
Introduction

Quinoline is an aromatic nitrogen compound contain-
ing a benzene ring fused to a pyridine ring producing
a heterocycle with two aromatic rings. Polymer sci-
ences, metallurgical applications, dyes, rubber chemi-
cals and fungicides, all provide extensive examples
for their use but medical field and the pharmaceutical
industry are the major driving force in the synthesis
and properties of molecules containing these struc-
tures. Halogenated quinolines are selective PDE III
inhibitors [1] and are effective to treat sexual dys-
functions in males and females, including, but not
limited to, erectile dysfunction in males. PDE III is a
cyclic nucleotide phosphodiesterase [2, 3] that is an
enzyme which is clinically significant because of its
role in regulating heart muscle, vascular smooth mus-
cle and platelet aggregation, so PDE III inhibitors
have been developed as pharmaceuticals but their use
is limited by arrhythmic effects and they can increase
mortality in some applications.

As a part of our extensive work on the
thermochemistry of nitrogen heterocyclic compounds
we have studied several quinolines derivatives in or-
der to see if an estimation scheme, similar to Cox
scheme for benzenes [4] can be applied for quino-
lines. In this paper we report the standard (p0=
0.1 MPa) molar enthalpy of formation, of the liquid
3-bromoquinoline derived from its standard massic
energy of combustion in oxygen, to yield CO2(g),
N2(g) and HBr·600H2O(l), at T=298.15 K, measured
by rotating bomb combustion calorimetry. The Calvet
high temperature vacuum sublimation technique was

used to measure the enthalpy of vaporization of this
compound. These two thermodynamic parameters
yielded the standard molar enthalpy of formation of
3-bromoquinoline, in the gaseous phase, at
T=298.15 K.

Experimental

Materials

Compound and purity control

The 3-bromoquinoline was obtained commercially
from Aldrich Chemical Co., [CAS 5332-24-1] and
was purified by repeated distillation under reduced
pressure. The purity of the sample was checked by
microanalysis at the Department of Chemistry, Uni-
versity of Aveiro; the mass fractions w of C, H and N
were as follows: Found, 102 w(C)=0.520,
102 w(H)=0.029 and 102 w(N)=0.067; calculated for
C9H6NBr: 102 w(C)=0.517, 102 w(H)=0.030 and
102 w(N)=0.067.

The specific density, used to calculate the true
mass from apparent mass in air was �=1.533 g cm–3 [5].

Methods

Combustion calorimetry

The combustion experiments were performed with an
isoperibol rotating-bomb calorimeter, developed by
Sunner [6] at the University of Lund, Sweden. The
apparatus and the technique have been described in
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the literature [7, 8]. The bomb, whose internal volume
is 0.258 dm3, is of stainless steel lined with platinum,
with the internal fittings also machined from plati-
num. In each experiment, the bomb is suspended from
the lid of the calorimeter can, to which 5222.5 g of
water, previously weighed in a perspex vessel, is
added. For each experiment a correction to the energy
equivalent was made for the deviation of the mass of
water used to the reference mass of 5222.5 g.

Calorimeter temperatures were measured to
�10–4 K at time intervals of 10 s, using a Hewlett-
Packard (HP-2804A) quartz thermometer interfaced
to an Olivetti M 250E microcomputer programmed to
compute the corrected temperature change. For each
experiment, the ignition temperature was chosen so
that the final temperature would be close to T=
298.15 K. Fore-period and after-period readings were
taken for about 20 min and the main-period was about
25 min. Data acquisition and control of the calorime-
ter was performed through the use of the
LABTERMO programme [9].

The rotating mechanism allows the simultaneous
axial and end-over-end rotation of the bomb. Rotation
of the bomb was started when the temperature rise in the
main-period reached about 0.63 of its total value and
was continued throughout the rest of the experiment. By
adopting this procedure, described by Good et al. [10],
the frictional work due to the rotation of the bomb is au-
tomatically included in the temperature corrections for
the work of water stirring and for the heat exchanged
with the surrounding isothermal jacket.

The isothermal jacket consists of a thermostatic
bath containing a cavity of exactly the same shape as
the calorimeter can, but 1 cm larger in overall dimen-
sions, enclosed by a hollow lid. The jacket and lid
were filled with water maintained at a temperature
303.5��10–4 K, using a temperature controller
(Tronac PTC 41), so that the calorimeter was com-
pletely surrounded by a constant-temperature enclose.

Benzoic acid (Bureau of Analysed Samples,
Thermochemical Standard BCS-CRM-190p) was
used for the calibration of the bomb. Its massic energy
of combustion is –26431�3.7 J g–1 under certificate
conditions. Calibration experiments were carried out
in oxygen, at the pressure of 3.04 MPa, with 1.00 cm3

of water added to the bomb. Two calibration con-
stants were used on the combustion experiments of
3-bromoquinoline since the calorimeter went through
some repairs during the period time of these experi-
ments: �(calor)=25181.1�1.4 J K–1, and �(calor)=
25180.8�1.6 J K–1, where the uncertainties quoted are
the standard deviation of the mean.

The combustion experiments were made in oxy-
gen at p=3.04 MPa, in the presence of 20.00 cm3 of
aqueous As2O3 0.09415 and 0.09759 mol dm–3 solu-

tions, in order to reduce to hydrobromic acid all the
free bromine produced during the combustion. The
extent of oxidation of As2O3(aq) was determined by
titration with standardized iodine solution. For the
calculation of the energetic term �U(As2O3) corre-
sponding to the energy of oxidation of As2O3 to
As2O5 in aqueous solution, the procedure described
by Hu et al. [11] as well as the enthalpies of oxidation
of As2O3(aq) by Br2 [12] and the thermal effects of
mixing As2O5(aq) with strong acids [13] were used.
Within the precision of the analytical method, no evi-
dence was found for the oxidation of the aqueous so-
lution of As2O3 after the bomb had been charged with
oxygen at p=3.04 MPa and left up to 5 h at room tem-
perature [14]. The amount of H2PtBr4(aq) was deter-
mined from the loss of mass from the platinum
crucible and its supporting ring.

The liquid 3-bromoquinoline was burnt in sealed
polyester bags made of Melinex® using the technique
described by Skinner and Snelson [15] who deter-
mined the massic energy of combustion of dry
Melinex® as �cu

0= –22902�5 J g–1; this value was
previously confirmed in our laboratory. The mass of
Melinex® used in each experiment was corrected for
the mass fraction of water (0.0032).

The electrical energy for ignition was determined
from the change in potential difference across a 1400 �F
condenser discharged through a platinum wire
(�=0.05 mm, Goodfellow, mass fraction 0.9999).

For the cotton thread fuse used for the ignition,
whose empirical formula is CH1.686O0.843, �cu

0=
–16240 J g–1 [16], a value previously confirmed in our
laboratory.

The nitric acid formed was determined using the
Devarda’s alloy method [17] and corrections were
based on –59.7 kJ mol–1 for the molar energy of for-
mation in which 0.1 mol dm–3 HNO3(aq) is formed
from O2(g), N2(g) and H2O(l) [18]. An estimated
value of the pressure coefficient of massic energy,
(	u/	p)T= –0.2 J g–1 MPa–1 at T=298.15 K, a typical
value for most organic compounds [19], was assumed
for 3-bromoquinoline. For each compound the stan-
dard state corrections, �U
, and the heat capacities of
the bomb contents, �i and �f, were calculated by the
produce given by Bjellerup [20] using the solubility
constants and energies of solution of CO2 and O2, as
given by Hu et al. [11].

The relative atomic masses used throughout this
paper were those recommended by the IUPAC Com-
mission in 2005 [21].

High temperature microcalorimetry

The standard molar enthalpy of vaporization of
3-bromoquinoline was measured using the vacuum
sublimation drop-microcalorimetric technique [22, 23].
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Samples of about 8 to 12 mg of liquid compound,
contained in a small thin glass capillary tube sealed at
one end, and a blank capillary, were simultaneously
dropped at room temperature into the hot reaction
vessels in the Calvet high-temperature microcalorimeter
(Setaram, Lyon, France), held at T=372 K, and were
removed from the hot zone by vacuum evaporation. The
thermal corrections for the glass capillary tubes were
determined in separate experiments, and were mini-
mized, as far as possible, by dropping tubes of nearly
equal mass, to within �10 �g, into each of the twin
calorimeter cells.

The observed enthalpies of vaporization
� l,298.15 K

g,T
mH 0 , were corrected to T=298.15 K using

values of � 298.15 K
T

mH 0 (g) estimated by a group-
additivity method based on data of Stull et al. [24],
where T is the temperature of the hot reaction vessel.
The microcalorimeter was calibrated in situ for these
measurements using the reported standard molar
enthalpy of vaporization of decane [25].

Results and discussion

Detailed results for all the combustion experiments
are given in Table 1, were �m(H2O) is the deviation
of the mass of water added to the calorimeter from
5222.5 g, the mass assigned to �(calor), and �U
 is the
correction to the standard state. The remaining terms
have been previously described [16]. The individual
values of massic energy of combustion, �cu

0, are re-
ferred to the combustion reaction:

C9H6NBr(l)+10.25O2(g)+597.5H2O(l)
9CO2(g)+0.5N2(g)+HBr·600H2O(l)

(1)

in which reactants and products are in the thermody-
namic standard states at T=298.15 K, with
HBr·600H2O(aq) as the bromine-containing product
in the final state.

The derived standard molar energy of combus-
tion is calculated as � c mU l0 ( )= –4545.0�2.3 kJ mol–1,

leading to the standard molar enthalpy of combustion
as � c mH l0 ( )= –4546.9�2.3 kJ mol–1, so the standard
molar enthalpy of formation of 3-bromoquinoline, in
the liquid state, is found to be � f mH l0 ( )=
169.8�2.6 kJ mol–1. In accordance with normal
thermochemical practice [26, 27] the uncertainties as-
signed to the standard molar enthalpies of combustion
are, in each case, twice the overall standard deviation
of the mean and include the uncertainties in calibra-
tion and in the values of the auxiliary quantities used.

To derive � f mH l0 ( ) from � c mH 0 the following
standard molar enthalpies of formation at T=298.15 K
were used: for CO2(g), –393.51�0.13 kJ mol–1 [28];
for H2O(l), –285.830�0.004 kJ mol–1 [28] and for
HBr·600H2O(l), –120.924�0.005 kJ mol–1 [18, 28].

Individual results for the measurements of the
enthalpy of vaporization are given in Table 2 with un-
certainties of twice the standard deviation of the
mean. From the experimental results, the standard
molar enthalpies of vaporization at T=298.15 K,
� l

g
mH 0 (T=298.15 K), were calculated from

� 298.15 K
372 K

mH g0 ( )=12.37 kJ mol–1 estimated by a group-
additivity method, i.e., bromoquinoline= naphthal-
ene+bromobenzene+pyridine–2benzene.

Combining the standard molar enthalpy of for-
mation in the condensed phase, � f mH l0 ( ), with the
standard molar enthalpy of vaporization,
� l

g
mH 0 (298.15 K), the standard molar enthalpy of for-

mation in the gaseous state was derived as � f mH g0 ( )=
240.5�3.5 kJ mol–1.

Conclusions

From the literature values of the standard molar
gas-phase enthalpies of formation for 3-bromo-
pyridine, � f mH g0 ( )=167.1�2.1 kJ mol–1 [29],
pyridine, � f mH g0 ( )=140.4�0.7 kJ mol–1 [25] and
quinoline, � f mH g0 ( )=200.54�0.94 kJ mol–1 [30],
using the value obtained in this work for 3-bromo-
quinoline, the calculated enthalpic increments for the
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Table 2 Standard (p0=0.1 MPa) molar enthalpies of vaporization, at T=298.15 K determined by microcalorimetry for
3-bromoquinoline

T/K m/mg
� l,298.15 K

g,T
mH /

kJ mol–1
�298.15 K

T
mH g0 ( )/

kJ mol–1
� l

g
m KH 0 29515( . )/
kJ mol–1

371 12.846 82.46 12.21 70.25

371 10.054 84.99 12.21 72.78

373 8.322 78.56 12.54 66.02

372 10.327 86.68 12.37 74.31

373 11.945 82.27 12.54 69.73

371 9.459 83.55 12.21 71.34

� l
g

m KH T0 29515( . )� =70.7�2.3 kJ mol–1



bromo substitution into the pyridine and into the
pyridinic ring of quinoline, in the meta position, are
26.7�2.1 kJ mol–1 for pyridine and 40.0�3.6 kJ mol–1

for quinoline, differing by 13.3�4.2 kJ mol–1, a value
slightly higher than the limit 10 kJ mol–1 usually
accepted by Cox [4] as a reasonable agreement
between experimental and calculated values, showing
that the Cox Scheme must be applied with some
caution.
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