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Aromatic compounds (benzene, toluene, xylenes) 
play an important role in science and technology. They 
fi nd extensive and diverse application as solvents, in 
particular, in preparation of medicines, explosives (e.g., 
trotyl), plastics, photodevelopers, dyes, and many other 
compounds [1, 2]. Of much signifi cance in choosing 
solvents for specifi c applications are their phase transition 
temperatures, boiling and melting points.

The boiling Tb and melting Tm points in relation to the 
molecular structure were analyzed for the fi rst time for 
fairly simple compounds, hydrides of various elements, 
by Pauling in the 1940s and discussed in a number of 
monographs [3, 4]. Kitaigorodskii [5, 6], Bokii [7], and 
Kotel’nikova and Filatov [8] carried out crystal-chemical 
analysis of the structure and properties of various 
crystalline substances.

This research line underwent vigorous development in 
the years that followed, as suggested by tens of relevant 
theoretical, semiempirical, calculational, and experimental 
studies, which can be conditionally subdivided into two 
large groups.

The first group integrates studies that attempted 
establishing relationships for a set of molecular 
characteristics of a substance (“descriptors”) and 
predicting their boiling (or melting) point in the most 
general form. Examples can be found in studies by 

Meissner [9], Todos et al. [10–12], Lydersen [13], 
Joback et al. [14], Somayajuluу [15], and other. Of much 
signifi cance for those studies was the so-called “group 
contributions” method [16, 17]. 

Virtually all the generalizing studies employed the 
parachor concept [18]. For example, Meissner established 
a semiempirical relationship [9]

Tb = (637 RD
1.27 + B)/P,                           (1a)

where RD is the molecular refraction for the D line of Na; 
B, constant for a specifi c class of compounds; and Р = 
Mσ1/4(ρ1 – ρ2). In the latter expression, P is parachor; M, 
molecular weight of the substance; σ, surface tension, 
dyne cm–1; and ρ1 and ρ2, densities of the liquid and 
vapor, respectively, g cm–3, at temperatures distant from 
the critical point. In this case ρ1 >> ρ2 and

P ≈ V1σ1/4,                                 (1b)

where V1/ρ1 is the molar volume of the liquid.
Parachor is temperature-independent and exhibits 

the additivity property: The molar parachor (parachor 
per mole of substance) is the sum of the parachors of the 
atoms or molecular groups constituting the molecule.

Using relationship (1b), Steraski and Machwart 
[19] plotted  a nomogram for determining Тb under 
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a Тm is the melting or freezing point, d4
20, density, and δ, dipole moment. b Data from [44, 46]. 

Table (Contd.)
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any conditions and used other plotted nomograms for 
estimating the surface tension, molar refraction, and 
density at different temperatures.

Katrizky et al. [20] successfully (correlation coeffi cient 
R2=0.9544; standard deviation of approximation S = 
16.2 K) applied CODESSA program in establishing 
quantitative relationships between the chemical structure 
and properties of compounds from various classes (298 
organic and 9 elementary inorganic compounds). Fairly 
recently Yin H. et al. [21] employed a set of three known 
regression analysis methods for predicting the boiling 
points of 530 saturated hydrocarbons.

The second group of studies includes those focused on 
1–2 classes of related compounds, in which no attempts 
were made to construct a general molecular theory of 
boiling (or melting) and only more special conclusions 
were made.

For example, Palatinus et al. [22] and Nohair et al. [ 23] 
restricted themselves to predicting Тb for acyclic alkanes; 
Plavšić et al. [24] examined condensed benzenoids, 
Murray et al. [25], fl uorinated methanes, Hansen and Jurs 
[26], olefi ns, Sakka et al. [27], tetrahalomethanes, and 
Öberg [28] and Devotta and Pendyala [29], halogenated 
aliphatic compounds.

Taken together, those studies allowed the following 
conclusions: (1) all other conditions being the same, the 
larger the molecule, the higher Tb; (2) Tb varies with 
the shape of the molecules: Compounds with close to 
spherical molecules have lower boiling points than those 
with rod-shaped  molecules; (3) Tb sharply increases in the 
presence of intermolecular hydrogen bonds (H-bonds); 
(4) typically, the larger the dipole moment of the molecule 
δ, the higher Tb; and (5) Tb decreases in the presence of 
a halogen atom in the molecule.

In the recent 10–15 years there has been increased 
interest in aromatic compounds that find extensive 
application as solvents in preparation and examination 
of fullerenes [30–32] and fullerene-containing systems. 
Those studies revealed a noticeable infl uence on the 
structure and properties of aromatic solvents, exerted by 
fullerenes, even when in very low concentrations [33–36]. 
The infl uence depends on the molecular structure of the 
solvent, in particular, on the symmetry of its molecules 
[37]. This stimulated analysis of how the molecular 
structure of aromatic compounds affects a broader 
spectrum of their properties.

Here, we restricted ourselves to analysis of mononuclear 
aromatic compounds and the infl uence exerted by their 

molecular structure above all on the phase transition 
temperatures, boiling and melting points.

Boiling points. Boiling is a very interesting and 
complex process examined in numerous works from the 
physical viewpoint [38–42]. For the chemicostructural 
analysis, we compiled reference data [43–47] for 60 
compounds of the class of interest (see table). First, 
we constructed the plots of boiling point Тb (under 
normal conditions) vs. molecular weight M for selected 
compounds of the same type. Indeed, for a series of 
solvents including benzene (see table, no. 1), toluene (no. 
2), and p-xylene (no. 10) the boiling points fall virtually 
perfectly on the straight line corresponding to the Тb(M) 
dependence (Fig. 1, curve 1). It should be noted that the 
boiling points of m-xylene (no. 9) and o-xylene (no. 8) 
are very close to that of p-xylene, so that the general 
pattern remains unchanged. At the same time, by contrast 
to p-xylene having, like benzene, a zero dipole moment, 
m-xylene and o-xylene have the dipole moments of 0.62 
and 0.37 D, respectively, and slightly higher boiling 
points. At least, the boiling point of o-xylene is much 
higher than that of p-xylene, 144.41 against 138.35°С.

At the same time, for a series of halogenated 
benzenes, including fl uorobenzene (no. 5), chlorobenzene 
(no. 22), and bromobenzene (no. 50), even three points 
clearly do not fall on a straight line (Fig. 1, curve 2), 
which suggests a complex nature of the phenomenon. 
Probably, a drastic change in the electronegativity of 
halogens [3] is manifested in this case. Fluorine is the 
most electronegative element (on the Pauling’s scale 
its electronegativity is 4.0 [3]), and it is followed, in 

Fig. 1. Boiling point Tb,°С, vs. molecular weight M: (1): (a) 
benzene, (b) toluene, and (c) p-xylene and (2): (d) fl uorobenzene, 
(e) chlorobenzene, and (f) bromobenzene.

a

b

c

d

e

f
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the order of decreasing electronegativity, by oxygen 
(3.5), nitrogen (3.0), and chlorine (3.0). Only these four 
elements are able of forming H-bonds, whose strength 
should decrease in the same order [3]. However, the 
lack of hydrogen bonding in the presence of halogens in 
aromatic compounds leads to lower boiling point, which 
is fully consistent with the general trend. Apparently, in 
the fi rst approximation this can be attributed to shifting 

of the electron density to the halogen atom, which 
concerns, above all, π-electrons. Despite nonzero dipole 
moment, ππ-interaction of the benzene rings tends to 
weaken, and this effect is the stronger, the higher the 
electronegativity of the halogen atom. Thus, boiling point 
of chlorobenzene, and especially fl uorobenzene, is lower 
than that of bromobenzene.

In the following step of analysis we attempted to 
establish a general Тb(M) dependence for all the compounds 
listed in the table. In the resulting dependence, shown in 
Fig. 2, it is hardly possible to identify any clear trend, 
though least-squares processing (by ORIGIN program) 
for the a priori set straight-line Тb(M) dependence gave 
a different from zero correlation coeffi cient R2 = 0.450. 
Figure 2 shows that many of the lowest boiling points 
correspond to compounds containing halogen atoms in 
their molecular structure (due apparently to the above-
mentioned high electronegativity [3]).

Taking this into account, we further plotted the Тb(M) 
dependence for halogenated compounds only. We found 
that this dependence should be adequately described by 
a straight line, except for three points that were strongly 
shifted to high temperatures (nos. 29, 31, 32), and one 
point, to low temperatures (no. 55). Discarding these 
four points afforded a good correlation of the Тb(M) 
dependence with a straight line (Fig. 3).

The three points characterized by “increased” boiling 
points correspond to o-chloroaniline (no. 29) and 3- 
and 4-chlorophenol (nos. 31, 32, respectively). Along 
with chlorine atoms, these compounds contain hydroxy 
(chlorophenols) and amine (chloroaniline) groups prone 
to strong intermolecular hydrogen bonding [3]. Thus, 
specifi cally intermolecular H-bonds cause the boiling 
points of chlorophenols and chloroaniline to increase. 
As to 2-chlorophenol containing chlorine and hydroxy 
group in the ortho position with respect to each other, 
this obviously results in intramolecular hydrogen bonding 
and decreased boiling point.

A low boiling point of 1-fl uoro-2,4-dinitrobenzene 
(no. 55) is probably associated with  the symmetric 
positions of the nitro groups with respect to the benzene 
ring and high electronegativity of fl uorine, which can 
weaken internuclear interactions, as mentioned above. 

In the case of dichlorobenzenes (nos. 44−46), there is 
no hydrogen bonding, and ortho position of the chlorine 
atoms is responsible for enhanced attraction of electrons 
and a large dipole moment, –2.26 D, against zero in 
the para isomer. This leads to strong dipole–dipole 

Fig. 2. Boiling point Tb,°С, vs. molecular weight M for 60 
mononuclear aromatic compounds: (1) benzene and (2) toluene; 
other numbered points correspond to most of the halogenated 
compounds listed in Table 1; unnumbered points are correlated 
to formulas in Figs. 3–5.

Fig. 3. Boiling point Tb,°С, vs. molecular weight M for all the 
halogenated aromatic compounds listed in Table 1. The points 
corresponding to o-chloroaniline (no. 29), 3-chlorophenol 
(no. 31), and 4-chlorophenol (no. 32), exhibiting appreciable 
shifts of the boiling point to high temperatures, and the point 
corresponding to 1-fl uoro-2,4-dinitribenzene (no. 55), exhibiting 
an abnormal shift to low temperatures, are circled with dotted 
lines; they were discarded in mathematical processing (for 
explanations, see text); correlation coeffi cient R2 = 0.968; 
standard approximation error S = 13 K.

26−28

19−21

45, 46
52−54

26−28
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interaction in the ortho isomer and an appreciable increase 
of its boiling (not melting!) point.

Next, we considered the compounds from the analyzed 
group of mononuclear compounds that have relatively 
high boiling points. We found that they contain hydroxy 
and amino groups able of hydrogen bonding, as well as 
strongly polar nitrile and carboxy groups. The Тb(M) 
dependence plotted for these compounds exhibited a 
satisfactory correlation with a straight line (Fig. 4; R2 = 
0.90), except for the points corresponding to nitrophenols 
(nos. 41–43). Specifi cally, for p-nitrophenol we obtained 
a strongly “increased” boiling point of 279°С (due to 
intermolecular hydrogen bonding). At the same time, its 
ortho analog forms intramolecular hydrogen bonds [4], 
which causes the intermolecular interactions to weaken, 
and this is responsible for lowering of the boiling point 
(216°С). In a similar way, the para and ortho positions 
of substituents in nitrophenols affect their melting points. 
The behavior of m-nitrophenol whose boiling point is 
the lowest among those of the stereo isomers (194°С) 
is somewhat puzzling. We can only presume in this 
connection formation of highly strained intramolecular 
cycles comprising hydrogen bonds.

Hence, like in the case of 3- and 4-chlorophenol and 
o-chloroaniline, we classed o- and m-nitrophenol with the 
third group compounds. It integrates the rest of compounds 
boiling at “medium” temperatures, for which the Тb(M) 
plot was also represented by a straight line exhibiting 
a good correlation with the experiment (correlation 
coeffi cient R2 = 0.80). If we discard “abnormally” high 

boiling points of p-nitrophenol, o-chloroaniline, and 
3- and 4-chlorophenol, the Тb(M) dependence can be 
adequately described by a straight lime (Fig. 5) with the 
correlation coeffi cient R2=0.916.

The three Тb(M) dependences we obtained (Figs. 
3–5) will apparently provide satisfactory predictions 
of Тb for compounds that escaped our consideration or 
new compounds that still remain to be examined. The 
same is true of explosives (trotyl) whose heating poses 
hazard (probably, for this reason there are no data on their 
boiling points in handbooks, or they were not reported by 
researchers; extrapolation in Fig. 5 gave a close to 330°C 
boiling point of trotyl).

It should be emphasized that the boiling points are 
approximately identical for most of ortho, meta, and para 
isomers, e.g., for xylenes (nos. 8–10), toluidines (nos. 
11–13), fl uorotoluenes (nos. 19–21), and chlorotoluenes 
(nos. 26–28). The boiling points of sec- and tert-
butylbenzenes (nos. 35, 36) are close. At the same time, 
for some isomers the boiling points differ appreciably, 
e.g., for nitrophenols (nos. 41–43), which is explained 
by the above-discussed reasons.

Melting point. Pauling [3] analyzed how the melting 
point Tm depends on the molecular weight of the 
isoelectronic series of hydrides of elements jointly with 
the analogous dependences for the boiling point. The 

Fig. 4. Boiling point Tb,°С, vs. molecular weight M for the 
aromatic compounds listed in Table 1, characterized by increased 
boiling points. Mathematical processing discarded point nos. 
41–43 corresponding to nitrophenols (for explanations, see 
text); R2 = 0.90; S = 6.9 K.

Fig. 5. Boiling point Tb,°С, vs. molecular weight M for the 
aromatic compounds listed in Table 1, characterized by 
“intermediate” boiling points. The points for o-chloroaniline 
(no. 29), 3-chlorophenol (no. 31), and 4-chlorophenol (no. 32), 
discarded in mathematical processing, are circled with dotted 
line (for explanations, see text); R2 = 0.916; S = 5 K.
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characteristic features of the resulting curves were also 
interpreted within a single framework.

It should be noted, however, that, in the case of 
melting/crystallization, the phase transition temperature 
is determined not only by the molecular weight and 
intermolecular interactions, but also by other essential 
factors, specifically, possible dense packing of the 
molecules and, hence, the molecular symmetry [5–7].

Let us consider a small series of compounds including 
benzene, toluene, and xylenes (Fig. 6). The benzene 
molecule (Fig. 6а) has the highest symmetry in this 
series, specifi cally, seven symmetry elements; the melting 
point of benzene is +5.5°С. The situation drastically 
changes in the case of toluene whose molecule has only 
one symmetry element (Fig. 6b), and toluene melts at a 
temperature decreased to –95°С.

Clearly, the symmetry of the p-xylene molecule 
is higher than that of the toluene molecules (Fig. 6c): 
The former has two symmetry planes and one two-
fold symmetry axis. The melting point of p-xylene is 
+13.26°С. The o- and m-xylene molecules (Figs. 6d, 6e) 
possess a low symmetry (one two-fold symmetry axis 
in each of them) and, correspondingly, melt at negative 
temperatures (see table).

A good illustration of how the symmetry of the 
molecules affects the melting point of a substance can 
be found in dichlorobenzenes (reproducing the symmetry 
of xylenes) (nos. 44–46): p-Dichlorobenzene melts at a 
fairly high positive temperature, while its ortho and meta 
analogs, at negative temperatures.

Fluorotoluenes (nos. 19–21) and toluidines (nos. 11–
13) exemplify benzene derivatives containing different 

molecular/atomic groups in the ortho, meta, and para 
positions. However, in this case the melting point of the 
para isomer, whose molecules are formally lacking high 
symmetry, still appreciably exceeds those of the ortho 
and meta isomers. 

It should be mentioned that the melting point of 
p-xylene slightly exceeds that of benzene. This is another 
evidence in favor of the fact that the melting point is 
determined by a set of factors, including the molecular 
weight, intermolecular interactions, and symmetry, rather 
than by the symmetry of the molecules solely. 

Like with boiling, the case of nitrophenols (nos. 
41–43) is highly indicative. The nitro and hydroxy groups 
in the ortho position form intramolecular hydrogen bonds 
[4]; hence, intermolecular interaction is substantially 
weakened, and the melting point is fairly low, 45–46°С. 
At the same time, in the case of m- and p-nitrophenol, 
the chains of intermolecular bonds permeate the entire 
system, and the melting point reaches 97 and ~115°С, 
respectively. The density of the p-nitrophenol also 
signifi cantly increases relative to o-nitrophenol, 1.479 
against 1.294 g cm–3. As the temperature increases and 
approaches the boiling point, the intramolecular H-bonds 
apparently get largely destroyed, and the boiling point of 
o-nitrophenol is even appreciably higher than that of m-
nitrophenol. However, the boiling point of p-nitrophenol 
is record high, considering its molecular weight (Fig. 4, 
no. 43). This is evidently due to both dense packing of the 
molecules and a “favorable” arrangement of the groups 
involved in intermolecular hydrogen bonding.

Role of molecular symmetry in formation of 
associates in С60 and С70 solutions. Earlier [37] we 

Fig. 6. Formulas, schematic molecular structures, and symmetry elements for (a) benzene, (b) toluene, (c) p-xylene, (d) o-xylene, and 
(e) m-xylene. 

(a) (b) (c)

(d) (e)
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determined the concentration dependences of the 
volumetric boiling points Tb of solutions of fullerene 
С60 in four aromatic solvents, benzene, toluene, p-
xylene, and o-dichlorobenzene. Also, solutions of С60 
in bromobenzene were recently studied. In all the cases 
the plots of the concentration dependence of Tb can be 
divided into two sections: section 1, in which Tb sharply 
increases at the smallest concentrations of fullerene, and 
section 2 in which Tb increases more slowly or remains 
unchanged (Fig. 7). Section 1 was associated with 
structurization of solvents under the action of fullerene 
[33–36]. The difference in the runs of the two curves 
in section 2 was presumably attributed to that in the 
symmetry of the solvent molecules: More symmetric 
molecules (benzene, p-xylene) are characterized by 
ascending dependences (Fig. 7a), and for less symmetric 
molecules (toluene, o-dichlorobenzene, bromobenzene) 
Tb remains unchanged (Fig. 7b). Based on processing of 
the ascending dependences within section 2 in terms of the 
Raoult law, the size of the associates, or the cooperativity 
parameter of interaction between the fullerene and solvent 
molecules near the boiling point, was estimated at ~800 
and ~80 molecules for benzene and p-xylene, respectively 
[37]. In the case of toluene, o-dichlorobenzene, and 
bromobenzene whose molecules have low symmetry, 
associates are evidently not formed under the boiling 
conditions.

As to solutions of fullerene C70 in solvents with high 
(benzene) and low (toluene) symmetry, we observed 
dependences similar to those presented in Fig. 7b. 
Specifi cally, under conditions of boiling of C70 solutions, 
associates are not formed, whatever the symmetry of the 
solvent molecules.

In the case of C60 solutions, aggregation of the C60 
molecules is probably precluded specifically by the 
solvate shell, and this effect is more pronounced in the 
case of symmetric solvent molecules. Hence, combined 
fullerene–polymer solutions in such solvents should give 
fi lms with more uniformly spread fullerene.

CONCLUSIONS

(1) The boiling and melting points of mononuclear 
aromatic compounds were for the fi rst time analyzed 
in relation to their molecular structure, based on the 
published data. Three linear dependences on the molecular 
weight were revealed for boiling point.

(2) The highest-temperature dependence was 

established for solvents characterized by strong inter-
molecular interaction due to the presence in their structure 
of specifi c groups, hydroxy, amino, amide, nitrile, ester, 
and other, able of forming hydrogen or strongly polar 
(dipole-dipole) bonds.

(3) The lowest-temperature dependence is characteristic 
for solvents whose molecular structure contains halogen 
atoms that do not form hydrogen bonds.

(4) The intermediate-temperature dependence was 
obtained for the rest of solvents, as well as for those 
among them that contain both the above-mentioned 
specifi c groups and halogen atoms.

(5) Special consideration was given to the role played 
by structural isomerism (and its associated symmetry of 
molecules) in disubstituted compounds. The symmetry 
of the molecules strongly affects the melting point of 
the aromatic compounds: Disubstituted compounds 
with substituents in the para position typically have 
substantially increased melting points, and compounds 
with substituents in the ortho position can have both 
increased and decreased boiling points .

(6) The symmetry of the solvent molecules affects the 
run of the concentration dependences of the boiling point 
of С60 fullerene solutions.
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