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Abstract The second-order derivatives of the free energy functions, i.e., isochoric
molar heat capacities, isentropic and isothermal molar compressibility, and isobaric
and isentropic molar thermal expansion, were calculated in the temperature range from
(293.15 to 318.15) K and at pressures up to 100 MPa for 1,2- and 1,3-propanediol;
1,2-, 1,3, and 1,4-butanediol; and 2-methyl-2,4-pentanediol. The data for calculations
were obtained by means of the acoustic method. The pressure and temperature depen-
dencies for the above mentioned properties are analyzed and discussed together with
the literature data on isobaric molar heat capacities. The observed marked difference
between isobaric and isentropic thermal expansion is analyzed as well. The differences
in behavior of linear 1,2-diols and «, w-diols as well as a diol with a branched carbon
chain are emphasized. The isentropic and isothermal molar compressibilities are used
to evaluate the dimensionality and relative rigidity of H-associates.

Keywords Alkanediols - Compressibility - High pressure - Isentropic expansion -
Isochoric heat capacity - Thermodynamic properties

1 Introduction

Experimental data of thermodynamic properties at elevated pressures, which are of
particular importance in the study of the liquid state, are still rather scarce. This refers,
in particular, to hydrogen-bonded liquids that are key substances in the chemical
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industry and are of utmost importance in biology. Therefore, such liquids are very
interesting from both practical and theoretical points of view. Unfortunately, in spite
of efforts, their structure and thermodynamics are still not properly understood. Espe-
cially interesting are lower alkanediols used on a large scale as chemical intermediates,
solvents, and antifreeze; as additives in food, cosmetics, tobacco, and pharmaceutics;
as lubricants in the food industry; and as components of operating liquids in refriger-
ating and thermostatting systems [1]. This group of compounds is also widely used in
cryobiology [2] and can be used as protein-stabilizing agents [3,4]. Moreover, lower
alkanediols can be treated as specific model substances (which exhibit two donor and
two acceptor functions) for much more complicated molecules and macromolecules
of biological materials. Due to the presence of two hydroxyl groups in the alka-
nediol molecule, intermolecular hydrogen bonding leads to a chainlike or ringlike
strong molecular association and spatial structure ordering in the liquid phase. As a
consequence, the properties of such substances depend significantly not only on the
characteristics of the individual bonds but also on the structure of H-associates. At
the same time, alkanediols (first of all a, w-diols) have the ability to form intramole-
cular hydrogen bonding within the molecule (5-, 6-, or 7-atom, H-bonded rings). The
propane- and butanediols, in particular, are interesting because their structures result
in different isomers with a possibility of change in the relative positions of hydroxyl
groups along the alkyl chain.

The present work complements previous reports about the effect of pressure and
temperature on acoustic and thermodynamic properties of selected alkanediols by
means of the acoustic method [5-8]. The present study is aimed at the effects of pres-
sure p and temperature 7' on the second-order derivatives of the free energy functions
in order to provide data for a better knowledge about the behavior of hydrogen-bonded
liquids under elevated pressures. In particular, the differences in behavior of linear 1,2-
diols and a, w-diols as well as a diol with a branched carbon chain will be emphasized.
The second-order derivatives of the free-energy functions calculated in this work are:
the isochoric molar heat capacity Cy, isentropic and isothermal molar compressibil-
ity, K5 and K7, and isobaric and isentropic molar thermal expansion, £, and Ejg.
The calculations have been made in the temperature range from (293.15 to 318.15)
K and at pressures up to 100 MPa for 1,2- and 1,3-propanediol; 1,2-, 1,3, and 1,4-
butanediol; and 2-methyl-2,4-pentanediol. All data for calculations are taken from our
previous reports [5—8]. It should be noted that the Cy (p, T), Ks(p, T), Kr(p, T),
Ey(p,T), and Eg(p, T) data together with the C,,(p, T) data reported previously
[5-8] form a compact set of molar thermodynamic properties obtained via speed-
of-sound measurements as a function of p and 7. The advantages of this method
(relative simplicity, rapidity, and accuracy) make it a very attractive and reliable alter-
native to the direct experimental measurements under elevated pressures, for both
“classical” organic liquids [9] and room-temperature ionic liquids [10,11]. It is also
worthy of note that according to the concept of Gibbsian and non-Gibbsian properties
[12], Cp, Ep, and K7 are Gibbsian properties, whereas Cy, Eg, and Kg are non-
Gibbsian properties. Nevertheless, the latter can be expressed in terms of Gibbsian
properties [12].

To the best of the present writer’s knowledge, the properties reported in this work
have not been studied yet in such temperature and pressure conditions.
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2 Calculations of the Second-Order Derivatives of the Free-Energy Functions at
Elevated Pressures by Means of the Acoustic Method

Because at elevated pressures the direct experimental determination of thermodynamic
properties is rather difficult, an indirect acoustic method [5-10,13-16] is very use-
ful. In the assumed absence of dispersion phenomena (dissipative processes can be
neglected), the speed of sound # may be regarded as a thermodynamic equilibrium
quantity (Newton-Laplace relation) which is closely related to the material constants
such as density p and the isentropic compressibility coefficient «g,

u = (pis) /%, (1)

Generally, the acoustic method is based on the speeds of sound measured as functions
of T and p as well as on the density and heat capacity measured as functions of 7" at
atmospheric pressure. For obtaining the related (to the speed of sound) thermodynamic
properties, the speed-of-sound data must be firstly approximated and then integrated
in the experimental (p, T') range. In the calculations, a modified numerical procedure
(which is based on the earlier suggestions of Davies and Gordon [14] in this field)
according to Sun et al. [13] has been applied. As reference densities and isobaric
heat capacities, the smoothing functions of temperature at the reference pressure pg
(here atmospheric) were used. Finally, the appropriate integration procedure of the
following relation:

p
o(p,T) = p(po, T) +/u‘2dp+TM/af,C;1dp )
Po

gives the isobars of density and isobaric heat capacity covering the pressure and temper-
ature ranges for the speed-of-sound measurements. The first integral on the right-hand
side can be obtained directly, whereas for the second integral, an appropriate integra-
tion procedure must be used. Note also that the first integral is significantly larger than
the second one. Generally, however, the values of the heat capacities obtained in this
way are less reliable than the values of densities [5-8,13,15] The respective uncer-
tainties estimated by means of the perturbation method [13,15] (the speed of sound is
taken into account as a main source of the uncertainty) are expected to be better than
40.3 % and 40.02 % for the isobaric heat capacity and density, respectively [5—8].
However, as reported previously [7,17], the total uncertainties (including a compari-
son of most results obtained in our laboratory with those obtained in other laboratories
by different methods) can be estimated roughly to be better than 1 % and £0.05 %
for the heat capacity and density, respectively. In my opinion, however, this is a rather
pessimistic estimation, and as stated very recently [18], the uncertainties should be
better.

Fromthebasicsetofu(p, T'), p(p, T),and Cp,(p, T) datareported earlier [5-8], the
related properties covering the (p, T') range of the speed-of-sound measurements can
be calculated. The E,(p, T), Ks(p, T), and K7(p, T) values are calculated directly
from previously reported [5-8] coefficients of isobaric thermal expansion o, (p, T),

@ Springer



Int J Thermophys (2014) 35:890-913 893

isentropic compressibility coefficient ks(p, T), and isothermal compressibility coef-
ficient k7 (p, T), respectively, using formulas:

E, = ot,,Mpfl, 3)
Ks=xsMp™', )
KT = KTM,O_I, (5)

where M denotes the molar mass. The values of the calculated E,(p, T), Ks(p, T),
and K7 (p, T) are reported in Electronic Supplementary Material. Simultaneously, the
Cy (p, T) values were calculated from the relation:

Cv=Cp— E;TK;, (6)

while for calculation of the lesser known Eg(p, T') values, the following relation was
used:
Es=—C,KsT™'E,". (7)

3 Experimental

All experimental procedures and techniques for the speed-of-sound measurements
as a function of p and T, density measurements as a function of 7 at atmospheric
pressure, and isobaric heat capacity measurements as a function of 7' at atmospheric
pressure were reported previously [5-8,19]. In Table 1, the basic information about
the studied samples is summarized together with the literature sources of the original
primary data on u(p, T), p(p, T), and Cp(p, T).

It should be noted that from all alkanediols studied, 1,4BD shows the highest
freezing temperature (7 = 292.80 K) at atmospheric pressure [20]. Thus, in the
case of 1,4BD, the pressure range at temperatures (293.15, 298.15, and 303.15) K
is limited due to freezing. According to [21], the freezing pressure near 50 MPa at
T = 298.15K corresponds with that at 7 = 299.11 K, 40 MPa to 70 MPa, esti-
mated from the high-pressure expansivity measurement [22]. And so, the freezing

Table 1 Provenance, purity, and references for data on speed of sound u(p, T'), density p(p, T'), and
isobaric heat capacity C (p, T) for the alkanediols studied

Chemical name Acronym CAS Supplier Purity References
(mass fraction)

1,2-Propanediol 1,2PrD 57-55-6 Fluka >0.995 [6]
1,3-Propanediol 1,3PrD 504-63-2 Fluka >0.990 [6]
1,2-Butanediol 1,2BD 584-03-2 Aldrich >0.99 [5]
1,3-Butanediol 1,3BD 107-88-0 Aldrich >0.995 [5]
1,4-Butanediol 1,4BD 110-63-4 Fluka >0.995 [8]
2-Methyl-2,4-pentanediol 2MPD2.4 107-41-5 Aldrich >0.99 [7]

@ Springer



894 Int J Thermophys (2014) 35:890-913

point at atmospheric pressure and data at 7 = 298.15K give a sufficient indica-
tion of the range of pressure that might safely be applied in acoustic experiments
(46 and 91) MPa at (298.15 and 303.15) K [8] without running into the freezing
curve.

All molar masses used in this work are based on the 2007 IUPAC relative atomic
masses [23].

4 Results and Discussion

For all the alkanediols discussed in this work, the thermodynamic properties at the
temperature 298.15 K and atmospheric pressure are listed in Table 2. Initial inspection
of Table 2 reveals essential differences between the £, and Eg values, both in sign
and magnitude (discussed in Sect. 4.3). Moreover, an approximately linear relation
between E, and K7 can be observed, i.e., a lower isobaric thermal expansion is asso-
ciated with a lower compressibility. Some deviations from this linearity are, however,
observed for 2MPD2,4 and in particular 1,5PD, i.e., for a diol with a branched carbon
chain and a diol where rather older literature data were used.

Table 2 Molar thermodynamic properties of alkanediols at 298.15 K and atmospheric pressure: molar
isobaric and isochoric heat capacities, Cp, and Cy, molar isentropic and isothermal compressibilities, K g
and K7, as well as molar isobaric and isentropic expansion, E and Eg

Alkanediol C,(J-mol™'- Cy(J-mol™!. Kg(m® PPa~'. Ky(m3-PPa~!-10%. E, (m?. 10%. Eg(m?-
K K mol~1) mol~1) mol~! - K~  mol~!.K 1)
1,2ED? 151.05¢ 133.31 18.40° 20.86° 3.531 —26.41
1,2PrD 190.094 167.0 31.37 35718 5.261 —38.01
1,3PrD 176.624 157.73 26.16 29.29i 431 —36.01
1,2BD 230.94° 201.2 42.93% 48.85F 6.74% —48.9%
1,3BD 219.62f 195.3 38.81% 43.65% 5.97% —47.9%
1,4BD 203.06° 181.6! 34.24! 38.29! 5.31! —44.4!
2MPD2,4  262.25% 231.0™ 83.56™ 94.88™ 10.1™ —73.7™
1,5PD® 232.49" 192.6" 41.77° 49.34p 8.21P —39.7"

2 12ED = 1,2-ethanediol

b 1,5PD = 1,5-pentanediol

¢ Ref. [20]

d Ref. [6]

¢ Ref. [19]

f Ref. [25]

& Ref. [7]

h Ref. [26]

f Calculated from data reported in Ref. [24]
J Calculated from data reported in Ref. [6]

kK Calculated from data reported in Ref. [5]
! Calculated from data reported in Ref. [8]
™M Calculated from data reported in Ref. [7]
" Calculated from data reported in Ref. [27] and isobaric heat capacity taken from Ref. [26]
O Ref. [24]

P Calculated from data reported in Ref. [27]
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4.1 Heat Capacity

Both C, and Cy (the second-order temperature derivatives of the Gibbs- and
Helmbholtz-free energy, respectively) belong to the most important thermophysical
properties of matter. They are extensive measurable state functions linked to the tem-
perature dependence of such fundamental thermodynamic quantities as enthalpy, inter-
nal energy, and entropy. It should be noted that an extensive review on the importance
of heat capacities of non-electrolytes was given recently by Wilhelm [28]. Generally,
C, is the quantity of interest from a practical point of view, while Cy is the thermo-
physical property needed in more theoretically oriented work. In other words, in spite
of the importance of the isobaric molar heat capacity, a knowledge of the complemen-
tary isochoric molar heat capacity is indispensable for a better understanding on the
molecular level. Direct calorimetric measurements of Cy are rather rare and mostly
near the critical point, where the isochoric thermal pressure coefficient is much smaller
than at temperatures far below the critical temperature [28]. In this last case, the direct
calorimetric determination is very difficult and the molar isochoric heat capacity is
determined mostly indirectly by means of the acoustic method; for example, from
Eq. 6 or an equivalent [18]. The calculated values of Cy are summarized in Table 3.
As stated in previous work [5—8], the isobaric heat capacities increase with increas-
ing temperature (at constant pressure) and decrease with increasing pressure (at con-
stant temperature). In the investigated (p, T) range, however, the effect of pressure
is smaller than that of temperature. In other words, the effect of pressure reduces the
magnitude of C,(T') by a small amount, without significantly changing its temper-
ature dependence. Figure 1 shows the effect of pressure on C,, and Cy (for clarity
only at T = 298.15 K) for all alkanediols studied, whereas Fig. 2 shows the effect of
temperature on C, and Cy at p = 100 MPa. As seen, C,, decreases with increasing
pressure very similarly for the 1,2-, and 1,3-, isomers. In the case of 1,4BD, the depen-
dence is a little weaker and the C), values for butanediols are in the order: 1,2BD >
1,3BD > 1,4BD over the whole investigated range. In the case of propanediols, the
C)p values are in the order: 1,2PrD > 1,3PrD. Generally, the C p values are in the
order: 2MPD2,4 > 1,2BD > 1,3BD > 1,4BD > 1,2PrD > 1,3PrD. In the case of Cy,
the temperature—pressure effects show similar trends as in the case of C,, however,
the effect of pressure on Cy is very weak, much weaker than in the case of C,. In
practice, Cy is almost pressure independent here (especially at lower temperatures).
However, it should be noted here that in the case of 2MPD2 .4, this very weak pres-
sure dependence of Cy shows a positive trend (opposite behavior to that of the linear
diols). It is worth noting that in the present study, no minima on the isotherms of
heat capacities for investigated alkanediols are observed (probably on account of the
limited (p, T) range); however, the minima on the isotherms of heat capacities are an
inherent property of dense simple liquids [29]. At the same time for highly associated
liquids, it is suggested that the minima on the heat capacity isotherms appear only
at high temperatures (considerably higher than in the present study) and are shifted
to lower pressures with an increase in temperature [29]. From this point of view, the
Cy behavior in the case of 2MPD2.,4 is rather unusual, more similar to those for sim-
ple liquids than those for highly associated liquids. The magnitude of the Cy values
(Fig. 1b) is, however, on the same order as in the case of the C, values (Fig. 1a).
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Table 3 Molar isochoric heat

capacities (Cy ) calculated by the
use of the acoustic method for 293.15 29815 303.15 308.15 313.15 318.15
1,2- and 1,3-propanediol, 1,2-,
1,3-, and 1,4-butanediol as well ],2—Pr0panediolb
as 2-methyl-2,4-pentanediol at

pMPa) Cy(d-mol~! - K~ 1yat T(K)

various temperatures (T) and 0.1% 165.3 167.0 168.7 170.4 172.1

pressures (p) 10 165.0 166.7 168.4 170.1 171.8
20 164.8 166.5 168.1 169.8 171.5
30 164.6 166.3 167.9 169.6 171.3
40 164.4 166.1 167.7 169.4 171.1
50 164.3 165.9 167.5 169.2 170.9
60 164.1 165.7 167.4 169.0 170.7
70 164.0 165.6 167.2 168.8 170.5
80 163.8 165.4 167.1 168.7 170.3
90 163.7 165.3 166.9 168.5 170.2
100 163.6 165.2 166.8 168.4 170.0
],3-Pr0panediolb
0.14 156.0 157.7 159.6 161.4 163.3 165.1
10 155.9 157.6 159.4 161.3 163.1 165.0
20 155.8 157.5 159.3 161.2 163.0 164.9
30 155.7 157.5 159.2 161.1 162.9 164.8
40 155.6 157.4 159.2 161.0 162.8 164.7
50 155.5 157.3 159.1 160.9 162.7 164.6
60 155.5 157.2 159.0 160.8 162.6 164.5
70 155.4 157.2 158.9 160.7 162.5 164.4
80 155.4 157.1 158.9 160.6 162.4 164.3
90 155.3 157.0 158.8 160.6 162.3 164.2
100 155.2 157.0 158.7 160.5 162.3 164.1
1,2-Butanediol®
0.12 197.6  201.2 2047 2079 211.1
10 197.2  200.8  204.3 207.5  210.6
20 196.9  200.5 2039 207.1 210.2
30 196.6  200.1 203.5 206.8  209.8
40 196.3 199.8  203.2 2064  209.5
50 196.0 199.6 2029  206.1 209.2
60 195.7 199.3  202.6  205.8  208.8
70 195.5 199.0 2024 2055  208.5
80 195.3 198.8  202.1 205.3  208.2
90 195.0 198.,5 201.8 2050 207.9
100 194.8 198.3  201.6 2047  207.7
1,3-Butanediol®
0.12 192.9 195.3 197.8 2004 2029  205.5
10 192.6 195.1 197.5 200.1 202.6  205.2
20 192.4 194.8 197.3 199.8  202.3 204.9
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Table 3 continued »(MPa) Cy(l- mol—1 . K_l) 2t T(K)
293.15 298.15 303.15 308.15 313.15 318.15
30 1922 1946  197.1  199.6  202.1  204.6
40 1920 1944 1969 1993  201.9  204.4
50 191.8 1942 1967  199.1  201.6  204.2
60 1917 1941 1965 1989 2014  203.9
70 191.5 1939 1963 1987 201.2  203.7
80 1913 1937 1961 1986 201.0  203.5
90 1912 1936 1960 1984  200.8  203.3
100 191.0 1934 1958 1982  200.6  203.1
1 ,4—Bumnediold
0.12 181.6 1840 1864 1889 1914
10 1815 1838 1863 1887 1913
20 181.4 1837 1861  188.6  191.1
30 1813 1837 1860 1885  191.0
40 1813 1836 1859 1884  190.9
50 1835 1858 1883 1908
60 1834 1857 1882  190.6
70 1833 1856  188.1  190.5
80 1832 1856 1879 1904
90 1832 1855 1878  190.3
The relative combined standard 100 185.4 187.7 190.2
EI:Cre(r?‘l/r;ty:u(L)g;Cv 2-Methyl-2,4-pentanediol®
a Calculated from direct 0.12 2272 231.0 2348 2387 242.8 2470
measurements of density, speed 10 2273  231.0 2348  238.8 2428 2470
2;;;’;?;a‘:“;‘:nllz(’:;‘fel:l?;feswre 20 2274 231.1 2349 2389 2429  247.1
b Calculated from data reported 30 2276 2313 2351 2390 2430 2472
in Ref. [6] 40 2278 2314 2352 2391 2431 2472
¢ Calculated from data reported 5, 2279 2316 2353 2392 2432 2473
finéiﬁ[lied from data reported 00 228.1 2317 2355 2393 2433 2474
in Ref. [8]; at lower 70 2282 2319 2356 2394 2434 2474
temperatures pressure range 1s 80 2284 2320 2357 2395 2434 2474
limited due to freezing
¢ Calculated from data reported 90 2285 2321 2358 239.6 2434 2474
in Ref. [7] 100 2286 2322 2358 239.6 2435 2474

The decrease of C), with increasing pressure (decreasing volume) can be explained
by an increasing molecular order. According to Forsman et al. [30], three factors
are responsible for the variation of heat capacity with pressure: the free volume
for molecular vibrations, intramolecular vibrations, and rotational degrees of free-
dom. On the one hand, isothermal compression reduces the free volume and the
amplitude of molecular vibrations independently of the shape molecules. On the
other hand, changes in rotations depend significantly on the symmetry of the mole-
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Fig. 1 Molar heat capacities, isobaric C), (a) and isochoric Cy (b), plotted against pressure p at T =
298.15K for: (A), 1,2-propanediol; (A), 1,3-propanediol; (<>) 1,2-butanediol; (o), 1,3-Lbutanediol; (e),
1,4-butanediol; and (M), 2-methyl-2,4-pentanediol. Lines to guide the eye. C P values are taken from [5-8]
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Fig. 2 Molar heat capacities, isobaric Cp, (a) and isochoric Cy (b), plotted against temperature T at
p = 100 MPa for: (A), 1,2-propanediol; (A), 1,3-propanediol; (<>) 1,2-butanediol; (o), 1,3-butanediol; (e),
1,4-butanediol; and (M), 2-methyl-2,4-pentanediol. Lines to guide the eye. C values are taken from [5-8]

cules and rotations along the longer axis are less hindered by pressure in the case
of 1,3PrD and 1,4BD, whereas in the case of 2MPD?2,4, hindering is the highest.
Thus, the pressure dependence of the heat capacity is weaker for substances con-
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2.5 —e— o —
sk ‘ . ‘ . .
0 20 40 60 80 100
p, MPa

Fig. 3 Ratio of the heat capacity difference to gas constant, (C, — Cy)/R, plotted against pressure p
at 7 = 298.15K for: (A), 1,2-propanediol; (A), 1,3-propanediol; (<>) 1,2-butanediol; (o), 1,3-butanediol;
(W), 1,4-butanediol; (e), 2-methyl-2,4-pentanediol; and (x), 1,2-ethanediol. Lines to guide the eye. In the
case of 1,2-ethanediol, data for calculation are taken from [32]

sisting of symmetrical molecules than for unsymmetrical ones. Examination of the
effect of T and p on heat capacities of branched alkanols leads Cerdeirifia et al.
[31] to the conclusion that the association contribution to (0Cp,/dp)r is significantly
less important than the non-specific one, whereas (dC,/9T), is dominated by the
association contribution. More difficult is the interpretation of Cy, since this quan-
tity depends on the various external and internal degrees of freedom of the mole-
cules.
The pressure behavior of the difference in molar heat capacities,

Cp—Cy =TE.K;' ®)

is shown in Fig. 3 (for clarity only at 7' = 298.15 K) as the ratio (C, — Cy)/R where
R is the universal gas constant (R = 8.3147J- mol~! -K*I). Note that values for 1,2ED
are calculated from the data reported very recently by Atilhan and Aparicio (), and
kr are derived from density measurements under elevated pressures by means of a
vibrating-tube densimeter) [32]. Interestingly, o, w-diols show the smallest values of
Cp — Cy. Both for propanediols and butanediols, with an increase in the distance
between hydroxyl groups, the difference C;, — Cy decreases. At the same time, the
highest values and strongest pressure dependence show 2MPD2.4, i.e., the diol with
a branched carbon chain. The magnitude of C,, — Cy changes in the order: 1,2ED
< 1,3PrD < 1,4BD < 1,2PrD < 1,3BD < 1,2BD < 2MPD2,4. Generally, it appears
that in all the cases studied, the isotherms of C}, — Cy do not cross over the pressure
and temperature ranges investigated in this study. As has been reported by Randzio
et al. [33], also in the case of 1-hexanol, the isotherms do not cross in the pressure
and temperature ranges from the saturation line to 400 MPa and (303 to 503) K,
respectively. Such behavior is different from that observed for n—hexane because
the respective isotherms for n—hexane exhibit a unique crossing point at 20 MPa for
Cp — Cy = 5R [34]. Thus, the behavior of non-associating liquids differs from the
behavior of associating liquids.
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Fig.4 Molar isentropic compressibility K g plotted against temperature 7" at pressure p = 0.1 MPa (a) and
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It is also noteworthy that the ratio of heat capacities C),/Cy changes along the
isobars very slightly. For linear diols, this ratio increases very slowly with increasing
temperature, whereas for 2MPD2 4, a slight decrease is observed. However, the ratio
Cp/Cy decreases more evidently with increasing pressure along isotherms.

4.2 Compressibility

As is known, the compressibilities may be considered to be the sum of the instanta-
neous compressibilities due to the compression of the molecules and intermolecular
distance, and the structural compressibility due to the breakdown of the intermolecu-
lar H-bonds and the reorganization of the clusters (associates). According to Grineva
[35], the values of the molar isentropic compressibility Ks(Ks = —(dV/dp)s) and
plots of Kg(T), make it possible to draw conclusions about the dimensionality and
relative rigidity of H-associates in liquids. Figure 4 shows the values of Kg(T'),
for alkanediols studied together with the values for 1,2-ethanediol (1,2ED) taken
from [24] and [36]. As seen, the dependency of Kg on temperature is almost lin-
ear. The linearity of the isobars increases with increasing pressure and, at the same
time, the higher the pressure the smaller is the temperature dependence. Moreover,
the sequence of magnitude of Kg(7), is: 1,2-ED < 1,3PrD < 1,2PrD < 1,4BD
< 1,3BD < 1,2BD < 2MPD2,4. The differences in magnitude are very clear at
atmospheric pressure (Fig. 4a); however, at elevated pressure p = 100 MPa (high-
est pressure in this study), the differences are distinctly smaller (Fig. 4b). Thus, the
difference in K¢ values decreases appreciably with pressure. It is especially visible
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Fig. 5 Molar isentropic Kg (a) and isothermal K7 (b) compressibility plotted against number of carbon
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from [24]. Data for 1,5-pentanediol calculated from [37]. In the case of K7, additional data for (A), 1-2-
alkanediols taken from [32]

for isomeric propane- and butanediols. At p = 100 MPa, the values for 1,2- and
1,3-propanediol are very close. A similar behavior is observed for 1,2-, 1,3-, and
1,4- butanediol. This is very interesting. Clustering of Kg values for isomeric alka-
nediols can be related with increasing similarity of local structures with increasing
pressures (decreasing volume), or in other words, with a decreasing role of hydrogen
bonding with increasing pressures. In the case of butanediols, the highest compress-
ibility of 1,2BD can be explained as a result of lower dimensionality and relatively
low rigidity of H-associates in comparison with 1,3BD, and especially 1,4BD [8].
As stated earlier [8], also the effect of density cannot be neglected because, as a
general rule, liquids with lower densities (here 1,2BD and 1,3BD) tend to be more
compressible. Moreover, as already reported in [8], the above explanation is in agree-
ment with the sequence of the boiling temperatures for isomeric butanediols, i.e., the
boiling temperature increases from 1,2BD via 1,3BD to 1,4BD. Finally, we also note
that the magnitude of the dielectric permittivity changes in the same sequence, i.e.,
increases from 1,2BD to 1,4BD [37]. A similar behavior is shown by propanediols.
Here, isomer 1,2- also shows a higher compressibility than isomer 1,3- and the den-
sity of 1,2PrD is smaller than that of 1,3PrD [6]. The same agreement is observed
for normal boiling temperatures (1,2PrD (462.15 K) < 1,3PrD (486.65 K) [20]) and
polarities [38]. Very high compressibility, the highest of all the diols under considera-
tion, is seen in 2MPD2,4 due to its branching carbon chain. Thus, the existence of the
side methyl group strongly affects the compressibility in comparison with the linear
alkanediols.
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Taking into account the data about crystal structures of diols, Grineva [35] pos-
tulated that the structure of 1,4BD is characteristic for all subsequent even o, w-
diols, while the structure of 1,3PrD is an exception, because a framework of H-
associates is formed in the crystals of the higher odd o, w-diols. Generally, it can
be assumed that lengthening of the molecule, which is connected with an increased
number of possible conformers, leads to higher compressibility. In other words, the
magnitude of the Kg values for alkanediols studied is sensitive to the carbon chain
lengths of the diol molecules, i.e., as the length of the carbon chain is increased,
K increases. Interesting is the relation between the K values and carbon chain
length for a series of o, w-, and 1,2-diols. As shown in Fig. 5a, at pg = 0.1 MPa and
T = 298.15 K, the dependencies between K g and the number of carbon atoms 7 in the
diol molecule are linear; however, the effect of elongation of the carbon chain length
in o, w-, and 1,2-diols is different. In the case of 1,2-diols, K¢ increases more rapidly
than in the case of o, w-diols. Fitting the present and literature data [24,27] (pg =
0.1MPa, T = 298.15K) jointly, with all the points weighted equally, yielded the
relations,

Ks(1, 2-diols) = —5.895 + 12.265n ©)
Ks(a, o-diols) = 2.776 + 7.819n (10)

with a standard deviation from the regression line of (£0.58 and 4-0.16) m3-PPa~!.
mol ™!, respectively.

Thus, the results show that the —CHj, group contribution to K is clearly higher
for isomers with two adjacent hydroxyl group (1,2-), whereas the increase of carbon
chain length with a simultaneous increase in the distance between the hydroxyl groups
(o, w-) leads to the smaller —CH, group contribution. Similar linear relations are
also observed in the case of Ky (Fig. 5b). Here, the following dependencies (T =
298.15K, pg = 0.1 MPa) are valid:

K7 (1, 2-diols) = —6.80 + 13.95n (11)
K7 (o, w-diols) = 1.19 4 9.48n (12)

with a standard deviation from the regression line of (£0.51 and +0.81) m’-PPa~!.
mol~!, respectively. Here, in the fitting procedure, apart from our own data, the K7
values calculated from literature data were used [27,32,39].

As can be expected on the grounds of similarity of the pressure—temperature depen-
dencies of the isentropic and isothermal compressibilities, i.e., intensive volume-
specific properties [5—8], also the isobars and isotherms of the molar isothermal com-
pressibility are similar to those observed for the molar isentropic compressibility.
In fact, the pressure—temperature dependence of the molar isothermal compressibil-
ity K7 (Kr = —(0V/9dp)r) and plots of K7 (T), are very similar to those for the
molar isentropic compressibility. The magnitude of K7 (Fig. 6) is of the same order
(2MPD2,4 > 1,2BD > 1,3BD > 1,4BD > 1,2PrD > 1,3PrD > 1,2ED) as in the
case of Kg (Fig. 4). Thus, in the case of both propanediols and butanediolsm, o, w-
diols show also the smallest isothermal compressibility. It can be also concluded that
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Fig.6 Molarisothermal compressibility K 7 plotted against temperature 7" at pressure p = 0.1 MPa (a) and
at p = 100 MPa (b) for: (A), 1,2-propanediol; (A), 1,3-propanediol; (<>) 1,2-butanediol; (o), 1,3-butanediol;
(o), 1,4-butanediol; (M), 2-methyl-2,4-pentanediol; and (x), 1,2-ethanediol [24,36]. Lines to guide the eye

plots of K7(T), can be used to evaluate the dimensionality and relative rigidity of
H-associates in a similar manner as plots of Ks(T), but this application is rather
restricted to atmospheric pressure.

Contrary to linear in practice dependencies on temperature, the dependencies of K g
and K7 on pressure evidently have a nonlinear character (Fig. 7), and the non-linearity
of the K and K7 isotherms increases with increasing temperature (not shown). Simul-
taneously, both Ks and K1 depend significantly on pressure for pressures close to
atmospheric, while the pressure effect on the compressibility is gradually decreasing
with increasing pressure. Thus, all the liquids studied become less compressible as
the pressure increases and, at high enough pressure, the liquid approaches a value
corresponding to a close-packed structure. In this study, however, this point cannot be
assessed directly because the pressure range was not high enough.

The differences between K1 and K5 are related by the equation,

Ky —Ks=TE;C," (13)

which is expressed in terms of Gibbsian properties only. Figure 8 shows the effect of
pressure on this difference in the form of relative changes 100(K7 — Kg)/K7. As
seen, the relative changes fall as the pressure increases. The effect of the pressure
is the greatest in the case of 2MPD2.4; however, the relative changes do not exceed
2 % over the whole pressure range. Generally, the relative differences are the smallest
for o, w-diols and the greatest for 1,2-diols. In the case of temperature, the effect is
weaker, i.e., the relative changes increase very slowly with increasing temperature.
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1,4-butanediol; (M), 2-methyl-2,4-pentanediol; and (x), 1,2-ethanediol. Lines to guide the eye. In the case
of 1,2-ethanediol, data taken from [32]

13.0

12.5¢ ]

12.0

11.5

11.0

10.5

100-(Kr - Kg)/Kr

10.0

9.5 1

gl . . . . .
0 20 40 60 80 100

p, MPa

Fig. 8 Relative difference (K7 — Kg)/Kr plotted against pressure p at T = 298.15K for: (A), 1,2-
propanediol; (A), 1,3-propanediol; (<>) 1,2-butanediol; (o), 1,3-butanediol; (e), 1,4-butanediol; and (H),
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Note that the relative standard uncertainties of the compressibility values (at ele-
vated pressures) reported in this work are estimated to be +0.25% and £0.5 % for
isentropic and isothermal compressibilities, respectively. It should be noted that the
agreement of the K7 values reported in this work (obtained by the acoustic method)
and those calculated from data of Atilhan and Aparicio [32] (derived from p(p, T)
measurements by means of a vibrating-tube densimeter) is excellent (see Eqgs. 11,
12; Fig. 5b). Note also that the results of the pressure study reported by McDuffie et

@ Springer



Int J Thermophys (2014) 35:890-913

905

Table 4 Molar isentropic
expansion (Eg) calculated by the
use of the acoustic method for
1,2- and 1,3-propanediol, 1,2-,
1,3-, and 1,4-butanediol as well
as 2-methyl-2,4-pentanediol at
various temperatures (7') and
pressures (p)

p (MPa) 108 Eg(m® -mol~! - K1) at T(K)

293.15 298.15 303.15 308.15 313.15 318.15
I,2-Pr0panediolb
0.12 —-379 -—-38.0 —381 383 —384
10 -370 -37.0 -37.1 =372 374
20 -36.2 —36.2 -—363 364 364
30 —-354 355 =355 =356 356
40 —34.8 —348 —348 349 349
50 —342 =342 342 342 =342
60 —-336 —33.6 —-33.6 336 —33.6
70 —-33.1 —-33.1 =331 -33.1 -33.1
80 —-32.6 —326 326 —32.6 —325
90 —-322 —-321 =321 =321 =320
100 -31.8 =317 -=-31.7 =316 -31.6
],3—Propanediolb
0.1% —-359 =360 -36.1 363 —364 -—36.6
10 —-353 354 355 =356 357 =359
20 —347 —348 =349 350 =351 =352
30 —342 =342 343 344 345 346
40 —337 =337 =338 =339 340 -34.1
50 —-332 333 333 334 335 -336
60 -328 -329 -329 -329 -33.0 -—33.1
70 —-324 -—324 325 325 326 326
80 —-32.1 =321  -32.1 —32.1 =321 322
90 -31.7 =317 =317 -=31.7 =317 =318
100 -314 =314 =313 =313 =314 =314
1,2-Butanediol®
0.12 —48.3 —489 —-494 -50.0 —50.5
10 —469 —474 —479 —484 488
20 —45.6 —46.1 —465 470 474
30 —44.5  —449 453 457 —46.0
40 —434  —438 —442 446 —449
50 —42.5  —429 432 435 —438
60 —41.6 —42.0 —423 425 428
70 —40.8 —41.1 —414 —41.6 —419
80 —40.0 —403 —40.6 —40.8 —41.0
90 —-39.3 —39.6 —39.8 —40.0 —40.2
100 —-38.6 —389 —39.1 392 -394
1,3-Butanediol®
0.12 —47.8 —479 —481 —483 —48.6 —489
10 —46.7 —46.8 —47.0 —472 474 476
20 —458 —459 —46.0 —46.1 —463 —46.5
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Table 4 continued

The relative combined standard
uncertainty uc , is

uc,r(Eg) =0.03Eg

4 Calculated from direct
measurements of density, speed
of sound, and isobaric heat
capacity at atmospheric pressure
b Calculated from data reported
in Ref. [6]

¢ Calculated from data reported
in Ref. [5]

d Calculated from data reported
in Ref. [8]; at lower
temperatures pressure range is
limited due to freezing

¢ Calculated from data reported
in Ref. [7]

p (MPa) 108 Eg(m® -mol~! - K1) at T(K)

293.15 298.15 303.15 308.15 313.15 318.15

30 —449 —450 —45.1 —452 —453 455
40 440 _44D _443 _444  _445 —446
50 —435 —435 —435 —43.6 —43.7 —438
60 —42.8 —428 —429 —-429 —43.0 —430
70 —422 —422 —422 —422 —423 423
80 —41.6 —41.6 —416 —41.6 —41.6 —41.7
90 —41.1 —41.1 —41.1 —41.0 —41.0 —41.1
100 —40.6 —40.6 —40.5 —-40.5 —40.5 —40.5
1,4-Butanediold

0.12 —44.4  —447 —450 453 —456
10 —43.6 —438 —44.1 —444 —446
20 —429 —43.1 —433 —435 —438
30 —422 424 —425 —42.8 —43.0
40 —41.6 —41.7 —-419 —42.1 —42.3
50 —41.1 —41.2 —414 —-41.6
60 —40.5 —40.7 —40.8 —409
70 —40.0 —40.1 —40.2 —40.4
80 -395 -39.6 —39.7 —-39.8
90 -390 -39.1 —-392 -393
100 —38.6 —38.7 —38.8
2-Methyl-2,4-pentanediol®

0.12 -723 =737 =751 =767 =783 =799
10 -699 -71.2 -726 =740 =754 -76.9
20 -68.0 —-69.2 -704 -71.7 =730 744
30 —-663 —-674 —-686 —69.8 —-71.0 -723
40 —649 —-659 —-669 —-680 —69.2 704
50 —63.5 —645 —655 —66.5 —67.6 —68.6
60 —-624 —-633 —-642 —65.1 —66.1 —67.1
70 -61.3 —-62.1 —-63.0 —-63.8 —64.7 —65.6
80 —-60.3 —-61.0 —-61.8 —62.6 —63.5 —64.3
90 -594 -60.1 —-60.8 —61.5 —62.3 —63.0
100 —-58.5 —59.1 -598 —-60.5 —-61.2 —61.9

al. [40] (the variable volume cell with bellows) are consciously omitted in this work
on account of large deviations between mentioned data (obtained by differentiation
procedure of the p(p, T') dependencies [40]) and those presented in this work. For
example, at atmospheric pressure and room temperature 7 = 293 K, the deviations
of the x7 values are approximately —10 % and —11 % for 1,3BD and 2MPD?2.4,
respectively. At higher pressures, however, the observed consistency is better, and for
example, at 100 MPa the deviations are approximately 1.6 % and 3.2 %. Moreover,
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Fig. 9 Difference E, — Eg plotted against pressure p at T = 298.15K for: (A), 1,2-propanediol;
(A), 1,3-propanediol; (<) 1,2-butanediol; (o), 1,3-butanediol; (o), 1,4-butanediol; and (M), 2-methyl-2,4-
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summing up this section, all findings stated above confirm a rather known fact that
both compressibilities give generally similar information.

4.3 Expansion

As is known, the molar isobaric expansion E, is the second mixed derivative of the
Gibbs free energy with respect to pressure and temperature, and can be rather eas-
ily obtained directly from volumetric measurements at isobaric conditions. A lesser-
known thermodynamic property is the molar isentropic expansion Eg (the second
mixed derivative of the Helmholtz free energy with respect to pressure and temper-
ature) that is thermodynamically related to the speed of sound and is thus indirectly
accessible by the acoustic method. Direct experimental determination in the case of
Eg is not realizable because of the isentropic conditions. It should be noted that some-
times this property has been qualified as being of little interest [41]. On the other
hand, Reis et al. [42] stated that it is a very interesting and useful thermodynamic
property, especially in the case of liquid mixtures. An interesting discussion about
equations which link isobaric and isentropic expansion is given in [43]. However, as
stated in this reference, “complications are encountered in understanding isentropic
expansions without the redeeming feature of practical accessibility via an analoque
of the Newton-Laplace equation” [43]. E, and E are defined by partial differentials,
ie,E,=(0V/oT), and Eg = (0V/9T)s, respectively. Thus, E,, and Eg describe
the change in molar volume upon an increase in temperature in isobaric and isentropic
conditions, respectively. The values of £, and Eg are calculated from Eqgs. 3 and 7,
and the roughly estimated relative standard uncertainties of the E, and Eg values
are not larger than £1.5 % and £3 %, respectively. So, the obtained Eg values are
reported in Table 4. As in the case of heat capacities and compressibilities (Egs. 7, 9),
the difference £, — Eg can be calculated from Gibbsian properties using the relation

E,—Es=KrC,E,'T™". (14)
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Figure 9 shows the pressure dependence for E, — Eg at T = 298.15 K. Generally,
E, — Eg decreases monotonically with increasing pressure. Note that £, — Eg val-
ues are approximately ten times greater than £, as a consequence of the magnitude
and negative sign of Eg (see Fig. 10). Thus, in the first case, the volume increases
with increasing temperature at isobaric conditions, whereas volume decreases with
the increasing temperature at isentropic conditions in the second case. The changes
in volume are however small in isobaric conditions and relatively large in isen-
tropic conditions. For comparison, Fig. 11 shows the Eg isotherms for all stud-
ied liquids. It can be observed that the curves are not parallel in the investigated
(p, T) range and the occurrence of a crossing point can be supposed. Unfortu-
nately, the limited (p, T') range and the experimental uncertainties cannot give a clear
answer and the question is unsolved. It should also be noted that in the case of the
E,(p) isotherms indications for such a crossing are not observed in the (p, T') range
studied.

5 Concluding Remarks

A general inspection of the results shows that a lower compressibility might reasonably
be associated with a lower isobaric thermal expansion (Table 2; Fig. 12), and the latter
is known to be associated with a low vapor pressure. Interesting is also a strictly linear
dependence of K7 on E, (Fig. 12) for various pressures along each isotherm for all
diols studied (with very close slopes). As seen, the effect of pressure is the highest for
2MPD2,4 and the smallest for 1,2ED.

The analysis of the results for values of C,, — Cy, Kt — K, and E, — Eg shows
significant differences between C, — Cy and K7 — K5 on the one hand, and E, — Eg
on the other hand. The values of Cj, and Cy, as well as the values of K7 and Ky,
have the same sign and differ by less than 15 % and 14 %, respectively, whereas the
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values of E, and Eg have opposite signs and differ very significantly in magnitude.
Taking into account that the ratio C,,/Cy equals C7/Csg, the similarities in the case
of heat capacities and compressibilities are not surprising. Moreover, the constraints
for defining heat capacities are in both cases mechanical (V and p), while for defining
compressibilities are in both cases thermal (S and T'). On the contrary, the constraints
for defining expansions are different, one is thermal (§) and the other mechanical
(p). According to Reis et al. [42], this can be the essential reason for differences in
the behavior of isentropic and isobaric expansions. Furthermore, they stated that the
analysis of liquid mixtures based on the behavior of £, cannot be used to deduce the
behavior in the case of Eg. Their findings are accordant with the results of this study,
i.e., with observed significant differences in the pressure—temperature behavior of £,
and Eg.

Generally, the most striking is the difference in the properties of 2MPD2,4 and
all the rest of the alkanediols studied. In point of fact, this difference is visible for
all properties studied. First and foremost, it is due to the difference in the mole-
cular structure: 2MPD2.4 has a branched carbon chain and is a relatively unsym-
metrical molecule with terminal non-polar parts (three CHz groups), whereas all the
rest of the alkanediols have a linear carbon chain. Also, differences in the behav-
ior between the members of the series of 1,2-diols and o, w-diols are observed.
Among others, for both series, linear relations between Kx(X = S or T') and the
alkyl chain length are observed. This finding is accordant with the reported lin-
ear dependencies on a vaporization enthalpy [44-46]. As suggested by Czechowski
and Jadzyn [47] on the basis of viscous properties, hydrogen bondings in 1,2-diols
tend to create rather cyclic, micelle-like structures, whereas hydrogen bondings in
a, w-diols tend to create rather elongated, layer-like structures. The location of the
hydroxyl groups seems to be a determining factor because on the one hand, two adja-
cent hydroxyl groups at the end of the hydrocarbon chain lead to separation of the
polar and nonpolar parts of 1,2-diol molecules and micelle-like structures, and on
the other hand, two terminal hydroxyl groups (separated by the CHy— groups) lead
to the mentioned-above association in elongated layer-like structures. As reported
very recently [48], the location of the hydroxyl groups in positions 1,2- or o, ®-
leads also to a different miscibility with ionic liquids, i.e., better miscibility of
the 1,2-diols compared to o, w-diols with ionic liquids is observed. This finding
is not surprising taking into account the strength of the intermolecular hydrogen
bonds and is in excellent accordance with the conclusions about the dimensional-
ity and relative rigidity of H-associates obtained from analysis of the plots of Ks(T')
(Fig. 4)

Assuming that in liquid alkanediols a local molecular structure, similar to that in
liquid water, does exist [49], they can be thought of as a network of hydrogen bonds
spread over some specific regions (clusters). The increase in molecular interactions
(association) might be explained by an increase in the size of those clusters. This
interpretation is concordant with the cluster model of McDuffie and Litovitz [50].
According to this model, an increase in the cluster size, i.e., in the extent of mole-
cular association, should be reflected in an increase in the width of the spectrum of
relaxation times, both viscoelastic and dielectric ones. Unfortunately, the results of
viscoelastic relaxation studies do not comply fully with the analysis of Ks(7'), and
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K7(T), because the width of the viscoelastic relaxation time spectrum can be set in
the following order: 1,5PD < 2MPD2,4 < 1,3BD [51].

Lastly, itis important to comment on the intramolecular hydrogen bonding ability in
diol molecules and its effect on the thermodynamic properties studied. As noted in the
introduction, the ability to form intramolecular hydrogen bonding is shown first of all
by a, w-diols. Recently, Haufa and Czarnecki [52] reported the difference in this matter
between 1,2- and o, w- isomers of propanediol (1,2PrD and 1,3PrD). Generally, the
reports about the role and importance of intramolecular hydrogen bonding in diols in
both the liquid and gas phases are numerous. Unfortunately, in spite of many efforts,
the question is unsolved. On the one hand, both the experimental and theoretical
work suggest the presence of weak intramolecular hydrogen bonding stabilizing the
lowest energy conformers [45,53,54,56]. Moreover, the ability to form intramolecular
hydrogen bonds increases from the five-membered ring of the 1,2-isomer, via the six-
membered ring of the 1,3-isomer, to the seven-membered ring of the 1,4-isomer [55,56]
which is energetically favored. On the other hand, the presence of intramolecular
hydrogen bonding in many vicinal diols is questioned [57,58]. According to [59], the
role of intramolecular hydrogen bonding in vicinal diols has a minimal effect on the
vapor pressures and vaporization enthalpies. Intramolecular hydrogen bonding in the
liquid phase of the lower o, w-diols does not appear generally to be very important
thermodynamically. Generally, intramolecular hydrogen bonding should weaken the
ability for intermolecular bonding in the liquid phase, but reported results suggest that
diols studied prefer intermolecular hydrogen bonding and the minor importance of
intramolecular hydrogen bonding can be stated.

Although, in the present writer’s opinion, the present study extends the knowledge
on the pressure—temperature behavior of lower alkanediols, the pressure—temperature
ranges are not sufficient to yield more detailed final conclusions. In further investiga-
tions, both pressure and temperature increases should be helpful.

6 Summary

By means of the acoustic method, non-accessible directly, the Eg(p, T') values for six
lower alkanediols are calculated along (five or six) isotherms between (293.15 and
318.15) K at pressures up to 100 MPa. In the same manner also other second-order
derivatives of the free energy functions, i.e., (Cy(p,T), Ks(p, T), Kr(p, T), and
E,(p, T)) are calculated. For all of the above properties, which are not reported pre-
viously in the literature, the pressure—temperature effects are emphasized. Generally,
apart from two exceptions, the properties studied decrease with increasing pressure.
In most cases, for pressures close to atmospheric, the respective values depend signif-
icantly on pressure, while with increasing pressure, its effect is gradually decreasing.
On the other hand, for all diols studied, an increase of E¢ with increasing pressure is
observed. Moreover, in the case of 2MPD2,4, Cy also shows a weak increasing trend
with increasing pressure.

For all of the alkanediols studied, a similarity between the pressure—temperature
behavior of Cj, and Cy as well as Kg and K7 was found. At the same time, significant
differences in the pressure—temperature behavior of £, and Eg were found.

@ Springer



912 Int J Thermophys (2014) 35:890-913

Moreover, clear differences in the behavior of lower linear 1,2-diols and o, w-diols
were found. Also, the effect of a branched carbon chain on the properties studied is
evident.
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