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Vapor  pressures  of fluorobenzene,  chlorobenzene,  2-chloro-,  3-chloro-,  and  4-chloro-methylbenzenes,
2-chloro-1,3-dimethylbenzene,  2,6-dichloro-1-methylbenzene  were  measured  by  the  transpiration
method.  Molar  standard  enthalpies  of vaporization  at the reference  temperature  were  calculated  from
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. Introduction

Halogen substituted benzenes belong to the long-lived
ollutants frequently found in industrial effluents. Reliable ther-
odynamic data for these compounds are of an environmental

nterest [1]. Careful search for primary experimental data on
alogenobenzenes available in literature has been performed in
his work. It has turned out that the good quality primary vapor
ressures and vaporization enthalpies exist only for fluorobenzene
nd chlorobenzene (see Table 1). Collection of experimental data
vailable for fluoro- and chloro-substituted methylbenzenes suf-
ered from ambiguity. Indeed, the comprehensive compilations by
tull [2] and by Stephenson and Malanowski [3] contain vapor
ressure data for numerous halogen substituted benzenes over a
ide range of temperature. The origin of the data presented there

s not clear, methods of measurements are unknown, as well as
rrors of measurements and purities of compounds. In this context,

dditional measurements on halogen substituted methylbenzenes
re desired. As a part of our systematic research on thermochem-
cal properties of halogen organic compounds [4–6] this paper

∗ Corresponding author. Tel.: +49 381 498 6508; fax: +49 381 498 6524.
E-mail address: sergey.verevkin@uni-rostock.de (S.P. Verevkin).

ttp://dx.doi.org/10.1016/j.fluid.2014.07.029
378-3812/© 2014 Elsevier B.V. All rights reserved.
presents new vapor pressure data for seven halogen substituted
benzenes and methylbenzenes: fluorobenzene, chlorobenzene,
2-chloro-, 3-chloro-, and 4-chloro-methylbenzenes, 2-chloro-1,3-
dimethylbenzene, 2,6-dichloro-1-methylbenzene. Molar standard
enthalpies of vaporization, �g

l Hm, for these compounds were cal-
culated from temperature dependences of vapor pressures. We  also
collected vapor pressures of halo-methylbenzenes available in the
literature and treated these data uniformly in order to derive and
evaluate their enthalpies of vaporization. The evaluated values of
�g

l Hm (298.15 K) were used to develop a group-additivity proce-
dure for mono- and di-halogen-substituted benzenes.

2. Experimental

2.1. Materials

The samples used for the transpiration experiments were of
commercial origin. Origin of samples and initial purity are given
in Table 1. Prior to experiments the samples were purified by
repeated vacuum fractional distillation with the Teflon spinning-

band column under reduced pressure. The final degree of sample
purity was  determined by using a Hewlett Packard gas chromato-
graph 5890 Series II equipped with a flame ionization detector
and a Hewlett Packard 3390A integrator. The carrier gas (nitrogen)

dx.doi.org/10.1016/j.fluid.2014.07.029
http://www.sciencedirect.com/science/journal/03783812
http://www.elsevier.com/locate/fluid
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fluid.2014.07.029&domain=pdf
mailto:sergey.verevkin@uni-rostock.de
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�l Cp difference of the molar heat capacities at constant
pressure

ow was 12.1 cm3 s−1. A capillary column HP-5 (stationary phase
rosslinked 5% phenyl methyl silicone) was used with a column
ength of 30 m,  an inside diameter of 0.32 mm,  and a film thick-
ess of 0.25 mm.  The standard temperature program of the GC was

 = 333.15 K for 180 s followed by a heating rate of 0.167 K s−1 to
 = 523.15 K. No impurities (greater than mass fraction 0.002) could
e detected in the samples used for the thermochemical measure-
ents (see Table 2)

.2. Vapor pressure measurements

Vapor pressures of halogen benzenes were determined using the
ethod of transpiration [7,8] in a saturated nitrogen stream. About

.5 g of the sample was mixed with small glass beads and placed
n a thermostatted U-shaped saturator. A well defined nitrogen
tream was passed through the saturator at a constant temperature
±0.1 K), and the transported material was collected in a cold trap.
he amount of condensed sample was determined by GC analysis
sing an appropriate external standard (n-CnH2n+2). The absolute
apor pressure pi at each temperature Ti was calculated from the
mount of the product collected within a definite period of time.
ssuming validity of the Dalton’s law applied to the nitrogen stream
aturated with the substance i, values of pi were calculated with
quation:

pi = mi × R × Ta

V × Mi
; V = VN2 + Vi; (VN2 � Vi) (1)

here R = 8.314472 J K−1 mol−1; mi is the mass of the transported
ompound, Mi is the molar mass of the compound, and Vi is volume
ontribution to the gaseous phase. VN2 is the volume of the carrier
as and Ta is the temperature of the soap bubble meter used for
easurement of the gas flow. The volume of the carrier gas VN2
as determined from the flow rate and the time measurement.

. Results and discussion

.1. Vapor pressure and vaporization enthalpies

Vapor pressures of halogenobenzenes measured at different
emperatures were fitted with the following equation [8]:

 × ln pi = a + b
T

+ �g
l Cp × ln

(
T

T0

)
, (2)

here a and b are adjustable parameters and �g
l Cp is the differ-

nce of the molar heat capacities of the gaseous and the liquid
hase, respectively. T0 appearing in Eq. (2) is an arbitrarily cho-
en reference temperature (which has been chosen to be 298.15 K).
onsequently, vaporization enthalpy at temperature T was  indi-
ectly derived from the temperature dependence of vapor pressures
sing following equation:

g
l Hm (T) = −b + �g

l Cp × T (3)

Values of �g
l Cp have been calculated according to the proce-

ure developed by Chickos et al. [9] based on isobaric molar heat
quilibria 380 (2014) 67–75

capacities C l
p available in the literature (see Table S1, ESI). In case the

C l
p values were absent, we estimated them by a group-contribution

method [10]. Experimental results for halobenzenes and parame-
ters a and b are listed in Table 3.

The compilation of vaporization enthalpies for halobenzenes
from this work and from the literature is presented in Table 1.
Temperature dependencies of vapor pressures of halobenzenes
have been reported numerous times. However, authors have not
always calculated enthalpies of vaporization from their results. We
collected and systematically treated experimental literature data
using Eqs. (2) and (3) with �g

l Cp -values listed in Table S1, ESI and
calculated �g

l Hm (298.15 K) for the sake of comparison with our
results as well as for the evaluation of the data aiming the recom-
mendation of vaporization enthalpies �g

l Hm (298.15 K) for further
thermochemical calculations.

3.1.1. Vaporization enthalpies of fluorobenzene and
chlorobenzene

A very consistent set of vaporization enthalpies measured
directly (calorimetric) and indirectly (from vapor pressure tem-
perature dependence) was found for both fluorobenzene and
chlorobenzene (see Table 1). Our own transpiration method mea-
surements on these compounds were performed rather to in
order to collect experimental experiences and possible peculiari-
ties working with these volatile type of compounds. Our own  �g

l Hm

(298.15 K) results for fluorobenzene and chlorobenzene were in
very good agreement with those from the most reliable calori-
metric, static, and ebulliometric methods (see Table 1). Such a good
agreement has validated using of the transpiration method for the
reliable determination of vaporization enthalpies of similar shaped
halogen substituted methylbenezenes, where the available exper-
imental data were found to be less consistent.

3.1.2. Vaporization enthalpies of fluoro-methylbenzenes
Most of the vapor pressure data available for fluoro-

methylbenzenes were measured by static methods [15–17].
Enthalpies of vaporization, �g

l Hm (298.15 K), derived from these
vapor pressures by using Eq. (3) are presented in Table 1.
As can be seen, enthalpies of vaporization of 2-, 3-, and 4-
methyl-fluorobenzenes were hardly distinguishable within their
boundaries of experimental uncertainties. They were randomly
distributed around the value of 39 kJ mol−1. There were at least
2–3 vapor pressure data sets with the traceable origin for each
methyl-fluorobenzene. Results from vapor pressures compilations
[2,3] were also in close agreement with those from the static
[15–17] and ebulliometric measurements [18]. Having established
such a consistent set on vaporization enthalpies for 2-, 3-, and 4-
methyl-fluorobenzenes, no additional experimental studies were
performed with these compounds.

3.1.3. Vaporization enthalpies of chloro-methylbenzenes
The very first experimental vaporization enthalpies of 2- and

4-chloro-methylbenzenes were reported already in 1926 by using
the direct calorimetric method [40]. However the experimental val-
ues were measured at elevated temperatures around 430 K and
were not adjusted to the reference temperature 298.15 K. In 1940
vapor pressures of all three chloro-methylbenzenes were mea-
sured in the range 277–348 K by the static method devised by
Ramsay and Young [44]. The data were only fitted to suitable
equations and vaporization enthalpies were not derived. The most
recent vapor pressure data on 2- and 4-chloro-methylbenzenes

were reported in 1982 from ebulliometric measurements at ele-
vated temperatures close to the normal boiling point [42]. In this
work we  derived enthalpies of vaporization, �g

l Hm (298.15 K),
from data available in the literature (see Table 1). In addition we
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Table  1
Compilation of data on enthalpies of vaporization, �g

l
Hm , of the halobenzenes.

Compounds Techniquiea T-range/K �g
l
Hm(Tav)/kJ mol-1 �g

l
Hm(298.15 K)b/kJ mol-1 Ref.

Fluorobenzene n/a 229.8–357.9 35.3 34.62 ± 0.08 [2]
C 318.0–382.0 31.2 34.68 ± 0.10 [11]
S 255.3–357.0 34.7 34.64 ± 0.06 [12]
Eb 312.6–393.7 32.9 35.38 ± 0.05 [13]
Eb 313.2–353.2 33.5 35.17 ± 0.05 [14]
n/a 358–530 30.5 37.6 ± 3.0 [3]
n/a 373–419 31.6 36.4 ± 3.0 [3]
n/a 414–501 30.7 38.4 ± 3.0 [3]
n/a 497–561 31.3 42.5 ± 5.0 [3]
T 274.2–303.2 35.1 34.52 ± 0.23 This work

35.01 ± 0.30 Average
2-Fluoro-methyl-benzene n/a  249.0–387.2 38.3 38.9 ± 2.0 [3]

S 308.2–343.2 37.8 39.26 ± 0.40 [15]
n/a 295–388 37.2 39.6 ± 3.0 [3]
S 452.9–530.4 31.7 42.4 ± 3.0 [16]
S 285.0–387.5 37.7 39.5 ± 2.0 [17]

39.31 ± 0.38 Average
3-Fluoro-methyl-benzene n/a  250.8–389.2 38.7 39.4 ± 2.0 [2]

S 308.2 37.4 38.95 ± 0.31 [15]
S 293–390 37.6 40.0 ± 3.0 [3]
S 285.0–389.7 38.1 39.9 ± 2.0 [17]

38.99 ± 0.30 Average
4-Fluoro-methyl-benzene C  298.2–389.2 39.47 ± 0.10 [11]

n/a 251.4–390.2 38.8 39.6 ± 2.0 [2]
S 308.2–343.2 36.3 37.81 ± 0.32 [15]
E 340.8–428.4 36.1 40.78 ± 0.07 [18]
n/a 39.41 ± 0.08 [19]
S 285.0–389.7 38.0 39.9 ± 2.0 [17]

39.98 ± 0.30 Average
Chlorobenzene E  335.2–404.9 38.0 41.62 ± 0.03 [20]

E 404.6–462.1 36.9 43.80 ± 0.06 [21]
E 320.6–404.8 38.0 41.27 ± 0.54 [22]
E 328.2–353.2 39.6 41.74 ± 0.73 [14]
T 259.0–313.2 48.1 (47.36 ± 0.94) [23]
S 298.2–398.2 39.0 41.28 ± 0.71 [24]
S 313.2–393.2 39.0 41.18 ± 0.06 [25]
S 293.2–393.2 39.2 41.18 ± 0.16 [26]
E 371.8–403.7 35.3 39.72 ± 0.64 [27]
E 373.5–404.8 37.3 41.89 ± 2.0 [28]
S 298.0–398.1 38.6 40.82 ± 0.35 [29]
E 298.2–318.5 40.9 41.44 ± 0.27 [30]
E 353.2–368.2 39.3 42.5 ± 2.0 [31]
n/a 405.2–597.2 35.0 45.3 ± 5.0 [32]
n/a 333–405 38.0 41.6 ± 3.0 [3]
n/a 405–597 34.8 45.0 ± 5.0 [3]
n/a 260.2–405.4 40.0 41.3 ± 2.0 [2]
n/a 228.0–632.4 38.7 42.28 ± 0.35 [33]
E 372.4–452.5 36.7 42.36 ± 0.08 [34]

238.1–258.1 42.3 39.74 ± 0.40 [35]
343.2–405.4 38.1 41.92 ± 0.15 [36]
293.2–353.2 40.2 41.32 ± 0.08 [37]

n/a 329.4–404.9 38.1 41.44 ± 0.07 [38]
C 298.15 – 40.97 ± 0.06 [39]
C 403.7 36.6 41.89 ± 0.04 [40]
S 303.1–405.1 38.8 41.41 ± 0.13 [41]
T 274.5–307.2 41.7 41.22 ± 0.27 This work

41.76 ± 0.30 Average
2-Chloro-methyl-benzene E  345.8–431.5 41.3 46.39 ± 0.09 [42]

n/a 338.0–493.0 40.1 46.7 ± 3.0 [3]
n/a 293.2–433.2 42.6 45.8 ± 2.0 [43]
C 431.2 38.5 46.07 ± 0.05 [40]
S  277.0–348.0 44.8 45.5 ± 2.0 [44]
n/a 278.5–432.4 43.0 45.7 ± 3.0 [2]
T 274.2–306.2 47.0 46.44 ± 0.40 This work

46.14 ± 0.30 Average
3-Chloro-methyl-benzene S  277–348 45.4 46.1 ± 2.0 [44]

n/a 277.9–435.4 42.2 44.8 ± 3.0 [2]
T 274.2–309.2 47.4 46.94 ± 0.49 This work

46.84 ± 0.37 Average
4-Chloro-methyl-benzene C  433.5 38.7 46.35 ± 0.02 [40]

E 338.0–433.0 42.0 46.86 ± 0.05 [42]
n/a 293.2–423.2 42.3 45.3 ± 2.0 [43]
S 277–348 45.3 46.0 ± 2.0 [44]
n/a 278.6–435.4 42.5 45.2 ± 3.0 [2]
n/a 304–436 41.2 45.2 ± 3.0 [3]
T 274.3–309.2 47.0 46.50 ± 0.33 This work
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Table 1 (Continued)

Compounds Techniquiea T-range/K �g
l
Hm(Tav)/kJ mol-1 �g

l
Hm(298.15 K)b/kJ mol-1 Ref.

46.42 ± 0.30 Average
2,6-Dichloro-1-methylbenzene T  274.5–305.4 50.4 49.78 ± 0.33 This work

50.2  Additivity
1,3-Dichloro-2-methylbenzene T  274.2–305.3 52.2 51.60 ± 0.29 This work

52.4  Additivity
2,4-Dichloro-1-methylbenzene n/a  293–433 52.0 55.6 ± 2.0 [43]

n/a 346–475 46.3 53.5 ± 3.0 [3]
52.4 Additivity

3,4-Dichloro-1-methylbenzene n/a 378–543 46.0 56.5 ± 3.0 [3]
52.4 Additivity

2,5-Dichloro-1,4-dimethylbenzene n/a  393–573 49.0 62.3 ± 3.0 [3]
56.6 Additivity
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a Techniques: C = calorimetry; E = ebulliometry; S = static method: T = transpiratio
b Uncertainties are expressed as the standard deviation. Values in brackets were 

erformed own transpiration measurements on all three chloro-
ethylbenzenes in the low temperature range in order to get

aporization enthalpies possibly close to the reference temper-
ture 298.15 K. Similar to fluoro-methylbenzenes, vaporization
nthalpies of 2-, 3-, and 4-chloro-methylbenzenes measured by
s were also indistinguishable (around of 46 kJ mol−1) within their
oundaries of experimental uncertainties.

.1.4. Vaporization enthalpies of chloro-dimethylbenzenes and
ichloro-methylbenzenes

In contrast to the very consistent vaporization enthalpies dis-
ussed for fluoro- and chloro-methylbenzenes the data available for
hloro-dimethylbenzenes and dichloro-methylbenzenes are scarce
nd less reliable. Most of the collected vapor pressure data sets (see
able 1) of ambiguous quality were taken from the compilation
3]. In order to contribute to this kind of substitution and evalu-
te the available data we measured enthalpies of vaporization of
-chloro-2,6-dimethybenzene and 1,3-dichloro-2-methylbenzene
sing the transpiration method (see Tables 1 and 3). In general
here was a lack of literature data on poly-methyl and poly-
alogen benzenes available for comparison. For this reason we
ere encouraged to develop some correlation methods in order

o evaluate consistency of the experimental data collected in
able 1.

.2. Evaluation of vaporization enthalpies �g
l Hm (298.15 K) of

alobenzenes

Correlation of experimental vaporization enthalpies with
he structure related parameters is a valuable tool for the data
valuation. For example, vaporization enthalpies �g

l Hm (298.15 K)
xhibit a good linear function of the number of carbon atoms

n the chain of the n-alkanes [45] or n-alkyl-nitriles [46]. Linear
orrelations of �g

l Hm (298.15 K) of the geminal substituted azides
47] or aromatic ethers [48] with the data for similar structured

olecules help to evaluate the experimental data. Both these

able 2
rovenance and purity of the materials.

Material CASRN 

Fluorobenzene 462-06-6 

Chlorobenzene 108-90-7 

2-Chloro-methylbenzene 95-49-8 

3-Chloro-methylbenzene 108-41-8 

4-Chloro-methylbenzene 106-43-4 

1-Chloro-2,6-dimethyl-benzene 6781-98-2 

1,3-Dichloro-2-methylbenzene 118-69-4 

a Purity after fractional distillation under reduced pressure.
hod.
ken into account.

methods fail to be applied to the benzene derivatives. However,
there are some useful correlations of vaporization enthalpies with
the gas-chromatographic parameters such as Kovat’s index [49],
or temperature dependences of the retention times. We  used
both methods in the past to assess consistency of vaporization
enthalpies measured for ethers [50], esters [51], and aldehydes
[52] successfully.

3.2.1. Correlation of vaporization enthalpies �g
l Hm (298.15 K) of

halobenzenes with Kovat’s indices
Gas–liquid chromatography is widely used for non-analytic

applications. The main measurable value in this method is the
retention time of the analyte. Most frequently the retention time
is recalculated into the more universal Kovat’s index. Compilations
of Kovat’s indices are very useful for the content identification in
different natural and synthetic mixtures [49]. The correlation of the
enthalpies of vaporization with the Kovat’s indices helps to reveal
structure–property relations within series of parent compounds
[51,53]. Indeed, we  have already noticed above, that evaluated
enthalpies of vaporization of 2-, 3-, and 4-fluoro-methylbenzenes
were indistinguishable within their boundaries of experimental
uncertainties (see Table 1). It has turned out that Kovat’s indices
measured for these isomers on the squalane packed column at
373 K [54] were also indistinguishable. The same observation was
made for the Kovat’s indices of all three fluoro-methylbenzenes
measured (see Table S2, ESI) with the methyl silicone capillary
column [55]. These facts have proved an inherent qualitative
relationship between vaporization enthalpies and Kovat’s indices.
Similar conclusion was apparent for the chloro-substituted species:
their very close enthalpies of vaporization measured in this work
for 2-, 3-, and 4-methyl-chlorobenzenes (see Tables 1 and 2) were
also in accordance with the very close Kovat’s indices (952, 960,

and 958) measured for these solutes with a E-301 capillary column
at 373 K [56].

Having established the inherent qualitative relationship
between vaporization enthalpies and Kovat’s indices it has been

Origin GC purity (mass
fraction)a

Sigma-Aldrich, 99% 0.999
Sigma-Aldrich, 99.8% 0.999
Sigma-Aldrich, 99% 0.999
Sigma-Aldrich, 99% 0.998
Sigma-Aldrich, 99% 0.999
Alfa Aesar, 98% 0.998
Sigma-Aldrich, 99% 0.999
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Table  3
Results from measurements of the vapor pressure p of fluoro- and chloro-methylbenzenes using the transpiration method.

Ta (K) mb (mg) V(N2)
c (dm3) Gas-flow (dm3 h−1) pd (Pa) (pexp–pcalc)e (Pa) �g

l
Hm (kJ mol−1)

Fluorobenzene: �g
l
Hm (298.15 K) = (34.52 ± 0.23) kJ mol−1 ln

(
p/Pa

)
= 241.11

R − 49,006.63
R×(T,K) − 48.6

R ln
(

T,K
298.15

)

274.2 8.20 0.082 0.98 2982.9 32.5 35.68
278.2  10.31 0.082 0.98 3644.8 −48.1 35.49
283.2 14.12 0.082 0.98 4836.3 −1.6 35.25
288.2  18.66 0.082 0.98 6259.5 −7.9 35.00
293.2  24.29 0.082 0.98 8024.7 −9.4 34.76
298.2  31.50 0.082 0.98 10,286.4 90.1 34.52
303.2  39.42 0.082 0.98 12,768.7 −49.6 34.27

Chlorobenzene: �g
l
Hm (298.15 K) = (41.22 ± 0.27) kJ mol−1 ln

(
p/Pa

)
= 250.06

R − 56,306.38
R×(T,K) − 50.6

R ln
(

T,K
298.15

)

274.5 9.67 0.635 2.54 367.9 1.4 42.42
277.3  11.10 0.593 2.54 444.2 2.2 42.28
280.3  12.52 0.550 2.54 532.2 −5.5 42.13
283.3  14.30 0.508 2.54 650.2 −0.7 41.97
286.3  16.15 0.466 2.54 793.0 8.6 41.82
289.3  17.72 0.423 2.54 949.7 8.7 41.67
292.2 18.93 0.381 2.54 1120.7 3.5 41.52
295.2  19.64 0.339 2.54 1302.4 −26.4 41.37
298.2 20.35  0.296 2.54 1535.9 −38.0 41.22
301.2  21.35 0.254 2.54 1871.8 14.9 41.07
304.2  20.67 0.212 2.54 2169.4 −13.0 40.92
307.2  19.96 0.169 2.54 2611.0 55.8 40.76

2-Chloro-methylbenzene; �g
l
Hm (298.15 K) = (46.44 ± 0.40) kJ mol−1 ln

(
p/Pa

)
= 263.50

R − 63,408.82
R×(T,K) − 56.9

R ln
(

T,K
298.15

)

274.2 3.39 0.820 1.41 86.42 1.02 47.81
277.1  3.90 0.750 1.41 107.2 0.9 47.64
280.3  3.86 0.586 1.41 134.2 −0.4 47.46
283.2 5.07 0.644 1.41 159.2 −6.6 47.30
286.1  4.45 0.434 1.41 205.8 2.7 47.13
288.2  5.76 0.504 1.41 228.3 −6.3 47.01
291.2  6.26 0.422 1.41 294.4 7.3 46.84
294.1  6.70 0.375 1.41 353.2 5.9 46.68
297.2  6.12 0.281 1.41 429.5 5.7 46.50
297.2  5.54 0.258 1.41 424.0 0.2 46.50
297.2 6.60 0.305 1.41 427.3 3.6 46.50
300.2  5.31 0.211 1.41 495.7 −15.6 46.33
303.2  3.68 0.117 1.41 616.5 2.3 46.16
306.2  4.39 0.117 1.41 734.9 0.2 45.99

3-Chloro-methylbenzene; �g
l
Hm (298.15 K) = (46.94 ± 0.49) kJ mol−1 ln

(
p/Pa

)
= 262.70

R − 63,397.25
R×(T,K) − 55.2

R ln
(

T,K
298.15

)

274.2 3.83 1.003 1.50 79.75 3.07 48.26
277.2  4.70 0.978 1.50 98.96 2.56 48.10
280.2  4.54 0.777 1.50 119.0 −1.5 47.93
283.1  3.84 0.539 1.50 144.0 −4.7 47.77
286.2  4.70 0.514 1.50 183.3 −1.9 47.60
288.2 5.33 0.496 1.42 214.3 1.5 47.49
291.2  4.95 0.378 1.42 260.2 −0.7 47.33
294.2  5.88 0.378 1.42 308.1 −10.3 47.16
294.2  4.86 0.313 1.50 306.8 −11.5 47.16
297.2  5.72 0.301 1.50 375.3 −11.4 46.99
300.2  6.12 0.251 1.50 479.8 12.3 46.83
303.2  7.79 0.263 1.50 580.3 17.6 46.66
306.3  6.14 0.175 1.50 685.6 7.2 46.49
309.2  5.25 0.125 1.50 819.3 14.4 46.33

4-Chloro-methylbenzene; �g
l
Hm (298.15 K) = (46.50 ± 0.33) kJ mol−1 ln

(
p/Pa

)
= 262.68

R − 63,340.57
R×(T,K) − 56.5

R ln
(

T,K
298.15

)

274.3 5.35 1.322 1.44 84.43 4.36 47.85
274.3  5.09 1.322 1.44 80.54 0.47 47.85
276.1  5.34 1.202 1.44 92.19 0.39 47.74
278.2  5.54 1.082 1.44 105.4 −2.0 47.63
280.2  5.74 0.961 1.44 121.8 −2.6 47.51
282.1  5.89 0.841 1.44 141.7 −0.9 47.40
285.2  6.23 0.721 1.44 173.8 −3.9 47.23
288.2  2.65 0.240 1.44 219.7 1.2 47.06
288.2  2.64 0.240 1.44 219.4 0.9 47.06
288.2  2.56 0.240 1.44 212.9 −5.6 47.06
291.3  6.42 0.481 1.44 265.3 −4.0 46.88
294.2  7.22 0.433 1.44 330.2 4.4 46.72
297.2  7.36 0.361 1.44 402.6 7.6 46.55
300.3  6.30 0.264 1.44 468.8 −10.7 46.38
303.2  4.90 0.168 1.44 571.6 −1.0 46.21
306.3  4.70 0.132 1.44 696.7 7.5 46.04
309.2  5.10 0.120 1.44 830.7 14.4 45.87
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Table 3 (Continued)

Ta (K) mb (mg) V(N2)
c (dm3) Gas-flow (dm3 h−1) pd (Pa) (pexp–pcalc)e (Pa) �g

l
Hm (kJ mol−1)

1-Chloro-2,6-dimethylbenzene; �g
l
Hm (298.15 K) = (49.78 ± 0.33) kJ mol−1 ln

(
p/Pa

)
= 273.09

R − 69,368.07
R×(T,K) − 65.7

R ln
(

T,K
298.15

)

274.5 2.65 1.931 1.93 22.46 0.25 51.34
276.2  2.23 1.451 1.28 25.01 −0.49 51.23
279.2  3.27 1.609 1.93 32.59 0.19 51.03
282.2 2.56 0.960 1.28 42.07 1.16 50.83
284.1  2.26 0.747 1.28 47.51 0.23 50.71
287.1  3.04 0.805 1.93 59.44 0.29 50.51
287.2  9.20 2.503 3.49 57.90 −1.69 50.50
290.1  5.80 1.271 2.01 71.58 −2.01 50.31
293.3  6.33 1.054 2.01 93.85 1.48 50.10
296.3 3.65 0.502 2.01 113.2 −0.5 49.90
298.2 2.81 0.342 1.28 127.5 −1.8 49.78
298.3  2.90 0.342 1.28 131.6 1.4 49.77
298.3  2.86 0.342 1.28 130.1 −0.1 49.77
300.4  3.77 0.386 1.93 151.4 1.6 49.64
305.4  3.02 0.225 1.93 207.9 0.7 49.31

1,3-Dichloro-2-methylbenzene; �g
l
Hm (298.15 K) = (51.60 ± 0.29) kJ mol−1 ln

(
p/Pa

)
= 282.47

R − 70,860.49
R×(T,K) − 64.6

R ln
(

T,K
298.15

)

274.2 5.19 2.486 2.98 34.03 −0.35 53.15
276.2 5.41  2.138 2.98 40.83 0.13 53.02
278.2  5.96 2.014 2.98 47.45 −0.60 52.89
280.2  6.34 1.740 2.98 57.98 1.43 52.76
282.2  6.69 1.591 2.98 66.64 0.25 52.63
284.2  6.16 1.243 2.98 78.24 0.51 52.50
288.2 8.70 1.293 2.98 105.6 −0.2 52.25
291.2  8.43 0.994 2.98 132.4 0.1 52.05
293.2  9.48 0.994 2.98 148.8 −4.4 51.92
296.2  9.01 0.746 2.98 188.1 −1.9 51.73
298.2  10.73 0.746 2.98 223.7 4.9 51.60
301.3  8.70 0.497 2.98 271.5 0.7 51.40
305.3  5.68 0.249 2.98 353.9 −0.3 51.14

a Saturation temperature (u(T) = 0.1 K).
b Mass of transferred sample m condensed at T = 243 K.
c Volume of nitrogen (u(V) = 0.005 dm3) used to transfer m (u(m) = 0.0001 g) of the sample.
d Vapor pressure at temperature T, calculated from the m and the residual vapor pressure at T = 243 K.
e The combined standard uncertainty of vapor pressures measurements estimated to be within u(p)/p = (2 to 3)%, taking into account uncertainties of all variables involved
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easonable to work out the quantitative relationship. In our previ-
us studies we have traced that the vaporization enthalpy �g

l Hm

298.15 K) appears to be a linear function of the Kovat’s indices in
omologous series of alkylbenezenes [53]. However, fluoro- and
hloro-benzenes derivatives studied in this work (see Table 1) do
ot belong to the homologous series. In order to reveal any quanti-
ative structure–property relations for this series of compounds we
ollected Kovat’s indices for species listed in Table 1 together with
uxiliary indices for some parent poly-methyl substituted benzenes
see Table S3, ESI). We  consider how the vaporization enthalpy
orrelates with the Kovat’s indices [56] within methyl substituted
enzenes, fluorobenzenes, and chlorobenzenes. It has turned out
hat the data for �g

l Hm (298.15 K) also fit very well in the linear
orrelation. The following empirical equations for the enthalpy of
aporization have been obtained:

g
l Hm(298.15 K)/(kJ mol−1) = 8.74 + 0.0388 × Jx

with
(

R2 = 0.990
)

for E-101 (4)
here Jx is the Kovat’s index of a substituted benzene and R2 is the
orrelation coefficient. On the one hand, this relationship can be
sed as evidence of internal consistency of our experimental results
or vaporization enthalpies. On another hand, this relationship can
e used to assess enthalpies of vaporization of the parent substi-
uted benzenes provided that their Kovat’s indices are known.
3.2.2. Correlation of vaporization enthalpies �g
l Hm (298.15 K) of

halobenzenes with enthalpies of solution �g
solHm

Correlation of vaporization enthalpies with halobenzenes solu-
tion enthalpies in the stationary phase of the GC-column should
be considered as a complementary method to the method based
on Kovat’s indices. Retention time tr of a solute in the stationary
phase is an indicator of intensity of mutual interactions. It was
well established [51,53] that a plot of ln(1/tr) vs. 1/(T/K), where
tr is the retention time corrected for the dead volume, results in
the straight line, whose slope when multiplied by the gas constant
affords �g

solHm (the solution enthalpy of a solute in the station-
ary phase of the GC-column). It was  found [57] that, in cases where
compounds are properly selected with regard to the analogy of their
molecular structures, plotting �g

solHm versus the known standard
molar vaporization enthalpy �g

l Hm (298.15 K), also afford a linear
relationship. This relationship can subsequently be used to evalu-
ate the unknown vaporization enthalpy of any structurally related
species provided that the unknown species is analysed at the same
conditions as the standards.

There was  not a lack of GC studies of halogen substituted
benzenes in the literature due to awareness of their environmen-
tal impact. For our purpose we  selected a reference [58] which
reported an extended list of solution enthalpies of substituted
benzenes in the stationary phase Apiezon L. The experimental

results for the species related to the current work and their values
of �g

solHm are listed in Table S4 (ESI). We  have observed that the
correlation of vaporization enthalpies �g

l Hm (298.15 K) with the
solution enthalpies of substituted benzenes in Apiezon L fit very
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ell in the linear correlation:

g
l Hm(298.15 K)/kJ mol−1 = 5.91 + 4.39 × �g

solHm

with
(

R2 = 0.988
)

(5)

This correlation can serve as evidence of internal consistency
f experimental results for vaporization enthalpies. Moreover,
his relationship can be used to assess enthalpies of vaporization
f some dichloro-substituted benzenes with the known solution
nthalpies (see Table S4) as follows in Section 3.3.

.3. Validation of �g
l Hm (298.15 K) of chloro-dimethylbenzenes

nd dichloro-methylbenzenes

Having in mind the ambiguous quality of the available data
or chloro-dimethylbenzenes and dichloro-methylbenzenes taken
rom compilations [2,3] it has been reasonable to apply the cor-
elations according to Eqs. (4) and (5) to estimate enthalpies of
aporization of the questionable species. Comparison between
wo estimates with the vaporization enthalpy derived from the
ncertain smoothed p-T data [2,3] should help the evaluation. Fol-

owing this way we have calculated enthalpies of vaporization for
 collection of substituted benzenes by using Eq. (4) (see Table 4,
olumn 3) and Eq. (5) (see Table 4, column 5). The uncertainty
f �g

l Hm (298.15 K) obtained from both equations were assessed
o be of ±0.5 kJ mol−1 (standard deviation). Differences between
xperimental values (Table 4, column 2) and the estimated values
re given in columns 4 and 6 of Table 4. There are two  conclu-
ions from data comparison presented in Table 3. The first one
s that estimates according to both Eqs. (4) and (5) provide rea-
onable values of vaporization enthalpies within ±0.5 kJ mol−1

or most compounds. The second conclusion is that two totally
ifferent GC correlations methods provide very similar vaporiza-
ion enthalpies, proving consistency of the result collected and
valuated in Table 1. Due to this consistency, the experimental
ata available for 1,2-dichloro-4-methylbenzene, 2,4-dichloro-
-methylbenzene, and 1,4-dichloro-2,5-dimethylbenzene from
ompilations [3] should be excluded from thermochemical calcu-
ations and considered for revision of their primary experimental
ata.

.4. Estimation of �g
l Hm (298.15 K) of halogenobenzenes by

roup contribution method

In our previous work [6] we already reported the incremen-
al approach to the chlorine substituted benzenes and phenols.
ew collection of the evaluated vaporization enthalpies listed in
ables 1 and 3 has prompted to extend the group-additivity pro-
edure for estimation of �g

l Hm (298.15 K) for more broad range of
tructures of substituted benzenes. In short, the difference between
aporization enthalpies of chlorobenzene and benzene provides
he increment �H(H → Cl) for substitution of H atom on the ben-
ene ring by Cl one. Introduction of the second chlorine atom
nto the benzene ring produces few additional increments (ortho
l–Cl), (para Cl–Cl), and (meta Cl–Cl), taking into account the
utual interactions of substituents on the benzene ring. For exam-
le, the double Cl-substitution of H atoms of the benzene implies
he following sequence of increments required for interpreta-
ion of vaporization enthalpy of poly-chloro-substituted benzenes
6]:
uilibria 380 (2014) 67–75 73

The following general formula for calculation of vaporization
enthalpy of any polychlorobenzene (ClB) at 298.15 K can be sug-
gested:

�g
l Hm (ClB) =

�g
l Hm (B) + na × �H (H → Cl) + nb × (ortho Cl − Cl)

+ nc × (para Cl − Cl) + nd × (meta Cl − Cl)

(6)

where �g
l Hm (B) is vaporization enthalpy of benzene; �H(H → Cl)

is an increment of H → Cl substitutions on the benzene ring. The
mutual interactions of the Cl atoms were taken into account
through the three types of corrections in ortho-,  para-, and meta-
position on the benzene ring. na, nb, nc, nd—are the quantities of
the corresponding increments and correction. Similar approach
is valid [59,60] for any kind of poly-substitution of the ben-
zene ring (e.g. �H(H → Hal) for Hal = F and Cl in this work).
Such a simple substitution pattern could be also applied to the
toluene, xylenes, or poly-methyl benzenes using the increment
�H(H → CH3) for methyl substituent and the appropriately mod-
ified Eq. (6) with the pairwise interactions parameters (ortho
CH3–CH3), (para CH3–CH3), and (meta CH3–CH3).

We  used the experimental enthalpy �g
l Hm (298.15 K) of ben-

zene (33.92 ± 0.06) kJ mol−1, [61], toluene (38.06 ± 0.04) kJ mol−1

[61], 1,2-dimethylbenzene (43.45 ± 0.10) kJ mol−1 [11],
1,3-dimethylbenzene (42.68 ± 0.10) kJ mol−1 [11], 1,4-
dimethylbenzene (42.42 ± 0.10) kJ mol−1 [11], available from
the literature together with vaporization enthalpies of fluoroben-
zenes and chlorobenzenes evaluated in Table 1 in order to derive
increments �H(H → F), �H(H → Cl), and parameters for mutual
interactions of substituents on the benzene ring (see Table 5).

Collection of parameters listed in Table 5, column 1 represents
a fully detailed scheme for estimation vaporization enthalpies. For
the sake of simplicity we  decided to reduce as far as possible the
number of parameters required for reliable prediction vaporiza-
tion enthalpies of halobenzenes. Following this way we  calculated
the matrix of parameters listed in Table 4 with different degree
of detailization. It has turned out that the mutual interactions of
the methyl with the F or Cl-substituent can be neglected. From
the (CH3–CH3) interactions on the benzene ring only the ortho-
substitution possessed a significant contribution of 1.2 kJ mol−1.
For the all three (Cl–Cl) interactions a common weak stabiliza-

tion parameter of −1.5 kJ mol−1 was sufficient to reproduce the
experimental data.

Comparison of the experimental and estimated vaporiza-
tion enthalpies have revealed that the average deviation of
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Table 4
Comparison of experimental vaporization enthalpies, �g

l
Hm (298.15 K), and those estimated using the correlation GC and group additivity (all values are in kJ mol−1).

Compound �g
l
Hmexp �g

l
HmEq.(4) Exp-calc �g

l
HmEq.(5) Exp-calc �g

l
HmEq. (6) Exp-calc

1 2 3 4 5 6 7 8
Benzene, 1,4-dichloro- 47.60 [6] 47.9 −0.3 47.2 0.4 48.2 −0.6
Benzene. 1.2-dichloro- 48.82 [6] 48.8 0.0 47.9 0.9 48.2 0.6
Benzene. 1.3-dichloro- 47.68 [6] 47.7 0.0 47.2 0.5 48.2 −0.5
Benzene. 1-chloro-4-methyl- 46.42 45.9 0.5 45.9 0.5 46.0 0.4
Benzene. 1-chloro-2-methyl- 46.14 45.7 0.5 45.9 0.2 46.0 0.1
Benzene. 1-chloro-3-methyl- 46.84 46.0 0.9 45.9 0.9 46.0 0.8
Benzene. 2-chloro-1.4-dimethyl- 49.6 49.2 50.2
Benzene. 3.4-dichloro-1-methyl- (56.5)a 52.4 52.4
Benzene. 1.4-dichloro-2-methyl- 52.0 51.8 52.4
Benzene. 1.3-dichloro-2-methyl- 51.60 52.0 -0.4 52.4 -0.8
Benzene. 2.4-dichloro-1-methyl- (54.9)a 51.9 51.8 52.4
Benzene. 1.4-dichloro-2.5-dimethyl- (62.3)a 56.0 56.6
Benzene. 2-chloro-1.3.5-trimethyl- 53.7 54.4
Benzene. 4-chloro-1.2-dimethyl- 50.8 51.4
Benzene. 1-chloro-2.4-dimethyl- 49.8 51.8 50.2
Benzene. 1-chloro-2.3-dimethyl- 50.7 51.4
Benzene. 2-chloro-1.3-dimethyl- 49.78 49.7 0.1 50.2 -0.4
Benzene. 3-chloro-1.2.4-trimethyl 54.6 55.6
Benzene. 5-chloro-1.2.4-trimethyl 54.7 55.6
Benzene. 5-chloro-1.3-dimethyl- 49.7 50.2
Benzene. 1.3-dichloro-4.6-dimethyl 56.0 56.6
Benzene. 1.2-dichloro-4.5-dimethyl 58.0 57.8
Benzene. 5-chloro-1.2.3-trimethyl 55.8 56.8
Benzene. 3-chloro-1.2-dimethyl 50.4 

Benzene. 2.3-dichloro-1.4-dimethyl

a Values seems to be in error.

Table 5
Parameters for the calculation of enthalpies of vaporization �g

l
Hm (298.15 K) of

fluoro- and chloro-methylbenzenes.

Group contribution Value (kJ mol−1)

Benzene 33.9
�H(H → F) 0.8
�H(H → Cl) 7.9
�H(H → CH3) 4.2
ortho Cl–Cl −1.5
meta Cl–Cl −1.5
para Cl–Cl −1.5
F–CH3 0.0
Cl–CH3 0.0
ortho CH3–CH3 1.2
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[13] D.W. Scott, J.P. McCullough, W.D. Good, J.F. Messerly, R.E. Pennington, T.C.
meta CH3–CH3 0.0
para CH3–CH3 0.0

xperimental and calculated vaporization enthalpies on the level of
.5 kJ mol−1 quite comparable with the experimental uncertainties
f the most entries in Table 1. Following, the enthalpies of vapor-
zation of the mono- and di-halogen substituted benzenes can be
redicted with acceptable accuracy using the reduced Eq. (6) with
nly basic increments �H(H → Hal) and �H(H → CH3) and with
wo additional increments responsible for the mutual (Cl–Cl) and
rtho Cl–Cl interactions. It is also worse to mention, that even the
onsequent 1,2,3-substitution of the benzene ring with methyl or
hlorine substituent for species listed in Table 1 does not require
ny increment specific for steric crowding of the benzene ring.

. Conclusion

In this paper we carefully collected experimental vapor pressure
nd vaporization enthalpy data for fluoro- and chloro-substituted
ethylbenzenes available in the literature. In addition we mea-

ured vapor pressures and derived vaporization enthalpies for the

eries of seven halogen-substituted benzenes. We used the cor-
elation GC method to establish consistency of the experimental
ata. The simple group-contribution procedure was developed for
alculation enthalpies of vaporization of mono- and di-halogen

[

[

51.4
56.6 56.6

substituted benzenes which also proved the internal consis-
tency of our experimental data. Parameters of this procedure
should be transferable for prediction of vaporization enthalpies of
halogenated polyaromatic compounds, dibenzodioxins or dibenzo-
furans.
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