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ABSTRACT: Temperature dependence of vapor pressures for 12 dihalogen-substituted benzenes (halogen = F, Cl, Br, I) was
studied by the transpiration method, and molar vaporization or sublimation enthalpies were derived. These data together with
results available in the literature were collected and checked for internal consistency using structure—property correlations. Gas-
phase enthalpies of formation of dihalogen-substituted benzenes were calculated by using quantum-chemical methods. Evaluated
vaporization enthalpies in combination with gas-phase enthalpies of formation were used for estimation liquid-phase enthalpies of
formation of dihalogen-substituted benzenes. Pairwise interactions of halogens on the benzene ring were derived and used for
development of simple group additivity procedures for estimation of vaporization enthalpies, gas-phase, and liquid-phase

enthalpies of formation of dihalogen-substituted benzenes.

1. INTRODUCTION

Design and operation of chemical and biochemical processes is
based on the knowledge of reliable physical and chemical
properties of pure compounds, such as enthalpies of vapor-
ization, fusion, and formation. However, experimental data
available in the literature since the first thermochemical
experiments by Lavoisier are often of questionable quality
due to an insufficient purity of samples or inaccurate methods
used. Thus, development of any data evaluation methods is
highly required. Physical, chemical, and thermodynamic
properties of organic compounds are generally connected to
their structures and vary with them in a systematic way. That is
why identification of any qualitative and quantitative
correlations between structure and property is very helpful
for the data evaluation, as well as for the prediction of
properties of new molecules. While the chemical industry offers
about 1000 new compounds each year, it is hopeless to expect
to have measured thermochemical data on these compounds.
Following it is essential to develop accurate methods to predict
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them, but prediction methods have to be based on reliable
experimental data.

There is no lack of empirical, half-empirical, and theoretical
methods for prediction of thermochemical properties."™ One
of the widely used empirical methods is the group-contribution
method, where the property of a compound is estimated as a
summation of the contributions of simple chemical groups,
which can occur in the molecular structure.' This method
provides accurate prediction of thermochemical properties for a
broad range of organic compounds.*® However, recent
developments in the field of computational chemistry are
now in competition with empirical methods. First-principles
methods promise to calculate enthalpies of formation in the gas
phase, AH? (g, 298.15 K), with a “chemical accuracy” of (2 to
4) k] mol™' by using composite methods.”® We share this
optimism and also believe that the combination of the quantum
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chemistry methods with the group-additivity procedure could
open a new window of opportunity to elaborate specific group
contributions previously not available because of missing
experimental data. The combination of the quantum chemistry
methods with the experimental vaporization (or sublimation)
enthalpies suggests a rational, indirect way®’ to obtain not only
enthalpies of formation in the gas state, but also values of
AHS, (lig, 298.15 K) and AH,(cr, 298.15 K) in the condensed
state which are in demand in the thermochemical literature.

The present work is part of a broader program, aiming at the
evaluation of experimental data and the development of
empirical and theoretical prediction methods. In contrast to
the traditional overall group-additivity methodology developed
for the broad range of organic compounds,'™ we prefer to
focus our efforts rather on special families of chemical
compounds where structure—property relations are apparent,
e.g., homologous series”® or substituted benzenes.”*° The aim
of this paper is to reveal structure—property regularities in
ortho-, meta, and para-dihalogen-substituted benzenes (with F,
Cl, Br, and I) in order to get a consistent set of enthalpies of
vaporization and enthalpies of formation in the gas and liquid
phases for these compounds. The latter values are intended to
derive pairwise interactions of halogens on the benzene ring,
which are expected to be transferable to atmosphere pollutants
like polyhalogenated biphenyls, dioxins, and so forth. The study
of mixed halogenated pollutants is currently a cutting edge
topic in environmental chemistry. The prediction of
thermochemical properties for mixed halogenated benzenes
based on the results of this work is a valuable contribution in
this context.

2. EXPERIMENTAL SECTION

2.1. Materials. Samples used in this work were of
commercial origin (see Table S1, Supporting Information).
Prior to experiments, samples were purified by repeated
vacuum fractional distillation with the Teflon spinning-band
column under reduced pressure. Solid samples were purified by
fractional sublimation under reduced pressure. Sample purities
were determined by using a Hewlett-Packard gas chromato-
graph 5890 Series II equipped with a flame ionization detector.
No impurities (greater than mass fraction 0.001) could be
detected in the samples used for the thermochemical
measurements (see Table S1, Supporting Information).

2.2. Vapor Pressure Measurements with the Transpi-
ration Method. The transpiration method has been
successfully developed in our lab for measurements of vapor
pressures of 500—7000 Pa and downward.''~"* This method is
particularly practical for compounds of a middle and low
volatility at the temperatures around 298 K, where the data are
especially relevant for text books and compilations. About 0.5
to 1 g of the pure sample was mixed with glass beads and placed
in a U-shaped saturator having a length of 20 cm and a
diameter of 0.5 cm. At a constant temperature (0.1 K), a
nitrogen stream was passed through the saturator at an
appropriate flow rate, which was selected to be sufficient for
saturation of the stream with the sample. An exactly defined
nitrogen stream was passed through the saturator within a
certain time and the transported material was trapped at 243 K.
The mass of the condensed sample was derived by GC using
the external standard method.

The absolute vapor pressure p; at each temperature T; was
calculated from the amount of the product collected within a
definite period of time assuming validity of the ideal gas law, as

well as the validity of Dalton’s law applied to the nitrogen
stream saturated with the substance i:

p=mRT/V-M, V="Vy+V (Ve > V) (1)
where R = 8314472 J-K'mol™; m; is the mass of the
condensed compound, M is the molar mass of the compound i,
and V; is its volume contribution to the gaseous phase. VY, is
the volume of the carrier gas, and T, is the temperature of the
flow rate sensor. The volume of the carrier gas Vy, was
determined by the digital flow rate sensor from integration with
a microcontroller. It has turned out that a typical accuracy of
vapor pressures measured by transpiration method was within
1-3% and it was governed mostly by two factors: the
reproducibility of the GC analysis as well as by the volume
Vy, determination.”'%™"3

The saturated vapor pressures p; measured at different
temperatures were fitted with the following equation:""'?

0

R-lng =a+ E + A%Cp-ln(l)
T T (2)

where a and b are adjustable parameters, and AfC, is the
difference of the molar heat capacities of the gaseous phase, G,
and the liquid phase, C},, respectively. The temperature T
appearing in eq 2 is an arbitrarily chosen reference temperature
(which has been chosen to be 298.15 K). Consequently,
vaporization enthalpy at temperature T was indirectly derived
from the temperature dependence of vapor pressures using eq

3:
APH,(T) = =b + AFC, T 3)

Values of C§ have been calculated by using the G4 method (see
Table 1). Values of CL were either available from the literature
or calculated by the §roup—contribution procedure developed
by Chickos and Acree'* (see Table 1). Equations 1—3 are also
valid for the study of the solid samples. For this case, the
enthalpy of sublimation was derived from eq 3 by using the
appropriate values of Cj and A%C, (see Table 2) derived in the
same way as for the liquid samples. Primary experimental
results and the parameters a and b are listed in Table 3A—D.
The procedure for calculation of the combined uncertainties of
the vaporization enthalpy is described elsewhere.” They include
uncertainties from the transpiration experimental conditions,
uncertainties of vapor pressure, and uncertainties from
temperature adjustment to T = 298.15 K.

2.3. Computational Details. Quantum chemical calcu-
lations were performed with the Gaussian 09 series of
programs.”> The energies of the compounds under study
were calculated using the Gaussian-4 method.'"® The G4
method was chosen as it represents a good compromise
between cost and accuracy for substituted benzenes studied in
this work.'” Enthalpy values at the reference temperature H,gq
were evaluated according to the standard thermodynamic
procedures.'®

3. RESULTS AND DISCUSSION

3.1. Vapor Pressure and Vaporization Enthalpies.
Experimental absolute vapor pressures of 12 dihalogen-
substituted benzenes at different temperatures are given in
Table 3A—D. They are compared graphically (see Supporting
Information Figures S1—S6). It turned out that vapor pressures
of the para-isomers in all series were systematically higher in
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Table 1. Compilation of Data on Molar Heat Capacities (in J
mol™' K™') at 298.15 K of the Liquid Dihalogen—Benzenes

compound G (liq) ngm(g)“ AfC, ref.
1,2-difluorobenzene 159.0 104.66 54.3 24
1,3-difluorobenzene 159.11 104.67 54.4 25
1,4-difluoorobenzene 157.5 104.73 52.8 26
1,2-dichlorobenzene 171.3 111.92 59.4 27
1,3-dichlorobenzene 170.6 112.29 58.3
1,4-dichlorobenzene 179.4 112.25 67.2
1-bromo-2-chlorobenzene 176.9 113.71 63.2 28
1-bromo-3-chlorobenzene 181.9 114.03 67.9
1-bromo-4-chlorobenzene 183.2 113.99 69.2
1-chloro-2-iodobenzene 187.7 114.96 72.7
1-chloro-3-iodobenzene 187.7 115.24 72.5
1-chloro-4-iodobenzene 187.7 115.30 72.4
1-bromo-2-iodobenzene 191.5 116.88% 74.6
1-bromo-3-iodobenzene 1915 117.17% 743
1-bromo-4-iodobenzene 191.5 117.16° 74.3
1,2-dibromobenzene 187.0 115.52 71.5
1,3-dibromobenzene 187.0 115.76 71.2
1,4-dibromobenzene 187.0 115.77 71.2
1-iodo-2-fluorobenzene 173.1 110.96° 62.1
1-iodo-3-fluorobenzene 173.1 111.60° 61.5
1-iodo-4-fluorobenzene 173.1 111.62° 61.5
1,2-diiodobenzene 196.0 117.89% 78.1
1,3-diiodobenzene 196.0 117.96° 78.0
1,4-diiodobenzene 196.0 118.11° 77.9

“Calculated using G4. “Calculated using b3lyp/6-311G(d,p).

Table 2. Compilation of Data on Molar Heat Capacities (in J
mol ™! K™') at 298.15 K of the Solid Dihalogen—Benzenes

compounds C;,m( cr) C}f’m(g)“ A%C, ref.
1,4-dichlorobenzene 143.8 112.25 315 29
1-bromo-4-chlorobenzene 1458.5 113.99 31.5 30
1-chloro-4-iodobenzene 149.2 115.30 339 30
1-bromo-4-iodobenzene 147.3 117.16 30.1
1,4-dibromobenzene 145.3 115.77 29.5 29
1,4-diiodobenzene 160.8 118.11° 2.7 31

“Calculated using G4. "Calculated using b3lyp/6-311G(d,p).

comparison to the ortho-isomers. Vapor pressures of all meta-
isomers were in between, but in most cases very close to those
of the para-isomers. Similar trends have already been observed
for the halogen substituted methyl-benzenes.” Thus, vapor
pressures of dihalogen-substituted benzenes measured in this
work by transpiration can be considered internally consistent.
We also collected the available literature for dihalogen
benzenes, systematically treated experimental data using eqs 2
and 3 (with AfC, and A&C, values listed in Tables 1 and 2)
and calculated values of AfH,, (298.15 K) and A8H, (298.15
K) for the sake of comparison with our results, as well as for the
evaluation of the data aiming at the recommendation of
vaporization/sublimation enthalpies for further thermochemical
calculations. The compilation of vaporization/sublimation
enthalpies for dihalogen-substituted benzenes is presented in
Table 4. However, not many vapor pressure measurements on
dihalogen-substituted benzenes have been found in the
literature. A very consistent set of direct (calorimetric) and
indirect (from the vapor pressure temperature dependence)
measured vaporization enthalpies was reported for dichlor-
obenzenes."” Our own measurements on 1,3-dichlorobenzene
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were performed rather in order to reveal any possible
peculiarities working with the volatile dihalogen-benzenes
with the transpiration method. Our new AfH, (298.1S K)
result for 1,3-dichlorobenzene was in a good agreement with
those evaluated in ref 19 (see Table 4). For our discussion of
the experimental data we assumed the previous results for vapor
pressures and vaporization enthalpies for all three dichlor-
obenzenes' as carefully evaluated. We also used results from
our previous data evaluations for ortho-, meta-, and para-isomers
of fluoro-chlorobenzenes®® and dibromobenzenes.>’ Compar-
ison with data collected in the comprehensive compilations by
Stephenson and Malanowski** and Stull*® should be considered
questionable, because the origin of data, methods of measure-
ments, and uncertainties were not reported there, and purities
of compounds were not available. However, in most cases an
acceptable agreement of our new results and the literature data
has been observed (see Table 4). In order to establish more
confidence, we calculated the weighted average values AfH,
(298.15 K) for dihalogen-substituted benzenes under study.
Uncertainties of the data were used as the weighting factor.
These averaged results were recommended for further
thermochemical calculations.

According to our new transpiration results, enthalpies of
vaporization of ortho-, meta-, and para-isomers within each
series of dihalogen-substituted benzenes were very similar and
their differences do not exceed 1 kJ mol™. Similar trends were
also observed for enthalpies of vaporization of halogen-
substituted methylbenzenes”*° recently.

3.2. Internal Consistency of the Phase Change
Enthalpies of 1,4-Dihalogen—benzenes. Fundamental
studies on sublimation and fusion of 1,4-dihalogen-substituted
benzenes were performed in the Chemical Thermodynamics
Group of the Utrecht University®”>**® using the static and
effusion methods, and adiabatic calorimetry. Sublimation
enthalpies for 1-bromo-4-chlorobenzene, 1-iodo-4-chloroben-
zene, and 1-bromo-4-iodobenzene measured by the transpira-
tion method in this work were in good agreement with those
from the static and effusion methods. However, having the
focus of this work on vaporization enthalpies of dihalogen—
benzenes, we have additionally measured vapor pressures also
over the liquid samples.

A valuable test of consistency of the experimental data on
vaporization, and sublimation enthalpies derived for dihal-
ogen—benzenes (see Tables 3A—D and 4) provides a
comparison with the experimental values of enthalpy of fusion
collected in Table 5. For example, in this work the sample of 1-
bromo-4-iodobenzene was investigated by the transpiration
method in both ranges, above and below its temperature of
melting T, = 363.3 K. The value of A%H, (298 K) = (76.7 +
0.3) kJ mol™ for 1-bromo-4-iodobenzene was obtained in this
work from measurements in the temperature range 299.4—
358.8 K and the vaporization enthalpy for 1-bromo-4-
iodobenzene AfH,, (298 K) = (59.8 =+ 0.7) kJ mol™ from
measurements in the temperature range 366.5—391.6 K. To
test the consistency of the experimental data measured in this
work for 1-bromo-4-iodobenzene, let us compare the enthalpy
of fusion calculated as the difference ALH,,(298.15 K) = ASH,,
— A8H,, = 76.7-59.8 = (16.9 + 0.8) kJ] mol™" (both values
were adjusted to the reference temperature T = 298.15 K) with
the ALH,(298.15 K) = (172 + 0.3) kJ mol™ of 4-bromo-
iodobenzene reported in ref 28 (see Table S). The enthalpy of
fusion ALH, calculated from difference the (ASH,, — A$H,)

measured in this work is in excellent agreement with those
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Table 3A. Results from Measurements of the Vapor Pressure p of Dihalogen-Substituted Benzenes Using the Transpiration

Method
Y . gas- 4 A$H,,/ Y . gas- 4 APH,,/
m V(NZ) tlow p (pexp - pca]c) A%er T m V(NZ) tlow P (pexp - Pcalc) A%er
K mg dm? dm®/h Pa Pa kJ mol™ K mg dm? dm3/h Pa Pa kJ mol™

1,3-Dichlorobenzene: AfH,,(298.15 K) = (52.3 + 0.5) kJ mol™

In(p/Pa) = 26345 6472615 583 In( T, K ]
R R(T,K) R \298.15
2783 327 0861 2551 66.5 0.3 48.50
2813 364 0764 2551 82.6 —-02 48.33
2843 409 0683 2551 1027 —0.1 48.15
2873 438 0597 2551 1254 -18 47.98
2903 475  0S51S 2551 1567 02 47.80
2933 493 0428 2551 1950 34 47.63
2963 482 0347 2551 2348 14 4745
2993 431 0255 2551 2846 15 47.28
3023 434 0219 2551 3332 -85 47.10
3053 530 0217 2551 4107 0.0 46.93
3083 657 0222 2551 4968 53 46.76
3113 766 0219 2551  $85.1 —-06 46.58

1-Bromo-2-chlorobenzene: APH,,(298.15 K) = (52.0 + 0.3) kJ mol™

273.04 70813.51 63.2 T, K
In(p/Pa) = -— - —In( ]
R R(T,K) R \298.15
280.6 3.41 2.333 3.499 19.28 0.30 53.08
283.7 3.34 1.808 3.499 24.26 —0.08 52.89
286.7 3.89 1.633 3.499 31.06 0.30 52.70
289.6 4.60 1.57§ 3.499 37.98 -0.39 52.51
291.4 3.56 1.050 3.499 44.04 0.14 52.40
294.2 6.15 1.458 3.499 54.85 0.93 5222
296.5 2.99 0.618 1.059 62.75 —-0.87 52.08
299.6 5.67 0.935 1.059 78.33 —0.81 51.88
302.5 3.26 0.441 1.059 95.48 —-1.12 51.70
305.6 3.78 0.406 1.059 119.36 0.40 S51.50
308.8 4.13 0.371 1.059 143.64 -3.07 51.30
311.6 5.00 0.371 1.059 173.58 —1.94 S1.12
314.5 6.28 0.388 1.059 208.45 —-2.04 50.94
317.5 5.24 0.265 1.059 255.21 2258 50.75
320.5 6.74 0.284 1.064 307.66 491 50.56
323.5 6.05 0.213 1.064 368.02 6.08 50.37

1-Bromo-3-chlorobenzene: AfH,, (298.15 K) = (51.3 + 0.4) kJ mol™"

In(p/Pa) = 27712 7156271 67—'91n( T, K ]
R R(T, K) R 298.15
2782 857 5929  3.909 19.43 0.26 52.68
2810 338 1759  3.909 25.53 1.49 5249
2836 418 1923  3.846 28.07 —1.46 52.31
2853 387 1.538  3.846 33.10 —0.60 52.19
2861 565 2115  3.846 35.34 —0.50 52.14
2892 425 1218  3.846 44.94 —0.37 51.93
2908 520 1.346  3.846 50.44 -0.78 51.82
2939 540  1.090  3.846 64.82 0.65 51.61
2966 573 0977  1.066 75.69 -1.79 5143
2970 469 0769  3.846 79.52 -0.17 51.40
299.7 459 0604  1.066 98.16 2.07 51.22
2999 529 0705  3.846 97.46 0.04 51.20
3027 429 0462 1066  119.76 2.00 51.01
3033 608 0641 3846 12230 —0.69 50.97
3053 411 0368 1051 14217 225 50.84
3053 494 0438  1.051  143.81 3.90 50.84
3082 429 0315 1051 17333 4.46 50.64
3089 851 0641 3846  170.89 -5.73 50.59
311.3 654 0403 1051  207.39 1.85 50.43
3143 610 0315 1051  247.52 0.05 50.23
3173 569 0245 1051  296.62 —0.06 50.02
3203 619 0228 1051  347.53 —6.71 49.82

“Saturation temperature (u(T) = 0.1 K). YMass of transferred sample
m condensed at T = 243 K. “Volume of nitrogen (u(V) = 0.005 dm®)
used to transfer m (u(m) = 0.0001 g) of the sample. “Vapor pressure
at temperature T calculated from the m and the residual vapor pressure
at T = 243 K. “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 in eq 2. Uncertainties of
vaporization enthalpies are expressed in this table as standard
deviations.

measured directly by calorimetry (and adjusted to T = 298.15
K, as described in Supporting Information). Thus, our new
results for vaporization and sublimation enthalpies of 1-bromo-
4-iodobenzene have been proven to be consistent. In the same
way we tested the experimental results for another dihalogen—
benzenes (see Table 5), which have been found in agreement
within the experimental uncertainties. Thus, our additional
measurements on vaporization, sublimation, and fusion
enthalpies of dihalogen-substituted benzenes have ascertained
the new thermochemical data for these compounds.

3.3. Evaluation of APH,(298.15 K) of Dihalogen-
Benzenes. Enthalpies of vaporization, AfH,, (298.15 K), of
all existing dihalogen-substituted benzenes are collected in
Table 4. Are these data self-consistent? Structure—property
correlations are always a useful tool to establish consistency of
the experimental data. For example, correlation of experimental
vaporization enthalpies of monohalogen—benzenes, fluoroben-
zene, chlorobenzene, bromobenzene, and iodobenzene, with
experimental enthalpies of vaporization of dihalogen—benzenes,
1,2-difluorobenzene, 1,2-dichlorobenzene, 1,2-dibromoben-
zene, and 1,2-diiodobenzene, is expected to fit a linear

dependences. Indeed, a remarkable line (see Figure S7,
Supporting Information) for 1,2-dihalogenbenzenes meets
this expectations. Also, very good linear correlations were
found for series of 1,3-and 1,4-dihalogen-substituted benzenes
(see Figures S8—S9, Supporting Information). These linear
relationships can be considered proof of the internal
consistency of experimental results on vaporization enthalpies
selected in Table 4. Additionally, another two types of
structure—property correlations, the group-additivity proce-
dure* and the correlation of vaporization enthalpies with the
gas-chromatographic Kovat’s index, have been used in this work
in order to evaluate vaporization enthalpies of halogen-
substituted benzenes.

3.3.1. Correlation of AJH,, (298.15 K) of Dihalogen-
Substituted Benzenes with Kovat’s Indices. Kovat’s indices
measured by the gas—liquid chromatography are widely used
for identification of molecules,”” but they also help to reveal
structure—property relations within series of parent com-
pounds.’®*~* In our previous studies we found that AfH,,
(298.15 K) values appear to be a linear function of the Kovat’s
indices in homologous series of halogen-substituted ben-
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Table 3B. Results from Measurements of the Vapor Pressure p of Dihalogen-Substituted Benzenes Using the Transpiration

Method
gas- (Pesp — AfH,,/ gas- (Pexp — AfH,,/
T m Vi) flow 4 Pealc) A%H,, T m ) flow 4 Peac) A% H,,
K mg dm? dm’/h Pa Pa kJ mol™! mg dm? dm?/h Pa Pa kJ mol™!
1-Bromo-4-chlorobenzene: A8H,, (298.15 K) = (68.1 + 0.4) kJ mol™ 28191 7291539  69.2 T, K
In(p/Ps) = 289.99 7747804 _ 31§ In( T, K ] In(p/Pa) = R R(T,K) R (298.15]
R R(T,K) R (29815 3567 385 0196 0783  2529.9 246 4824
280.1 2.05 4.054 1.919 5.96 —-0.34 68.66 359.6 34.7 0.157 0.783 2847.9 -7.8 48.03
283.3 2.04 3.108 1.919 8.44 -0.35 68.56 362.6 44.7 0.176 0.783 3259.6 -1.3 47.83
284.6 2.08 2.554 2.027 10.45 0.41 68.51 365.6 44.7 0.157 0.783 3666.9 —46.4 47.62
286.8 1.67 1.600 2.027 13.35 0.82 68.45 1-Todo-2-chlorobenzene: AfH, (298.15 K) = (57.3 + 0.3) kJ mol™
289.8 1.47 1124 2.043 16.81 —0.06 68.35 288.32 79001.52 7.7 T, K
292.8 140 0817 2043 21.87 —0.69 68.26 In(p/Pa) = R R(T,K) Tln( 29815]
295.8 1.19 0.511 2.043 29.90 -0.07 68.16 293.4 175 1.569 471 11.48 0.14 $7.67
298.5 1.74 0.558 1.312 40.38 1.88 68.08 2952 8.09 6371 588 13.17 0.07 57.54
298.7 1.25 0411 2.043 3891 —0.31 68.07 2983 8.09 4.948 594 16.80 0.09 57.32
301.7 1.75 0.445 2.043 50.16 —1.3§ 67.98 298.4 272 1.647 471 16.96 012 5731
302.5 215 0.496 1.353 5589 0.56 67.95 301.4 8.09 3.959 5.94 20.97 —0.21 57.09
304.8 2.24 0.411 2.055 69.59 1.75 67.88 3033 381 1.608 471 2426 017 56.96
304.8 2.24 0.411 2.055 69.59 1.75 67.88 3067 923 2.969 594 31.86 0.49 5671
307.9 3.60 0.514 2.055 89.48 0.65 67.78 3083 792 2353 471 34.44 —0776 56.59
307.9 3.60 0.514 2.085 89.48 0.65 67.78 311.9 8.49 1.979 5.94 43.90 —149 5633
3134 4.00 0.371 2.228 138.90 —2.40 67.61 3135 10.66 2.146 468 51.18 047 5621
316.5 2.48 0.183 1.098 174.89 —7.28 67.51 3163 8.63 1.462 5.85 60.93 —043 56.01
319.4 3.30 0.183 1.098 232.60 2.67 67.42 31855 832 1171 468 73.17 2.09 5585
322.6 2.89 0.129 0.776 287.75 —8.00 67.32 3214 12.37 1.462 5.85 87.30 135 $5.64
3253 7:09 0.246 0.776 371.87 7:66 67.23 323.5 11.26 1.210 4.68 95.82 —-2.55 55.49
328.6 6.10 0.168 0.776 467.47 0.03 67.13 3263 1820 1.559 5.85 120.34 295 5528
3314 9.73 0.220 0.776 570.00 —-5.24 67.04 3275 763 0.637 174 123.65 283 5520
333.1 6.99 0.142 0.776 653.00 1.71 66.99 3283 7.40 0.596 119 128.14 —475 55.14
1-Bromo-4-chlorobenzene: APH,,(298.15 K) = (52.3 + 0.6) kJ mol™! 3314 9.09 0.557 L19 166.63 6.15 5491
In(p/Pa) = 25101 _ 7291539 éﬂln( TX ] 3334 835 0497 119 177.45 -338 54.77
R R(T,K) R 29815 3366 860 0398 119 220.78 2.66 54.53
338.8 32.5 0.405 0.783 1031.9 -16.9 49.47 337.5 9.92 0.434 1.74 235.56 5.81 54.47
341.7 17.3 0.183 0.783 1215.6 -1.5 49.27 338.5 9.23 0.397 1.19 239.57 —-3.74 54.40
344.8 17.4 0.157 0.783 1430.6 8.5 49.06 341.4 12.35 0.434 1.74 293.19 6.55 54.19
347.7 20.2 0.157 0.783 1657.5 17.8 48.86 341.6 8.15 0.301 1.17 279.37 -10.49 54.17
350.7 232 0.157 0.783 1902.2 7.8 48.65 343.5 8.95 0.291 1.17 317.00 —-5.08 54.03
353.5 44.0 0.261 0.783 2167.0 S.5 48.46 345.4 15.52 0.434 1.74 368.46 11.09 53.89
zenes.””” In this study the following empirical equation for the evidence of internal consistency of the experimental results on

enthalpy of vaporization has been obtained (see Table S2,
Supporting Information):

A$H_ (298.15K)/(kJ-mol ')
= 9.6 + 0.04 X ] (OV-1) with (R* = 0.993) (4)

where J, is the Kovat’s index on OV-1*' of a substituted
benzene and R is the correlation coefficient. Also, very good
linear correlation of vaporization enthalpies with Kovat’s index
on SE-30** was observed:

A$H, (298.15K)/(kJ-mol ")
= 6.7 + 0.04 X ] (SE — 30) with (R* = 0.991) (s)

These relationships can be used to estimate enthalpies of
vaporization of the parent substituted benzenes provided that
their universal Kovat’s indices are known in the same
conditions. However, it is more important in the context of
the current study that eqs 4 and S also be considered as

vaporization enthalpies evaluated in Table 4.

3.3.2. Group-Contribution Method for Evaluation of AJH,,
(298.15 K) of Dihalogen-Substituted Benzenes. Group-
additivity (GA) procedure have been systematically applied to
the halogen benzenes in our previous work for benzenes
substituted with Cl and OH,* as well as for CH, and F or Cl
groups, CHj, and Br or I groups.7’20 In this work we extend the
GA method for estimation of AfH,, (298.15 K) of dihalogen-
substituted benzenes. In short, we developed two types of
group contributions. The first type is the contribution due to
substitution of the H atom on the benzene ring with any
halogen. For example, the difference between AfH,, (298.15 K)
of iodobenzene and benzene provides the increment AH(H—
I) for substitution of H atom on the benzene ring by the I-
group. Introduction of the second halogen atom into the
benzene ring requires few additional increments, e.g., (ortho I—
I), (para I-I), and (meta I-1I), taking into account the pairwise
interactions of substituents on the benzene ring. A simple
general formula was used for calculation of vaporization
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Table 3C. Results from Measurements of the Vapor Pressure p of Dihalogen-Substituted Benzenes Using the Transpiration

Method
gas- (@ = AfH,,/ gas- (. AfH,,/
T m Vi) tlow 4 Peatc) AYH, T m V) flow P Peac) AEH,,
mg dm? dm?/h Pa Pa kJ mol™! mg dm? dm?/h Pa Pa kJ mol™!
1-Bromo-2-iodobenzene: AfH,,(298.15 K) = (59.6 + 0.3) kJ mol™! 294.03 82958.61 743 T, K
In(p/pa) = 28930 _ 81836.83 Hln( T, K ] In(p/Pa) = R R(T,K) R n( 298.15]
R R(T,K) R \298.15 3228 536 109 1768 4274 0.59 58.98
2833 274 1409 4972 1.70 0.04 60.71 1-Bromo-4-iodobenzene: ABH,,(298.15 K) = (59.8 + 0.7) kJ mol™"
286.3 243 9.695 4.972 2.19 0.02 60.48 291.40 81992.02 743 T, K
289.3 2.35 7127 4972 2.88 0.06 60.26 In(p/Pa) = R R(T,K) R n( 298-15]
292:5 244 5.635 4972 3.79 0.08 60.02 366.5 14.54 0.234 0.877 542.0 1.2 54.76
29S.5 9.38 17.65 4.972 4.68 —-0.09 59.80 3683 13.82 0205 0.877 588.5 _19 54.63
2982 411 6.130 3117 580 —0.14 5959 370.2 15.27 0.205 0.877 650.0 1.5 54.49
301.2 4.30 5.091 3.117 7.31 —-0.24 59.37 3733 13.91 0.161 0.807 750.4 12 5426
304.2 3.56 3.325 3.117 9.28 —0.25 59.15 3752 15.11 0.161 0.807 8154 32 5412
307.3 3.93 2.857 3.117 11.87 —0.19 58.92 3771 17.09 0.168 0.777 883.8 94 53.98
310.3 4.59 2.701 3.117 14.68 -0.39 58.69 3717 16.14 0.202 0.807 696.7 19 54.38
3132 391 1.818 3417 18.56 —0.03 5848 381.4 20.66 0.164 0.822 1094.0 7.7 53.65
316.4 5.05 1.870 3.117 23.62 0.29 58.24 382.3 2092 0.161 0.807 11284 04 53.59
319.2 4.29 1.299 3.117 28.90 0.58 58.03 378.8 24.40 0219 0.822 969.3 44 53.85
3222 3.98 0.987 3.117 35.24 0.54 57.80 3874 27.14 0.168 0.777 14032 41 5321
3254 4.35 0.883 3.117 43.09 0.19 57.57 384.9 22.51 0.155 0.777 12607 —31 $3.40
328.2 4.64 0.779 3.117 52.15 0.73 57.36 389.4 2743 0.155 0.777 15362 12 53.06
1-Bromo-3-iodobenzene: AfH,,(298.15 K) = (60.8 + 0.3) kJ mol™" 3916 3120 0.161 0.807 1682.0 27 $2.90

In(p/Pa) = 294.03 8295861  74.3 n( T,K ]
R R(T, K) R 298.15
279.4 638  44.54 3.480 127 0.02 62.20
280.4 930  59.16 3.480 1.39 0.01 62.13
281.5 861  49.76 3.480 1.53 0.00 62.05
284.5 6.66 2853 3.480 2.06 0.03 61.82
287.8 511 1653 3.480 2.71 —0.02 61.58
289.8 513 13.86 3.480 325 —0.02 61.43
2922 466  10.09 3.480 4.04 0.01 61.25
292.7 555 1145 3.488 424 0.03 6121
295.4 595 9.959  3.880 522 —0.07 61.01
2982 433 5654  1.722 6.68 0.00 60.81
298.4 5.81 7441  3.488 6.81 0.02 60.79
301.2 5.49 5.629  1.787 8.51 —-0.01 60.58
304.4 472 3779  3.488 10.90 —0.09 60.35
306.7 4.86 3314 3488 12.77 -0.37 60.17
309.8 4.55 2442 3.488 16.23 —0.40 59.94
3113 5.98 2799  1.768 18.60 0.01 59.83
314.4 524 1974  1.768 23.12 —023 59.60
316.7 5.69 1768  1.768 28.03 0.48 59.43
319.7 5.55 1385  1.768 34.87 0.83 59.21

1-Bromo-4-iodobenzene: A%H, (298.15 K) = (76.7 + 0.3) kJ mol™*

29324 8567118 301, ( T, K
In(p/Pa) = - ( ]
R R(T,K) R \298.15
2994 475 1772 5136 235 0.05 76.66
3052 419 8988 5136 403 —0.10 76.49
3082 590 9461 0783 537 =017 76.40
3113 400 4537 5136 7.60 0.15 76.30
3143 434 3852 5136 972 —015 7621
3173 408 2739 5136 1287  —0.13 76.12
3204 412 2054 5136 17.33 0.14 76.03
3243 448 1592 0783 24.65 043 75.91
3286 974 2397 5136 3517 0.17 75.78
3334 554 0914 0783 52.54 0.36 75.64
3361 474 0626 0783 65.54 0.58 75.56
3393 654 0666 0783 85.35 1.53 75.46
3422 609 0496 0783 10683 1.29 75.37
3484 583 0300 0783 16849 0.11 75.19
3512 553 0235 0783 20436  —271 75.10
3543 580 0196 0783 25749  —182 75.01
3588 947 0235 0783 35072 —6.09 74.87

enthalpy of any polyhalogen-substituted benzene (HalB) at
298.15 K:

APH_(HalB) = APH, (B) + n, X AH(H — Hal)
+ n, X (orthoHal — Hal) + n, X (metaHal — Hal)
+ n; X (paraHal — Hal) (6)

where APH, (B) is vaporization enthalpy of benzene; AH(H—
Hal) is an increment for H — Hal substitutions on the benzene
ring, with n, = 2 for disubstituted molecules. The pairwise
interactions of the Hal atoms were taken into account through
the three types of corrections in ortho-, meta-, and para-
positions on the benzene ring, and ny, n, n, are the quantities of
the corresponding increments. This approach is valid for any

kind of polysubstitution of the benzene ring.*> The same simple
substitution procedure can be applied to the toluene, xylenes,
polymethyl-benzenes, as well as biphenyls and dioxines using
an appropriate shape of the starting molecule, increment AH,
and eq 6 appropriately modified with the pairwise interactions
(see Table 6).

We used the experimental values A$H, (298.15 K) for
benzene and halogen—benzenes available from the literature
(see Table 7) together with vaporization enthalpies of
dihalogen-substituted benzenes collected in Table 4 in order
to derive increments AH(H — Hal) and parameters for
pairwise interactions of substituents on the benzene ring (see
Table 6). These parameters can be used for prediction of
vaporization enthalpies of different halogen substituted
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Table 3D. Results from Measurements of the Vapor Pressure p of Dihalogen-Substituted Benzenes Using the Transpiration

Method
gas- (pexp — AfH,,/ gas- (pexp — AfH,,./
T m Vi) tlow P Pealc) A%H,, T m ) tlow 4 Peac) A% H,,
mg dm? dm?/h Pa Pa kJ mol™! mg dm? dm?/h Pa Pa kJ mol™!
1,2-Diiodobenzene: AfH,,(298.15 K) = (65.6 + 0.5) kJ mol™ 1,3-Diiodobenzene: A&H, (298.15 K) = (82.6 + 0.6) kJ mol™"
In(p/Pa) = 30092 8892841  78.1 In( T, K ] In(p/Pa) = 32129 95340.36 42.701n( T, K ]
R R(T, K) R \298.15 R R(T, K) R 298.15
2085 254 12.53 5.921 1.51 0.10 65.62 2790 164 1049 5.941 0.118 —0.002 83.43
3013 2.88 11.55 5921 1.88 0.07 65.40 2809  1.89 93.17 5.941 0.153 —0.001 83.35
3041 319 10.67 5.873 223 —0.07 65.18 2843 235 73.82 5.797 0.238 0.004 83.20
3064 345 9495  5.873 2.71 —0.07 65.00 2870 131 30.30 5.941 0.321 —0.004 83.09
309.7  3.54 7341 5873 3.60 —0.05 64.74 2882 122 24.68 5.970 0.368 —0.008 83.04
3129  4.80 7341 5.873 4.88 0.16 64.49 2899 117 18.74 5.980 0.467 0.006 82.96
3164 445 5576  6.196 5.96 —0.25 64.22 2029 153 16.94 5.980 0.676 0.016 82.83
3197 465 4544  6.196 7.76 —0.22 63.96 2939 191 18.81 5.970 0.757 0.021 82.79
3233 433 3201 6196 1022 —022 63.68 2963 145 11.01 5.797 0.980 0.010 82.69
3269 442 2582 6196 1293 —0.61 63.40 2994 198 10.63 5797 1.391 0.019 82.56
3303 430 1962 6196 1646 —0.75 63.14 3018 345 14.90 6.040 1.745 —0.041 82.46
3330 522 1.875 5921  20.72 —0.01 62.93 3035 158 5.60 5797 2.093 —0.054 82.38
3360 583 1.678 5921 2590 0.52 62.69 1,4-Diiodobenzene: A8H, (298.15 K) = (85.4 + 0.4) kJ mol™
339.0 5.87 1.382 5.921 31.65 0.69 62.46 31427 9816824 427 T, K
3419 569 1086 5921 39.08 174 62.23 In(p/Pa) = == - R(T,K) Tln( 298.15]
3450 619 0987 5921  46.65 1.06 61.98 2981 164 7338 5180 0170 0,007 85,44
3479 652 0.888 5921  54.54 0.15 61.76 3012 201 63.43 S014 0237 0.005 8531
1,3-Diiodobenzene: A$H,,(298.15 K) = (66.1 + 0.4) kJ mol™ 3046 161 3627 5.121 0.330 0,010 85.16
In(p/Pa) = 20246 _ 8939713 MIH( T.X ] 3073 374 6059  S0l4 0465 0.009 85.05
R R(T, K) R 298.15 3102 147 1822 5.014 0.608 —0.018 84.92
3123 421 6.822 5248 4.60 0.08 65.04 3131 0.88 8024 5349 0.809 —0.040 84.80
3154 395 5161 5248 5.78 0.00 64.80 3166 327 20.38 5.180 1211 —0.006 84.65
3184 403 4198 5248 723 —0.10 64.56 3198 521 23.09 4.966 1.674 0.004 84.51
3212 392 3324 5248 8.87 —0.19 64.34 3227 245 8440  5.014 2.162 —0.061 84.39
3245 439 2886 5248 1148 —0.05 64.09 3229 847 27.40 4.966 2.286 0.020 84.38
3272 373 2012 5248  14.00 —0.03 63.88 3259  4.09 10.11 5.014 3.027 —-0.013 84.25
3303 3.16 1399 5248  17.09 —0.39 63.64 329.1 542 9861  5.014 4131 0.019 84.12
3093 397 8081  5.158 3.61 0.06 65.28 3320 392 5386 4972 5.447 0.093 83.99
3332 454 1572 3930 2119 —0.19 63.41 3349 428 4558 4972 7.027 0.060 83.87
3361 635 1769 3930 2637 0.33 63.19 3381 405 3232 4972 9.410 0.146 83.73
3390 567 1310 3930 3180 0.20 62.96 3411 401 2486 4972 12.094 0.057 83.61
3422 520 0983 3930 39.42 0.50 62.71 344.1 326 1574 4972 15571 0.009 83.48
3450 631 0983 3930 47.84 1.17 62.49 3467 298 1160 4972 19313 —0.054 83.37
3483 7.99 1.048 3930  56.82 —0.52 6223
3510 824 0917 3930 6697 —0.46 62.02

aromatic compounds. Table 6 represents a reasonably
minimized number of parameters required for estimation
vaporization enthalpies of halogen substituted benzenes. In
order to reduce this number most of the minor interactions
(having a level below 0.3 kJ mol™") were neglected or fixed as
structure independent constants. For example for all ortho F-
(F,CLBr,I) interactions a single parameter of 1.5 kJ mol™" was
fixed. For all three (Cl—Cl) interactions a single parameter of
—1.5 kJ mol™" was also assigned. Moreover, all three (Cl-I)
and (Br—Br) interactions were completely neglected. However,
some of pairwise interactions, e.g., (Cl—Br), (Br—I), and (I-I)
were non-negligible and their small contributions (of few kJ
mol™") to AfH,, (see Table 6) were taken into account. In spite
of the deliberate simplification of the estimation procedure,
AfH,, (298.15 K) calculations according to eq 6 can be
performed with sufficient accuracy. Comparison of the
experimental and estimated by GA vaporization enthalpies is

given in Supporting Information Table S4 column 4. As can be
seen, the average deviation of experimental and calculated
AfH,, (298.15 K) was at the level of 0.2—0.5 kJ mol™ and it
was quite comparable with the experimental errors of the most
experimental entries in Table 4. Following, values of AfH,,
(298.15 K) for the dihalogen-substituted benzenes can be
predicted with the acceptable accuracy using eq 6 using the set
of basic increments listed in Table 6. Otherwise, the success of
prediction with eq 6 could also be considered as evidence of the
internal consistency of experimental results on vaporization
enthalpies evaluated in Table 4.

3.4. Standard Molar Enthalpies of Formation of
Dihalogen—Benzenes. Standard molar enthalpies of for-
mation, Ay, of dihalogen—benzenes in the liquid and crystal
states are scarce. Compilation of data available in the literature
is given in Table 7. Experimental enthalpies of formation of
good quality were available only for difluorobenzenes and
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Table 4. Compilation of Data on Enthalpies of Vaporization, AfH,, and Enthalpies of Sublimation, A§H,, of Dihalogen-
Substituted Benzenes

compounds methods® T-range ASH_ /AfH,, T,, ASH,/ARH, " 298.15 K ref
1-chloro-2-fluorobenzene (1) T 277.5-319.2 440 + 02 44.0 + 0.3 20
1-chloro-3-fluorobenzene (1) T 275.8—319.5 431 + 0.1 43.0 + 0.2 20
1-chloro-4-fluorobenzene (1) T 277.6—323.5 427 £ 02 42.8 + 0.3 20
1,2-dichlorobenzene (1) N/A 48.8 + 0.5 19
1,3-dichlorobenzene (1) N/A 47.7 £ 0.5 19
T 278.3—-311.3 47.6 + 0.3 473 £ 0.5
1,4-dichlorobenzene (1) 47.6 + 0.5 19
1-bromo-2-chlorobenzene (1) T 280.6—323.5 51.8 + 02 52.0 + 0.3
1-bromo-3-chlorobenzene (1) N/A 252—469 47.0 513 + 3.0 22
T 278.2—320.3 512 + 0.3 513 £ 04
51.3 + 0.4°
1-bromo-4-chlorobenzene (cr) S 298.3-334.7 67.8 £ 02 683 + 03 32
Ef 250.0—263.8 70.6 + 0.1 69.3 + 0.4 32
S 294.6—337.6 70.1 £ 0.5 70.6 + 0.6 33
T 280.1-333.1 679 + 0.3 68.1 + 0.4
68.7 + 0.2°
1-bromo-4-chlorobenzene (1) N/A 305.2—470.1 479 $33 %20 23
N/A 333—470 47.6 54.6 + 3.0 22
T 338.8—365.6 48.6 + 0.36 523 + 0.6
50.8 + 0.4
51.4 + 0.4°
1-chloro-2-iodobenzene (1) T 293.4-345.4 559 £ 02 5§73 £ 0.3
1-chloro-3-iodobenzene (1) 56.7
1-chloro-4-iodobenzene (1) N/A 333.2—443.2 522 588 + 3.0 34
N/A 333-500 50.0 58.6 + 3.0 22
5.7 + 047
55.8 + 0.4°
1-chloro-4-iodobenzene (cr) S 303-323 61.3 + 0.6 (61.8 + 0.8) 35
Ef 259.0-274.0 724 + 0.1 713 £ 0.4 32
S 301.4—323.9 69.5 + 0.3 70.0 £ 0.5 32
70.8 + 0.3
1,2-dibromobenzene (1) 54.3 + 0.9 21
1,3-dibromobenzene (1) 54.9 + 0.6 21
1,4-dibromobenzene (1) 549 + 0.5 21
1-bromo-2-iodobenzene (1) T 283.3—328.2 59.1 £ 0.2 59.6 + 0.3
1-bromo-3-iodobenzene (1) T 279.4-322.8 60.7 = 0.2 60.8 + 0.3
1-bromo-4-iodobenzene (1) T 366.5—391.6 539 + 0.2 59.8 + 0.7
594 + 047
59.5 + 0.4°
1-bromo-4-iodobenzene (cr) Ef 279.0-291.0 794 + 0.1 (79.0 + 0.6) 32
S 330.8—354.9 74.5 + 0.8 75.8 £ 0.9 32
299.4—358.8 75.8 £ 0.2 76.7 + 0.3
76.6 + 0.3°
1,2-diiodobenzene (1) T 298.5—-347.9 63.8 + 0.4 65.6 + 0.5
1,3-diiodobenzene (1) T 312.3-351.0 63.7 + 0.3 66.1 + 0.4
67.0 + 0.7¢
66.3 + 0.4°
1,3-diiodobenzene (cr) T 279.0-303.5 829 + 0.5 82.6 + 0.6
1,4-diiodobenzene (1) N/A 402—560 519 66.1 + 3.0 22
66.8 + 0.77
66.8 + 0.4°
1,4-diiodobenzene (cr) N/A 372—-401 63.4 (67.1 + 3.0) 22
T 298.1-346.7 844 + 0.3 85.4 + 0.4

“Methods: Ef = Knudsen effusion method; S = static method; T = transpiration method. “Uncertainties in vaporization enthalpies are expressed as
standard deviations. Real uncertainties in the literature data were evaluated in this work. Values in brackets were not taken into account. “Average
values were calculated using the uncertainty of the experiment as a weighing factor. Values in brackets were disregarded by the averaging.
Recommended values are given in bold. 9Calculated as the sum A$H,, = A8H, — ALH, (see Table ).

14486 dx.doi.org/10.1021/jp5097844 | J. Phys. Chem. B 2014, 118, 1447914492



The Journal of Physical Chemistry B

Table 5. Compilation of Experimental Data on Enthalpies

of Fusion, ALH,, kJ mol ™!

AlH, ALH,® AgH,b AfH," ALH,*
compound Tho K at T, at 298.15 K
1 2 3 4 5 6 7
1,4-dichlorobenzene 326.1 18.14%® 172 + 02 64.8 + 0.1% 476 + 0.5" 172 + 0.5
326.0 18.16%
1-bromo-4-chlorobenzene 337.9 18.70 + 0.01*° 17.3 £ 02 68.7 + 0.2 514 + 0.4 17.3 + 0.4
337.8 18.76*
1-chloro-4-iodobenzene 326.7 16.10 + 0.01*° 151 + 02 70.8 + 0.3 55.8 + 0.4 15.0 + 0.5
1-bromo-4-iodobenzene 363.3 19.61% 172 + 0.3 76.6 + 0.3 59.8 + 0.7 16.8 + 0.8
1,3-diiodobenzene 307.4 15.94%% 156 + 0.2 82.6 + 0.6 66.1 + 0.4 16.5 + 0.7
1,4-diiodobenzene 402.0 22.34%" 18.6 + 0.6 854 + 0.4 66.1 + 3.0 19.3 + 3.0
402.2 22.38%

“The experimental enthalpies of fusion ALH,, measured at T, and adjusted to 298.15 K (see Supporting Information). bTaken from Table 4.

“Calculated as the difference between column S and 6 in this table.

Table 6. Parameters for the Calculation of Enthalpies of
Vaporization of Dihalogen-Substituted Benzenes at 298.15 K
(in kJ mol™")

parameters AfH,, parameters AfH,,
benzene 33.9% para F-(F or Cl) 0.4*°
AH(H—F) 0.8'° para F-(Br or I) —-0.5
AH(H—Cl) 79" (c1-cny —1.5%
AH(H-Br) 1047 (Cl-Br) -0.7
AH(H-I) 14.9” (Cl-1) 0.0
ortho F-(F,Cl,Br,I) 1.5%° (Br—Br) 0.0
meta F-(F or Cl) 0.0%° (Br-I) 1.0
meta F-(Br or I) -1.0* (1-1) 2.5

dichlorobenzenes, where experiments were performed with the
well established rotating bomb combustion calorimetry in
laboratories with good experience.””™* In contrast, the

enthalpy of formation of the solid 1-bromo-4-chlorobenzene
was derived from the less reliable reaction calorimetry and the
result was reported for the liquid state.*® In spite of the large
uncertainties of 5 k] mol™" assigned to this value from reaction
calorimetry, this result can be considered reliable, because from
our experience with other compounds reported in this work,
e.g, for 1-bromo-4-methylbenzene, a reasonable value of
enthalpy of formation, AHS, (lig), was evaluated recently.”
The enthalpy of formation of the crystalline 1,4-dibromoben-
zene was recalculated by Stull et al.*” from the very old data
reported by Popoff and Schirokich®' from combustion
calorimetry. The high uncertainty of 4.2 kJ mol™' given for
this value corresponds more or less to its reliability. Values
AH;, (lig or cr) for diiodobenzenes were those recommended
by Cox and Pilcher,*® who derived them from enthalpies of
combustion reported by Smith.>> Thus, this small collection of
enthalpies of formation of dihalogen—benzenes in the liquid

Table 7. Thermochemical Data at T = 298.15 K (p° = 0.1 MPa) for Dihalogen-Substituted Benzenes (in k] mol™")

compounds AHY, (liq or cr) exp. ABH, /A8H,, exp. AHS (g) exp. AH (g) G4 AHC (lig)®
1 2 3 4 5 6
fluorobenzene —150.8 + 1.4 350 + 03" —115.8 + 1.4 -112.6’
chlorobenzene 110 + 1.3% 41.8 + 03" 528 + 1.3 53.67
bromobenzene 60.9 + 4.1* 44.5 + 0.17 1054 + 4.1 105.57
iodobenzene 1172 + 42 489 + 0.57 166.1 + 4.2
1,2-difluorobenzene —319.2 + 0.9% 36.8 + 02%° —282.4 + 0.9 —295.2 —332.0
1,3-difluorobenzene —3439 + 1.0*° 351 + 02% —308.8 + 1.0 —311.0 —346.1
1,4-difluorobenzene —342.3 + 1.0%° 36.0 + 02% —306.3 + 1.0 —307.7 —343.7
1,2-dichlorobenzene —174 + 1.3% 48.8 + 0.5% 314 + 14 31.9 —-169
1,3-dichlorobenzene —20.5 + 1.0¥ 477 + 057 272 + 1.1 259 —218
1,4-dichlorobenzene -25.1 + 1.1 (lig)° 47.6 + 0.5" 225 + 12 26.6 -21.0
—423 + 1.0 (ax)¥ 64.8 + 0.1 225+ 1.0
1-bromo-4-chlorobenzene 28.0 + 5.0 (liq)* 514 + 04 794 + 5.0 79.0 27.6
10.7 + 5.0 (cr)° 68.7 + 0.2 794 + 5.0
1,4-dibromobenzene 71.6 + 4.3 (liq)° 549 + 0.5 126.5 + 4.3 76.7
53.4 + 42 (car)® 74.5 + 1.17! 127.9 + 4.3 1316
1,2-diiodobenzene 187.0 + 4.2°° 65.6 + 0.5 252.6 + 42 259.94 194.3
1,3-diiodobenzene 202.6 + 4.2 (liq)* 66.3 + 0.4 2689 + 4.2 186.6
187.0 + 4.2 (cr)>° 82.6 + 0.6 269.6 + 4.2 252.87
1,4-diiodobenzene 179.3 + 42 (liq)° 66.8 + 0.4 246.1 + 4.2 186.2
160.7 + 4.2 (cr)® 854 + 0.4 246.1 + 42 253.07

“Calculated using enthalpies H,og calculated by G4 (see Table SS, Supporting Information) for the reaction 7 bCalculated as the difference between
columns § and 3 in this table. “Calculated from enthalpy of formation in the condensed state and enthalpy of fusion from Table 5. “Calculated from
enthalpy of formation of iodobenzene (this table) and pairwise interactions from Table 9.
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and crystal state together with vaporization/sublimation
enthalpies evaluated in Table 4 have been used to calculate
the molar standard enthalpies of formation in the gas state (see
Table 7, column 4) for comparison with results from quantum-
chemical calculations.

3.5. Quantum Chemical Calculations of the Gas-Phase
Enthalpies of Formation. Modern quantum chemical
methods, especially composite methods, are able to calculate
enthalpies of formation, AHY, (g, 298.15 K), of small molecules
with a “chemical accuracy”® of 2—4 kJ mol™". Dihalogen-
substituted benzenes studied in this work seem to be optimal in
size to fulfill this expectation.

Isodesmic and homodesmic reactions are conventionally
used for converting of quantum chemical calculated energies
into enthalpies of formation. These reactions rely upon the
similarity of bonding environments in the reactants and
products that leads to cancellation of systematic errors in the
quantum chemical calculations. The enthalpies of formation of
dihalogen-benzenes were calculated via the energies (see Table
SS, Supporting Information) of ring-conserved homodesmic
reactions:

00 QO

Using enthalpies of reaction 7 calculated by G4 together with
enthalpies of formation, AHZ, (g), for benzene™ and halogen-
substituted benzenes (see Table 7 and Table 8) enthalpies of
formation of all isomeric dihalogen—benzenes have been
calculated (see Table 7, column S). Theoretical enthalpies of
formation of meta- and para-difluorobenezenes, ortho- and
meta-dichlorobenzenes, as well as for 1-bromo-4-chlorobenze
are in excellent agreement with the experimental values.
Agreement for 1,4-dichloro- and 1,4-dibromobenzenes is still
acceptable within the boundaries of experimental uncertainties.
Theoretical enthalpies of formation for all three diiodobenzenes
significantly disagree with experimental results, even taking into
account the large uncertainties of the experiment of 4.2 kJ
mol™". In our opinion the theoretical enthalpies of formation of
diiodobenzenes should be considered more consistent and
reliable. Much to our surprise, the theoretical value of AHZ(g)
for ortho-difluorobenezene deviates by 13 kJ mol™' from the
experiment. At the same time for the similar shaped ortho-
dichlobenezene, as well as for meta- and para-difluorobenezenes
agreement between experiment and theory is excellent.
Moreover, the G4-method was successfully tested for 38
fluoro- and chloro-containing molecules.*® Careful reading of
the original work by Good et al.** did not reveal any deficiency
in ortho-difluorobenezene sample preparation. It was purified
by eflicient fractional column, and purity of 99.998 + 0.002 mol
% was determined by calorimetric studies of melting point as a
function of the fraction melted. In the framework of the current
study we decided to prefer the theoretical enthalpy of
formation of ortho-difluorobenezene, but we shall pay attention
to this disagreement in our future work.

Having in mind the apparent disagreement of theoretical and
experimental AHg(g) for ortho-difluorobenezene, it was
reasonable to apply any structure—property correlations to
establish consistency of the AHg(g) data. Similar to analysis
performed for vaporization enthalpies in section 3.3, we
correlated experimental values AFHS(g) of fluorobenzene,

Table 8. Thermochemical Data at T = 298.15 K for
Dihalogen—Benzenes (in k] mol™') and Pairwise
Interactions of Substituents, A Hj, on the Benzene Ring for
of Dihalogen-Substituted Benzenes as Calculated by the G4
at 298.15 K

o

A (g)/
AH; (8) G4

compounds AfH,, AHS (lig)”
1 2 3 4 S

1,2-difluorobenzene 36.8 + 0.2 19.0 —295.2 —332.0

1,3-difluorobenzene 351 +£02 32 —311.0 —346.1

1,4-difluorobenzene 36.0 + 0.2 6.5 -307.7 —343.7

1-chloro-2- 44.0 +£ 0.3 12.1 —133.6 —177.6
fluorobenzene

1-chloro-3- 43.0 £ 0.3 34 —142.2 —185.2
fluorobenzene

1-chloro-4- 428 + 0.3 4.8 —140.8 —183.6
fluorobenzene

1,2-dichlorobenzene 48.8 + 0.5 10.6 31.9 —-16.9

1,3-dichlorobenzene 47.7 £ 0.5 34 25.9 —-21.8

1,4-dichlorobenzene 47.6 + 0.5 4.7 26.6 -21.0

1-bromo-2- 47.0 £ 0.3 8.9 —-82.4 —-129.4
fluorobenzene

1-bromo-3- 443 +£ 03 2.9 —89.6 —-133.9
fluorobenzene

1-bromo-4- 44.0 + 0.4 3.6 —88.3 —-132.3
fluorobenzene

1-iodo-2- 50.8 + 0.2 8.6° —25.1 —=75.9
fluorobenzene

1-iodo-3- 48.5 + 0.2 2.7¢ —26.8 —=75.3
fluorobenzene

1-iodo-4- 49.6 + 0.2 3.4° —28.4 —78.0
fluorobenzene

1-bromo-2- 52.0 + 0.3 8.7 84.2 322
chlorobenzene

1-bromo-3- 513 + 0.4 2.6 78.3 27.0
chlorobenzene

1-bromo-4- 514 + 04 34 79.0 27.6
chlorobenzene

1-chloro-2- 573 +£03 7.2¢ 145.8 88.5
iodobenzene

1-chloro-3- 56.7 5.5¢ 139.5 82.8
iodobenzene

1-chloro-4- 55.8 + 0.4 3.9°¢ 140.4 84.6
iodobenzene

1,2-dibromobenzene 543 + 0.9 9.5 136.9 82.6

1,3-dibromobenzene 549 + 0.6 32 130.8 75.9

1,4-dibromobenzene 549 £ 0.5 41 131.6 76.7

1-bromo-2- 59.6 +£ 0.3 9.9¢ 198.8 139.2
iodobenzene

1-bromo-3- 60.8 + 0.3 3.1° 192.0 131.2
iodobenzene

1-bromo-4- 59.5 + 0.4 2.5¢ 191.4 131.9
iodobenzene

1,2-diiodobenzene 65.6 + 0.5 10.3° 259.9 194.3

1,3-diiodobenzene 66.3 + 0.4 3.2° 252.8 186.5

1,4-diiodobenzene 66.8 + 0.4 3.4° 253.0 186.2

“Calculated using enthalpies H,og calculated by G4 (see Table SS,
Supporting Information) for reaction 7. ®Calculated as the difference
between columns 4 and 2 in this table. “Calculated using correlations
between A HZ(G4) and between A H(B3LYP/6-311G(d,p).

chlorobenzene, bromobenzene, and iodobenzene (see Table
7, column 4) with theoretical enthalpies of formation of 1,2-
difluorobenzene, 1,2-dichlorobenzene, 1,2-dibromobenzene,
and 1,2-diiodobenzene (see Table 7, column 5). An excellent
linear correlation has been obtained as follows:
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AfH;(g, 1,2-dihalogen-benzene) = 1.965
X A¢H, (g, halogen—benzene) — 69.0
with R* = 0.9999

In the same way we correlated theoretical values for meta- and
para-isomers:

A¢H_ (g, 1,3-dihalogen-benzene) = 1.999
X AfH;(g, halogen—benzene) — 79.6
with R* = 0.9999

AfH;(g, 1,4-dihalogen-benzene) = 1.989
X A¢H, (g, halogen—benzene) — 77.8
with R* = 0.9999

These very good linear relationships can be considered proof of
internal consistency of theoretical results on enthalpies of
formation calculated by the G4-method.

3.6. Combination of Quantum Chemical Calculations
and Evaluated Vaporization Enthalpies for Prediction of
the Liquid-Phase Enthalpies of Formation. Having
confirmed ability of the G4-method to calculate reliable gas-
phase enthalpies of formation of dihalogen-substituted
benzenes (see Table 7, column $), as well as having a self-
consistent set of their vaporization enthalpies (see Table 4 and
Table 8, column 2) evaluated in the current study, we
calculated A (lig, 298.15 K) of dihalogen—benzenes absent
in the thermochemical literature using the basic thermodynamic
equation:

AH, (liq, 298.15K) = A;H, (g, G4) — ASH, (exp)  (8)

Results are given in Table 7, column 6, and Table 8, column S.
For the sake of comparison we also derived enthalpies of
formation of dihalogen—benzenes in the liquid phase using
available enthalpies of formation in the crystalline phase (see
Table 7) and enthalpies of fusion collected in Table S. A good
agreement of experimental enthalpies of formation and those
estimated with eq 8 was found for 1,3-difluorobenezene, 1,4-
difluorobenezenes, 1,2-dichlorobenzene, 1,3-dichlorobenzene,
and 4-bromo-chlorobenzene. The agreement for 1,4-dichlor-
obenzene and 1,4-dibromobenzene was acceptable within the
large experimental uncertainties of 4.2 k] mol™'. Estimated
enthalpies of formation for diiodobenzenes were in disagree-
ment with experimental results, indicating a necessity of new
combustion experiments with these substituted benzenes.

3.7. Mutual Interactions of Substituents on the
Benzene Ring (Gas Phase, 298.15 K). Mutual interactions
of different substituents in their ortho-, meta-, and para-position
on the benzene derived according to eq 7 usually determine
reactivity of a compound. In contrast to values of enthalpies of
formation, intensities of ortho-, meta-, and para-pairwise
interactions render themselves to interpretation more easily.
From common knowledge, the meta- and para-pairwise
interactions of different substituents on the benzene ring
seldom exceed a few k] mol™. In contrast, the ortho-
interactions are often very strong and they are crucially
dependent on the size and the nature of substituent. Using a set
of G4 calculated enthalpies H,gg for halogen- and dihalogen-
substituted benzenes (see Table SS, Supporting Information)
we estimated interactions on the benzene ring directly from

enthalpies H,oq. For this purpose the well balanced distribution
reaction 7 was applied. The enthalpy A Hp, of the reaction 7,
calculated according to Hess’s Law, directly corresponded to
energetics of the mutual interaction of halogens on the benzene
ring placed in the ortho-, meta-, or para-position. An advantage
of quantum chemical calculations of A.H; for benzene
derivatives is that substituent effects are estimated directly
from enthalpies H,g skipping the common step of using
AH (g) for the participants of reaction 7. Such a trick allows
us to obtain pairwise interactions more accurately and lends
them to finer interpretation.

The substituent effects in the dihalogen-substituted benzenes
under study defined in terms of A Hp, of reaction 7 are listed in
Table 8, column 3. In accordance with common sense, the
mutual interactions of different halogens in meta- and para-
positions were on the level of 3—4 k] mol™". However, contrary
to reasonable expectation the strongest ortho-halogen inter-
actions of 19 kJ mol™" were observed for the case of the two
smallest F-substituents. Destabilization of the molecule due to
the ortho-interaction of F and Cl substituents was already lower
(12.1 k] mol™). The ortho-interaction of two Cl substituents
reduced destabilization to 10.6 k] mol™. Further combinations
of ortho-halogen substituents destabilized the molecule
approximately at the same level (see Table 8, column 3),
which was 10.3 k] mol™ even for the ortho-interaction of two
largest I substituents.

Unfortunately, the G4 method was not parametrized for
calculation of I-containing molecules. That is why we
additionally used the B3LYP/6-311G(d,p) method>* where
all elements F, Cl, Br, and I are included. Pairwise interactions,
AH;, of F, Cl, Br, and I in dihalogen-substituted benzenes
calculated by DFT are given in Table S6, Supporting
Information. It has turned out that both sets of mutual
interactions A Hp, derived by the G4 and the DFT methods are
not directly comparable. However, in our recent work we have
shown that the simple linear correlations between the G4 and
the DFT results can be established separately for ortho-, meta-,
and para-halogen substituted methylbenzenes.” We used the
similar procedure in this work for the dihalogen-substituted
benzenes and correlated values of A Hy, derived from the G4
and DFT methods for each combination of halogen
substituents (see Table SS, Supporting Information). With
these correlations the missing pairwise interactions A _Hy, of the
iodine with the F, Cl, Br, and I substituents in Table 8 were
estimated.

Values of pairwise interactions of halogens on the benzene
ring listed in Table 8 can be utilized in physical—organic
chemistry as a quantitative manifestation of the sterical and the
electron-accepting features of substituents. Moreover, values of
A Hp;, derived in this work can also be used for prediction of
AH? (g, 298.15 K) using the similar GA method as described
in section 3.3.2 for vaporization enthalpies. With help of
AH2 (g, 298.15 K) = (82.6 + 0.7) kJ mol™" for benzene** and
enthalpies of formation for monohalogen-substituted benzenes
(see Table 7, column 4) the appropriate contributions for
exchange of the hydrogen with the halogen on the benzene ring
AH(H — F), AH(H — Cl), AH(H — Br), and AH(H — 1)
have been derived (see Table 9). The pairwise interactions
listed in Table 8, column 3, can be applied for accurate
prediction of AHY (g 298.15 K) of dihalogen-substituted
benzenes using eq 6 adjusted for gaseous enthalpies of
formation. In order to reduce the number of additive
parameters we assigned constant contributions (see Table 9)

dx.doi.org/10.1021/jp5097844 | J. Phys. Chem. B 2014, 118, 14479—14492



The Journal of Physical Chemistry B

Table 9. Parameters for the Calculation of Enthalpies of
Formation, AdHy,, in the Gas State of of Dihalogen-
Substituted Benzenes at 298.15 K (in kJ mol™")

parameters AHS(g) parameters AHS(g)

benzene 82.6™ meta (hal—hal) 3.0
AH(H—F) —198.4 para (hal—hal) 4.0
AH(H—-CI) —29.8 ortho (F—Cl) 12.1
AH(H—Br) 22.8 ortho (F—Br) 10.6
AH(H-I) 83.5 ortho (F-I) 7.2
ortho (F—F) 19.0 ortho (Cl—Br) 8.6
ortho (CI-CI) 8.9 ortho (CI-I) 9.5
ortho (Br—Br) 8.7 ortho (Br—I) 9.9
ortho (I-1) 10.3

to all meta and para interactions. But even with this
simplification, the GA method predicted enthalpies of
formation AHZ (g, 298.15 K) with very good agreement with
those from the experiment and quantum chemical calculations
(Supporting Information Table S4, column 7).

3.8. Prediction of Enthalpies of Formation AH;,(liq,
298.15 K) of Dihalogen—Benzenes in the Liquid Phase.
Enthalpies of formation in the liquid phase, AH2 (lig, 298.15
K), were derived in this work by combination of quantum
chemical calculations and evaluated vaporization enthalpies
(see Table 7, column 6, and Table 8, column 5). These values
are often useful in chemical engineering calculations. Having
established the consistent set of liquid-phase enthalpies of
formation for dihalogen-substituted benzenes, it has been
reasonable to derive mutual interactions of halogen substituents
on the benzene ring in the liquid phase, in order to apply these
interactions to prediction of AHS(lig, 298.15 K). Using the
AH2 (lig, 298.15 K) = 49.0 + 0.5 kJ mol™ for benzene™ and
enthalpies of formation for monohalogen-substituted benzenes
(see Table 7, column 2), the appropriate contributions
AH(H—F), AH(H—CI), AH(H—Br), and AH(H-I) in
the liquid phase have been derived (see Table 10). Quantities

Table 10. Parameters for the Calculation of Enthalpies of
Formation, A, in the Liquid State of Dihalogen-
Substituted Benzenes at 298.15 K (in kJ mol™")

parameters AHZ (liq)
benzene 49.0*
AH(H—F) ~199.8
AH(H=CI) —380
AH(H—Br) 119
AH(H=T) 682
ortho (F—F) 18.6
ortho (hal—hal)® 8.9
meta and para (hal—hal)® 5.0
meta and para (Hal—Hal)“ 2.0

“Except for ortho (F—F). YFor meta and para interactions (F—F); (F—
Cl); (F—Br); (F-I); (CI-Cl); (Cl-Br); (CI-I). “For meta and para
interactions (Br—Br); (Br—I); (I-I).

of the ortho-, meta-, and para-effects of substituents on the
benzene ring in the liquid phase were derived as the difference
between AHZ(lig, 298.15 K) listed in Table 8, column S, and
the sum of contributions AH(H—Hal) for each type of the
dihalogen substitution from Table 10. It has turned out that
ortho-pairwise interactions in the liquid phase follow in size
approximately the same trends as in the gas phase. The largest

ortho interaction of 18.6 k] mol™ was observed for F
substituents. Other ortho-effects were mostly at the level of
7—9 kJ mol™" independent of the size and nature of the
halogen. Pairwise interactions of different halogens in the meta-
and para-postions were also similar to those in the gas phase,
and they stand on the common level of 3—4 kJ mol™". In order
to keep the number of group-additivity contributions to a
minimum, we again deliberately neglected fine differences in
effects and averaged the pairwise interactions as far as possible.
These averaged pairwise interactions were considered a set of
empiric constants which are listed in Table 10, and they can be
used now for estimation of AHZ(lig, 298.15 K) of similarly
shaped halogen—benzenes.

To sum up, three sets of thermochemical properties
ASH, (298.15 K), AHS(g, 298.15 K), and AHS (lig, 298.15
K) of dihalogen-substituted benzenes have been derived and
evaluated for internal consistency in the framework of this
study. Simple group additivity schemes have been developed
for all three properties. In spite of the simplicity of the
suggested schemes, they are able to predict enthalpies of
vaporization and formation with sufficient accuracy comparable
with uncertainties of the experimental data used for develop-
ment of group contributions (see Table S4, Supporting
Information). Our current and future work is focused on the
extension of the GA procedure to benzenes substituted with
COOH, OH, OCHj;, CN, NO,, and so forth. Moreover, we are
looking for the possibility to transfer values of pairwise
interactions for prediction of thermochemical properties of
halogenated polyaromatic compounds, biphenyls, dibenzodiox-
ins, or dibenzofurans.

B ASSOCIATED CONTENT

© Supporting Information
Experimental details; additional data. This material is available
free of charge via the Internet at http://pubs.acs.org.

H AUTHOR INFORMATION

Corresponding Author
*Tel.: +49-381-498-6508, fax: +49-381-498-6524. E-mail
address: sergey.verevkin@uni-rostock.de.

Notes

The authors declare no competing financial interest.

ISvetlana V. Melkhanova is on leave from the Moscow State
University, Moscow, Russia.

B ACKNOWLEDGMENTS

S. V. Melkhanova gratefully acknowledges a research scholar-
ship from Deutsche Akademische Austauschdienst (DAAD).
This work has been partly supported by the Russian
Government Program of Competitive Growth of Kazan Federal
University.

B REFERENCES

(1) Benson, S. W. Thermochemical Kinetics; Wiley: New York, 1976.

(2) Domalski, E. S.; Hearing, E. D. Estimation of the Thermody-
namic Properties of Hydrocarbons at 298.15 K. J. Phys. Chem. Ref.
Data 1988, 17, 1637—1678.

(3) Salmon, A.; Dalmazzone, D. Prediction of Enthalpy of Formation
in the Solid State (at 298.15 K) Using Second Order Group
Contributions. Part. 1. Carbon-Hydrogen and Carbon-Hydrogen-
Oxygen Compounds. J. Phys. Chem. Ref. Data 2006, 35, 1443—1457.

(4) Verevkin, S. P.; Emel’yanenko, V. N.; Diky, V.; Muzny, C. D.;
Chirico, R. D.; Frenkel, M. New Group-Contribution Approach to

dx.doi.org/10.1021/jp5097844 | J. Phys. Chem. B 2014, 118, 14479—14492


http://pubs.acs.org
mailto:sergey.verevkin@uni-rostock.de

The Journal of Physical Chemistry B

Thermochemical Properties of Organic Compounds: Hydrocarbons
and Oxygen-Containing Compounds. J. Phys. Chem. Ref. Data 2013,
42, 033102.

(5) Hukkerikar, A. S.; Meier, R. J,; Sin, G.; Gani, R. A Method to
Estimate the Enthalpy of Formation of Organic Compounds With
Chemical Accuracy. Fluid Phase Equilib. 2013, 348, 23—32.

(6) Goncalves, E. M.; Agapito, F.; Almeida, T. S.; Simoes, J. A. M.
Enthalpies of Formation of Dihydroxybenzenes Revisited: Combining
Experimental and High-Level Ab Initio Data. J. Chem. Thermodyn.
2014, 73, 90—96.

(7) Verevkin, S. P.; Sazonova, A. Yu.; Emel’yanenko, V. N.; Zaitsau,
Dz. H.; Varfolomeev, M. A,; Solomonov, B. N.; Zherikova, K. V.
Thermochemistry of Halogen-Substituted Methylbenzenes. J. Chem.
Eng. Data 2014, je-2014—00784s.

(8) Roganov, G. N; Pisarev, P. N.; Emel’yanenko, V. N.; Verevkin, S.
P. Measurement and Prediction of Thermochemical Properties.
Improved Benson-type Increments for the Estimation of Enthalpies
of Vaporization and Standard Enthalpies of Formation of Aliphatic
Alcohols. J. Chem. Eng. Data 2005, 50, 1114—1124.

(9) Verevkin, S. P.; Zaitsau, Dz. H.; Emel'yanenko, V. N,
Yermalayeu, A. V,; Schick, C; Liu, H; Maginn, E. J; Bulut, S;
Krossing, I; Kalb, R. Making Sense of Enthalpy of Vaporization
Trends for Ionic Liquids: New Experimental and Simulation Data
Show a Simple Linear Relationship and Help Reconcile Previous Data.
J. Phys. Chem. B 2013, 117, 6473—6486.

(10) Emel’yanenko, V. N.; Strutynska, A.; Verevkin, S. P. Enthalpies
of Formation and Strain of Chlorobenzoic Acids from Thermochem-
ical Measurements and from Ab Initio Calculations. J. Phys. Chem. A
2005, 109, 4375—4380.

(11) Kulikov, D.; Verevkin, S. P.; Heintz, A. Enthalpies of
Vaporization of a Series of Linear Aliphatic Alcohols. Experimental
Measurements and Application of the ERAS-model for their
Prediction. Fluid Phase Equilib. 2001, 192, 187—207.

(12) Verevkin, S. P.; Emel’yanenko, V. N. Transpiration Method:
Vapor Pressures and Enthalpies of Vaporization of Some Low-boiling
Esters. Fluid Phase Equilib. 2008, 266, 64—75.

(13) Verevkin, S. P. Pure Component Phase Changes Liquid and
Gas. In Experimental Thermodynamics: Measurement of the Thermody-
namic Properties of Multiple Phases; Weir, R. D., De Loos, Th. W., Eds.;
. Elsevier, 200S; Chapter 1, Vol 7, pp 6—30.

(14) Chickos, J. S.; Acree, W. E. Enthalpies of Vaporization of
Organic and Organometallic Compounds, 1880—2002. J. Phys. Chem.
Ref. Data 2003, 32, 519—878.

(1S) Frisch, M. J. et al. Gaussian 09, revision C. 01; Gaussian, Inc.,
Wallingford, CT, 2010.

(16) Curtiss, L. A.; Redfern, P. C.; Raghavachari, K. J. Gaussian-4
Theory. J. Chem. Phys. 2007, 126, 084108—084112.

(17) Verevkin, S. P.; Emel’yanenko, V. N.; Notario, R;; Roux, M. V,;
Chickos, J. S.; Liebman, J. F. Rediscovering the Wheel. Thermochem-
ical Analysis of Energetics of the Aromatic Diazines. J. Phys. Chem. Lett.
2012, 3, 3454—3459.

(18) McQuarrie, D. A. Statistical Mechanics; Harper & Row: New
York, 1976.

(19) Rohac, V,; Ruzicka, V.; Ruzicka, K; Polednicek, M.; Aim, K;
Jose, J. Recommended Vapour and Sublimation Pressures and Related
Thermal Data for Chlorobenzenes. Fluid Phase Equilib. 1999, 157,
121-142.

(20) Verevkin, S. P.; Emel’yanenko, V. N, Zaitsau, Dz. H;
Varfolomeev, M. A.; Solomonov, B. N.; Zherikova, K. V;
Melkhanova, S. V. Vaporization Enthalpies of a Series of the
Halogen-substituted Fluorobenzenes. Fluid Phase Equilib. 2014, FPE-
S—14-0087S.

(21) Solomonov, B. N.; Varfolomeev, M. A,; Nagrimanov, R. N,;
Novikov, V. B,; Ziganshin, M. A.; Gerasimov, A. V.; Verevkin, S. P.
Enthalpies of Vaporization and Sublimation of the Halogen-substituted
Aromatic Hydrocarbons at 298.15 K: Application of Solution
Calorimetry Approach. J. Chem. Eng. Data 2014, je-2014—008795.

(22) Stephenson, R. M.; Malanowski, S. Handbook of the
Thermodynamics of Organic Compounds; Elsevier: New York, 1987.

14491

(23) Stull, D. R. Vapor Pressure of Pure Substances. Organic and
Inorganic Compounds. Ind. Eng. Chem. 1947, 39, 517—540.

(24) Scott, D. W.; Messerly, J. F.; Todd, S. S.; Hossenlopp, L. A;
Osborn, A.; McCullough, J. P. 1,2-Difluorobenzene: Chemical
Thermodynamic Properties and Vibrational Assignment. J. Chem.
Phys. 1963, 38, 532—539.

(25) Messerly, J. F.; Finke, H. L. Hexafluorobenzene and 1,3-
Difluorobenzene. Low-temperature Calorimetric Studies and Chemical
Thermodynamic Properties. J. Chem. Thermodyn. 1970, 2, 867—880.

(26) Good, W. D.; Lacina, J. L; Scott, D. W.; McCullough, J. P.
Combustion Calorimetry of Organic Fluorine Compounds. The Heats
of Combustion and Formation of the Difluorobenzenes, 4-
Fluorotoluene and m-Trifluorotoluic acid. J. Phys. Chem. 1962, 66,
1529—-1532.

(27) Lipovska, M.; Schmidt, H.-G.; Rohac, V.; Ruickav, V.; Wolf, G;
Zabransky, M. Heat Capacities of Three Isomeric Chlorobenzenes and
of Three Isomeric Chlorophenols. J. Therm. Anal. Calorim. 2002, 68,
753—766.

(28) Narbutt, J. The Specific Heats and Heats of Melting of
Dichlorobenzene, Bromochlorobenzene, Dibromobenzene, Bromio-
dobenzene and Diiodobenzenes: 1. Z. Elektrochem. Angew. Phys. Chem.
1918, 24, 339—342.

(29) van der Linde, P. R;; van Miltenburg, J. C.; van den Berg, G. J.
K; Oonk, H. A. J. Low-Temperature Heat Capacities and Derived
Thermodynamic Functions of 1,4-Dichlorobenzene, 1,4-Dibromoben-
zene, 1,3,5-Trichlorobenzene, and 1,3,5-Tribromobenzene. J. Chem.
Eng. Data 2008, 50, 164—172.

(30) van Miltenburg, J. C.; Oonk, H. A. J.; van den Berg, G. J. K.
Low-Temperature Heat Capacities and Derived Thermodynamic
Functions of Para-Substituted Halogen Benzenes. 1. p-Chlorobromo-
benzene and p-Chloroiodobenzene. J. Chem. Eng. Data 2000, 45, 704—
708.

(31) Ueberreiter, K.; Orthmann, H.-J. Specific Heat, Specific Volume,
Temperature and Thermal Conductivity of Some Disubstituted
Benzene and Polycyclic Systems. Z. Naturforsch. A: Astrophys., Phys,
Phys. Chem. 1950, S, 101—108.

(32) Oonk, H. A. J,; van der Linde, P. R;; Huinink, J.; Blok, J. G.
Representation and Assessment of Vapour Pressure Data; a Novel
Approach Applied to Crystalline 1-Bromo-4-chlorobenzene, 1-Chloro-
4-iodobenzene, and 1-Bromo-4-iodobenzene. J. Chem. Thermodyn.
1998, 30, 987—997.

(33) Walsh, P. N.; Smith, N. O. Sublimation Pressure of a-p-
Dichloro-, f-p-Dichloro-, p-Dibromo-, and p-Bromochlorobenzene. J.
Chem. Eng. Data 1961, 6, 33—35.

(34) Dikyi, J. The Vapor Pressure of Organic Compounds; Veda:
Bratislava, 1979.

(35) Ewald, A. H. The Solubility of Solids in Gases. Part 2. Trans.
Faraday Soc. 1953, 49, 1401-1410.

(36) Oonk, H. A. J,; van Genderen, A. C. G.; Blok, J. G.; van der
Linde, P. R. Vapour Pressures of Crystalline and Liquid 1,4-Dibromo-
and 1,4-Dichlorobenzene; Lattice Energies of 1,4-Dihalobenzenes.
Phys. Chem. Chem. Phys. 2000, 2, 5614—5618.

(37) Pacakova, V.; Feltl, K. Chromatographic Retention Indices: an Aid
to the Identification of Organic Compounds; Ellis Horwood; London,
1992.

(38) Verevkin, S. P.; Heintz, A. Determination of Vaporization
Enthalpies of the Branched Esters from Correlation Gas Chromatog-
raphy and Transpiration Methods. J. Chem. Eng. Data 1999, 44, 1240—
1244.

(39) Verevkin, S. P.; Krasnykh, E. L.; Vasiltsova, T. V.; Koutek, B.;
Doubsky, J.; Heintz, A. Vapor Pressures and Enthalpies of Vapor-
ization of a Series of the Linear Aliphatic Aldehydes. Fluid Phase
Equilib. 2003, 206, 331—339.

(40) Verevkin, S. P. Vapour Pressures and Enthalpies of Vaporization
of a Series of the Linear n-Alkyl-benzenes. J. Chem. Thermodyn. 2006,
38, 1111-1123.

(41) Gautzsch, R.; Zinn, R. Use of Incremental Models to Estimate
the Retention Indexes of Aromatic Compounds. Chromatographia
1996, 43, 163—176.

dx.doi.org/10.1021/jp5097844 | J. Phys. Chem. B 2014, 118, 14479—14492



The Journal of Physical Chemistry B

(42) Buchman, O.; Cao, G. Y.; Peng, C. T. Structure Assignment by
Retention Index in Gas-liquid Radiochromatography of Substituted
Cyclohexenes. J. Chromatogr. 1984, 312, 75—90.

(43) Emel’yanenko, V. N.; Verevkin, S. P.; Klamt, A. Thermochem-
istry of Chlorobenzenes and Chlorophenols: Ambient Temperature
Vapor Pressures and Enthalpies of Phase Transitions. J. Chem. Eng.
Data 2007, 52, 499—510.

(44) Pedley, J. P.; Naylor, R. D.; Kirby, S. P. Thermochemical Data of
Organic Compounds, 2nd ed.; Chapman and Hall: London, 1986.

(45) Good, W. D.; Scott, D. W.,; Waddington, G. Combustion
Calorimetry of Organic Fluorine Compounds by a Rotating-Bomb
Method. J. Phys. Chem. 1956, 60, 1080—1089.

(46) Sinke, G. C.; Stull, D. R. Heats of Combustion of Some Organic
Compounds Containing Chlorine. J. Phys. Chem. 1958, 62, 397—401.

(47) Hubbard, W. N.; Knowlton, J. W.; Huffman, H. M. Combustion
Calorimetry of Organic Chlorine Compounds. Heats of Combustion
of Chlorobenzene, the Dichlorobenzenes and o- and p-Chloroethyl-
benzene. J. Phys. Chem. 1954, 58, 396—402.

(48) Holm, T. Thermochemistry of Grignard Reagents. Enthalpies of
Formation of AlkylmagnSupporting Informationum Bromides and of
Alkyl Bromides. J. Organomet. Chem. 1973, 56, 87—93.

(49) Stull, D. R; Westrum, E. F,, Jr; Sinke, G. C. The Chemical
Thermodynamics of Organic Compounds; John Wiley & Sons, Inc.: New
York, 1969.

(50) Cox, J. D; Pilcher, G. Thermochemistry of Organic and
Organometallic Compounds; Academic Press: New York, 1970.

(51) Popoff, M. M., Schirokich, P. K. Ein Calorimeter zum
Verbrennen von Chlor- und Bromderivaten. Z. Phys. Chem. (Leipzig)
1933, 167, 183—187.

(52) Smith, L. Corrected Heats of Combustion of Organic Iodine
Compounds. Acta Chem. Scand. 1956, 10, 884—886.

(53) Rayne, S.; Forest, K. Performance of Gaussian-3 and Gaussian-4
Level Theoretical Methods in Estimating Gas Phase Enthalpies of
Formation for Representative C1 and C2 Chlorofluorocarbons and
Hydrochlorofluorocarbons. J. Mol. Struct. THEOCHEM 2010, 953,
47—48.

(54) Feller, D. J. The Role of Databases in Support of Computational
Chemistry Calculations. Comput. Chem. 1996, 17, 1571—1586.

14492

dx.doi.org/10.1021/jp5097844 | J. Phys. Chem. B 2014, 118, 14479—14492



