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The energetics of the phenolic O-H bond in a series of 2- and 4-HOC6H4C(O)Y (Y ) H, CH3, CH2CHdCH2,
CtCH, CH2F, NH2, NHCH3, NO2, OH, OCH3, OCN, CN, F, Cl, SH, and SCH3) compounds and of the
intramolecular O · · ·H hydrogen bond in 2-HOC6H4C(O)Y, was investigated by using a combination of
experimental and theoretical methods. The standard molar enthalpies of formation of 2-hydroxybenzaldehyde
(2HBA), 4-hydroxybenzaldehyde (4HBA), 2′-hydroxyacetophenone (2HAP), 2-hydroxybenzamide (2HBM),
and 4-hydroxybenzamide (4HBM), at 298.15 K, were determined by micro- or macrocombustion calorimetry.
The corresponding enthalpies of vaporization or sublimation were also measured by Calvet drop-calorimetry
and Knudsen effusion measurements. The combination of the obtained experimental data led to ∆fHm

o (2HBA,
g) ) -238.3 ( 2.5 kJ ·mol-1, ∆fHm

o (4HBA, g) ) -220.3 ( 2.0 kJ ·mol-1, ∆fHm
o (2HAP, g) ) -291.8 ( 2.1

kJ ·mol-1, ∆fHm
o (2HBM, g) ) -304.8 ( 1.5 kJ ·mol-1, and ∆fHm

o (4HBM, g) ) -278.4 ( 2.4 kJ ·mol-1.
These values, were used to assess the predictions of the B3LYP/6-31G(d,p), B3LYP/6-311+G(d,p), B3LYP/
aug-cc-pVDZ, B3P86/6-31G(d,p), B3P86/6-311+G(d,p), B3P86/aug-cc-pVDZ, and CBS-QB3 methods, for
the enthalpies of a series of isodesmic gas phase reactions. In general, the CBS-QB3 method was able to
reproduce the experimental enthalpies of reaction within their uncertainties. The B3LYP/6-311+G(d,p) method,
with a slightly poorer accuracy than the CBS-QB3 approach, achieved the best performance of the tested
DFT models. It was further used to analyze the trends of the intramolecular O · · ·H hydrogen bond in
2-HOC6H4C(O)Y evaluated by the ortho-para method and to compare the energetics of the phenolic O-H
bond in 2- and 4-HOC6H4C(O)Y compounds. It was concluded that the O-H bond “strength” is systematically
larger for 2-hydroxybenzoyl than for the corresponding 4-hydroxybenzoyl isomers mainly due to the presence
of the intramolecular O · · ·H hydrogen bond in the 2-isomers. The observed differences are, however,
significantly dependent on the nature of the substituent Y, in particular, when an intramolecular H-bond can
be present in the radical obtained upon cleavage of the O-H bond.

Introduction

The energetics of the O-H bond in aromatic compounds has
been at the heart of many interesting chemical processes such
as the depolymerization of coal1,2 and the antioxidant activity
of phenol derivatives.3,4 This has fostered a variety of studies
on the O-H bond dissociation enthalpy, DH°(O-H), trends with
particular emphasis on the effect of substituents directly bonded
to the ring system.3 Much less well investigated is, however,
the dependence of DH°(O-H) on the nature of substituents not
directly attached to the aromatic ring. An interesting model to
explore this effect is provided by 2- and 4-hydroxybenzoyl
compounds.

There is ample evidence that the 2-hydroxybenzoyl isomers
1 exhibit an intramolecular hydrogen bond (H-bond) of moderate
“strength” with the phenolic OH group functioning as the proton
donor, and the CO group of the adjacent substituent, acting as
the acceptor.5,6 The formation of this O · · ·H bond should confer
an increased thermodynamic stability to the molecule, thus
contributing to an increase in the phenolic O-H bond dissocia-
tion enthalpy relative to that in the 4-hydroxybenzoyl analogue
2. It is also known that the corresponding DH°(O · · ·H) can be
influenced by the nature of the Y substituent7-9 and this should

also affect the corresponding O-H bond dissociation enthalpy.
However, when considering DH°(O-H) trends, one should not
exclusively focus on the initial state of the homolitic O-H bond
scission (the precursor molecule). The nature of the substituent
Y may also have an important effect on the stability of the
radical resulting from breaking the O-H bond and on possible
reorganization effects associated with its formation, which can
both influence the corresponding DH°(O-H) value. In the case
of 2-hydroxybenzoic acid, for example, it has been shown that
DH°(O-H) considerably depends on the stabilization of the
radical 3 formed upon breaking of the O-H bond, by an
intramolecular O• · · ·H bond of different nature from that existing
in the precursor molecule.10

We have recently used a combination of experimental and
computational chemistry methods to investigate the systematics
of bond dissociation enthalpies in different types of organic
molecules through isodesmic reaction schemes.10-13 This strat-* Corresponding author. E-mail: memp@fc.ul.pt.
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egy is applied in the present work to study the energetics of
hydroxybenzoyl compounds, HOC6H4C(O)Y (Y ) H, CH3,
CH2CHdCH2, CtCH, CH2F, NH2, NHCH3, NO2, OH, OCH3,
OCN, CN, F, Cl, SH, and SCH3) with particular emphasis on
the influence of the substituent Y on the O-H bond dissociation
enthalpy.

Materials and Methods

Elemental analyses (C, H, N) were made on a Fisons
Instruments EA1108. The refractive indexes of the liquid
samples for the sodium D line (589 nm) were measured with a
CETI Abbe refractometer. 1H NMR spectra were obtained in
CDCl3 or DMSO-d6, at ambient temperature, on a Bruker
Ultrashield 400 MHz spectrometer. Mass spectra at 70 eV
electron energy were recorded on a Fisons Instruments Trio 1000
apparatus. GC-MS experiments were performed on an Agilent
6890 gas chromatograph coupled to an Agilent 5973 N mass
detector. A TRB-5MS capillary column from Teknokroma (5%
diphenyl/95% dimethylpolysiloxane; 30 m × 0.25 mm I.D., 0.25
µm df) was used. The carrier gas was helium maintained at a
constant pressure of 1.19 bar. A vaporization injector operating
in the split mode (1:100), at 523 K, was employed, and the
oven temperature was programmed as follows: 323 K (1 min),
ramp at 10 K ·min-1, 523 K (10 min). The transfer line, ion
source and quadrupole analyzer were maintained at 553, 503,
and 423 K, respectively, and a solvent delay of 5 min was
selected. In the full-scan mode, electron ionization mass spectra
in the range 35-550 Da were recorded at 70 eV electron energy
and with an ionization current of 34.6 µA. Data recording and
instrument control were performed by the MSD ChemStation
software from Agilent (G1701CA; version C.00.00). The identity
of the analyzed compound was assigned by comparison of the
mass-spectrometric results with the data in Wiley’s reference
spectral databank (G1035B, Rev D.02.00) and its purity was
calculated from the normalized peak areas, without using
correction factors to establish abundances. The X-ray powder
diffractograms were recorded on a Philips PW1730 diffracto-
meter operating in the θ-2θ mode, with automatic data
acquisition (APD Philips v.35B). The apparatus had a vertical
goniometer (PW1820), a proportional xenon detector (PW1711),
and a graphite monocromator (PW1752). A Cu KR radiation
source was used. The tube amperage was 30 mA and the tube
voltage 40 kV. The diffractograms were recorded in the range
5° e 2 θ e 35°, in the continuous mode, with a step size of
0.015°(2 θ), and an acquisition time of 1.5 s/step. The samples
were mounted on an aluminum sample holder. The indexation
of the powder patterns was performed using the program
Checkcell.14 Differential scanning calorimetry (DSC) experi-
ments were carried out on Setaram DSC 111 or TA 2920
MTDSC instruments. In the first case the purging gas was
nitrogen at a flow rate of 10 cm3 ·min-1 and in the second case
helium at a flow rate of 60 cm3 ·min-1 was used. The
compounds were sealed under air in aluminum crucibles. The
temperature and heat flux scales of the calorimeters were
calibrated by determining the temperature and enthalpy of fusion
of indium (Perkin-Elmer, 99.999%).

Materials. 2-Hydroxybenzaldehyde. 2HBA (Aldrich, 99%)
was purified by a triple fractional distillation at 310 K and 150
Pa. The obtained sample was stored in a Schlenk tube under
N2 atmosphere prior to use. Refractive index: nD

20 ) 1.5740 (lit:
nD

20 ) 1.574)15,16 1H NMR (400 MHz, CDCl3): δ 11.03 (s, OH,
1H), 9.86 (s, CH, 1H), 7.50 (m, CH, 2H), 7.00 (m, CH, 2H).
Mass spectrum: m/z (relative intensity) 122 (61), 121 (100), 104
(12), 94 (3), 93 (15), 76 (18), 74 (5), 66 (6), 65 (30), 63 (8), 62

(6), 61 (6), 55 (3), 53 (7), 51 (4), 50 (13), 47 (4), 41 (4), 39
(53), 37 (12). The MS results are in agreement with those
reported in a reference database.17 The onset (Ton) and maximum
(Tmax) temperatures of the fusion peak, obtained by DSC at a
scan rate � ) 3 K ·min-1, were Ton ) 274.58 ( 0.04 K and
Tmax ) 278.68 ( 0.14 K, respectively, and the corresponding
enthalpy of fusion, ∆fusHm

o ) 13.3 ( 0.4 kJ ·mol-1. The
uncertainties quoted for Ton and Tmax are mean deviations and
that for ∆fusHm

o corresponds to twice the mean deviation of three
determinations. The samples had masses m in the range 32-47
mg. The indicated fusion temperatures are significantly higher
than the recommended value Tfus ) 266 K.15

4-Hydroxybenzaldehyde. 4HBA (Acrös, 99%) was purified
by sublimation at 368 K and 1.3 Pa. The obtained sample was
kept in a Schlenk tube under N2 atmosphere prior to use.
Elemental analysis for C7H6O2: expected C 68.85%, H 4.95%;
found C 68.69%, H 5.19% (average of two determinations). 1H
NMR (400 MHz, CDCl3): δ 9.79 (s, CH, 1H), 7.75 (d, CH,
2H), 6.91 (d, CH, 2H), 6.13 (s, OH, 1H). The powder pattern
was indexed as monoclinic, space group P21/c, with a )
6.481(1) Å, b ) 13.833(4) Å, c ) 7.053(2) Å, � ) 108.06(2)°.
These values are in good agreement with the previously reported
a ) 6.453(5) Å, b ) 13.810(8) Å, c ) 7.044(6) Å, and � )
107.94(9)°.18 DSC (fusion, � ) 1 K ·min-1, m ) 3-20 mg):
Ton ) 389.6 ( 0.1 K, Tmax ) 390.8 ( 0.2 K, and ∆fusHm

o )
20.3 ( 0.2 kJ ·mol-1. The indicated fusion temperatures are in
good agreement with the published value Tfus ) 390.15 K.15

2′-Hydroxyacetophenone. 2HAP (Aldrich, 99%) was puri-
fied by a triple fractional distillation at 310 K and 150 Pa. The
obtained sample was stored in a Schlenk tube under N2

atmosphere prior to use. Refractive index: nD
24 ) 1.5577 (lit.:

nD
24 ) 1.558;16 nD

20 ) 1.558415). 1H NMR (400 MHz, CDCl3): δ
12.28 (s, OH, 1H), 7.71 (d, CH, 1H), 7.45 (t, CH, 1H), 6.95
(d, CH, 1H), 6.88 (t, CH, 1H), 2.61 (s, CH3, 3H). Mass
spectrum: m/z (relative intensities) 136 (68), 121 (100), 107 (1),
93 (42), 89 (2), 77 (8), 74 (3), 65 (51), 63 (26), 60 (5), 53 (14),
51 (8), 50 (12), 43 (39), 39 (49). The 1H NMR and MS results
are in agreement with those reported in a reference database.17

DSC (fusion, � ) 1 or 2 K ·min-1, m ) 3-20 mg): Ton )
278.50 ( 0.02 K, Tmax ) 281.15 ( 1.02 K, and ∆fusHm

o ) 13.0
( 0.1 kJ ·mol-1. The obtained Ton is 2.8 K higher than the
previously reported Tfus ) 275.7 K.15

2-Hydroxybenzamide. 2HBM (Aldrich, 99%) was purified
by sublimation at 368 K and 1.0 Pa. The obtained sample was
stored in a Schlenk tube under N2 atmosphere prior to use.
Elemental analysis for C8H8O2: expected C 61.31%, H 5.17%,
N 10.21%; found C 61.28%, H 5.47%, N 9.84% (average of
two determinations). 1H NMR (400 MHz, CDCl3): δ 12.18 (s,
OH, 1H), 7.43 (s, CH, 1H), 7.38 (d, CH, 1H), 7.00 (d, CH,
1H), 6.88 (s, CH, 1H), 6.16 (s, NH, 1H), 5.93 (s, NH, 1H).
The 1H NMR results are in agreement with those reported in a
reference database.17 No impurities were detected by GC-MS.
The obtained powder pattern matched that calculated from the
published unit cell dimensions of a monoclinic phase (space
group I2/a, a ) 12.901 Å, b ) 4.982 Å, c ) 20.987 Å, � )
91.50°)19,20 using the program Mercury 1.1.221 (see Supporting
Information for details). DSC (fusion, one experiment, � ) 10
K ·min-1, m ) 3 mg): Ton ) 413.2 K, Tmax ) 414.2 K, and
∆fusHm

o ) 27.1 kJ ·mol-1. The indicated Ton and Tmax are in good
agreement with the value Tfus ) 414 K obtained by Grady et
al.22 but are higher than Tfus ) 411.9 ( 0.5 K given by
Nordström and Rasmunson.23 The latter authors also reported
∆fusHm

o ) 29.0 ( 0.3 kJ ·mol-1.
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4-Hydroxybenzamide. 4HBM (Aldrich, 98%) was purified
by sublimation at 403 K and 1.0 Pa. The obtained sample was
stored in a Schlenk tube under N2 atmosphere prior to use.
Elemental analysis for C7H7NO2: expected C 61.31%, H 5.17%,
N 10.21%; found C 61.27%, H 5.40%, N 10.10% (average of
two determinations). 1H NMR (400 MHz, DMSO): δ 9.95 (s,
OH, 1H), 7.74 (s, CH, 2H) 7.71 (s, NH, 1H), 7.08 (s, NH,
1H), 6.76 (d, CH, 2H). The 1H NMR results are in agreement
with those reported in a reference database.17 No impurities were
detected by GC-MS. The powder pattern was indexed as
monoclinic, space group P21/c, with a ) 4.548(2) Å, b )
8.764(5) Å, c ) 15.768(9) Å, � ) 90.73(4)°. These values are
in good agreement with the previously reported a ) 4.5828(15)
Å, b ) 8.825(3) Å, c ) 15.888(5) Å, and � ) 90.770(7)°.24

DSC (fusion, one experiment, � ) 5 K ·min-1, m ) 3 mg): Ton

) 433.1 K, Tmax ) 433.8 K, and ∆fusHm
o ) 25.4 kJ ·mol-1. These

results are in good agreement with the Tfus ) 433.2 K and
∆fusHm

o ) 25.2 ( 0.2 kJ ·mol-1 given by Perlovich et al.22

Combustion Calorimetry. The standard energies of combus-
tion of 2HBA, 2HAP, and 2HBM were measured with an
isoperibol stirred liquid combustion macrocalorimeter25 and
those of 4HBA and 4HBM with an isoperibol aneroid combus-
tion microcalorimeter.26,27

In the experiments with solid 2HBM, a pellet of the
compound with a mass of 0.8-1.0 g was weighed to (0.01
mg with a Mettler AT201 balance inside a platinum crucible,
which was then adjusted to the sample holder in the bomb head.
The platinum ignition wire (Johnson Matthey; mass fraction
0.9995; diameter 0.05 mm) was connected between the two
discharge electrodes. A cotton thread fuse of empirical formula
CH1.887O0.902 and standard massic energy of combustion ∆cu°
) -16565.9 ( 8.6 J ·g-1,25 was also weighed to (0.01 mg in
the Mettler AT201 balance. One end of the fuse was tied to the
ignition wire and the other was brought into contact with the
pellet. A volume of 1.0 cm3 of distilled and deionized water
from a Millipore system (conductivity, <0.1 µS · cm-1) was
added to the bomb body by means of a volumetric pipet. The
stainless-steel bomb (Parr 1108) of 340 cm3 internal volume
was assembled and purged twice by successively charging it
with oxygen at a pressure of 1.01 MPa and venting the
overpressure. After purging, the bomb was charged with oxygen
at a pressure of 3.04 MPa and a few minutes were allowed for
equilibration before closing the inlet valve. The bomb was
placed in the calorimeter proper, inside the thermostatic bath.
The combustion of the sample was initiated by discharge of a
2990 µF capacitor, from a potential of 40 V, through the
platinum wire. The discharge current heated the wire and when
the temperature was increased sufficiently the thread fuse
ignited, and the combustion propagated to the sample material.
The procedure used to study the liquids 2HBA and 2HAP was
similar. In these cases the samples were sealed inside a Melinex
bag of massic energy of combustion ∆cu° ) -22902 ( 5
J ·g-1,28 which was also weighed to (0.01 mg with the Mettler
AT201 balance. To attain a controlled and complete combustion,
it was necessary to reduce the oxygen pressure inside the bomb
to 2.53 MPa. The nitric acid formed in all macro calorimetric
experiments from combustion of the sample or traces of
atmospheric N2 remaining inside the bomb after purging, was
determined by titration with aqueous sodium hydroxide (Merck
titrisol, 0.01 mol · dm-3), using methyl red as indicator. The
energy equivalent of the calorimeter, ε° ) 18566.22 ( 1.26
J ·K-1, was obtained from the combustion of benzoic acid (BA;
NIST SRM 39j), whose massic energy of combustion under
the certificate conditions was ∆cu(BA,cert) ) -26434 ( 3

J ·g-1. The ε° value refers to 3751.99 g of distilled water inside
the calorimeter proper.

In the microcalorimetry experiments with 4HBA a pellet of
the sample with a mass of 20-55 mg was weighed to 0.1 µg in
a Sartorius 4504 Mp8-1 ultramicrobalance inside a platinum
crucible. The crucible with the sample was transferred to the
sample holder in the bomb head. A volume of 50 µL of distilled
and deionized water was introduced into the bomb body. The
stainless-steel bomb of 17.95 cm3 internal volume was closed
and purged twice, by successively charging it with oxygen at a
pressure of 1.01 MPa and venting the overpressure. After
purging, the bomb was filled with oxygen at a pressure of 3.04
MPa and introduced in the calorimeter proper. The ignition of
the sample was initiated by discharge of a 2200 µF capacitor
from a potential of 40 V through a platinum wire. The energy
equivalent of the apparatus, ε° ) 1894.66 ( 0.30 J ·K-1, was
determined with the same benzoic acid sample (NIST SRM 39j)
used to calibrate the macrocalorimeter. A similar procedure was
followed in the experiments with 4HBM, where the sample mass
was in the range 16-28 mg. To attain complete combustion,
the sample was burned under 3.14 MPa of O2 and a drop (ca.
2-7 mg) of n-hexadecane (Aldrich 99+), weighed to 0.1 µg,
was added to the crucible as combustion aid. Two batches of
n-hexadecane were used. The corresponding standard massic
energies of combustion had been previously determined in our
laboratory by combustion macro calorimetry as ∆cu° ) -47177.3
( 1.5 J ·g-1 and ∆cu° ) -47185.4 ( 1.6 J ·g-1. The energy
equivalent of the apparatus, ε° ) 1895.27 ( 0.33 J ·K-1, was
obtained from calibration with benzoic acid (BDH thermo-
chemical standard), whose massic energy of combustion under
certificate conditions was ∆cu(BA,cert) ) -26433 ( 2 J ·g-1.
The HNO3 formed in all micro calorimetry experiments was
determined as NO3

–, using a Dionex 4000i ion chromatography
apparatus.

Calvet Drop-Calorimetry. The enthalpies of vaporization
of 2HBA and 2HAP, and the enthalpies of sublimation of
4HBA, 2HBM, and 4HBM were determined by using the Calvet
drop-microcalorimeter and the experimental procedures previ-
ously reported.29-31 In the vaporization experiments, the sample
with a mass in the range 11.0-25.5 mg (2HBA) or 9.5-20.2
mg (2HAP) was placed into a small glass capillary, closed with
Parafilm “M” tape (Pechiney, Chicago, IL). The masses of the
capillary, sample, and tape were determined with a precision
of 1 µg in a Mettler M5 microbalance. The capillary was
equilibrated for ca. 10 min, at 298.15 K, inside a furnace placed
above the entrance of the calorimetric cell, whose temperature
was also set at 298.15 K. It was subsequently dropped into the
cell, under N2 atmosphere, after removing the Parafilm cover.
The sample and reference cells were simultaneously evacuated
to 0.13 Pa immediately after dropping and the measuring curve
due to the vaporization process was acquired. The corresponding
enthalpy was derived from the area of this peak and the
calibration constant of the apparatus.

The procedure used in the sublimation experiments, was
similar to that described for the vaporization, except that the
evacuation of the cells was started after the measuring curve
corresponding to the heating of the sample from 298.15 K to
the temperature of the calorimetric cell was recorded. The mass
ranges and temperatures used in the experiments were 4.3-8.2
mg and 346.4 K (4HBA), 3.0-5.2 mg and 361.9 K (2HBM),
and 2.9-4.8 mg and 398.4 K (4HBM).

Knudsen Effusion. The enthalpy of sublimation of 4HBA
was also determined by using the Knudsen effusion apparatus
and operating procedure previously described.32-34 The tem-
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perature of the tubular furnace surrounding the brass block
containing the three effusion cells was controlled to better than
(0.1 K by a Eurotherm 902P thermostatic unit and a K type
thermocouple placed in contact with the inner wall of the
furnace. The equilibrium temperature inside the cell was
assumed to be identical to the temperature of the brass block.
This temperature was measured with a precision of (0.1 K by
a Tecnisis 100 Ω platinum resistance thermometer embedded
in the block and connected in a four wire configuration to a
Keithley 2000 multimeter. Each cell was initially charged with
ca. 0.2 g of sample, and the mass loss during a run was
determined to (0.01 mg with a Mettler AT201 balance.

Computational Details. Density functional theory (DFT)35

and complete basis set extrapolation (CBS-QB3)36,37 procedures
were applied to predict thermochemical properties of the systems
under examination. In the case of the DFT methods full
geometry optimizations and frequency predictions were carried
out with the B3LYP,38,39 and B3P8640,41 hybrid functionals,
using the 6-31G(d,p),42 6-311+G(d,p),43 and aug-cc-pVDZ,44,45

basis sets. The corresponding molecular energies were converted
to standard enthalpies at 298.15 K by using zero point energy
(ZPE) and thermal energy corrections calculated at the same
level of theory. The obtained vibration frequencies and ZPEs
were not scaled, unless otherwise stated. The DFT and CBS-
QB3 calculations were performed with the Gaussian-03 pack-
age.46 The topological properties of the electron density at
selected bond critical points have been evaluated by using the
theory of atoms in molecules (AIM),47 as implemented in the
AIM2000 program,48-50 and the output of B3LYP/6-311+G(d,p)
calculations.

Results and Discussion

The 2005 IUPAC recommended standard atomic masses were
used in the calculation of all molar quantities.51

Enthalpies of Reaction and Formation. The obtained
standard specific internal energies of combustion of 2HBA,
4HBA, 2HAP, 2HBM, and 4HBM, at 298.15 K, were
∆cu°(2HBA,l) ) -27179.54 ( 8.83 J ·g-1, ∆cu°(4HBA,cr) )
-26947.28 ( 5.26 J ·g-1, ∆cu°(2HAP,l) ) -28930.66 ( 5.68
J ·g-1, ∆cu°(2HBM,cr) ) -24411.37 ( 2.10 J ·g-1, and
∆cu°(4HBM,cr) ) -24400.79 ( 2.40 J ·g-1, respectively (see
Supporting Information for details). These results lead to the
standard molar enthalpies of combustion, ∆cHm

o , in Table 1. The
uncertainties assigned to ∆cu° are the standard deviations of
the mean of six individual results and those of ∆cHm

o represent

twice the overall standard deviations of the mean, including the
contributions from the calibration with benzoic acid and from
the combustion of n-hexadecane or Melinex.52,53 The ∆cHm

o

values for 2HBA and 4HBA correspond to reaction 1, that for
2HAP to reaction 2, and those for 2HBM and 4HBM to reaction
3:

C7H6O2(l/cr)+ 15/2O2(g) f 7CO2(g)+ 3H2O(l) (1)

C8H8O2(l)+ 9O2(g) f 8CO2(g)+ 4H2O(l) (2)

C7H7NO2(cr)+ 31/4O2(g) f 7CO2(g)+ 7/2H2O(l)+

1/2N2(g) (3)

These standard molar enthalpies of combustion in conjunc-
tion with ∆fHm

o (CO2,g) ) -393.51 ( 0.13 kJ ·mol-1 54 and
∆fHm

o (H2O,l) ) -285.830 ( 0.040 kJ ·mol-1 54 lead to the enth-
alpies of formation of 2HBA(l), 4HBA(cr), 2HAP(l), 2HBM(cr),
and 4HBM(cr) indicated in Table 1.

Only the enthalpy of formation of 2-hydroxybenzamide had
been previously reported as ∆fHm

o (2HBM,cr) ) -402.7 ( 2.2
kJ ·mol-1.55 This result is in reasonable agreement with the value
measured in this work if the combined uncertainties of both
determinations are considered (Table 1).

The enthalpy of sublimation of 4HBA was obtained from
Knudsen effusion and Calvet-drop microcalorimetry experiments
(detailed results are given as Supporting Information). The
former involved measurements of the vapor pressure, p, as a
function of the temperature, T, in the range 321-351 K. The
values of p were calculated from56,57

p) m
At(2πRT

M )1⁄2(8r+ 3l
8r )( 2λ

2λ+ 0.48r) (4)

where m is the mass loss during the time t; A, l, and r are the
area, the thickness, and the radius of the effusion hole,
respectively; M is the molar mass of the compound under study;
R is the gas constant; T is the absolute temperature; and λ is
the mean free path given by58

λ) kT

√2πσ2p
(5)

Here k represents the Boltzmann constant and σ the collision
diameter. The collision diameter of 4HBA(g) was estimated as
605 pm, from the van der Waals volume of the molecule
calculated with the GEPOL93 program,59 based on the molecular
structure reported by Iwasaki.18 The van der Waals radii of
carbon (1.70 Å), hydrogen (1.20 Å) and oxygen (1.52 Å) given
by Bondi were selected for this calculation.60 The dimensions
of the effusion holes of the three cells simultaneously used in
the measurements were A ) 1.6974 × 10-7 m2, r ) 2.3246 ×
10-4 m, l ) 2.09 × 10-5 m (cell 1); A ) 4.3984 × 10-7 m2, r
) 3.7418 × 10-4 m, l ) 2.09 × 10-5 m (cell 2); and A )
1.9644 × 10-7 m2, r ) 2.5000 × 10-4 m, l ) 2.09 × 10-5 m
(cell 3).

Because the mean free path in eq 5 is pressure dependent, an
iterative method was needed to obtain the vapor pressure of
the compound through eqs 4 and 5. As a first approximation, p
was calculated by ignoring the λ dependent term in eq 4. The
obtained result was subsequently used to derive λ from eq 5.
The calculated mean free path was introduced in eq 4 and a
second p value was calculated. The iteration was continued until
the difference between successive values of p was smaller than
10-8 Pa.

The vapor pressure against temperature data were fitted to
eq 6 (Figure 1):61

TABLE 1: Enthalpies (kJ ·mol-1) of Combustion, Formation,
Vaporization and Sublimation at 298.15 K

compound -∆cHm
o -∆fHm

o (cr,1) ∆vapHm
o /∆subHm

o -∆fHm
o (g)

2HBA,l 3320.44 ( 2.32 291.6 ( 2.5 53.3 ( 0.3 238.3 ( 2.5
50.3a

4HBA,cr 3292.08 ( 1.82 320.0 ( 2.0 99.7 ( 0.4 220.3 ( 2.0
92.0 ( 1.5b

99.0 ( 3.4c

2HAP,l 3941.33 ( 1.86 350.1 ( 2.1 58.3 ( 0.2 291.8 ( 2.1
4HAP,cr 265.4 ( 1.4d

2HBM,cr 3348.30 ( 1.06 406.7 ( 1.4 101.9 ( 0.4 304.8 ( 1.5
402.7 ( 2.2e

4HBM,cr 3346.85 ( 1.56 408.1 ( 1.8 129.7 ( 1.6 278.4 ( 2.4
2OHBA,cr 497.3 ( 1.4f

4OHBA,cr 480.2 ( 1.5f

a Calculated from ref 66; see text. b Calculated from ref 64; see
text. c Calculated from ref 65; see text. d Reference 67. e Reference
55. f Reference 10.
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ln p) a+ b
T

(6)

where the slope b is related to the enthalpy of sublimation at
the average of the highest and lowest temperatures of the range
covered in each series of experiments, Tm, by ∆subHm

o (Tm) )
-bR. The obtained results were a ) 34.72 ( 0.24, b )
-11823.4 ( 83.8, and ∆subHm

o (4HBA,342.1K) ) 98.3 ( 1.5
kJ ·mol-1 (cell 1); a ) 34.46 ( 0.35, b ) -11749.6 ( 116.3,
and ∆subHm

o (4HBA,331.4K) ) 97.7 ( 2.1 kJ ·mol-1 (cell 2); a
) 34.72 ( 0.213, b ) -11829.2 ( 72.3, and
∆subHm

o (4HBA,341.5K) ) 98.4 ( 1.3 kJ ·mol-1 (cell 3). The
uncertainties assigned to a and b are the corresponding standard
errors, and that for ∆subHm

o (Tm) includes Student’s factor for
95% confidence level (cell 1, t ) 2.201 for 12 independent
measurements; cell 2, t ) 2.160 for 14 independent measure-
ments; cell 3, t ) 2.179 for 13 independent measurements).
Correction of the obtained ∆subHm

o (Tm) values to 298.15 K led
to ∆subHm

o (4HBA,298.15K) ) 99.7 ( 1.5 kJ ·mol-1 (cell 1),
∆subHm

o (4HBA,298.15K) ) 98.2 ( 2.1 kJ ·mol-1 (cell 2), and
∆subHm

o (4HBA,298.15K) ) 99.8 ( 1.3 kJ ·mol-1 (cell 3). The
correction was made through the equation

∆subHm
o (298.15K))∆subHm

o (T)+∫T

298.15K
[Cp,m

o (g)-

Cp,m
o (cr)] dT (7)

where Cp,m
o (cr) and Cp,m

o (g) are the standard molar heat capacities
of the compound in the crystalline and gaseous states, respec-
tively. The calculation was based on the mean value of the heat
capacity of solid 4HBA in the range 298-347 K, Cp,m

o (4HBA,cr)
) 172.2 ( 6.1 J ·K-1.mol-1 (mean of two runs), determined
by Calvet-drop microcalorimetry,30 and on the temperature
dependence of the heat capacity of gaseous 4HBA in the range
200-400 K calculated by statistical mechanics,62 using vibration
frequencies obtained by the B3LYP/6-31G(d,p) method and
scaled by 0.9608.63 The Cp,m

o (g) values (in J ·K-1 ·mol-1) were
fitted to

Cp,m
o (g)) aT2 + bT+ c (8)

whose coefficients are given in Table 2.
The enthalpy of sublimation of 4HBA measured by Calvet-

drop microcalorimetry was ∆subHm
o (4HBA,346.4 K) ) 98.3 (

0.5 kJ ·mol-1. Correction of this value to 298.15 K as described
for the effusion experiments yielded ∆subHm

o (4HBA,298.15 K)
) 99.8 ( 0.5 kJ ·mol-1. This result is in excellent agreement
with those obtained by Knudsen effusion at the same reference
temperature. The weighed mean of the four values determined
by both techniques is listed in Table 1.

Two independent values of the enthalpy of sublimation of
4HBA can be computed from the vapor-pressure vs temperature
data previously reported: 91.3 ( 1.5 kJ ·mol-1 at 334.7 K64 and
98.2 ( 3.4 kJ ·mol-1 at 319.7 K.65 The corresponding enthalpies
of sublimation at 298.15 K, derived as mentioned above, are
also indicated in Table 1. We note that although the value based
on the results of Parsons et al.65 is in excellent agreement with
the result obtained in this work, the enthalpy of sublimation of
4HBA calculated from the work of Aihara64 shows a discrepancy
of 7.7 kJ ·mol-1.

Calvet-drop microcalorimetry was also used to measure the
enthalpies of vaporization of 2HBA and 2HAP at 298.15 K
indicated in Table 1, and the enthalpies of sublimation of 2HBM
and 4HBM at 361.9 and 398.4 K, respectively. It is noted that
the ∆vapHm

o (2HBA,298.15K) obtained in this work is 3 kJ ·mol-1

higher than the value derived from the vapor pressure data

reported by Stull (Table 1).66 The experiments with the
hydroxybenzamides led to ∆subHm

o (2HBM,361.9K) ) 101.0 (
0.4 kJ ·mol-1 and ∆subHm

o (4HBM,398.4K) ) 127.6 ( 1.6
kJ ·mol-1. Correction of these results to 298.15 K by using eq
7, led to the values indicated in Table 1. The corrections were
based on Cp,m

o (2HBM,cr) ) 178.3 ( 2.7 J ·K-1 ·mol-1 (mean
of three determinations in the range 298-362 K) and
Cp,m

o (4HBM,cr) ) 196.1 ( 6.9 J ·K-1 ·mol-1 (mean of three
determinations in the range 298-399 K), and on the corre-
sponding heat capacities in the gaseous state. These were
calculated through eq 8 using the parameters listed in Table 2.
The temperature dependences of the heat capacities of gaseous
2HBM and 4HBM in the range 200-400 K were calculated by
Statistical Mechanics,62 as above-described for 4HBA.

The ∆fHm
o (cr/l) and ∆subHm

o /∆vapHm
o determined in this work

lead to the enthalpies of formation of 2HBA, 4HBA, 2HAP,
2HBM, and 4HBM in the gaseous state indicated in Table 1.
Also included in Table 1 are the ∆fHm

o (g) values at 298.15 K
previously obtained in our laboratory for 4′-hydroxyacetophe-
none (4HAP),67 2-hydroxybenzoic acid (2OHBA),10 and 4-hy-
droxybenzoic acid (4OHBA).10 This set of data in conjunction
with ∆fHm

o (C6H6,g) ) 82.6 ( 0.7 kJ ·mol-1,68 ∆fHm
o (C6H5OH,g)

) -96.4 ( 0.9 kJ ·mol-1,68 ∆fHm
o [C6H5C(O)H,g] ) -36.7 (

2.8 kJ ·mol-1,68 ∆fHm
o [C6H5C(O)CH3,g] ) -86.7 ( 1.5

kJ ·mol-1,68 ∆fHm
o [C6H5C(O)NH2,g] ) -100.9 ( 1.2

kJ ·mol-1,68 and ∆fHm
o (C6H5COOH,g) ) -294.0 ( 2.2

kJ ·mol-168 allowed the calculation of the enthalpies of the
isodesmic reactions 9 and 10 listed in Table 3. Also included
in Table 3 are the corresponding values calculated by several
theoretical models (see Supporting Information for details). It
can be concluded that, in general, the CBS-QB3 method is able
to reproduce the experimental enthalpies of reactions 9 and 10
within their uncertainties, the maximum and average absolute
deviations being 7.6 and 3.3 kJ ·mol-1, respectively. The
discrepancies found for the various DFT models are not
considerably different (maximum and average deviations in the
ranges 7.4-7.6 and 3.5-3.7 kJ ·mol-1, respectively), except
when reaction 9 involves the ortho isomer. In this case the
maximum and average discrepancies increase and the corre-
sponding ranges widen to 6.8-16.9 and 4.7-14.9 kJ ·mol-1,
respectively. A clear basis set effect is observed because the
deviations found for the B3LYP and B3P86 models decrease

Figure 1. Vapor pressure of 4-hydroxybenzaldehyde as a function of
the temperature: (4) cell 1; (0) cell 2; (O) cell 3.

TABLE 2: Coefficients of Eq 8

-104a b -c

4HBA 2.64 0.541 6.37
2HBM 3.57 0.661 15.5
4HBM 3.65 0.660 9.92
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by 6-7 kJ ·mol-1 when the 6-31G(d,p) basis is replaced by the
6-311+G(d,p) basis. This probably reflects the difficulty of the
DFT models with smaller basis sets to account for the
uncompensated intramolecular H-bond cleavage ongoing from
reactants to products. It is also noted that, for the same basis,
the predictions of the B3LYP model are closer to the experi-
mental values by ca. 4 kJ ·mol-1, than those of the B3P86
functional. Finally, the good general agreement between the
experimental and calculated data when the B3LYP/6-311+G(d,p)
and CBS-QB3 models are considered supports the reliability
of these computational methods and indicates a very good
thermodynamic consistency between their estimates and the
corresponding experimental values derived from standard en-
thalpy of formation data.

Intramolecular O · · ·H Hydrogen Bonding Energetics in
2-HOC6H4C(O)Y. As mentioned in the Introduction the
energetics of the 2-HOC6H4C(O)Y isomers is significantly
determined by the presence of an intramolecular H-bond

involving the phenolic OH group and the CO group of the
C(O)Y substituent. Our results allow us to analyze the energetics
of this interaction using the ortho-para method.69 As previously
discussed, an intramolecular H-bond is an intrinsic characteristic
of the molecule under examination and it is therefore difficult
to envision a reaction whose energetics will simply reflect the
establishment of that interaction from two separated donor and
acceptor precursors. Hence, to evaluate intramolecular bond
“strengths” a suitable reference structure or reaction has to be
selected. In the ortho-para method 4-HOC6H4C(O)Y is used
as reference system for 2-HOC6H4C(O)Y, because it is generally
agreed that the electronic effects of ortho and para substituents
on the molecular energetics are comparable.70-73 The intramo-
lecular hydrogen bond dissociation enthalpies, DH°(O · · ·H), for
2-HOC6H4C(O)Y compounds are therefore identified with the
enthalpy of reaction 11:

The values of DH°(O · · ·H) derived for 2-HOC6H4C(O)Y (Y
) H, CH3, NH2, OH), from experimental ∆fHm

o (g) values, or
computed Hm

o data obtained in this work using the B3LYP/6-
311+G(d,p) and CBS-QB3 methods are listed in Table 4 (details
of the theoretical results are given as Supporting Information).
It can be concluded from Table 4 that the agreement between
the experimental and computed H-bond dissociation enthalpies
is very good. Because the B3LYP/6-311+G(d,p) method yields
essentially the same values of DH°(O · · ·H) as the CBS-QB3
model, with considerably less computational effort, it was further
applied to Y ) CH2CHdCH2, CtCH, CH2F, NHCH3, NO2,
OCH3, OCN, CN, F, Cl, SH, and SCH3.

TABLE 3: Experimental and Theoretical Enthalpies (kJ ·mol-1) of Reactions 9 and 10a

Y Z
B3LYP/

6-31G(d,p)
B3LYP/

6-311+G(d,p)
B3LYP/

aug-cc-pVDZ
B3P86/

6-31G(d,p)
B3P86/

6-311+G(d,p)
B3P86/

aug-cc-pVDZ CBS-QB3 experimental

2-Hydroxybenzoyl

Reaction 9
H 36.2 (13.6) 29.4 (6.8) 30.2 (7.6) 39.5 (16.9) 33.4 (10.8) 34.6 (12.0) 26.9 (4.3) 22.6 ( 3.9
CH3 37.7 (11.6) 31.4 (5.3) 32.2 (6.1) 41.5 (15.4) 35.9 (9.8) 37.0 (10.9) 28.6 (2.5) 26.1 ( 2.8
NH2 37.4 (12.5) 30.3 (5.4) 31.6 (6.7) 41.3 (16.4) 35.0 (10.1) 36.5 (11.6) 29.5 (4.6) 24.9 ( 2.2
OH 32.0 (7.7) 25.6 (1.3) 26.2 (1.9) 35.2 (10.9) 29.4 (5.1) 30.4 (6.1) 24.4 (0.1) 24.3 ( 2.9

Reaction 10
H CH3 -1.5 (2.0) -2.0 (1.5) -2.0 (1.6) -2.0 (1.5) -2.4 (1.1) -2.4 (1.1) -1.8 (1.7) 3.5 ( 4.6
H NH2 -1.2 (1.1) -1.0 (1.4) -1.3 (1.0) -1.8 (0.5) -1.5 (0.8) -1.9 (0.4) -2.7 (-0.4) -2.3 ( 4.2
CH3 NH2 0.4 (-0.9) 1.1 (0.1) 0.6 (-0.6) 0.2 (-1.0) 0.9 (-0.3) 0.5 (-0.8) -0.9 (-2.1) 1.2 ( 2.2
H OH 4.2 (5.9) 3.8 (5.5) 4.0 (5.7) 4.4 (6.1) 4.1 (5.8) 4.1 (5.8) 2.5 (4.2) -1.7 ( 4.6
CH3 OH 5.7 (3.9) 5.8 (4.0) 5.9 (4.1) 6.4 (4.6) 6.5 (4.7) 6.5 (4.7) 4.2 (2.4) 1.8 ( 3.7
NH2 OH 5.4 (4.8) 4.7 (4.1) 5.3 (4.7) 6.2 (5.6) 5.6 (5.0) 6.1 (5.5) 5.1 (4.5) 0.6 ( 3.2

4-Hydroxybenzoyl

Reaction 9
H 6.3 (1.7) 5.9 (1.3) 5.9 (1.3) 6.7 (2.1) 6.4 (1.8) 6.4 (1.8) 4.2 (-0.4) 4.6 ( 3.6
CH3 5.6 (5.9) 5.3 (5.6) 5.3 (5.6) 5.9 (6.2) 5.6 (5.9) 5.6 (5.9) 4.0 (4.3) -0.3 ( 2.4
NH2 3.8 (5.3) 3.5 (5.0) 3.6 (5.1) 4.0 (5.5) 3.8 (5.3) 3.8 (5.3) 2.9 (4.4) -1.5 ( 2.9
OH 5.5 (-1.7) 5.4 (-1.8) 5.3 (-1.9) 5.7 (-1.5) 5.7 (-1.5) 5.7 (-1.5) 4.0 (-3.2) 7.2 ( 2.9

Reaction 10
H CH3 0.7 (-4.2) 0.6 (-4.3) 0.5 (-4.4) 0.8 (-4.1) 0.8 (-4.1) 0.7 (-4.2) 0.1 (-4.8) 4.9 ( 4.0
H NH2 2.5 (-3.7) 2.4 (-3.7) 2.3 (-3.8) 2.7 (-3.5) 2.6 (-3.5) 2.5 (-3.6) 1.3 (-4.8) 6.1 ( 4.4
CH3 NH2 1.8 (0.6) 1.8 (0.6) 1.8 (0.6) 1.9 (0.7) 1.9 (0.7) 1.8 (0.6) 1.2 (0.0) 1.2 ( 3.4
H OH 0.8 (3.4) 0.6 (3.2) 0.5 (3.1) 0.9 (3.5) 0.8 (3.4) 0.7 (3.3) 0.2 (2.8) -2.6 ( 4.4
CH3 OH 0.1 (7.6) -0.1 (7.4) 0.0 (7.5) 0.1 (7.6) 0.0 (7.5) 0.0 (7.5) 0.0 (7.5) -7.5 ( 3.4
NH2 OH -1.7 (7.0) -1.8 (6.9) -1.8 (6.9) -1.7 (7.0) -1.9 (6.8) -1.8 (6.9) -1.1 (7.6) -8.7 ( 3.8

a The values in parentheses correspond to the difference between the calculated and experimental values.
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Also included in Table 4 are some selected interatomic
distances, d, calculated by the B3LYP/6-311+G(d,p) method
and the corresponding AIM electron densities at the bond critical
point, Fcp, along with the differences ∆Ṽ(O-H), between the
O-H stretching frequencies in 4-HOC6H4C(O)Y and
2-HOC6H4C(O)Y, calculated by the B3LYP/6-311+G(d,p)
method.

The usefulness of correlating hydrogen bond dissociation
enthalpies with structural and spectroscopic data has long been
recognized.5,6 Plots of d and Fcp, respectively, against the
DH°(O · · ·H) values obtained from the B3LYP/6-311+G(d,p)
results are illustrated in Figure 2. It can be concluded from
Figure 2a that, in general, as DH°(O · · ·H) increases d(O · · ·H)
tends to decrease, and both d(O-H) and d(CdO) tend to
increase. These trends are consistent with what should be
expected for the formation of hydrogen bonds of increasing
strength, and are also in agreement with the corresponding
increase of Fcp(O · · ·H) and the decreases of Fcp(O-H) and
Fcp(CdO) apparent in Figure 2b.

The magnitude of the shift between the infrared stretching
frequency of a “free” O-H bond in a reference structure and a

O-H bond involved in hydrogen bonding has also used as a
valuable measure of the corresponding hydrogen bond strength.5,6

The result of a linear least-squares fit to the DH°(O · · ·H) and
∆Ṽ(O-H) values in Table 4 is illustrated in Figure 3, and
corresponds to

DH°(O · · ·H)) (0.055( 0.004)∆ν̃(O-H) - (1.2( 1.5)

(12)

This equation, with a regression coefficient R ) 0.97 and a
standard error σ ) 1.42, reproduces the DH°(O · · ·H) values in
Table 4 with maximum and average deviations of 2.5 and 1.1
kJ ·mol-1, respectively.

A dependence of DH°(O · · ·H) on the nature of the substituent
Y is clearly apparent in Table 4. This had also been noted by
other authors, for hydrogen bond strengths derived from the
difference in energy between the most stable structure of a given
2-HOC6H4C(O)Y compound and that of the corresponding
tautomer with the O-H group rotated by 180° around the C-O
axis, both calculated at the HF/3-21G,7 HF/6-31G(d,p),7 or
B3LYP/6-31G(d,p)7-9 levels of theory. It is worth noting that
for hydroxybenzoyl compounds this so-called cis-trans method,
whose differences relative to the ortho-para scheme were
discussed in a previous publication,69 typically leads to
DH°(O · · ·H) values which are ∼2.5 times larger than those
obtained in this work. Catalán, Palomar and Paz74,75 found that

TABLE 4: Experimental and Theoretical Hydrogen Bond Dissociation Enthalpies, DHo(O · · ·H), in 2-HOC6H4C(O)Y
Compounds Obtained by the Ortho-Para Method (kJ ·mol-1); Calculated Interatomic Distances, d (Å)a and Electron Densities
at the Bond Critical Point, Gcp (e ·bohr-3)b for Selected Bonds; Differences, ∆W̃(O-H), between the O-H Stretching Frequencies
in 4-HOC6H4C(O)Y and 2-HOC6H4C(O)Y (cm-1);a and Substituent Parameters for Inductive, F, and Resonance, R Effectsc

DHo(O · · ·H) O · · ·H O-H CdO

Y experimental CBS-QB3 B3LYP/6-311+G(d,p) d 100Fcp d 100Fcp d 100Fcp ∆Ṽ(O-H) F R

NO2 10.3 1.826 3.51 0.977 34.79 1.207 41.45 253.8 0.65 0.13
OCN 10.5 1.829 3.47 0.976 34.88 1.204 42.03 238.7 0.69 0.15
Cl 12.6 1.775 3.94 0.978 34.66 1.205 41.61 221.8 0.42 -0.19
F 14.3 1.823 3.54 0.977 34.76 1.202 42.28 267.2 0.45 -0.39
CN 17.0 1.758 4.17 0.982 34.17 1.230 39.46 365.4 0.51 0.15
SH 18.8 1.738 4.35 0.982 34.20 1.225 39.75 366.5 0.30 -0.15
SCH3 20.1 1.727 4.47 0.982 34.13 1.229 39.32 383.6 0.23 -0.23
OH 17.1 (2.1d 20.4 20.2 1.760 4.13 0.981 34.30 1.226 40.18 355.0 0.33 -0.70
OCH3 21.1 1.750 4.24 0.982 34.20 1.227 39.99 368.4 0.29 -0.56
CtCH 22.7 1.713 4.67 0.986 33.7 1.238 38.79 448.9 0.22 0.01
CH2F 23.2 1.714 4.65 0.985 33.79 1.228 39.38 437.4 0.15 -0.04
H 18.0 ( 3.2 22.7 23.4 1.768 4.10 0.984 33.98 1.228 39.24 407.5 0.03 0.00
CH2CHdH2 25.1 1.684 5.01 0.987 33.54 1.234 38.84 483.0 -0.06 -0.08
CH3 26.4 ( 2.5 24.6 26.1 1.686 5.00 0.988 33.48 1.236 38.73 495.0 0.01 -0.18
NH2 26.4 ( 2.5 26.7 26.8 1.675 5.09 0.989 33.33 1.240 38.98 512.7 0.08 -0.74
NHCH3 27.3 1.670 5.16 0.990 33.25 1.243 38.63 527.4 0.03 -0.73

a Calculated by the B3LYP/6-311+G(d,p) method. b Calculated using the theory of atoms in molecules, based on data obtained at the
B3LYP/6-311+G(d,p) level of theory (see text). c From ref 74. d From experimental data in ref 10.

Figure 2. (a) Interatomic distances, d, and (b) electron densities at
the bond critical point, Fcp against DH°(O · · ·H) for 2-HOC6H4C(O)Y
(Y ) H, CH3, CH2CHdCH2, CtCH, CH2F, NH2, NHCH3, NO2, OH,
OCH3, OCN, CN, F, Cl, SH, and SCH3) compounds.

Figure 3. Differences, ∆Ṽ(O-H), between the O-H stretching
frequencies in 4-HOC6H4C(O)Y and 2-HOC6H4C(O)Y against
DH°(O · · ·H) for Y ) H, CH3, CH2CHdCH2, CtCH, CH2F, NH2,
NHCH3, NO2, OH, OCH3, OCN, CN, F, Cl, SH, and SCH3.

Hydrogen Bonding in HOC6H4C(O)Y J. Phys. Chem. A, Vol. 112, No. 40, 2008 10035



in the series Y ) H, CH3, NH2, NHCH3, OH, OCH3, F, Cl,
SH, and SCH3, the observed trends could be adequately
described by an equation linearly relating the H-bond strengths
with the inductive and resonance effects of the substituents, as
measured by Taft and Topsom’s σF and σR parameters,76

respectively. The authors noted that the resonance acceptors CN
and NO2 markedly deviated from the correlation and in the case
of Y ) NH2, NHCH3, OH, SH, and SCH3 used bond strengths
corrected for reorganization effects associated with the 180°
rotation of the O-H group. From the obtained results they
concluded that the inductive effect of the substituent was
dominant, and that the bond strength increased with a decreasing
electron withdrawing ability of the substituent by inductive effect
and an increasing electron donating ability of the substituent
through resonance. The predominance of the inductive effect
in determining the H-bond dissociation enthalpy trends observed
in this work is also supported by the results in Figure 4, which
evidence a much better correlation of DH°(O · · ·H) with the
inductive (F) parameters recommended by Hansch, Leo and
Taft74 than with the corresponding resonance (R) parameters
(Table 4). A linear least-squares fit to the DH°(O · · ·H) and F
data in Table 4 gives

DH°(O · · ·H)) -( 23.2( 2.2)F+ 26.2( 0.8 (13)

Equation 13 with a correlation coefficient R ) 0.94 and σ )
1.96 reproduces the DH°(O · · ·H) values in Table 4 with a mean
deviation of 1.6 kJ ·mol-1 and a maximum deviation of 3.9
kJ ·mol-1. No significant statistical gain is obtained when a
biparametric relation with F and R is considered. A multiple
linear regression analysis to the DH°(O · · ·H), F, and R data in
Table 4 leads to

DH°(O · · ·H)) -( 22.0( 2.3)F- (2.4( 1.7)R+
25.4( 1.0(14)

Equation 14 has R ) 0.95 and σ ) 1.89 and reproduces the
DH°(O · · ·H) values in Table 4 with a mean deviation of 1.5
kJ ·mol-1 and a maximum deviation of 4.0 kJ ·mol-1. Com-
parison of eqs 13 and 14 through an F test77,78 leads to a
calculated value Fcalc ) 1.31, which is considerably smaller than
the tabulated Ftable ) 4.67 for a 95% confidence interval and
13 degrees of freedom.15 Thus, at least within the framework
of the model selected in this work, there seems to be no

substantial advantage in considering resonance contributions for
the empirical estimation of DH°(O · · ·H) values in
2-HOC6H4C(O)Y compounds.

O-H Bond Disssociation Enthalpies. The differences in the
O-H bond dissociation enthalpies for the 2- and 4-hydroxy-
benzoyl compounds studied in this work relative to that in
phenol, DH°(O-H) - DH°(C6H5O-H), were estimated from
the enthalpies of reaction 15, at 298.15 K, computed by the
B3LYP/6-311+G(d,p) method (details of the calculations are
given as Supporting Information). The obtained values are
indicated in Table 5. These differences rather than the absolute
values of DH°(O-H) were derived, because there is currently
no consensus regarding the “best” value for DH°(C6H5O-H),
with the recommended data spanning a range of ca. 16 kJ ·mol-1

(361-377 kJ ·mol-1).3,79-82

Table 5 shows that DH°(O-H) - DH°(C6H5O-H) is
systematically larger for 2-hydroxybenzoyl than for the
corresponding 4-hydroxybenzoyl isomers. The observed
differences reflect the interplay of three effects: (i) the
stabilization of all precursor 2-HOC6H4C(O)Y molecules
relative to their 4-HOC6H4C(O)Y counterparts through the
intramolecular O · · ·H hydrogen bond discussed in the
previous paragraph; (ii) except for Y ) OH, NH2, NHCH3,
and CH2F, the destabilization of the 2-•OC6H4C(O)Y radicals
relative to the corresponding 4-analogues, due to a steric
repulsion between the adjacent C(O)Y and O• substituents;
(iii) in the case of Y ) OH, NH2, NHCH3, and CH2F the
stabilization of the 2- relative to the 4-•OC6H4C(O)Y radicals
due to the formation of an intramolecular hydrogen bond
involving Y and O• (Figure 5), weaker than that in the
precursor molecules (see below). This can be rationalized
with the aid of Scheme 1, from which it can be deduced that
the relationship between the O-H bond dissociation enthal-
pies in 2-hydroxybenzoyl, DH°(O-H)2, and 4-hydroxyben-
zoyl, DH°(O-H)4, isomers is given by

Figure 4. DH°(O · · ·H) values obtained in this work by the B3LYP/
6-311+G(d,p) method for 2-HOC6H4C(O)Y compounds as a function
of (a) the inductive, F, parameters and (b) resonance, R, parameters of
the substituents Y.

TABLE 5: O-H Bond Dissociation Enthalpies (kJ ·mol-1)
for 2- and 4-Hydroxybenzoyl Compounds Relative to Phenol,
at 298.15 K

DH°(O-H) - DH°(C6H5O-H)

Y 2-HOC6H4C(O)Y 4-HOC6H4C(O)Y

NO2 39.7 22.3
OCN 47.4 21.2
Cl 46.3 17.2
F 49.2 16.7
CN 49.2 18.0
SH 36.3 11.0
SCH3 37.4 7.7
OH 27.3 10.6
OCH3 48.9 8.0
CtCH 49.6 10.2
CH2F 28.6 11.3
H 36.7 9.9
CH2CHdCH2 36.5 7.9
CH3 38.3 7.6
NH2 14.6 6.2
NHCH3 12.8 4.2
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DH°(O-H)2 -DH°(O-H)4 )DH°(O · · ·H)-∆H°1

(16)

In Scheme 1 and eq 16, DH°(O · · ·H) corresponds to the
hydrogen bond enthalpy in the 2-HOC6H4C(O)Y compounds,
obtained by the ortho-para method (Table 4). For Y ) OH,
NH2, NHCH3, and CH2F, ∆H°1 represents the hydrogen bond
dissociation enthalpy in the 2-•OC6H4C(O)Y radicals derived
by the ortho-para method and for the remaining derivatives
corresponds to the enthalpic change associated with the release
of the steric constraints involving the adjacent C(O)Y and O•

substituents on going from 2- to 4-•OC6H4C(O)Y. The values
of the various terms in eq 16 are summarized in Table 6, where
it is observed that, consistent with the above interpretations,
the ∆H°1 values are positive for cases were the Y substituents
in the radical are involved in hydrogen bonding and negative
for the remaining substituents. Thus, the presence of an
intramolecular H-bond in the precursor molecule combined with
the steric interaction between the adjacent C(O)Y and O•

substituents contribute to increase DH°(O-H) in
2-HOC6H4C(O)Y relative to the corresponding 4-isomer. The

observed difference is, however, smaller when an intramolecular
H-bond is present in the radical formed by cleavage of the O-H
bond such as in the case of Y ) OH, NH2, NHCH3, and CH2F.

From the ∆H°1 values in Table 6 it is concluded that
DH°(O• · · ·H) ) 3.5 kJ ·mol-1 (Y ) OH), 18.4 kJ ·mol-1 (Y )
NH2), 18.7 kJ ·mol-1 (Y ) NHCH3), and 5.9 kJ ·mol-1 (Y )
CH2F). The fact that DH°(O• · · ·H) is considerably smaller for
Y ) CH2F than for Y ) NH2 or Y ) NHCH3 seems reasonable.
As shown in Figure 5, the 2-•OC6H4C(O)CH2F radical exhibits
two CH · · ·O• H-bonds, which are expected to be considerably
weaker than the NH · · ·O• bonds present in 2-•OC6H4C(O)NH2

and 2-•OC6H4C(O)NHCH3 radicals.5,6 This is also consistent
with the corresponding electron densities at the bond critical
point obtained through AIM calculations, namely DH°(O• · · ·H)
) 0.014 e ·bohr-3 (Y ) CH2F), 0.028 e ·bohr-3 (Y ) NH2),
0.030 e ·bohr-3 (Y ) NHCH3), and bond distances d(O• · · ·H)
) 2.509 Å (Y ) CH2F), 1.937 Å (Y ) NH2), 1.916 Å (Y )
NHCH3). The value of DH°(O• · · ·H) ) 3.5 kJ ·mol-1 obtained
for 2-•OC6H4C(O)OH seems, however, abnormally low, con-
sidering the nature of the H-bond involved. Apparently, this is
also in contrast with the fact that for Y ) OH, DH°(O• · · ·H) )
0.045 e ·bohr-3 is larger and d(O• · · ·H) ) 1.726 Å is shorter
than for the radicals with Y ) CH2F, NH2, and NHCH3,
although this line of reasoning should be cautiously applied
because bonds of different natures are being considered. The
origin of this apparent contradiction was previously addressed
by us in the context of a comparative study of structure-
energetics relationships in the 2-OHBA and cathecol systems.10

The ortho f para reaction associated with DH°(O• · · ·H) can
be decomposed into the two steps shown in Scheme 2, where
structures 3 and 5 represent the most stable conformers of the
2- and 4-carboxyphenoxyl radicals. Structure 4 is analogous to
structure 5 but was built with the same bond distances and angles
of structure 3 by moving the O• substituent to the para position.
The corresponding enthalpy was calculated by adding the zero
point energy and thermal corrections of structure 5 to the
electronic energy obtained from a single point calculation at
the B3LYP/6-311+G(d,p) level of theory. Hence, the first step

Figure 5. Molecular structures of the 2-•OC6H4C(O)Y radicals calculated at the B3LYP/6-311+G(d,p) level of theory for (a) Y ) OH, (b) Y )
NH2, (c) Y ) NHCH3, and (d) Y ) CH2F.

SCHEME 1

TABLE 6: Values of the Terms in Eq 6 and Tilt angles
Between the Planes of the Aromatic Ring and the C(O)Y
Group in the 2- (�2) and 4-Isomers (�4) of the •OC6H4C(O)Y
Radicals (Thermodynamic Data in kJ ·mol-1 and Angles in
Degrees)

Y
DH°(O-H)2 -

DH°(O-H)4 DH°(O · · ·H) ∆H°1 �2 �4

NHCH3 8.6 27.3 18.7 0 25.3
NH2 8.4 26.8 18.4 0 24.4
CH2F 17.3 23.2 5.9 0.1 0
OH 16.7 20.2 3.5 0 0
H 26.8 23.4 -3.4 0 0
CH2CHdCH2 28.6 25.1 -3.5 19.8 3.3
CH3 30.7 26.1 -4.6 0.3 0
SH 25.3 18.8 -6.5 0 0
NO2 17.4 10.3 -7.1 26.1 2.1
SCH3 29.7 20.1 -9.6 0 0
CN 31.2 17.0 -14.2 3.5 0
OCN 26.2 10.5 -15.7 25.7 0
Cl 29.1 12.6 -16.5 34.5 0
CtCH 39.4 22.7 -16.7 19.8 0
F 32.5 14.3 -18.2 22.0 0
OCH3 40.9 21.1 -19.8 36.3 0

SCHEME 2
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in Scheme 2 corresponds to an “intrinsic” H-bond enthalpy,
E(O• · · ·H) ) 73.2 kJ ·mol-1, which is considerably larger than
DH°(O• · · ·H); the second one, however, involves a negative
reorganization energy ER ) -69.7 kJ ·mol-1, which signifi-
cantly contributes to decrease DH°(O• · · ·H) relative to
E(O• · · ·H). When the same approach is applied to Y ) CH2F,
NH2, NHCH3, the following results are obtained: E(O• · · ·H) )
43.1 kJ ·mol-1 and ER ) -37.2 kJ ·mol-1 (Y ) CH2F);
E(O• · · ·H) ) 57.2 kJ ·mol-1 and ER ) -38.8 kJ ·mol-1 (Y )
NH2); and E(O• · · ·H) ) 57.0 kJ ·mol-1 and ER ) -38.3
kJ ·mol-1 (Y ) NHCH3). It should also be noted that although
for Y ) OH and CH2F the C(O)Y group is coplanar with the
aromatic ring both for the ortho and para isomer, in the case of
Y ) NH2, NHCH3 coplanarity is observed in the ortho isomer
(due to the intermolecular H-bond) but the para isomer exhibits
a tilt angle of 25° (Table 6). This tilt, which is originated by
the repulsive interaction between the NH2 or NHCH3 substit-
uents and the ring system, leads to a destabilization of the para
radical thus contributing to further increase DH°(O• · · ·H)
relative to Y ) OH and CH2F.

In the case of the non-hydrogen bonded substituents Y ) H,
CH3, CH2CHdCH2, CtCH, NO2, OCH3, OCN, CN, F, Cl, SH,
and SCH3 Table 6 shows a general tendency toward negative
∆H°1 values with the increase of the difference between the
tilt angles of the planes containing the aromatic ring and the
C(O)Y group.
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