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Isobaric thermal expansivity for a set of nonpolar compounds is determined in the temperature and pressure
intervals of (278.15 to 348.15) K and (0.6 to 55) MPa using a calorimetric method. The selected compounds
are benzene, tetrachloromethane, and the alkane series, from nonane to pentadecane. These results are
compared with literature data, with most of them obtained from density measurements. Temperature behavior
is revealed to be highly dependent on the experimental pressure; at low pressure, isobaric thermal expansivity
clearly increases with temperature. This dependence becomes milder as pressure is raised, and for some
liquids at high pressure, it is undoubtedly observed that Rp decreases against T. These results are rationalized
by relating them with phase transition properties, concretely, vapor pressure and critical coordinates. Finally,
well-known thermodynamic relations are used to obtain density and isobaric molar heat capacity as a function
of temperature and pressure from isobaric thermal expansivity, density, and heat capacity at atmospheric
pressure. The results thus obtained were compared with directly measured data.

Introduction

Accurate experimental determination of second-order ther-
modynamic properties of liquids against temperature and
pressure is of high interest for thermophysical sciences, since
it allows characterizing their thermodynamic behavior, which,
evidently, has important consequences from both a fundamental
and an applied point of view. The most studied second-order
thermodynamic properties are isobaric heat capacity, isentropic
and isothermal compressibilities, and, to a lesser extent, isochoric
heat capacity and isobaric thermal expansivity, a fact which is
motivated by the accuracy and simplicity of the available
experimental methodologies. Isobaric molar heat capacity is
easilyobtainedwithhighaccuracyusingavarietyof techniques;1–3

this is not the case of isochoric heat capacities, since the constant
volume constraint involves strong experimental complications,
which worsen the accuracy of the methodology.4 Precise
isentropic compressibilities can be determined from accurate
density and speed of sound measurements,5–8 whereas isothermal
compressibilities κT are easily and accurately obtained from
precise density measurements against pressure, by making use
of the Tait equation.9–12 By contrast, isobaric thermal expan-
sivity Rp is not as accurately obtained as κT, although it could
be thought that a similar procedure than that used with κT could
be used, that is, fitting precise density data against temperature
to some equation. Nevertheless, there is no equation which can
represent the behavior against temperature as well as Tait’s one
does against pressure. Alternative methods9,13–24 have been
proposed; among them, the most often used are those based on
determining Rp from density measurements,9,13,14 which requires
high quality density data, not always available, especially at
high pressure, and those grounded on the Rp determination from
calorimetric measurements against pressure,15–30 which have the
advantage of obtaining Rp directly, without any prejudiced
assumption about the dependence of density against temperature.

In this work, isobaric thermal expansivity for a set of
nonpolar compounds is experimentally determined using a

calorimetric technique in the temperature and pressure
intervals of (278.15 to 348.15) K and (0.6 to 55) MPa. The
selected compounds are benzene, tetrachloromethane, and the
alkane series, from nonane to pentadecane. The results are
compared with available literature data, with most of them
obtained from density measurements. The strong dependence
of Rp temperature behavior against pressure, already observed
for other compounds,15,17,18,20,23 which, in some cases,
induces curve crossing at high pressure, is explained by
paying attention to vapor pressure and critical properties of
the liquids, because of the strong relation between Rp and
fluctuations, which become very important in the proximity
of the critical point. From Rp data and by means of well-
known thermodynamic relations, it is possible to obtain
density, F, as a function of temperature from F at one
temperature and Cp,m as a function of pressure from Cp,m at
one pressure. This is done using Rp data from this work, and
these calculations are compared with directly measured
literature data, obtaining good results for most of studied
liquids.

Experimental Section

Chemicals. Calibration of the apparatus required two standard
liquids; Milli-Q water and hexane obtained from Fluka (with a
mass fraction purity > 0.99) were used. Benzene (mass fraction
purity > 0.998), tetrachloromethane (mass fraction purity > 0.99),
nonane (mass fraction purity > 0.99), decane (mass fraction
purity > 0.99), undecane (mass fraction purity > 0.99), dodecane
(mass fraction purity > 0.99), tridecane (mass fraction purity >
0.99), tetradecane (mass fraction purity > 0.99), and pentadecane
(mass fraction purity > 0.99) were purchased from Aldrich. All
liquids were degassed and passed through molecular sieves to
remove traces of water.

Experimental Methodology. Isobaric thermal expansivity of
the studied liquids was determined through a Micro DSCII
microcalorimeter from Setaram coupled with a Ruska 7610
pressure controller (pressure regulation within ( 0.005 MPa).16,31

The method for obtaining Rp is based on recording the heat
exchange between the cell which contains the studied liquid
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and the calorimetric block because of the variation of the
pressure over the sample; Rp was obtained from the next
expression, derived from a Maxwell’s relation:

Rp ) - 1
VT

d′Q
dp

(1)

where V is the cell volume, and d′Q/dp is the variation of the
heat introduced in the sample against change in pressure. Once
the sample was introduced in the experimental cell and thermal
stability at the measuring temperature was reached (the uncer-
tainty in temperature was estimated in ( 0.01 K), the pressure
was varied using a pressure ramp at 1.5 MPa ·min-1. This
introduced a heat flux φx between the sample and the calori-
metric block. For calibrating, two standard liquids were needed:
water and hexane were selected because of the quality of the
available literature data.15,32 For determining the isobaric thermal
expansivity of the sample, Rp

x, the fluxes for water and hexane,
φw and φh, obtained in two experiences at the same experimental
conditions, were required. From these fluxes and from isobaric
thermal expansivity for water and hexane, Rp

w and Rp
h, the

isobaric thermal expansivity of the unknown liquid was obtained
from the measured flux φx, through:

Rp
x ) Rp

w + φ
w - φ

x

φ
w - φ

h
(Rp

h - Rp
w) (2)

The repeatability of Rp was estimated in 0.005 · 10-3 K-1,
which together with the uncertainty stated for the calibration
fluids, yielded for Rp an uncertainty of 2 %.

Results and Discussion

Isobaric thermal expansivity data were obtained in temper-
ature and pressure steps of 10 K and 0.35 MPa, respectively,
within the temperature and pressure intervals of (278.15 to
348.15) K and (0.6 to 55) MPa for benzene, tetrachloromethane,
and the alkane series, from nonane to pentadecane. Experimental
data were fitted to the next rational function of T and p:

R(p, T) )
a0 + a1T + a2T

2 + a3T
3 + a4p + a5p

2

1 + b1T + b2T
2 + b3p

(3)

For some liquids not all coefficients were needed; to
determine the optimal number, an F-test was carried on. These
coefficients as well as the standard deviations of the fits are
presented in Table 1. Experimental values at representative
temperatures and pressures are reported as Supporting Informa-
tion.

With the aim of comparing the experimental results with
available literature data, we obtained Rp from density correla-
tions from refs 9 to 11 and 33 using the Rp definition:

Rp ) -1
F(∂F∂T)p

(4)

The comparisons were carried out by making use of the
average relative deviation, ∆, defined as:

∆ ) 1
N ∑

i)1

N |Yi
exp - Yi

lit

Yi
exp | (5)

where Y stands for Rp and lit and exp denote literature and this
work data, respectively. ∆ was obtained only at the T and p of
the Supporting Information. These deviations for all studied
liquids are presented in Table 2. In addition, benzene data were
compared with Rp results from Fuchs et al.,18 directly obtained

using a calorimetric method similar to that used in this work.
A ∆ value of 0.04 was obtained, which is significantly worse
than that obtained from density data, for which the lowest ∆
value among the liquids studied in this work was achieved. It
is worth noting that density data for benzene is expected to be
of very high quality, since it is obtained from a density fit of a
lot of experimental data from assorted sources, and very good
fits were obtained.11 The worst coherence between literature
and data of this work is for some of the heavier alkanes, for
which the experimental database is relatively scarce, especially
at high pressure.10 These facts confirm the reliability of the
reported experimental data.

Figure 1 shows selected Rp values as well as curve fits for
all liquids as a function of pressure at several isotherms; Rp

decreases against p for all compounds. For some liquids there
is a curve crossing at high pressure, which represents a change
in temperature dependence, from positive at low pressures to
negative at high pressures. This has been already obtained in
previous papers devoted to the study of Rp against temperature
and pressure.15,17,18,20,23 Figure 2 shows Rp against T for several
isobars. The positive dependence against T becomes less
pronounced as pressure is raised, and for some liquids, (benzene,

Table 1. Fitting Coefficients and Standard Deviations of the Fits s
for the Studied Liquids

Benzene Tetrachloromethane Nonane
a0/10-3 K-1 -0.1989 0.4238 0.6604
a1/10-6 K-2 9.5149 2.2705 -1.3236
a2/10-9 K-3 -36.7561 -10.0778
a3/10-12 K-4 37.9222 6.6332
a4/10-6 K-1 ·MPa-1 1.3614 0.9392 0.4544
a5/10-9 K-1 ·MPa-1 1.1583
b1/10-3 K-1 -2.3372 -2.3116 -3.3221
b2/10-6 K-2 2.6542
b3/10-3 MPa-1 3.0702 2.7238 2.1948
s/10-6 K-1 2 3 2

Decane Undecane Dodecane
a0/10-3 K-1 0.6595 0.6767 0.7001
a1/10-6 K-2 -1.3345 -1.3884 -1.4375
a2/10-9 K-3

a3/10-12 K-4

a4/10-6 K-1 ·MPa-1 0.4031 -0.2144 0.0774
a5/10-9 K-1 ·MPa-1 1.3581 3.1955 2.1909
b1/10-3 K-1 -3.2560 -3.1074 -2.9457
b2/10-6 K-2 2.5102 2.1488 1.7860
b3/10-3 MPa-1 2.1055 1.4182 1.7750
s/10-6 K-1 2 2 2

Tridecane Tetradecane Pentadecane
a0/10-3 K-1 0.2154 0.5907 1.0855
a1/10-6 K-2 3.7490 1.3659 -2.9730
a2/10-9 K-3 -17.9027 -11.5217 0.9858
a3/10-12 K-4 18.7676 13.6682 1.8196
a4/10-6 K-1 ·MPa-1 0.7983 1.2948 1.2902
a5/10-9 K-1 ·MPa-1

b1/10-3 K-1 -2.4785 -2.1548 -2.1396
b2/10-6 K-2

b3/10-3 MPa-1 2.3186 3.7497 3.7319
s/10-6 K-1 2 2 2

Table 2. ∆ for Isobaric Thermal Expansivities of All Studied
Liquids

liquid ∆

benzene 0.006
tetrachloromethane 0.020
nonane 0.010
decane 0.009
undecane 0.051
dodecane 0.048
tridecane 0.011
tetradecane 0.017
pentadecane 0.023
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tridecane, tetradecane, and pentadecane) clear negative T
dependence at high pressure is obtained. Although milder,
temperature also seems to have an effect on temperature
dependency: at low pressure for some cases (again, benzene,
tridecane, tetradecane, and pentadecane), positive T dependence
is more pronounced as temperature is higher, but as pressure is
raised, this tendency disappears.

There is a close relation between isobaric thermal expansivity
and fluctuations (Rp is proportional to enthalpy-volume cross-
correlations), which become infinity at the critical point.
Therefore, as the fluid is closer to its critical point, fluctuations
become greater, and Rp increases. All fluids of this work are
studied at temperatures well below Tc, and on the other hand,
pc for all liquids is low, as compared with the experimental

pressure range.34,35 Therefore, for low pressure, increasing
temperature implies approaching the critical point, which makes
Rp increase, and as a consequence, Rp temperature dependence
is positive. Nonetheless, as pressure is higher, the system begins
to depart from critical conditions; fluctuations present lower
importance, and Rp temperature dependence becomes milder.
At a high enough pressure, the system becomes dominated by
short-range repulsive forces, and fluctuations are negligible. Two
examples of fluid models which, as a result of the absence of
attractive forces, do not have a liquid-vapor phase transition
are the ideal gas and the hard sphere fluid. In both cases, Rp

decreases against T,36 as a consequence of the lack of fluctua-
tions. Therefore, fluids with lower vapor pressure and higher
critical temperature must be, as a general rule, in a state less

Figure 1. Rp values as a function of pressure at several temperatures for: (a) benzene; (b) tetrachloromethane; (c) nonane; (d) decane; (e) undecane; (f)
dodecane; (g) tridecane; (h) tetradecane; (i) pentadecane. b, T ) 278.15 K; +, T ) 288.15 K; [, T ) 298.15 K; 9, T ) 308.15 K; 2, T ) 318.15 K; ×,
T ) 328.15 K; open plus symbol, T ) 338.15 K; O, T ) 348.15 K.
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affected by fluctuations than fluids with higher vapor pressure
and lower critical temperature. As a consequence, for liquids
with high Tc and small pv, a lower increase in pressure can easier
induce negative Rp temperature dependence. This is what is
observed for most of cases studied in this work: tetrachlo-
romethane, the liquid with the highest vapor pressure (pv )
15.35 kPa34) and the lowest critical temperature (Tc ) 556.6
K34) does not show any change in its Rp temperature depen-
dency; it remains positive over the whole temperature and
pressure range, and the curve crossing seems to appear at
pressures considerably higher than those of this work. For
alkanes, the negative temperature dependency appears at lower
pressure as alkyl chain is longer, which corresponds to an
increment in critical temperature (it ranges from 594.56 K for
nonane to 708.0 K for pentadecane9,34) and a decrement in vapor
pressure (from 0.57 kPa for nonane to 3.5 ·10-4 kPa for

pentadecane9,34,35); in fact, there is no experimental evidence
of such behavior for nonane and decane, although, with a view
on the tendencies of the data, it is expected to be clearly
observed at pressures not much higher than those of this work.
The only exception to these trends is benzene: although it
presents high pv (12.7 kPa34) and low Tc (562.16 K34) values,
a clear change in Rp temperature dependency is observed.
Undoubtedly, Rp decreases against T at a pressure as low as 40
MPa. It must be taken into account that the above-exposed
general explanation of Rp results applies only for simple liquids,
but it has been shown that those which present specific
interactions could present a more complex Rp behavior.17–24

Therefore, the observed departure from the general rule observed
for benzene could be attributed to complex effects which could
be ascribed to the aromatic nature of this compound; in fact,

Figure 2. Rp values as a function of temperature at several pressures for: (a) benzene; (b) tetrachloromethane; (c) nonane; (d) decane; (e) undecane; (f)
dodecane; (g) tridecane; (h) tetradecane; (i) pentadecane. b, p ) 1 MPa; +, p ) 10 MPa; [, p ) 20 MPa; 9, p ) 30 MPa; 2, p ) 40 MPa; ×, p ) 50 MPa.
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unusual Rp behavior has been also observed for toluene,
especially at low temperatures.24

DeriWed Properties. Density, F, and isobaric heat capacity,
Cp, can be calculated by making use of Rp data of this work.
The density F(T,p) can be obtained from integration of Rp using
the next expression:

F(T, p) ) F(T0, p) exp(-∫ T0

T Rp(T, p)dT) (6)

where F(T0,p) is the density at a reference temperature T0 and
at pressure p. The integral ∫T0

T Rp(T,p)dT was calculated from
Rp fits obtained from the data of the present work through eq 3.
T0 was selected to be 298.15 K, except for tridecane and
pentadecane, because literature data10 are available in temper-
ature intervals of (303.15 to 473.15) K and (310.95 to 408.15)
K; for these liquids, selected T0 was (308.15 and 318.15) K,
respectively. Once F(T,p) was obtained from Rp, it was compared
with literature data.10,11,33 Table 3 shows the average absolute
deviation ∆ of all studied liquids. Figure 3 shows the differences
between experimental data and literature values against tem-
perature for several isobars. Good coherence was obtained for
most cases. The worst results are obtained for liquids which
present high uncertainty in density10,33 and at high temperature;
this last effect probably arises from the uncertainty of Rp, since

Table 3. ∆ for Density of All Studied Liquids

liquid ∆

benzene 0.0002
tetrachloromethane 0.0005
nonane 0.0001
decane 0.0001
undecane 0.0010
dodecane 0.0007
tridecane 0.0004
tetradecane 0.0005
pentadecane 0.0002

Figure 3. Fexp - Fbib values as a function of temperature at several pressures for: (a) benzene; (b) tetrachloromethane; (c) nonane; (d) decane; (e) undecane;
(f) dodecane; (g) tridecane; (h) tetradecane; (i) pentadecane. [, p ) 5 MPa; 9, p ) 25 MPa; 2, p ) 50 MPa.
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it worsens to a great extent the accuracy of integrations as the
temperature interval becomes wider.

Finally, from Rp, F, molar mass M and heat capacity at
atmospheric pressure against temperature, Cp(T,patm), it is
possible to obtain heat capacity as a function of temperature
and pressure Cp(T,p), on the basis of the next relation:

(∂Cp(T, p)

∂p )
T
) -T

M
F(T, p)(Rp

2(T, p) + (∂Rp(T, p)

∂T )
p
)

(9)

Cp(p,T) can be thus calculated from the next integral:

Cp(T, p) ) Cp(T, patm) + ∫pat

p (∂Cp(T, p)

∂p )dp (10)

Cp(T,p) was obtained for those liquids for which directly
measured Cp at different pressures are available, which are
nonane, decane, undecane, dodecane, tridecane, tetradecane, and
pentadecane.31,37–39 In eq 10 Cp(T,patm) was obtained from refs
31 and 37 to 39; F(T,p) was calculated through Cibulka’s
correlations,9,10 and Rp(T,p) was obtained from the fits of this
work (eq 3). Table 4 shows the average deviations obtained
from these calculations and data from literature. Figure 4 shows
these comparisons for some studied liquids as a function of
pressure at several temperatures. With a view on the stated
uncertainty of directly measured Cp(T,p) data, which are 0.2 %
for Valencia’s31 and 0.5 % for Bessieres’ data,37–39 very good
results were obtained for all studied liquids.

Conclusion

The obtained Rp data have been revealed as highly precise,
as a comparison with accurate literature data has shown. The
results for nonpolar fluids reflect the Rp physical meaning (it is
proportional to enthalpy-volume cross-correlations), as the
comparison with phase transition properties has shown. The
methodology is useful not only to accurately obtain Rp but also

Table 4. ∆ for Isobaric Molar Heat Capacity of All Studied
Liquids

liquid ∆a ∆b

nonane 0.0025
decane 0.0024
undecane 0.0010
dodecane 0.0032 0.0019
tridecane 0.0024 0.0063
tetradecane 0.0006
pentadecane 0.0011

a Ref 31. b Refs 37 to 39.

Figure 4. Cp values as a function of pressure at several temperatures for: (a) nonane; (b) undecane; (c) tridecane; (d) pentadecane. This work data: [, T )
283.15 K; 2, T ) 303.15 K; +, T ) 313.15 K; open plus symbol, T ) 323.15 K using Cp(T,patm) from ref 25; b, T ) 323.15 K using Cp(T,patm) from refs
38 and 39; 3, T ) 343.15 K. Literature data: 9,31 T ) 283.15 K; ×,31 T ) 303.15 K; 4,31 T ) 313.15 K; O,31 ],38,39 T ) 323.15 K; 0,38,39 T ) 343.15 K.
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to determine density as a function of pressure and temperature,
if this quantity is known as a function of pressure at some
temperature, and also to calculate the isobaric molar heat
capacity as a function of pressure and temperature, if this
quantity is known as a function of temperature at some pressure
(usually atmospheric) and density is known as a function of
pressure and temperature.

Note Added after ASAP Publication: In the original version
of the article published on the Web on November 17, 2009, some
of the numerical values in Table 1 were incorrect. The corrected
version was reposted on March 1, 2010.

Supporting Information Available:

Experimental data for thermal expansivities for the studied liquids
as a function of temperature and pressure. This material is available
free of charge via the Internet at http://pubs.acs.org.
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