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a b s t r a c t

The standard (p� ¼ 0:1 MPa) molar enthalpies of formation of 2,4,6-trichloronitrobenzene, 2,3,5,6-tetra-
chloronitrobenzene, and pentachloronitrobenzene, in the crystalline state, at T = 298.15 K, were derived
from the standard massic energies of combustion, in oxygen, at T = 298.15 K, measured by rotating-bomb
combustion calorimetry.

The standard molar enthalpies of sublimation, at T = 298.15 K, of 2,4,6-trichloronitrobenzene and pen-
tachloronitrobenzene, were determined from the dependence with the temperature of the vapour pres-
sures, measured by the Knudsen mass-loss effusion method, whereas for 2,3,5,6-tetrachloronitrobenzene,
the Calvet drop microcalorimetric technique was used.
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2,4,6-Trichloronitrobenzene 2663.5 ± 1.1 58.6 ± 1.3 86.7 ± 1.1
2,3,5,6-Tetrachloronitrobenzene 2537.1 ± 1.7 67.0 ± 1.9 91.3 ± 2.5
Pentachloronitrobenzene 2387.4 ± 2.4 98.6 ± 2.5 94.5 ± 0.4

The experimental values are also compared with estimates based on G3(MP2)//B3LYP computations,
which have also been extended to all the isomers of the trichloro- and tetrachloronitrobenzene that were
not studied experimentally.

� 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The natural formation of polychloronitrobenzenes [1] is rare
and most of these compounds are frequently produced in indus-
trial processes. They have been used for many years in the synthe-
sis of fungicides and pharmaceuticals, and are also starting
materials for the production of azo and sulphur dyes. These com-
pounds are characterized by their long life, chemical stability
and, across the years, they have become a serious environmental
issue [2]. Despite their large application in industry and agricul-
ture, these chemicals are intentional released into the soils and,
sometimes, into the water courses [3]. The nitroaromatic com-
pounds are biodegraded by bacteria and so do not accumulate in
the environment, unless the concentrations exceed the assimila-
tion capacity of the ecosystem [4].

Pentachloronitrobenzene is especially important in industry,
preventing the formation of slime in residual waters. It is also lar-
gely used as a fungicide in gardens and agricultural areas, protect-
ing cotton, grain seeds, potatoes, onions, and rice from the growth
of fungi. According to the Environmental Protection Agency (EPA)
[5], pentachloronitrobenzene may represent a health hazard, given
its extensive use on a multitude of crops which leads to cumulative
exposure and potential liver damage. As a technical impurity of
pentachloronitrobenzene, 2,3,5,6-tetrachloronitrobenzene may be
released to the environment during pentachloronitrobenzene pro-
duction and use. Although, 2,3,5,6-tetrachloronitrobenzene is also
a fungicide, it is only applied to potatoes, post-harvest, intended
for long-term storage, for the control of sprouting and the preven-
tion of weight loss in store. Their exposure to the general popula-
tion is expected to be mainly through residues in food.

The establishment of relations between the energetic and the
structural properties of the compounds is important to explain their
behaviour in terms of reactivity. In the last few years, our Research
Group, has been involved in the study of the thermochemistry of
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polychloronitrobenzenes derivatives [6–9], and so the experimen-
tal work reported here represents an additional contribution to this
study.

The gas-phase standard (p� ¼ 0:1 MPa) molar enthalpies of for-
mation of 2,4,6-trichloronitrobenzene, 2,3,5,6-tetrachloronitroben-
zene, and pentachloronitrobenzene here reported, have been
obtained experimentally since high purity samples of these com-
pounds were available for experimental determinations. In the
experimental investigation, the determination of the standard mo-
lar energies of combustion, in oxygen, at T = 298.15 K, of these
three compounds was done by rotating-bomb combustion calo-
rimetry, from which the values of the standard molar enthalpies
of formation, in the crystalline phase, were derived. The determi-
nation of the standard molar enthalpies of sublimation of the three
chloronitrobenzene derivatives was done by Calvet microcalorime-
try using the high-temperature vacuum sublimation technique.
The Knudsen mass-loss effusion technique was used to measure
the vapour pressures as a function of temperature of the 2,4,6-tri-
chloronitrobenzene and of the pentachloronitrobenzene, from
which the molar enthalpies and entropies of sublimation, at the
mean temperature of the experimental temperature range, were
derived. Standard molar enthalpies, entropies, and Gibbs energies
of sublimation, at T = 298.15 K, were calculated using estimated
values for the heat capacity differences between the gas and the
crystal phases of each compound. These two sets of experimental
values allowed the derivation of the standard molar enthalpies of
formation, in the gaseous state, of these three compounds.

For the experimental studied compounds and for the other tri-
and tetrachlorinated isomers for which high purity samples were
not available, the standard molar enthalpies of formation in the
gaseous phase have been estimated by computational thermo-
chemistry by means of the G3(MP2)//B3LYP method.

2. Experimental details

2.1. Compounds and purity control

The studied compounds were commercially obtained from Sig-
ma–Aldrich Chemical Co. with the following assessed purities:
2,4,6-trichloronitrobenzene [CAS 18708-70-8] mass fraction 0.98;
2,3,5,6-tetrachloronitrobenzene [CAS 117-18-0] mass fraction
0.99; and pentachloronitrobenzene [CAS 82-68-8] mass fraction
0.99. The compounds were further purified by successive vacuum
sublimations and their purity control assessed by gas chromatog-
raphy, performed on an Agilent 4890D Gas Chromatograph, being
found to be greater than 0.9990.

The specific densities used to calculate the true mass from the
apparent mass in air, were taken as (1.73, 1.81, and 1.93) g � cm�3,
respectively, for 2,4,6-trichloronitrobenzene, 2,3,5,6-tetrachloroni-
trobenzene, and pentachloronitrobenzene, determined from the
ratio mass/volume of pellets of the compounds (made in vacuum,
with an applied pressure of 105 kg � cm�2).

The relative atomic masses used in the calculation of all molar
quantities throughout this paper were those recommended by
the IUPAC Commission in 2005 [10]; using those values, the molar
masses are (226.4446, 260.8896, and 295.3347) g �mol�1, respec-
tively, for 2,4,6-trichloronitrobenzene, 2,3,5,6-tetrachloronitroben-
zene, and pentachloronitrobenzene.

2.2. Combustion calorimetry measurements

The standard molar energies of combustion of the 2,4,6-trichlo-
ronitrobenzene, 2,3,5,6-tetrachloronitrobenzene, and pentachloro-
nitrobenzene were determined in two different isoperibol systems:

(I) The calorimetric studies of 2,4,6-trichloronitrobenzene and
pentachloronitrobenzene were performed in an isoperibolic
rotating-bomb calorimeter, already described in literature
[11,12]. A tantalum-lined combustion bomb with an internal
volume of 0.329 dm3 was used. The calibration of the calo-
rimeter was made by combustion of benzoic acid NBS Calo-
rimetric Standard 39i, with a certified massic energy of
combustion, when burnt under the bomb conditions, of
�(26434 ± 3) J � g�1 [13]. From 10 calibration experiments,
that were made in oxygen, at p = 3.04 MPa, with 1.00 cm3

of deionised water added to the bomb, the value of the
energy equivalent of the calorimeter was found to be
e(calor) = (20369.0 ± 2.3) J � K�1 (0.011%), for an average
mass of water added to the calorimeter of 3969.2 g; the
quoted uncertainty is the standard deviation of the mean.

(II) The combustion experiments of the 2,3,5,6-tetrachloronitro-
benzene were also performed in an isoperibolic rotating-
bomb calorimeter, using a twin valve bomb lined with plat-
inum, and made of stainless steel, having an internal volume
of 0.258 dm3. The apparatus and technique have been
detailed described elsewhere [6,14,15]. Combustion of ben-
zoic acid NIST Thermochemical Standard 39j was used for
calibration of this rotating-bomb. Its massic energy of com-
bustion is �(26434 ± 3) J � g�1, under certificate conditions
[16]. The calibration results were corrected to give the
energy equivalent of the calorimeter, e(calor), corresponding
to the average mass of 5222.5 g of water added to this calo-
rimeter. From seven calibration experiments, e(calor) was
found to be (25164.0 ± 2.1) J � K�1 (0.0084%), where the
uncertainty quoted is the standard deviation of the mean.

In both calorimetric systems the calibration experiments were
performed in the conventional way, without bomb rotation, and
according to the procedure suggest by Coops et al. [17].

Samples of the compounds in pellet form, were ignited in oxy-
gen at a pressure p = 3.04 MPa, with volumes of (15.00, 35.00, and
30.00) cm3 of an aqueous solution of As2O3 � 0.09 mol � dm�3

added to the bombs, respectively, for the combustion experiments
of 2,4,6-trichloronitrobenzene, 2,3,5,6-tetrachloronitrobenzene,
and pentachloronitrobenzene. The presence of the arsenious oxide
solution insures that all the free chlorine formed in the combustion
experiments was reduced to aqueous hydrochloric acid. Since the
first experiments of combustion yielded considerable amounts of
carbon soot, dried paraffin oil (Aldrich, Gold label, mass fraction
purity >0.999) was used as auxiliary of combustion in all the com-
bustion experiments of the three compounds.

For each combustion experiment, the ignition temperature was
chosen so that the final temperature would be close to
T = 298.15 K. The electrical energy for ignition was measured from
the change in potential difference across a capacitor when dis-
charged through the platinum ignition wire (/ = 0.05 mm, Goodfel-
low, mass fraction 0.9999). Temperature measurements of both
calorimeters were automatically collected every 10 s, within the
bounds of ±(1 � 10�4) K, using a Hewlett–Packard (HP-2804A)
quartz crystal thermometer interfaced to a PC programmed for
data acquisition and to compute the adiabatic temperature change,
by means of a version of LABTERMO program [18]. For the 2,4,6-tri-
chloronitrobenzene and pentachloronitrobenzene, 125 readings
were taken for the fore, and the after periods, and 100 readings
for the main period, while for the 2,3,5,6-tetrachloronitrobenzene
100 readings were taken for each the fore, the main and the after
periods.

For each combustion experiment of the compounds, rotation of
the bomb was started when the temperature rise of the main per-
iod reached about 0.63 of its total value and then continued
throughout the experiment. It has been shown that by adopting
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