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The standard (p° ) 0.1 MPa) molar enthalpies of formation of 2-chloro-4-nitrophenol, 4-chloro-2-nitrophenol,
and 4-chloro-3-nitrophenol in the solid phase,∆fH°m(cr), atT ) 298.15 K, were derived from the standard molar
enthalpies of combustion measured by rotating-bomb combustion calorimetry, in oxygen. Enthalpies of fusion of
the solid compounds were measured by differential scanning calorimetry. The standard molar enthalpies of
sublimation,∆cr

g H°m, at T ) 298.15 K, were measured by Calvet microcalorimetry. Summing the obtained
∆fH°m(cr) and∆cr

g H°m values, it was possible to derive the values of the standard molar enthalpies of formation in
the gaseous phase, atT ) 298.15 K: ∆fH°m(2-chloro-4-nitrophenol, g)) -(139.0 ( 2.8) kJ‚mol-1,
∆fH°m(4-chloro-2-nitrophenol, g)) -(149.2( 1.8) kJ‚mol-1, and∆fH°m(4-chloro-3-nitrophenol, g)) -(108.8(
3.7) kJ‚mol-1. Density functional theory calculations were also performed for all possible chloronitrophenol isomers
using the B3LYP functional and the 6-31G** basis set. These calculations allowed the estimation of the standard
molar enthalpies of formation in the gaseous phase for all isomers including those not studied experimentally.
Identical DFT calculations were also carried out for the respective phenoxyl radicals and phenoxide anions which
allowed the estimation of the O-H homolytic bond dissociation energies and gas-phase acidities.

Introduction

The present work is part of a wider study on the thermo-
chemistry of substituted phenols, namely,tert-butyl- and di-
tert-butylphenols,1,2 cyanophenols,3 methoxy- and dimethox-
yphenols,4 and methoxynitrophenols.5 This family of compounds,
the phenols, have a considerable practical interest because some
of them have antioxidant properties which are directly related
to the energetics of the O-H bond. There are many reports in
the literature about the energetics of the phenolic bond;6

nevertheless, values of standard enthalpies of formation for this
family of compounds are still very scarce.7 With this work we
intend to enlarge the thermochemical database for substituted
phenols by the experimental determination of the standard molar
enthalpies of formation of some chloronitrophenol isomers and
to use computational chemistry in the understanding of the
relation between structure and energetics.

In this paper, we report the standard molar enthalpies of
formation of three chloronitrophenol isomers, 2-chloro-4-
nitrophenol (2-Cl-4-NO2-C6H3OH), 4-chloro-2-nitrophenol (4-
Cl-2-NO2-C6H3OH), and 4-chloro-3-nitrophenol (4-Cl-3-NO2-
C6H3OH), in the gaseous phase, obtained from measurements
of standard molar energies of combustion using a rotative bomb
calorimeter and from the values of the standard molar enthalpies
of sublimation measured by Calvet microcalorimetry.

In addition, density functional theory calculations were
performed to obtain the most stable geometries for all possible
chloronitrophenol isomers, respective phenoxyl radicals, and
phenoxide anions. From these calculations, we obtained esti-

mates of the standard molar enthalpies of formation in the
gaseous phase for the chloronitrophenol isomers, including those
not experimentally studied, the homolytic O-H bond dissocia-
tion energies, and the acidities in the gaseous phase.

Experimental Section

Materials and Purity Control.The chloronitrophenols were
obtained commercially from Aldrich Chemical Co. with the
minimum mass fraction purities: 0.97 for 2-Cl-4-NO2-C6H3-
OH CAS [619-08-9]; 0.98 for 4-Cl-2-NO2-C6H3OH CAS [89-
64-5]; 0.98 for 4-Cl-3-NO2-C6H3OH CAS [610-78-6]. The three
compounds were purified by repeated sublimation under reduced
pressure, and their purity was assessed by differential scanning
calorimetry (DSC) using the fractional fusion technique.8 The
mass fraction of impurities found was less than 1× 10-3 for
the three compounds. DSC experiments were performed on a
Setaram DSC 141 calorimeter using a heating rate of 3.33×
10-2 K‚s-1. The samples were hermetically sealed in stainless
steel crucibles due to their high vapor pressure even at room
temperature. The temperature scale of the calorimeter was
calibrated by measuring the melting temperatures of three high-
purity reference materials (naphthalene, benzoic acid, and
indium), and its power scale was calibrated with high-purity
indium (mass fraction>0.99999).9

The compositional purity of the compounds was further
assessed by C, H, N, and Cl microanalyses. The specific density
of the isomers was estimated asF ) 1.25 g‚cm-3.

Combustion Calorimetry.The enthalpies of combustion were
measured with an isoperibol rotating-bomb calorimeter. Because
the apparatus and the technique have been described,10,11 only
a brief description of the apparatus will be given here. The
bomb, whose internal volume is 0.337 dm3, is lined with
platinum. Water was added to the calorimeter from a weighed
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Perspex vessel, and for each experiment a correction to the
energy equivalent was made for the deviation in the mass of
water from 4063.3 g.

Calorimeter temperatures were measured to(10-4 K at time
intervals of 10 s using a Hewlett-Packard (HP-2804A) quartz
thermometer interfaced to a microcomputer, programmed to
compute the adiabatic temperature change. For each experiment,
the ignition temperature was chosen so that the final temperature
would be close toT ) 298.15 K. For both the fore-period and
the after-period, 125 readings were taken, and for the main
period, 100 readings were taken.

The rotating mechanism allowed simultaneous axial and end-
over-end rotation of the bomb. Rotation of the bomb was started
when the temperature rise in the main period reached about 0.63
of its total value and was continued throughout the rest of the
experiment. By adopting this procedure, the frictional work due
to the rotation of the bomb is automatically included in the
temperature corrections for the work of water stirring and for
the heat exchanged with the thermostatic jacket.12

The energy equivalent of the calorimeter was determined from
the combustion of benzoic acid (Bureau of Analyzed Samples,
Thermochemical Standard, BCS-CRM-190 r), having a specific
energy of combustion, under certificate conditions, of∆cu )
-(26 432.3( 3.8) J‚g-1. Calibration experiments were carried
out in oxygen at the pressure 3.04 MPa in the presence of 1.00
cm3 of water added to the bomb. One set of at least six
calibration experiments was performed leading to the value of
the energy equivalent of the calorimeter,ε(calor.)) (20 680.6
( 1.7) J‚K-1, where the uncertainty quoted is the standard
deviation of the mean.

The three chloronitrophenols were burnt, in pellet form, in
oxygen at the pressure 3.04 MPa, and an appropriate volume
of an aqueous solution of As2O3 of known concentration was
placed in the bomb to reduce to hydrochloric acid the free
chlorine produced by the combustion.

The values of∆cH°m refer to the combustion reaction with
HCl·600H2O(l) as the chlorine-containing product in the final
state. Within the precision of the analytical method, no evidence
was found for oxidation of aqueous solution As2O3 during a
time of about 5 h in thepresence of oxygen at a pressure of
3.04 MPa.13

The solid pellet form of 4-chloro-2-nitrophenol was enclosed
in melinex bags (as it is a volatile compound) using the
technique described by Skinner and Snelson,14 who determined
the specific energy of combustion of dry melinex as∆cu° )
-(22 902 ( 5) J‚g-1. This value was confirmed in our
laboratory and used in this work. The mass of melinex used in
each experiment was corrected for the mass fraction of water
(0.0032), and the mass of carbon dioxide produced from it was
calculated using the factor previously reported.14

The electrical energy for ignition was determined from the
change in potential difference across a capacitor when dis-
charged from 40 V through the platinum ignition wire. For the
cotton thread fuse, with the empirical formula CH1.686O0.843, ∆cu°
) -16 250 J g-1.15 This value was previously confirmed in
our laboratory. The nitric acid formed was determined using
Devarda’s alloy method,16 and the energetic corrections were
based on-59.7 kJ‚mol-1, for the molar energy of formation of
0.1 mol‚dm-3 HNO3(aq) from N2(g), O2(g), and H2O(l).17

The extent of the oxidation of As2O3(aq) was determined by
titration with a standardized iodine solution. The energy of
oxidation of aqueous As2O3 to As2O5, ∆U(As2O3), was calcu-
lated as described by Hu et al.,18 using the enthalpies of
oxidation of As2O3(aq) by Br2 19 and by Cl220 and the thermal

effects of mixing As2O5(aq) with strong acids.21 The amount
of H2PtCl6(aq) was determined from the loss of mass of platinum
of the crucible, and the energy correction was based on
∆fH°m(H2PtCl6, aq) ) -(676.1 ( 0.1) kJ‚mol-1.17 An esti-
mated pressure coefficient of specific energy, (∂u/∂p)T ) -0.2
J‚g-1‚MPa-1 at T ) 298.15 K, a typical value for most organic
compounds, was assumed.22 For each compound, the massic
energy of combustion,∆cu°, was calculated by a procedure
similar to that developed by Hubbard et al.15 for compounds
containing just C, H, and N and implemented by Hu et al.18 for
chlorine-containing compounds.

Microcalorimetry CalWet. The standard molar enthalpies of
sublimation of the three chloronitrophenols were measured by
Calvet microcalorimetry, using the vacuum sublimation
drop microcalorimetric method.23 Samples, about 3 to 5 mg of
each crystalline compound, contained in small thin glass
capillary tubes sealed at one end, were dropped, at room
temperature, into the hot reaction vessel, in the high-
temperature Calvet microcalorimeter (Calvet High-Temperature
Microcalorimeter, SETARAM HT 1000) held at a con-
venient temperature ofT ) 385 K, and then removed from
the hot zone by vacuum sublimation. Simultaneously, an
empty capillary tube was dropped in the reference calorimetric
cell. The observed enthalpies of sublimation,∆cr,298.15K

g,TK H°m,
were corrected toT ) 298.15 K using the value of
∆298.15K

TK H°m(g) estimated by a group method, on the basis of the
values from Stull et al.24 The microcalorimeter was calibrated
in situ for these measurements making use of the recently
recommended value of the standard molar enthalpy of sublima-
tion, at T ) 298.15 K, of naphthalene, (72.600( 0.600)
kJ·mol-1.25 Accuracy tests were performed with benzoic acid.

The relative atomic masses for the elements were those
recommended by the IUPAC commission.26

Computational Details.Density functional theory calculations
were carried out to obtain the most stable conformations of all
possible chloronitrophenol isomers and their corresponding
phenoxyl radicals and phenoxide anions as well using the Becke
three-parameter hybrid exchange,27 the Lee-Yang-Parr28 cor-
relation density functional (B3LYP), and the Poples split valence
6-31G** 29 basis set. Harmonic vibrational frequencies were
calculated through construction and diagonalization of the
Hessian matrices, using the same basis set. This procedure
served both to characterize the obtained 6-31G** geometries
as true minima and to obtain enthalpies at the temperature of
298.15 K. All calculations were performed using the U.K.
version of GAMESS.30,31

Experimental Results

The enthalpies and temperatures of fusion of the crystalline
2-chloro-4-nitrophenol, 4-chloro-2-nitrophenol, and 4-chloro-
3-nitrophenol were derived from the DSC experiments and are,
respectively: 2-Cl-4-NO2-C6H3OH, ∆cr

l H°m(Tfus) ) (20.88 (
0.15) kJ‚mol-1, atTfus ) (380.68( 0.09) K; 4-Cl-2-NO2-C6H3-
OH, ∆cr

1 H°m (Tfus) ) (22.69 ( 0.13) kJ‚mol-1, at Tfus )
(360.33( 0.01) K; 4-Cl-3-NO2-C6H3OH, ∆cr

1 H°m(Tfus) ) (25.97
( 0.02) kJ‚mol-1, at Tfus ) (399.44( 0.09) K. The recorded
thermograms did not show any phase transitions between 298
K and the melting temperature of the samples.

Determination of compositional purities was assessed by C,
H, N, and Cl microanalyses. The results are presented in
Table 1.

Results for a typical combustion experiment of each com-
pound are given in Table 2, where∆m(H2O) is the deviation
of the mass of water added to the calorimeter from the mass
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assigned toε(calor.). The remaining symbols in this table have
the same meaning as in refs 15 and 18.

The internal energy for the isothermal bomb process,
∆U(IBP), was calculated according to the following equation:

where ∆Tad is the temperature change corrected for heat
exchange with the surrounding thermostat and the work of
stirring and of the bomb rotation.

The values of the massic energy of combustion,∆cu°, refer
to the combustion reaction

with HCl·600H2O(l) as the chlorine-containing product in the
final state. The individual results of all combustion experiments,
together with the mean value and its standard deviation, are
given for each compound in Table 3. Table 4 lists the derived
standard molar energies and enthalpies of combustion and the
standard molar enthalpies of formation for the chloronitrophe-
nols in the solid phase, atT ) 298.15 K.

In accordance with normal thermochemical practice,32 the
uncertainties assigned to the standard molar enthalpies of
combustion are, in each case, twice the overall standard
deviation of the mean and include the uncertainties in calibration
and in the values of auxiliary quantities.

To derive∆fH°m(cr) from ∆cH°m(cr), the following standard
molar enthalpies of formation, atT ) 298.15 K, were used:
H2O(l), -(285.830( 0.042) kJ·mol-1;33 CO2(g), -(393.51(
0.13) kJ·mol-1;33 and{HCl‚600H2O(l) - 600H2O(l)}, -(166.540
( 0.005) kJ·mol-1.17,34

The results of the measurements of the standard molar
enthalpies of sublimation,∆cr

g H°m, at T ) 298.15 K, are given
in Table 5 with uncertainties of twice the standard deviation of
the mean. The derived standard molar enthalpies of formation,
in both the crystalline and gaseous phases, for the three
compounds are summarized in Table 6.

Table 1. Mass Fractions (w) of C, H, N, and Cl in the Chloronitrophenols

calcd found

compda C H N Cl C H N Cl

w
2-Cl-4-NO2-C6H3OH 0.4152 0.0232 0.0807 0.2043 0.4172 0.0248 0.0799 0.2013
4-Cl-2-NO2-C6H3OH 0.4152 0.0232 0.0807 0.2043 0.4151 0.0239 0.0802 0.2012
4-Cl-3-NO2-C6H3OH 0.4152 0.0232 0.0807 0.2043 0.4165 0.0254 0.0786 0.2062

a Molar mass of ClNO2-C6H3OH (M) ) 173.556 g‚mol-1.

Table 2. Typical Combustion Results atT ) 298.15 Ka

2-Cl-4-NO2-C6H3OH 4-Cl-2-NO2-C6H3OH 4-Cl-3-NO2-C6H3OH

m(compound)/g 0.95304 1.07156 1.15380
m′(fuse)/g 0.00277 0.00279 0.00293
m′′(melinex)/g 0.05597
∆Tad/K 0.73577 0.88873 0.89604
εi/(J‚K-1) 96.16 96.35 117.18
εf/(J‚K-1) 94.12 94.27 114.55
∆m(H2O)/g 2.5 0.2 0.6
-∆U(IBP)/J 15293.46 18464.65 18636.32
-∆U(fuse)/J 44.98 45.31 47.58
-∆U(melinex)/J 1281.82
-∆U(HNO3)/J 33.91 37.25 36.30
-∆U(As2O3)/J 223.58 249.18 295.00
-∆U(H2PtCl6)/J 0.31 0.60 0.20
-∆U(carbon)/J 0.00 0.00 0.00
∆U(ign.)/J 1.20 1.19 1.19
-∆UΣ/J 34.01 40.83 48.31
-∆cu°(compound)/(J‚g-1) 15693.64 15687.09 15781.70

a m(compound) is the mass of compound burnt in the experiment.m′(fuse) is the mass of fuse (cotton) used in the experiment.m′′(melinex) is the mass
of melinex used in the experiment.∆Tad is the corrected temperature rise.εi is the energy equivalent of contents in the initial state.εf is the energy equivalent
of contents in the final state.∆m(H2O) is the deviation of the mass of water added to the calorimeter from 4063.3 g;∆U(IBP) is the energy change for the
isothermal combustion reaction under actual bomb conditions;∆U(IBP) includes∆U(ign.). ∆U(fuse) is the energy of combustion of the fuse (cotton).
∆U(melinex) is the energy of combustion of the melinex.∆U(HNO3) is the energy correction for the nitric acid formation.∆U(As2O3) is the energy of
oxidation of the aqueous solution of As2O3. ∆U(H2PtCl6) is the energy correction for the formation of the platinum complex.∆U(carbon) is the energy
correction for carbon formation.∆UΣ is the energy correction to the standard state.∆cu° is the standard massic energy of combustion.

∆U(IBP) ) -{ε(calor.)+ ∆m(H2O)cp(H2O, l)}∆Tad +
εi(Ti/K - 298.15)+ εf(298.15- Ti/K - ∆Tad) + ∆Uign. (1)

C6H4NO3Cl(cr) + 21
4

O2(g) + 1197
2

H2O(l) f 6CO2(g) +

HCl·600H2O(l) + 1
2
N2(g) (2)

Table 3. Individual Values of the Massic Energy of Combustion,
∆cu°, at T ) 298.15 K

-∆cu°/(J‚g-1)

2-Cl-4-NO2-C6H3OH 4-Cl-2-NO2-C6H3OH 4-Cl-3-NO2-C6H3OH

15661.65 15685.78 15767.95
15684.93 15694.56 15785.36
15668.15 15696.99 15781.72
15683.78 15683.62 15790.58
15693.64 15675.89 15798.76
15682.76 15687.09 15788.65
15687.77 15781.70

-<∆cu°>/(J‚g-1)
15680.4( 4.3 15687.3( 3.1 15785.0( 3.6

Table 4. Derived Standard Molar Values, atT ) 298.15 K, of the
Chloronitrophenols in the Crystalline Phase

∆cU°m(cr) ∆cH°m(cr) ∆fH°m(cr)

compd kJ‚mol-1 kJ‚mol-1 kJ‚mol-1

2-Cl-4-NO2-C6H3OH -2721.4( 1.6 -2718.3( 1.6 -238.0( 1.8
4-Cl-2-NO2-C6H3OH -2722.6( 1.4 -2719.5( 1.4 -236.8( 1.6
4-Cl-3-NO2-C6H3OH -2739.6( 1.4 -2736.5( 1.4 -219.8( 1.6
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Theoretical Results and Discussion

From the optimized geometries and the vibrational analysis
of all isomers, we obtained, respectively, the B3LYP/6-31G**
electronic energies and zero-point vibrational energies and
thermal corrections toT ) 298.15 K, which are presented in
Table 7. To estimate the standard molar enthalpies of formation
of the chloronitrophenols, we have considered the following
isodesmic reaction:

The energy of this reaction is a measure of the interaction energy
between the substituent groups in the aromatic ring, and it was
chosen because the standard enthalpies of formation of all the
auxiliary compoundssphenol -(96.4 ( 0.9) kJ‚mol-1,35 ni-
trobenzene (67.5( 0.8) kJ‚mol-1,35 chlorobenzene (52.0( 1.3)
kJ‚mol-1,35 and benzene (82.6( 0.7) kJ‚mol-1 35sare well-
known experimentally. The electronic energies of all auxiliary
molecules have been obtained using the same calculation
procedure as that described for the chloronitrophenol
isomers. The resultant reaction energies atT ) 0 K, ∆rE, are
reported in Table 8. To compare the theoretical with experi-
mental results, the reaction enthalpies atT ) 298.15 K,∆rH°,
were calculated from the reaction energies by adding the zero-
point vibrational energies and the thermal corrections fromT
) 0 K to T ) 298.15 K. The results for all isomers are also
presented in Table 8, together with the derived standard
enthalpies of formation, atT ) 298.15 K, ∆fH°m(g). The
theoretical estimates of∆fH°m(g) are in good agreement with
the experimentally observed values (Table 6), with a maximum
deviation of 7 kJ‚mol-1. So, we may conclude that the
theoretical estimates for the compounds not studied experimen-
tally can be accepted with confidence. From the predicted values
of the enthalpies of formation, we may conclude that the
5-chloro-2-nitrophenol is the most energetically stable isomer,
whereas the 4-chloro-3-nitrophenol isomer is the most unstable
one.

As it happens, with the monosubstituted chloro and nitro-
phenols, the most stable chloronitrophenol isomers are those in
which the chlorine atom or the nitro group is close to the
hydroxyl group. We can observe from the obtained 6-31G**
optimized geometries that in the phenols substituted in the ortho
position the hydroxyl group adopts a cis conformation relative
to the chlorine atom or the nitro group, thus favoring the
formation of an intramolecular hydrogen bond which represents
a higher energetic stabilization of the isomer substituted in that
position (see Table 7). The distance between the hydrogen atom
of the hydroxyl group and the oxygen atom of the nitro group
(0.167 to 0.169 nm) is smaller than the distance between the

hydrogen atom of the hydroxyl group and the chlorine atom
(0.236 to 0.241 nm). This could be due to a stronger intramo-
lecular hydrogen bond and explains why in 2-chloro-6-nitro-
phenol the O-H bond adopts a cis conformation relative to the
nitro group (the energy of the intramolecular hydrogen bond in
2-nitrophenol is 50.2 kJ‚mol-1 and in chlorophenol is 13.2
kJ‚mol-1 calculated from the energy difference between the cis
and trans O-H conformations at the same level of theory,
B3LYP/6-31G**).

With the purpose of studying the barrier height for internal
rotation of the hydroxyl group, we have also performed
geometry optimizations of the chloronitrophenols with the O-H
bond frozen at 90° and all the other parameters optimized. In
Table 9, we present the values of the energetic barriers for
rotation around the C-O(H) bond,∆rotE (estimated from the
energies B3LYP/6-31G** obtained for the perpendicular (Table
7) and planar conformations), as well as the values of the barrier
relative to phenol,∆(∆rotE).

The results obtained for the phenols substituted in the ortho
position are higher than those obtained for phenol and the other
isomers, which confirms the existence of the intramolecular
hydrogen bond. Nevertheless, the energetic barrier when the
nitro group occupies the ortho position is higher than the barrier
of those isomers where that position is occupied by the chlorine
atom, which is due at least partially to the strong O-H‚‚‚O
intramolecular hydrogen bond. We have not found in the
literature any experimental values for these barriers. The
observation of the calculated energies suggests that the occur-
rence of the above-mentioned intramolecular hydrogen bond is
the main factor determining the course stability ordering of
chloronitrophenols. We can indeed roughly group these com-
pounds into three classes: those having anortho-nitro substitu-
ent are the most stable, immediately followed by those having
anortho-chlorine atom, and the isomers which don’t have ortho
substituents are the least stable

Other than this intramolecular stabilizing interaction, two
other opposing “forces” come into play and can be invoked to
make a fine-tuning of the relative stability order within each
group. On one hand, there are stabilizingπ-electronic delocal-
ization effects between the aromaticπ system and the three
substituents. Actually, the hydroxyl group is a mediumπ-elec-
tron donor, the chlorine atom is a weakπ-electron donor, and
the nitro group is a strongπ-electron acceptor, which are more
efficient in the planar confomations. On the other hand, there
are destabilizing electrostatic repulsions between substituents
in neighboring positions which favor the nonplanar arrangement
of one or more of the groups. These facts are evident from the
dihedral angles which define the orientation of the substituent
groups (see Figure 1 for the numbering of the atoms). The
isomers 2-chloro-4-nitro-, 2-chloro-5-nitro-, 2-chloro-6-nitro-,
3-chloro-5-nitro-, 4-chloro-2-nitro-, and 5-chloro-2-nitrophenol
are all planar molecules. This fact is also observed for phenol
and the monosubstituted chloro and nitrophenols.36-38 In the
isomers 2-chloro-3-nitro- (dihedral angles: C2-C3-N10-O11

38.6°; C4-C3-N10-O12 39.1°), 3-chloro-4-nitro- (dihedral
angles: C3-C4-N10-O11 29.5°; C5-C4-N10-O12 29.2°), and
4-chloro-3-nitrophenol (dihedral angles: C2-C3-N10-O11 28.9°;

Table 5. Standard Molar Enthalpies of Sublimation of the Chloronitrophenols, atT ) 298.15 K

T ∆cr,298.15K
g,TK H°m ∆298.15K

TK H°m(g) ∆cr
g H°m(298.15 K)

compd no. of exp. K kJ‚mol-1 kJ‚mol-1 kJ‚mol-1

2-Cl-4-NO2-C6H3OH 6 385 113.6( 2.1 14.6 99.0( 2.1
4-Cl-2-NO2-C6H3OH 6 385 102.0( 0.9 14.6 87.6( 0.9
4-Cl-3-NO2-C6H3OH 6 385 125.6( 3.3 14.6 111.0( 3.3

Table 6. Derived Standard Molar Enthalpies of Formation of the
Chloronitrophenols, at T ) 298.15 K

∆fH°m(cr) ∆cr
g H°m ∆fH°m(g)

compd kJ‚mol-1 kJ‚mol-1 kJ‚mol-1

2-Cl-4-NO2-C6H3OH -238.0( 1.8 99.0( 2.1 -139.0( 2.8
4-Cl-2-NO2-C6H3OH -236.8( 1.6 87.6( 0.9 -149.2( 1.8
4-Cl-3-NO2-C6H3OH -219.8( 1.6 111.0( 3.3 -108.8( 3.7

C6H4NO3Cl + 2C6H6 f C6H5OH + C6H5NO2 + C6H5Cl (3)
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C4-C3-N10-O12 29.6°), the steric repulsions between adjacent
groups are minimized by the nonplanar arrangement of the nitro
group, and in the 3-chloro-2-nitrophenol (dihedral angles: C2-
C1-O7-H8 10.5°; C1-C2-N10-O11 24.4°; C3-C2-N10-O12

25.0°), the steric repulsions are minimized by the nonplanar
arrangement of both the hydroxyl and nitro groups.

The homolytic O-H bond dissociation energy (T ) 0 K),
De(O-H), and the corresponding bond dissociation enthalpy
(T ) 298.15 K),Dh(O-H), defined, respectively, as the energy

and enthalpy variations associated with the following bond-
breaking reactions

were calculated, and the results are collected in Table 10. In
agreement with Brinck et al.,39 our calculations predict the value
of 346.0 kJ‚mol-l for the homolytic O-H bond dissociation
enthalpy of phenol. This value is about 25 kJ‚mol-l lower than
the selected experimental value of (371.3( 2.3) kJ‚mol-l.6

Despite the consistent failure of the B3LYP functional in the
determination of accurate O-H bond dissociation enthalpies,40

it is known that the relative values∆Dh(O-H) are found to be
in good agreement with the experimental data and with more
sophisticated computational methods.41-43 In the case of the
chloronitrophenol isomers, there are no experimental
∆Dh(O-H) values for comparison with our theoretical results.

The effect of the introduction of the two substituents is to
strengthen the O-H bond in respect to the homolytic bond-
breaking processes, the calculated increase of∆Dh(O-H)
ranging from about 9.3 kJ‚mol-l (4-chloro-3-nitrophenol) to 70.3
kJ‚mol-l (5-chloro-2-nitrophenol). The overall substituent effect
on the O-H bond dissociation energy can be usefully partitioned
into the effect the substituent has in the radicals (radical
contribution, rc) and its effect in the closed-shell molecules
(parent contribution, pc). The importance of each effect can be
evaluated from the energy variation of the reactions

which represent, respectively, the effect of the substituents on
the stability of the closed-shell molecule and of the radicals,
both measured relative to its effect on benzene. The results of
this analysis are also presented in Table 10 under the headings
∆pcDe(O-H) and∆rcDe(O-H). It can be observed from these
results that all phenoxyl radicals are destabilized by the
substituents, and on the other hand, the closed-shell molecules
are either stabilized or destabilized.

For a better understanding of the effect of the entrance of
both substituents, we have performed similar calculations for
the monosubstituted chloro and nitrophenols, and the results
are also presented in Table 10. The theoretical B3LYP/6-31G**
estimates of∆Dh(O-H) reproduce and are quantitatively in
agreement with the recommended values, except for the
2-nitrophenol isomer. There is a large discrepancy between our
calculated value and the recommended value for this isomer.

Table 7. Calculated B3LYP/6-31G** Electronic Energies (hartree) and Zero-Point Vibrational Energies (kJ‚mol-1) of the Chloronitrophenols

molecule radical anion perp.

EB3LYP/6-31G** EZP Etotal
a Stotal

b EB3LYP/6-31G** EZP Etotal
a EB3LYP/6-31G** EZP Etotal

a Stotal
b EB3LYP/6-31G**

C6H5OH -307.478485 275.03 289.49 312.04-306.835391 240.48 254.30-306.892404 237.92 251.65 308.18-307.472138
2-Cl-3-NO2-C6H3OH -971.560268 257.03 280.98 398.06-970.910628 221.69 245.31-971.008242 220.85 244.45 397.46-971.549705
2-Cl-4-NO2-C6H3OH -971.574016 257.69 281.45 397.63-970.922063 221.97 245.52-971.038909 223.10 246.31 394.14-971.562193
2-Cl-5-NO2-C6H3OH -971.571895 257.23 281.15 399.11-970.921848 222.04 245.55-971.023505 221.50 245.03 398.79-971.562321
2-Cl-6-NO2-C6H3OH -971.576217 258.38 281.28 390.21-970.911143 221.78 245.56-971.022400 221.51 245.10 404.65-971.556196
3-Cl-2-NO2-C6H3OH -971.565524 257.49 280.53 391.77-970.906325 220.13 244.62-971.009337 220.32 244.04 397.37-971.549135
3-Cl-4-NO2-C6H3OH -971.560084 256.69 280.75 399.56-970.909212 220.70 244.46-971.025432 222.07 245.56 402.70-971.552009
3-Cl-5-NO2-C6H3OH -971.569574 256.69 280.78 400.38-970.919459 220.98 244.59-971.023233 220.80 244.44 399.60-971.562385
4-Cl-2-NO2-C6H3OH -971.578494 258.15 281.13 391.09-970.914097 221.44 245.25-971.022668 221.31 245.00 403.21-971.557439
4-Cl-3-NO2-C6H3OH -971.557795 256.34 280.53 400.95-970.911044 221.40 245.07-971.007880 220.82 244.48 397.82-971.550821
5-Cl-2-NO2-C6H3OH -971.580540 258.16 281.09 390.67-970.910319 221.07 244.95-971.025615 221.10 244.78 403.07-971.557800

a Etotal (T ) 298.15 K)) Etrans + Erot + EZP + ∆0K
298.15KEvib. b Stotal (T ) 298.15 K)) Strans + Srot + Svib.

Table 8. Theoretical Estimates of the Standard Molar Enthalpies of
Formation in the Gaseous Phase of the Chloronitrophenols, atT )
298.15 K (in kJ‚mol-1)

∆rE
(T ) 0 K)

∆rH°
(T ) 298.15 K) ∆fH°m(g)

∆fH°m(g)
exptl

2-Cl-3-NO2-C6H3OH -33.6 -33.5 -108.6
2-Cl-4-NO2-C6H3OH 2.5 2.1 -144.2 -139.0( 2.8
2-Cl-5-NO2-C6H3OH -3.0 -3.1 -139.0
2-Cl-6-NO2-C6H3OH 8.3 8.1 -150.2
3-Cl-2-NO2-C6H3OH -19.8 -19.2 -122.9
3-Cl-4-NO2-C6H3OH -34.0 -33.8 -108.3
3-Cl-5-NO2-C6H3OH -9.1 -8.9 -133.2
4-Cl-2-NO2-C6H3OH 14.3 14.2 -156.3 -149.2( 1.8
4-Cl-3-NO2-C6H3OH -40.0 -39.5 -102.6 -108.8( 3.7
5-Cl-2-NO2-C6H3OH 19.7 19.6 -161.7

Table 9. Energetic Barrier for Rotation of the O-H Bond

∆rotE ∆(∆rotE)

compd kJ‚mol-1 kJ‚mol-1

C6H5OH 16.7 0.0
2-Cl-3-NO2-C6H3OH 27.7 11.1
2-Cl-4-NO2-C6H3OH 31.0 14.3
2-Cl-5-NO2-C6H3OH 25.1 8.5
2-Cl-6-NO2-C6H3OH 52.6 35.9
3-Cl-2-NO2-C6H3OH 43.0 26.4
3-Cl-4-NO2-C6H3OH 21.2 4.5
3-Cl-5-NO2-C6H3OH 18.9 2.2
4-Cl-2-NO2-C6H3OH 55.3 38.6
4-Cl-3-NO2-C6H3OH 18.3 1.6
5-Cl-2-NO2-C6H3OH 59.7 43.0

Figure 1. Atom numbering scheme for the chloronitrophenols.

Cl-NO2-C6H3O-H f Cl-NO2-C6H3-O
• + H• (4)

C6H5NO2 + C6H5Cl +
C6H5OH f Cl-NO2-C6H3OH + 2C6H6 (5)

C6H5NO2 + C6H5Cl +

C6H5O
• f Cl-NO2-C6H3-O

• + 2C6H6 (6)
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However, we must note that the recommended value is based
on two different values of the enthalpy of dissociation,
∆Dh(O-CH3), of 1-nitro-2-methoxybenzene (an estimate of
-5.4 kJ‚mol-1 was based onVery low-pressure pyrolysis
experiments,44,45 and the other (10.9 kJ‚mol-1) is based on
theoretical AM1 calculations44,45). This fact makes meaningless
the comparison in this case because in phenols, but not in
anisoles, intramolecular hydrogen bonds can be formed between
the OH and the substituent, thereby stabilizing the parent
molecule. This same fact was also observed for the cyanophenol
isomers.3 A discrepancy is also found here for the chloro
substitution, and a similar explication can be given. The good
quality of the results obtained for the closed-shell systems (Table
8) allows us to believe that the values obtained in the present
work are more reliable.

The effect of the chlorine atom on the O-H bond dissociation
energy is small and irregular. The nitro group induces an
increase of the bond dissociation enthalpy of phenol. All
phenoxyl radicals are destabilized by the nitro group, a fact that
can be explained by observing that the oxygen atom of the
phenoxyl radical is a strongπ-electron acceptor, thus being
destabilized by the nitro group which is also a strongπ-electron
acceptor. On the other hand, the closed-shell molecules are
stabilized by the nitro substituent. The dominant effect in the
increase of the O-H bond dissociation energy is the destabiliz-
ing effect of the substituent groups on the phenoxyl radicals.
On the other hand, the effect on the closed-shell molecules is
small. So, we may conclude that the calculated increase of
∆Dh(O-H) for the chloronitrophenols is mainly due to the nitro
substituent.

The absolute gas-phase acidity of the chloronitrophenols, at
T ) 298.15 K, defined as the Gibbs function variation for the
following heterolytic bond-breaking reaction

has also been estimated from the thermodynamic equation
∆acidG° ) ∆acidH° - T∆acidS° (∆acidS° was obtained using
standard statistical thermodynamics formulas), and the results
are shown in Table 11. We can observe from that table that the
introduction of the two substituents leads to an increase in the
acidity that varies from 80.0 kJ‚mol-1 (3-chloro-2-nitrophenol)
to 134.5 kJ‚mol-1 (3-chloro-4-nitrophenol).

The B3LYP/6-31G** theoretical estimate of the gas-phase
acidity of phenol, 1472.1 kJ‚mol-1, is considerably higher than
the experimental values (1432.0( 8.4) kJ‚mol-l 46 and (1437.0

( 8.4) kJ‚mol-l 47 recommended in a compilation by Bartmess.49

In the same compilation, we have found the value of the gas-
phase acidity of 2-chloro-4-nitrophenol (1323( 8.4) kJ‚mol-l.

A partitioning of the overall substituent effect on the O-H
heterolytic bond dissociation energy into the effect of the
substituent in the closed-shell molecules and the effect in the
anion (anion contribution, ac) can be obtained similarly to what
has been done for the homolytic bond-breaking processes by
using the additional reaction

whose energy variation represents the effect of the substituents
on the anion, measured relative to its effect on benzene. The
individual contributions are also shown in Table 11 under the
heading∆acDe(O-H). A similar study was also performed for
the monosubstituted chloro and nitrophenols.

The most obvious result which can be observed is that the
effect of the substituents on the acidity is largely determined
by the effect of the substituents in the anionic species and only
to a little extent in the corresponding closed-shell system. The
π-electron acceptor nitro group interacts favorably with theπ
donor oxygen atom of the phenoxide anion when it is situated
at the ortho and para positions, the result being an enhanced
delocalization of the negative charge of the oxygen atom. This
interaction stabilizes the anionic species and reveals to be more
effective when both substituents occupy mutual para positions.

Table 10. Calculated Homolytic O-H Bond Dissociation Energies (kJ‚mol-1)

∆Dh(O-H)

compd De(O-H) Dh(O-H) (6) (42) (43) ∆pcDe ∆rcDe

C6H5OH 375.0 346.0 0.0 0.0 0.0 0.0 0.0 0.0
2-Cl-C6H4OH 382.6 353.6 7.6 -3 ( 4 5.4 4.2 -3.4
3-Cl-C6H4OH 379.9 350.5 4.5 5( 4 3.8 5.0 -0.7 -5.7
4-Cl-C6H4OH 372.0 343.1 -2.9 -1 ( 4 -5.9 -6.3 -2.3 0.7
2-NO2-C6H4OH 436.7 406.6 60.0 -5 ( 8 50.6 24.9 -36.8
3-NO2-C6H4OH 389.6 359.9 13.9 19( 8 13.4 14.2 0.0 -14.6
4-NO2-C6H4OH 393.5 363.6 17.6 25( 8 17.6 19.2 5.8 -12.7
2-Cl-3-NO2-C6H3OH 392.2 362.7 16.7 -33.6 -50.7
2-Cl-4-NO2-C6H3OH 398.2 368.5 22.5 2.5 -20.7
2-Cl-5-NO2-C6H3OH 393.2 363.8 17.9 -3.0 -21.3
2-Cl-6-NO2-C6H3OH 432.7 403.2 57.2 8.3 -49.4
3-Cl-2-NO2-C6H3OH 417.3 387.6 41.6 -19.8 -62.0
3-Cl-4-NO2-C6H3OH 395.4 365.3 19.3 -34.0 -54.5
3-Cl-5-NO2-C6H3OH 393.4 363.4 17.4 -9.1 -27.6
4-Cl-2-NO2-C6H3OH 430.9 401.2 55.2 14.3 -41.6
4-Cl-3-NO2-C6H3OH 384.6 355.3 9.3 -40.0 -49.6
5-Cl-2-NO2-C6H3OH 446.2 416.3 70.3 19.7 -51.6

Cl-NO2-C6H3OH f Cl-NO2-C6H3-O
- + H+ (7)

Table 11. Calculated Gas-Phase Acidities (kJ‚mol-1)

∆(∆acidG°)

compd ∆acidE(O-H) ∆acidG° (46) (48) ∆acDe

C6H5OH 1538.8 1475.8 0.0 0.0 0.0 0.0
2-Cl-C6H4OH 1507.7 1444.6 -31.2 -3.6 35.3
3-Cl-C6H4OH 1498.2 1435.4 -40.4 -29.7 0.8 39.8
4-Cl-C6H4OH 1503.5 1441.0 -34.8 -24.7 2.3 32.9
2-NO2-C6H4OH 1489.5 1423.3 -52.5 -58.2 74.2
3-NO2-C6H4OH 1468.9 1406.3 -69.5 -60.2 -65.7 69.9
4-NO2-C6H4OH 1426.8 1366.9-108.9 -87.4 -107.9 117.8
2-Cl-3-NO2-C6H3OH 1449.3 1386.7 -89.1 55.9
2-Cl-4-NO2-C6H3OH 1404.9 1344.5-131.2 136.4
2-Cl-5-NO2-C6H3OH 1439.8 1377.5 -98.3 95.9
2-Cl-6-NO2-C6H3OH 1454.0 1387.3 -88.5 93.0
3-Cl-2-NO2-C6H3OH 1460.3 1395.8 -80.0 58.7
3-Cl-4-NO2-C6H3OH 1403.7 1341.3-134.5 101.0
3-Cl-5-NO2-C6H3OH 1434.4 1372.0-103.8 95.2
4-Cl-2-NO2-C6H3OH 1459.3 1393.3 -82.5 93.7
4-Cl-3-NO2-C6H3OH 1443.8 1382.4 -93.4 54.9
5-Cl-2-NO2-C6H3OH 1457.0 1390.7 -85.1 101.5

C6H5NO2 + C6H5Cl + C6H5O
- f Cl-NO2-C6H3-O

- + 2C6H6

(8)
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Anions are mostly stabilized by the same mechanism, which
determines the stabilization of their closed-shell counterparts.
The main difference is that the interaction of the substituent
-NO2 with O- is considerably stronger than with-OH. From
Table 11, we can observe that although the former interaction
energies vary from 54.9 kJ‚mol-1 to 136.4 kJ‚mol-1 the latter
are just in the range 0 to-8 kJ‚mol-1, thus giving support to
the conjecture that the substituent effects on the heterolytic O-H
bond dissociation energy of phenols are mainly due to the
interactions which occur in anionic systems.
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