecular potential Ueff , the dominant repulsive term of which 

is proportional to γ3−r .  

The limitation of eqn (1a) given by eqn (2) has been originally 

argued31-35 by a low compressibility of investigated glass formers. 

Nevertheless, eqn (2) can be also valid in another compressibility 

range depending only on its width. Similar comments can be made 

on the limitations of eqn (1a) given by eqn (1b) and (1c). For 

instance, it should be noted that eqn (1a) with the parameterizations 

(eqn (1b) and (1c)) has been until recently used to fit very 

satisfactorily the pVT experimental data measured within the density 

range of about 0.15g/cm3. However, very recent theoretical and 

simulation investigations suggest that both the recipe for the density 

scaling of molecular dynamics and the corresponding EOS should be 

extended if the system density considerably varies.  

The theory of isomorphs,57,58,59 which provides an advanced 

description of the general density scaling of molecular dynamics, 

substantiates the previous suggestions40 that the general density 

scaling law is given by the equation, ( ) ( )( )ThfTX /, ρρ = , where 

e.g. ητ ,=X , and the scaling exponent γ is defined60 by a 

logarithmic derivative of the density function ( )ρh , 

ργ ln/ln dhd= , which can be in general a density function ( )ργ . 

The generalization about the density scaling shows that the typical 

power law density scaling with a material constant γ is obeyed if the 

function, ( ) γρρ =h . However, the theory of isomorphs implies that 

systems characterized even by such a simple intermolecular potential 

like the Lennard-Jones (LJ) potential requires the general density 

scaling law if we consider a sufficiently wide density range. This 

prediction has been confirmed by means of MD simulations of the 

Kob-Andersen binary Lennard-Jones (KABLJ) mixtures.61 The 

structural relaxation times obtained in the KABLJ model can be 

scaled with a constant value of γ to a good approximation in the 

density range between 1.2 to 1.6 in LJ units, especially if we use the 

reduced units suggested by Dyre’s group to ensure the molecular 

dynamics to be isomorph invariant. However, the extension of the 

density range up to 2.0 in LJ units leads to the scaling exponent γ 

which varies with density changing. Very recently, eqn (1) and its 

counterpart based on conf

T
B  have been developed36 to comply with 

the general density scaling law. These EOSs have been successfully 

used to describe pVT data collected in the density range between 1.2 

to 2.0 in LJ units for the KABLJ model. What is more, the density 

functions, ( )ρh  and ( )ργ , parameterized by fitting the pVT data in 

the KABLJ model to these EOSs, have enabled to scale very well the 

structural relaxation times in the KABLJ model. Thus, these new 

EOSs are proper generalizations about eqn (1) and its counterpart 

based on conf

T
B , because their precursors are able to provide a 

constant scaling exponent by fitting pVT data in the KABLJ model, 

which leads to the typical power law density scaling of structural 

relaxation times in the KABLJ model. 

In context of the mentioned theoretical and simulation studies, it 

is very interesting to verify the effect of density range on the 

applicability of eqn (1) in the case of the liquid  

α,ω-halogenoalkanes examined herein. To do that we need to 

parameterize the new EOSs, which have been derived in Ref. 36 as 

isothermal equations. We focus herein on eqn (14) in Ref. 36 with 

the density functions, ( )ρh  and ( )ργ , given respectively by eqn 

(21) and (22) in Ref. 36. We assume the same parameterizations as 

those used in eqn (1), because the temperature-pressure range of the 

scanning transitiometry experiment suggests that the temperature 

functions given by eqn (1b) and (1c) should be sufficient to properly 

describe the volume and the isothermal bulk modulus at a reference 

pressure. Thus, the following EOS is employed in this paper as the 

extension of eqn (1) to the thermodynamic region within which the 

general density scaling law is valid, 

 
( )
( )

( )
( ) 








−+= 1

00

0

0 ρ
ρ

ργ h

hpB
pp T  (3a) 

 ( ) ( )ρρρ 2

21
lnlnexp CCh +=  (3b) 

 ( ) ρργ ln2 21 CC +=  (3c) 

 

1

0
00

1

0 )(),(

−

=

− 






 −== ∑
k

l

l

l TTApTυρ  (3d) 

 ))(exp()( 0200 TTbbpBT −−=  (3e) 

The general EOS given by eqn (3) can be reduced to eqn (1) by taking 

02 =C . Then, γ=1C , which is a constant scaling exponent, and 

( ) γρρ =h . In contrast to eqn (2), the applicability range of eqn (3) is 

defined by in general a nonlinear pressure dependence of the 

isothermal bulk modulus (eqn (18) in Ref. 36), which involves the 

density dependent scaling exponent ( )ργ , 

 ( ) ( )
( ) ( ) ( )( )[ ]

000

0

pppBpB
TT

−+= ργ
ργ
ργ

    (4) 

The above nonlinear pressure dependence of the isothermal bulk 

modulus reduces to the linear pressure dependence given by eqn (2) 

if we apply eqn (3c) with 02 =C  to  eqn (4).  

We have analyzed the isobaric volume expansivity data 

(collected in Table 1 in Electronic Supplementary Information 

(ESI)†) determined from isothermal scanning transitiometry 

experiments in terms of eqn (1) and (3), which lead respectively to 

the following formulae for the volume expansivity via the definition 

of the isobaric volume expansivity, 

 ( )
( )

p

T

T

pp
T

pB

pppB

pp
pTpT 








∂

∂
−+

−
+=

)(ln

)(
),(, 0

00

0
0 γ

αα  (5)  

 

( ) ( )
( ) ( )( ) ( ) 

































∂
∂

−+

−
+=

p

T

T

pp

pB

TpppB

pp
pTpT

0

0

000

0

0

0
)(

ln
)(

),(,
ργργ

α
ργ
ργ

α  (6)

 
where )( 0pBT  is parameterized in the same way given by eqn (1c) 

and (3e), and then 20 )(ln bTpBT −=∂∂ , which is a parameter 

independent of thermodynamic conditions. The function ( )ργ  is 

defined by eqn (3c), and eqn (3d) parameterizes the density 

),(
0

1

0
pT−=υρ  at a reference pressure p0. Thus, the expansivity at a 

reference pressure p0 can be calculated via the derivative, 

TpTpT
p

∂∂−= ),(ln),(
00

ρα . Based on eqn (3c),  one can 

determine the derivative ( ) ( )
0020

),(2ln ργαργ pTCT
p

−=∂∂ . 

Then, one can see that eqn (6) derived from eqn (23) in Ref. 36 

reduces to eqn (5) if 02 =C , because it also implies 

( ) ( ) const== 0ργργ . 
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2.2 The EOS based analysis of scanning transitiometry data 

To fit the isobaric volume expansivity as a temperature-pressure 

function ( )pT
p

,α , we have assumed that the reference state (T0,p0) 

in case of both the EOSs (eqn (1) and (3)) is the melting point at 

ambient pressure, which is equal to T0=174.15K and T0=201.15K for 

1,3-diClC3 and 1,5-diClC5, respectively. Such a choice of the 

reference state is reasonable, because the sought after values of the 

fitting parameters in both the EOSs are dedicated to the liquid state 

of the examined α,ω-dichloroalkanes. We have also tested results of 

the fitting of ( )pT
p

,α  to eqn (5) and (6) on the assumption of 

another reference state, which is defined at the lowest temperature 

(T=273.15K) of the experimental isotherm at ambient pressure. We 

have found that the quality of the fits to eqn (5) and (6) does not 

depend on the chosen reference states although they are considerably 

different. Nevertheless, we have established that the complex non-

trivial temperature-pressure dependence of 
p

α  requires a cubic 

temperature parameterization of the volume at the reference pressure 

in case of both the EOSs (eqn (1b) and (3d) with k=3). Moreover, we 

have obtained that eqn (5) based on the EOS given by eqn (1) is able 

to describe successfully the pressure dependences of αp determined 

at constant temperatures that range from T=273.15K to T=373.15K, 

where the adjusted coefficients of determination for the nonlinear 

regressions, adj-R2 ≈ 0.9966 and adj-R2 ≈ 0.9913 for 1,3-diClC3 and 

1,5-diClC5, respectively. The values of all the fitting parameters of 

eqn (1) for both the investigated α,ω-dichloroalkanes are collected in 

Table 2 in ESI† and the corresponding dashed fitting curves are 

presented in the insets in Figs. 1(a) and 2(a). Although our attempts 

at applying eqn (1) to all the set of isotherms of the isobaric volume 

expansivities determined for each examined α,ω-dichloroalkane at 

temperatures that range from T=273.15K to T=423.15K have been 

completed quite satisfactorily, we have observed that some fitted 

curves deviate from the dependences ( )pT
p

,α  determined from the 

scanning transitiometry experiments in the highest experimental 

pressure limit, which has not been shown herein. Therefore, we have 

tested whether the discrepancy can be removed by applying eqn (6) 

based on the EOS given by eqn (3) to fit the dependences ( )pT
p

,α  

in all the temperature-pressure range explored experimentally. As a 

result, we have obtained that eqn (6) based on the EOS given by eqn 

(3) yields the best fits of all the examined dependences of ( )pT
p

,α  

for both the liquid α,ω-dichloroalkanes. The values of the fitting 

parameters of eqn (3) are collected in Table 3 in ESI† and the 

corresponding fitted curves are shown in Figs. 1(a) and 2(a). The 

obtained adjusted coefficients of determination for the nonlinear 

regressions, adj-R2 ≈ 0.9969 and adj-R2 ≈ 0.9921 for 1,3-diClC3 and 

1,5-diClC5, respectively. One can assess the qualities of the fits as 

quite good, taking into consideration the complex set of 

experimental data collected and analyzed as a temperature-pressure 

function of 
p

α . 
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The fitting results obtained in terms of eqn (1) and (3) can be 

rationalized by comparison with the above discussed results of MD 

simulations in the KABLJ model, for which the increase of 100% in 

the density range (i.e., from 1.2-1.6 in LJ units to 1.2-2.0 LJ units) 

disabled to scale structural relaxation times using a constant value of 

the scaling exponent γ.36,61 In the wide density range, it has been 

shown that eqn (3a) instead of eqn (1a) enables to find the scaling 

exponent that depends on density and leads to the density scaling of 

structural relaxation times in the KABLJ model in the density range 

from 1.2 to 2.0 LJ units. As mentioned, eqn (1) has been until 

recently applied to describe pVT data measured typically in the 

density range of about 0.15g/cm3. However, the experimental 

isothermal data of ( )pT
p

,α  for both the examined α,ω-

dichloroalkanes correspond to the density range of about 0.15g/cm3 

for isotherms measured between 273.15K and 373.15K. The increase 

in the explored temperature range by 50K, which results from the 

extension of the set of isothermal data by the isotherm ( )pT
p

,α  

measured at T=423.15K, causes the increase of about 50% in density 

of each studied system (see Figs. 1(b) and 2(b)). Thus, although the 

transitiometry measurements of ( )pT
p

,α  are carried out in the 

pressure range of 200MPa, which is a typical measurement pVT 

range, the wide measurement temperature range results in a quite 

wide density range in the case of examined substances. 

Consequently, the experimental data ( )pT
p

,α  are better described 

by eqn (3) than by eqn (1),  because eqn (3) is intrinsically adapted36 

to volumetric data measured in the wide density ranges 1.00g/cm3 < 

ρ < 1.25 g/cm3 and 0.97g/cm3 < ρ < 1.18 g/cm3 for 1,3-diClC3 and 

1,5-diClC5, respectively. Nevertheless, the fitting curves obtained 

from eqn (1) for the specific volume only slightly deviate (see Figs 

1(b) and 2(b)) from those determined from eqn (3). Similarly, the 

pressure dependences of the isothermal bulk modulus generated 

from eqn (2) and (4), which are based on the EOSs given 

respectively by eqn (1) and (3), are quite close to each other to a 

good approximation (see Figs. 1(c) and 2(c)). However, the 

differences between the dependences ( )pB
T  generated from eqn (2) 

and (4) are larger at the lowest temperatures in contrast to those 

observed form the specific volumes generated from eqn (1) and (3). 

This apparently surprising result is a consequence of the different 

contribution of the intermolecular potential to the specific volume 

and the isothermal bulk modulus, which can be deduced from the 

EOSs given by eqn (1) and (3), and their implications (eqn (2) and 

(4)), which describe the dependences ( )pB
T . One can see that the 

term related to the intermolecular potential in the EOSs is the 

reduced scaling function, ( ) ( )
0

ρρ hh , however, the derivative 

definition, ( )
TT

pB ∂∂= ρln , causes that the reduced scaling 

exponent ( ) ( )
0

ργργ  mainly reflects the contribution given by the 

intermolecular potential to the dependence ( )pB
T . We have verified 

that the quotients ( ) ( )
0

ρρ hh  calculated in terms of eqn (1) and (3), 

where ( ) γρρ =h for eqn (1), are very close numbers, which begin to 

deviate from each other only at low densities. On the other hand, the 

quotients ( ) ( )
0

ργργ  in eqn (3) is in general different from those 

Page 5 of 10 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



�������� �����

�������������	�����	���������������		������ ��������	
�����������������������������������	�������

valid for eqn (1), because ( ) ( ) 1
0

=ργργ  in eqn (1). For this reason, 

the largest differences in the dependences ( )pB
T  generated from 

eqn (2) and (4) are observed at the lowest temperatures that 

correspond to the highest densities at which the differences in the 

values of the effective short-range potential parameters suggested to 

be reflected in the function ( )ργ  exert the strongest effect on the 

volumetric properties.   
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An extremely interesting problem investigated by us using eqn 

(1) and (3) is the crossing point expected for the isothermal 

dependences ( )p
p

α . As can be seen in Figs. 1(a) and 2(a), the 

experimental isothermal dependences ( )p
p

α  cross each other 

rather within a pressure range than at a pressure of a single value, 

which can result from measurement uncertainties of 
p

α  or be a 

consequence of a more complex behavior of the solution of the 

equation ( ) 0),( =∂∂
pp

TpTα . It should be noted that the latter 

solution can be in general a function of temperature and pressure. 

Using eqn (6) based on eqn (3), we have numerically solved the 

equation with respect to pressure in isothermal conditions explored 

every temperature degree within the experimental temperature 

range (273.15K ≤ T ≤ 423.15K), which is graphically 

demonstrated in the insets in Figs. 3 and 4. As a result, we have 

established that the curve determined on condition that 

( ) 0),( =∂∂
pp

TpTα  is neither point nor straight line. For both the 

tested α,ω-dichloroalkanes (see Figs. 3 and 4), we have found that 

such a curve is nonlinear and has a non-monotonic character. 

Then, we have extrapolated (see Fig. 5) the domain of this analysis 

to vary between the melting temperature and the boiling 

temperature at ambient pressure (extending the domain to the 

highest experimental temperature in case of 1,3-diClC3). In this 

way, we have shown a maximum in the border line ( )xx Tp  which 

separates the (T,p)-areas characterized respectively by negative 

and positive values of ( )
pp

TpT ∂∂ ),(α  in the phase diagram of 

both 1,3-diClC3 and 1,5-diClC5. 
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In addition, we have followed an analogous procedure to 

evaluate the border line ( )
xx

Tp  by using eqn (5) based on eqn (1).  

Consequently, we have obtained qualitatively the same non-

monotonic behavior of the border line for both the α,ω-

dichloroalkanes as those established from eqn (6) based on eqn (3). 

In the experimental temperature range, the border line is evaluated 

from both the EOSs within the different pressure ranges, 

MPaMPa 105
~~

40 << p  and MPaMPa 70
~~

40 << p , for 1,3-diClC3 

and 1,5-diClC5, respectively, which seem to be related to a 

proximity effect62,63 according to which properties of the molecules 

depend on the distance between the terminal halogen atoms. 

However, the maxima in ( )
xx

Tp  found from eqn (1) are 

considerably shifted to lower temperatures and do not match those 

obtained from eqn (3), especially in the case of 1,3-diClC3. The 

deviation of the evaluation based on eqn (1) from the solution of the 

equation ( ) 0),( =∂∂
pp TpTα , which exploits eqn (3), has a similar 

origin to that discussed for the dependences ( )pB
T . This is because 

eqn (6) similarly to eqn (4) involves the quotient ( ) ( )
0

ργργ , which 

distinguishes the representation of the dependence ( )pT
p

,α  from 

that given by eqn (5) based on eqn (1).  
 
3 Summary and conclusions 

To sum up, our scanning transitiometry study of thermal 

expansivity of α,ω-dichloroalkanes in the typical pressure range 

(0.1MPa ≤ p ≤ 200MPa) shows that  there is a non-monotonic 

border line in the phase diagram of each examined simple liquid, 

which divides the phase diagram into two areas characterized by 

opposite thermal volume expansivities. To investigate this 

intriguing behavior, we have developed and successfully tested 

the equation of state (eqn (3)), which has been intrinsically 

adapted36 to describe an extremely wide density range. This EOS 

as well as its precursor (eqn (1)) provide useful relations (eqn 

(3b) and (3c) and their counterparts for eqn (1)) between the 

macroscopic volumetric properties and the effective 

intermolecular potential suggested to be relevant to molecular 

dynamics of simple liquids, which is expected to comply with the 

strong isochoric linear correlation between the system virial and 

the system potential energy. By applying the class of novel 

equations of state to solve the equation ( ) 0),( =∂∂
pp TpTα , we 

have confirmed the existence of the invariant temperature-

pressure function 
p

α  along the non-monotonic ),(
xx

Tp -line for 

the examined dichloroalkanes. Our findings strongly suggest that 

the non-monotonic behavior aspire to be a general property of 

various liquids instead of the previously considered crossing 

point of the isothermal dependences ( )p
p

α . 
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