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Abstract—The thermodynamic characteristics of solvents differing by the type of molecular self-assembly 
through the hydrogen bonds were considered. In the framework of a model approach specific and nonspecific 
components of the total energy of intermolecular interaction were identified. The solvents with hydrogen bond 
network are found to belong to a class of liquids, where the strength of non-specific interactions increases with 
increasing temperature, while in the solvents with a chain of self-association contribution of these interactions 
is virtually independent of temperature. For this reason, the effect of increasing temperature on the internal 
pressure and its temperature coefficient were found to be different in these groups of solvents.  

The necessity to investigate oxyethylated glycols, 
diols, and monohydric alcohols is determined by their 
important role in science and modern technology. 
Despite the widespread use of these fluids in various 
industries [1], for example, in the production of 
cosmetic preparations, study of the thermodynamic 
parameters of these non-electrolytes, self-associated 
through hydrogen bonding, is still poor. In this con-
nection, an urgent task is the investigation of the 
thermodynamic characteristics of liquid-phase systems 
reflecting effectively both the features of inter-
molecular interactions and the structural changes in the 
individual solvents.  

It was shown in [2] that spatial network of 
hydrogen bonds determined the features of the 
thermodynamic properties of fluids, and a new class of 
solvents with H-bond network was singled out. For 
these solvents small values of the adiabatic and 
isothermal compressibility coefficients (βT), as well as 
of the thermal volume expansion coefficient (α) are 
typical. Figure 1a, shows the dependence of βT(T) of 
organic solvents, mainly diols and oxyethylated 
glycols, and of water. Many of such solvents dissolve 
each other. The temperature dependences of molar 
coefficients of isothermal compressibility βT,m (βT,m = 
βTVm) shown in Fig. 1b, behave differently, and their 
values grow from water to methanol and tetraethylene 
glycol, which, as will be shown below, do not belong 
to the solvents with H-bond network. Data on βT(T) of 
organic solvents are taken from [3–6], where also the 

polytherms of their internal pressure (Pint = –Tα/βT) 
and density have been obtained.  

Internal pressure as a thermodynamic charac-
teristics of the individual solvents is rarely used in the 
study of fluids. In a study of the temperature 
dependence of Pint(T) a difference was revealed in the 
behavior of the temperature coefficient of internal 
pressure (∂Pint/∂T) of the solvents of different classes 
[7]. It was found that coefficient was positive for the 
weakly associated liquids with the structure close to 
dense packing, for the solvents with H-bond chains 
like monohydric alcohols it was close to zero, and for 
the liquids with a network of hydrogen bonds it was 
negative. Figure 2 shows examples of the earlier 
obtained temperature dependences of internal pressure 
for N-methylpyrrolidone, formamide, and water [6, 8]. 
The dependences of Pint(T) of the solvents have the 
opposite slope, which determines the difference of 
signs of the coefficient ∂Pint/∂T of these fluids (Fig. 2b). 
N-Methylpyrrolidone, which is a dipolar aprotic 
solvent, in accordance with [7] belongs to the group of 
weakly associated solvents with positive temperature 
coefficient of internal pressure. Water, formamide, and 
diols (not shown in Fig. 2) belong to the group of 
liquids with a negative coefficient ∂Pint/∂T. However, 
it was noted later [9] that, although the temperature 
coefficient of internal pressure allowed distinguishing 
liquids with different molecular association (with and 
without participation of H-bonds), the use of internal 
pressure for the study of liquid systems was difficult 
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дPint/дТ×10–6, Pa K–1 (b) 

Т, K Fig. 1. Dependence of isothermal compressibility (a) and 
molar isothermal compressibility (b) on temperature: (1) 
water, (2) formamide, (3) ethanediol, (4) 1,3-propanediol, 
(5) 1,2-propanediol, (6) 1,4-butanediol, (7) diethylene 
glycol, (8) 1,3-butanediol, (9) 1,2-butanediol, (10) 
methanol, (11) triethylene glycol, (12) tetraethylene glycol.  

Fig. 2. Dependence of internal pressure (a) and temperature 
coefficient of internal pressure (b) on temperature: (1) 
water, (2) formamide, (3) N-methylpyrrolidone.  
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because of the ambiguous relationship between this 
parameter and the state of a system.  

Recent studies [10, 11] showed that cohesive 
energy density contains a volume-independent part due 
to the presence of specific interactions, as well as the 
volume-dependent part, which results from the 
nonspecific interactions and for alkanes coincides with 
the Pint. It is obvious that the internal pressure is an 
important thermodynamic characteristic of a liquid. 
Therewith, the difference in the dependences Pint(T) 
and the coefficients of ∂Pint/∂T for certain classes of 
solvents becomes clear after the calculation of molar 
specific and nonspecific components of the 
intermolecular interaction. The application of these 
quantities to the analysis of the thermodynamic 
properties of individual and mixed solvents is more 
correct.  

According to the known theoretical concepts [12] 
the nonspecific contribution to the energy of the total 
intermolecular interaction per one mole of solvent can 
be calculated using relation (1):  
                        Unsp = PintVm = –TVmα/βT,                                          (1) 

where Vm is the molar volume. Specific component 
with accounting for Eq. (1) is calculated from relation (2):  

              Usp = Utot – Unsp = –∆VH + RT + TVmα/βT,                  (2) 

where ΔVH is the molar enthalpy of vaporization of the 
solvent, and R is universal gas constant. The 
appropriateness of using these concepts to obtain 
reliable information on the nature of intermolecular 
interactions and structural changes was confirmed in a 
study of thermodynamic properties of monohydric 
alcohols [13].  

Figure 3 shows the temperature dependence of the 
non-specific and specific contributions Unsp and Usp to 
the total energy of intermolecular interaction (Utot) in 
the studied solvents. The Usp contribution for propane-
diol, 1,2- and 1,3-butanediols were evaluated attracting 
the dependences ΔVH(T) [14, 15]. For the calculation 
of Usp in ethanediol and 1,4-butanediol the data of [16, 
17] were used. The functions ΔVH(T) of formamide, 
diethylene glycol, and tetraethylene glycol were 
obtained by us [5, 6, 18], and the data for tri-
ethyleneglycol were taken from [19].  

Т, K Т, K 

(a) 
(b) U, kJ mol–1 

U, kJ mol–1 

Fig. 3. Temperature dependence of (a) the contributions Unsp (1–3) and Usp (4–6) to the total energy of intermolecular interaction of 
water (1, 4), formamide (2, 5) and N-methylformamide (3, 6), (7, Utot of water) and (b) contributions of Unsp (5–8) and Usp (1–4) to 
the total energy of intermolecular interaction in ethanediol (1, 5), diethylene glycol (2, 6), triethylene glycol (3, 7 ) and tetraethylene 
glycol (4, 8).  
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The presence of H-bond networks in water, form-
amide, and ethanediol was proved mainly using com-
puter simulation techniques [20, 21, 22]. In formamide 
and water (Fig. 3a) the dominant role belongs to 
specific interactions. However, in these solvents the 
|Usp| contribution decreases with increasing 
temperature, while simultaneously the contribution 
from |Unsp| to the intermolecular interaction increases, 
which requires more detailed consideration.  

Water is the most studied solvent with H-bond 
network. It forms weak H-bonds with an energy                     
~ –21 kJ mol–1 [23]. With increasing temperature, the 
hydrogen bonds between its molecules begin to disrupt 
that decreases the average number of H-bonds formed 
by water [24]. This leads to a decrease in the degree of 
ordering in the arrangement of its molecules and a 
decrease in the distance at which this ordering is 
preserved, as confirmed by experimental data on 
thermodynamic, kinetic, spectroscopic, and diffraction 
characteristics of water [25]. In addition, the average 
energy of the hydrogen bond becomes weaker [24], 
and the increase in temperature leads to a decrease in 
the overall contribution of Usp (Fig. 3a). It was pointed 
out in [25] that despite the decrease in the contribution 
of H-bonds to the total energy of intermolecular 
interactions, even at 300ºC they still contribute about 
50%, in consistence with the results of studies of high-
temperature infrared spectra of water. However, the 
degree of bonding of water molecules in the H-bond 
network falls while temperature rises. This leads to the 
opposite effect on non-specific interactions: the latter 
on the contrary increases with increasing temperature. 
The increase in the contribution of |Unsp| (Fig. 3a) 
partially compensates a decrease in the contribution of 
|Usp|, which resulted only in a weak decrease in the 
total energy of intermolecular interactions in water 
|Utot| with increasing temperature. Data in Fig. 3a 
confirms the findings [25, 26] that with increasing 
temperature the contribution of nonspecific (van der 
Waals) interactions in water grows, which, along with 
specific interactions, play a significant role in the 
structural organization and intermolecular interactions 
in water–organic mixtures [8, 27]. The value of non-
specific contribution in water estimated by simulation 
[12] correlates with its numerical estimates obtained in 
[28, 29]. The low contribution of |Unsp| in water is 
caused, in terms of Eq. (1), by abnormally low values 
of the coefficient α and the values of Vm. 

From Fig. 3b, we can see that in ethanediol the 
contributions of Unsp and Usp become identical even at 

~335 K (to increase the temperature range, the 
calculation for this diol was carried out using the data 
[5, 9, 18]). At higher temperatures, the balance 
between the Unsp and Usp contributions changes in 
favor of non-specific interactions. Data in Fig. 3 
indicate that in water the |Unsp| increases fastest with 
increasing temperature among all the above solvents 
with H-bond network. This is caused by anomalous 
behavior of the coefficients α and βT of water [20, 30] 
that determines a significant increase in the 
nonspecific interactions in it with increasing tempera-
ture. In organic solvents with H-bond network the 
coefficient α varies only slightly, while their com-
pressibility βT increases rapidly. For this reason, the 
corresponding raise in the contributions of |Unsp| in 
these solvents is much less than in water (Fig. 3). As 
shown below, upon increase in the molar volume of 
diols from ethanediol to butanediol the contribution of 
|Unsp| grows in succession. The non-specific contribu-
tion increases more in oxyethylated glycol (Fig. 3b) 
which correlates with data [31] indicating the growth 
of non-specific component from ethylene glycol to tetra-
ethylene glycol. A reason for this is that in oxy-
ethylated glycols of general formula HOCH2·
(CH2CH2O)nCH2OH , where n varies from 0 (ethylene 
glycol) to 3 (tetraethylene glycol), the molar volume of 
the ether group exceeds more than twice that of the 
CH2 radical (Fig. 3b).  

Now it is well known that the elongation of the 
hydrocarbon chain of alkane molecules consistently 
increases their packing ratio, reflecting the ratio of the 
proper volume of solvent molecules to the solvent 
molar volume (y = V/Vm). As shown, for example, in 
[32], the packing coefficient does not characterize the 
specific interactions due to self-association through H-
bonds. It reflects the interaction of a universal nature 
growing in alkanes in line with the increase in this 
ratio. It is interesting to trace the changes in this ratio 
in oxyethylated glycols and diols relative to the 
contributions of |Unsp|. There are several ways to 
calculate this ratio [32]. In the present study it was 
calculated from the data on isothermal compressibility 
coefficient in the framework of the theory of large-
scale particles [33]. The calculations indicate (Fig. 4) 
that with an increase in the number of CH2CH2O 
fragments in the molecules of oxyethylated glycol the 
packing ratio increases significantly, which correlates 
with data of simulation [34]. On the other hand, with 
an increase in this ratio the contribution of nonspecific 
interactions consistently increases. In general, note that 
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increase in the number of ether fragments in the 
molecules of oxyethylated glycol reduces the 
contribution of |Usp|, as well as increases substantially 
the packing factor and the contribution of |Unsp|.  

Figure 5 shows a dependence between the cal-
culated packing coefficient of 1,2-diols and the number 
of CH2 groups in their molecules. For these diols it 
should be noted that the packing factor, as well as the 
contribution of |Unsp|, grow slowly with increasing n. 
Therewith, the value of |Usp| contribution varies 
considerably less than in the oxyethylated glycols that 
should be addressed in more detail.  

In organic solvents with H-bond network, as 
especially noticeable in formamide (Fig. 6a) and diols 
(Fig. 6b), the weakening of specific contributions of 
|Usp| with increasing temperature occurs more slowly 
than in water. It is found that the number of H-bonds in 
formamide decreases slowly with increasing tempera-
ture [35]. For ethanediol this may be caused, as stated 
in [2], by the fact that its H-bond network is more 
uniform, less mobile and less labile than in water. At 
298 K in ethanediol, like both in water and formamide, 
the specific interactions dominante in the intermole-
cular interactions. The Unsp and Usp contributions 
obtained in this work for ethanediol and formamide in 
the framework of approach [2], correlate with their 
numerical estimates obtained in [22, 36], as well as for 
N-methylformamide and methanol [36, 37].  

If only one ether group is introduced in the 
ethanediol molecule even in diethylene glycol the 

specific interaction no more dominates in the total 
intermolecular interaction (Fig. 3b). This is largely due 
to the partial replacement of strong H-bonds between 
hydrogen and oxygen of the hydroxy groups in 
ethylene glycol by less stable H-bonds between the 
oxygen of ether groups and the hydroxy hydrogen of 
oxyethylated glycols. For example, in triethylene 
glycol a one third part of all the hydrogen bonds is 
formed with participation of oxygen of ether groups 
[38]. In accordance with the data [39] on the IR 
spectroscopy of oxyethylated glycols, the strength of 
intermolecular hydrogen bond is markedly reduced 
from ethylene glycol to tetraethylene glycol. In 
addition, due to the strong elongation of the molecular 
backbone the process of association of these glycols, 
which is very sensitive to steric effects, becomes 
significantly complicated that also contributes to the 
consistent decrease in the absolute value of the 
contributions due to the specific interactions in 
oxyethylated glycols. Indirectly, this is confirmed by 
the results of simulation of tetraethylene glycol [34] 
showing that at higher temperatures the H-bonds with 
the ether oxygen are not practically formed. All this 
leads to the fact that tetraethylene glycol, unlike 
diethylene glycol and triethylene glycol, no longer 
corresponds to a solvent with a net structure. Together 
with methanol (Figs. 6a and 6b) and N-methyl-
formamide (Fig. 3a), it falls into the group of solvents 
with the chain self-association through H-bonds. For 
these solvents it is typical that upon increase in 
temperature the specific interactions are weakened due 
to the breaking of H-bonded chains, while the 

–Unsp, kJ mol–1 

n 

y 

–Unsp, kJ mol–1 

n 

y 

Fig. 4. The dependence of the contributions of Unsp and 
packing coefficient (y) on the number of (CH2CH2O) 
groups in the molecules of oxyethylated glycols.  

Fig. 5. The dependence of the contributions of Unsp and 
packing coefficient (y) on the number of CH2 groups in the 
molecules of diols.  



RUSSIAN  JOURNAL  OF  GENERAL  CHEMISTRY   Vol.  82   No. 7   2012 

ZAICHIKOV, MAKAROV 1202 

nonspecific interactions are almost independent of 
temperature. Therefore, the internal pressure in the 
solvents with chain H-bonds does not change with 
increasing temperature, and the temperature coefficient 
of internal pressure for this class of solvents is close to 
zero.  

Data in Fig. 6b show that the contributions of |Usp| 
increases in the series: 1,2-butanediol < 1,3-butanediol 
< 1,4-butanediol. Recently it was found by two 
different methods [40, 41] that the strength of 
hydrogen bonds increased in the same sequence. The 
calculation of the average number of hydrogen bonds 
per a molecule of a diol [40] indicates their increase in 
the order of 1,2-butanediol (3.45) < 1,3-butanediol 
(3.61) < 1,4-butanediol (3.65). All this in general is 
perfectly consistent with the data in Fig. 6b, where we 
showed that the absolute value of the contributions due 
to specific interaction consistently increases from 1,2-
butanediol to 1,4-butanediol. Boiling points and 
vaporization enthalpies of butanediols rise in the same 
direction [14–16]. Calculations in [40] confirm the a 
priori assumption that the average number of hydrogen 
bonds per a molecule of butanediol decreases with 

increasing temperature. The simulation [40] showed 
that 1,4-butanediol with its hydroxy groups located at 
the ends of the hydrocarbon chain forms a very strong 
intermolecular hydrogen bonds due to the absence of 
steric hindrances to their formation. We can assume 
that a substantial increase in specific interactions in 
1,3-propanediol compared to 1,2-propanediol (Fig. 6b), 
as well as in the related butanediol is due to a 
decreased steric hindrances for the intermolecular 
interactions in the diol with the hydroxy groups located 
at the ends of the hydrocarbon chain.  

Thus, the analysis of the results obtained allows an 
unambiguous conclusion that the solvents with H-bond 
network are classified as liquids in which 
strengthening of non-specific interactions occurs upon 
increase in temperature, while in the solvents with a 
chain self-association through H-bond the contribution 
of such interactions is almost independent of 
temperature. For this reason, the effect of increasing 
temperature on the internal pressure and its 
temperature coefficient is different in these two groups 
of solvents. Moreover, each group of liquids is 
characterized by weakening of specific interactions 

Unsp, kJ mol–1 

Т, K 

(a) 
Usp, kJ mol–1 

Т, K 

(b) 

Fig. 6. Temperature dependence of the nonspecific (a) and specific (b) contributions to the total energy of intermolecular 
interaction in ethanediol (1), 1,2-propanediol (2), 1,3-propanediol (3), 1,2-butanediol (4), 1,3-butanediol (5), 1,4-butanediol (6) and 
methanol (7).  
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with increasing temperature. The results obtained in 
the model approach are consistent with published data 
which have been found for the studied solvents. 
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