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Quantum chemical calculations of bond dissociation energies for
COOH scission and electronic structure in some acids∗
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Quantum chemical calculations are performed to investigate the equilibrium C–COOH bond distances and the bond
dissociation energies (BDEs) for 15 acids. These compounds are studied by utilizing the hybrid density functional theory
(DFT) (B3LYP, B3PW91, B3P86, PBE1PBE) and the complete basis set (CBS–Q) method in conjunction with the 6-
311G** basis as DFT methods have been found to have low basis sets sensitivity for small and medium molecules in our
previous work. Comparisons between the computational results and the experimental values reveal that CBS–Q method,
which can produce reasonable BDEs for some systems in our previous work, seems unable to predict accurate BDEs
here. However, the B3P86 calculated results accord very well with the experimental values, within an average absolute
error of 2.3 kcal/mol. Thus, B3P86 method is suitable for computing the reliable BDEs of C–COOH bond for carboxylic
acid compounds. In addition, the energy gaps between the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) of studied compounds are estimated, based on which the relative thermal stabilities
of the studied acids are also discussed.
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1. Introduction
Esters of carboxylic acids, such as acetic acid molecules,

one of the simplest and most widely used carboxylic acids hav-
ing many important chemical and industrial applications, are
important in a variety of products, ranging from perfumes to
biofuels, which are of particular significance due to the ris-
ing price of crude oil and environmental concerns.[1–3] Gly-
colic acid, or the simplest α-hydroxycarboxylic acid with the
functional groups of OH and COOH bonded at neighboring
carbon atoms, is a widely used chemical in skincare. It is
used to reduce wrinkles, and to treat acne in many patients
around the world. Glycolic acid is also a useful compound
in organic synthesis reactions including long chain polymer-
ization processes.[4,5] In preference to more common mineral
acids, oxalic acid is widely used as a neutralizing and acid-
ifying agent, when its properties justify its higher cost. It is
also used in textile manufacture and processing, wood and
metal treatment, and the manufacture of miscellaneous chem-
ical derivatives. The acid and its salts are extensively used
as reagents in chemical analysis.[6] Benzoic acid and its salt,
since it is widely regarded as the most active against yeasts,
moulds and the least active against bacteria, are extensively
used as preservatives in foods, beverages, toothpastes, mouth-
washes, dentifrices, cosmetics, and pharmaceuticals.[7–10] 2-
phenylacetic acid, often used in some perfumes possessing
a honey-like odour and penicillin production, is an organic
compound containing a phenyl functional group and an acetic

acid functional group. It is expected to play very competitive
and complex roles in determining its ground state conforma-
tional stability. The phenylacetic acid may also be a potent in-
hibitor of nitric oxide synthesis, which is an important signal-
ing molecule that mediates a variety of essential physiologi-
cal processes including neurotransmission, vasodilatation, and
host cell defense.[11–15] However, several previous papers only
focused on the molecular structures and vibration frequencies.
In particular, the details concerning the bond strength charac-
teristics of carboxylic acid compounds, which are of funda-
mental importance for the radical chemistry and the synthesis
of organic materials and can be obtained by calculating the
bond dissociation energy (BDE), have not been examined.

Bond dissociation enthalpy, useful for the prediction or
interpretation of reactivity and selectivity in free radical chem-
istry, is an important thermodynamic quantity that contributes
to the understanding of a diversity of processes ranging from
enzyme mechanisms to surface chemistry. The bond disso-
ciation enthalpy is also called the bond dissociation energy
(BDE), of which the magnitude is primarily determined by
the natures of the atoms involved in the bond. Many organic
molecules studied in this work are often used as radical and
intermediate sources. For most small and medium sized car-
boxylic acids here, experimental BDEs are not always deter-
mined directly. They can be derived from ∆fH0 as explained in
Ref. [16], which shows that most of the experimental measure-
ments are of standard enthalpies of combustion by bomb and
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by flame calorimetry and are generally of the high accuracy
required to calculate standard enthalpies of formation within
1 kJ/mol accuracy. But for large molecules, especially those
unstable molecules, it is very difficult to experimentally de-
termine the carboxylic radical stabilities of these molecules to
the best of our knowledge. So it is accordingly important to
be able to determine computationally the BDEs for carboxylic
acids, which means that quantum chemical methods may pro-
vide valuable solutions to obtain accurate BDEs for those un-
stable molecules.

To date, many study results have indicated that quan-
tum chemical method, especially the density-functional the-
ory (DFT), is a powerful method of predicting the geome-
try and harmonic vibrations of organic compounds.[17–25] The
DFT is a useful method for investigating large molecules.
For example, Jursic and Martin,[17] and Jursic[18] produced
the reliable BDEs for H–O, O–O, and C–N bonds by hybrid
B3LYP method and non-local BLYP method. Feng et al.[19]

predicted the accurate BDEs of N–H bond for five- and six-
membered ring aromatic compounds by CBSQ and G3 meth-
ods. Maung[20] evaluated the satisfactory BDEs for both RS–
R and RS–H bond dissociations using BH and HLYP, B3P86,
and B3LYP models. Shao et al.[21] investigated the reliable
BDEs for C–NO2 bond in some nitroaromatic molecules em-
ploying B3P86 method with 6-311G** basis set. In our pre-
vious work,[26–29] we have performed a series of systematic
studies about the BDEs of C–NH2, C–CN, C–SH, and C–OH
in four different kinds of compounds. The B3P86 and CBS–Q
methods have been found to be very accurate for computing
the reliable BDEs for those compounds. Moreover, it seems
that different quantum chemical computational methods are
suitable for different molecular systems. To the best of our
knowledge, for C–COOH bond in carboxylic acids, little atten-
tion has been paid to the information about the BDEs. Whether
computational methods listed above are suitable to the pro-
duction of the reliable results for carboxylic acids is still not
known. If we can find out an accurate computational method
to compute BDEs of C–COOH bond, it would be possible to
use this method to predict those molecules whose experimen-
tal BDEs have not been available. These predictions will also
be helpful for performing the organic synthesis and decompo-
sition of carboxylic acids.

As a continuation of the interest in important carboxylic
acids, we have addressed the important issues to deal with the
systematic comparison of the BDEs for C–COOH bond dis-
sociation in 15 title carboxylic acid compounds and to test
whether the rule obtained in our previous work[26–29] is still
suitable to the studied compounds. All the BDEs are cal-
culated by employing the hybrid density functional theory
(B3LYP, B3PW91, B3P86, and PBE1PBE) methods together
with the 6-311G** basis set. For comparison, the complete

basis set (CBS–Q) method is also utilized to estimate the C–
COOH bond dissociation energies. By comparing the calcu-
lated results with the available experimental values, the suit-
abilities of four hybrid DFT methods and CBS–Q method of
computing reliable bond dissociation energies of C–COOH
bond for carboxylic acids are discussed. In addition, the en-
ergy gaps between the HOMO and LUMO of the title com-
pounds are also investigated.

2. Computational methods
All calculations are performed by using the GAUSSIAN

03 program package.[30] For all studied compounds, geome-
try optimization is conducted. Each optimized structure is
confirmed by the frequency calculation to be the real energy
minimum with no imaginary vibration frequency. The equilib-
rium geometries and bond dissociation energies are obtained at
the Becke-style three-parameter DFT [31] with the Lee–Yang–
Parr correlation function (B3LYP),[32,33] the Perdew–Wang’s
91 expression (B3PW91),[34] and Perdew’s 86 (B3P86).[35]

The 6-311G** basis set is employed for the four hybrid DFT
methods. For its explanation see Ref. [36].

The complete basis set (CBS–Q) method,[37–47] which
has been used to produce accurate BDE values in our previ-
ous work, is also utilized in the present study for comparison.
More details about this method and basis set abbreviation can
be found in Ref. [26]. Throughout the text, if the theory level is
not specified then the discussed energies are obtained through
CBS–Q (298.15 K) computational studies.

The C–COOH bond strength is obtained by calculating
the BDE, defined here as the enthalpy change of the homolytic
bond dissociation reaction:

R−X → R ·+X · . (1)

Take acetic acid studied in this paper for example:

CH3COOH→ CH3 ·+COOH·.

The homolytic bond dissociation enthalpy (DH) of the R–
X bond is computed from the heat of formation at 298.15 K of
the species involved in the dissociation, i.e.,

EBDE = ∆fH0
298.15,R +∆fH0

298.15,X −∆fH0
298.15,RX . (2)

For many organic molecules, BDE and DH are almost
numerically equivalent, thus the terms “bond dissociation
energy” and “bond dissociation enthalpy” often appear in-
terchangeably in the literature.[48] Correspondingly, for car-
boxylic acids studied in this work, the homolytic bond dis-
sociation energy of acetic acid (CH3COOH) can be given as
follows:

EBDE = E(CH3)+E(COOH)−E(CH3COOH). (3)
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The total energy E of each species includes electronic en-
ergy (Ee) and zero-point correction (ZPE) generated from a
vibrational frequency calculation.

The average errors of the BDEs for the CBS–Q, B3LYP,
B3P86, B3PW91, and PBE1PBE methods are determined by
calculating the average absolute error (εaae) defined as

εaae =
1
N

N

∑
i=1
|xi− ci|, (4)

where xi represents the calculated data, ci denotes experimen-
tal values, and N is the number of experimental or computa-
tional data.

3. Results and discussion
For R–COOH molecules, the BDEs can be obtained by

calculating the total energies (including zero-point energies)
of each parent carboxylic acid, the corresponding R fragment
and COOH scission. The optimized CBS–Q and four hybrid
density functional theory geometries and bond dissociation en-

ergies are presented in Tables 1 and 2. Because some experi-
mental equilibrium bond distances are not available to the best
of our knowledge, we only present 2 calculated equilibrium
bond distances for CH3–COOH and HOC(O)–COOH in Ta-
ble 1 for comparison. Summarized in Table 3 are the cal-
culated energy gaps between the HOMO and LUMO (∆E =

ELUMO−EHOMO) of the carboxylic acids at various levels.

Table 1. Equilibrium C–COOH bond distances (Å, 1 Å=0.1 nm) for
two acid compounds studied at various levels of theory and the experi-
mental values.

CH3–COOH HOC(O)–COOH
B3P86/6-311G** 1.412 (0.105)b 1.421 (0.123)
B3LYP/6-311G** 1.417 (0.100) 1.425 (0.119)

B3PW91/6-311G** 1.420 (0.097) 1.429 (0.115)
PBE1PBE/6-311G** 1.436 (0.081) 1.445 (0.099)

CBS–Q 1.359 (0.158) 1.367 (0.177)
Exp.a 1.517 1.544

aSee Ref. [49]
bAll the values in the parentheses correspond to the experimental results

minus the theoretical results.

Table 2. The BDEs (kcal/mol) at 298.15 K for removal of the carboxyl group in the acid compounds at various levels of theorya.

B3P86 B3LYP B3PW91 PBE1PBE
CBS–Q Exp.b at 298.15 K/6-311G** /6-311G** /6-311G** /6-311G**

HOCH2–COOH 86.6 (2.2)c 82.2 (6.6) 83.9 (4.9) 86.6 (2.2) 90.8 (–2.0) 88.8±1.3
HOC(O)–COOH 81.4 (–1.4) 76.5 (3.5) 78.5 (1.5) 81.2 (–1.2) 84.6 (–4.6) 80.0±1.5

CH3–COOH 86.0 (6.0) 81.7 (10.3) 83.4 (8.6) 83.6 (8.4) 89.2 (2.8) 92.0±2.0
C2H3–COOH 105.0 (–1.0) 100.5 (3.5) 102.2 (1.8) 104.9 (–0.9) 107.8 (–3.8) 104.0±2.0
C2H5–COOH 88.7 (2.1) 84.1 (6.7) 85.9 (4.9) 88.7 (2.1) 93.4 (–2.6) 90.8±1.5
C3H7–COOH 89.5 (1.5) 84.9 (6.1) 86.7 (4.3) 89.6 (1.4) 94.9 (–3.9) 91.0±1.5
C4H9–COOH 89.1 (1.6) 84.4 (5.3) 86.2 (3.5) 89.2 (0.5) 95.2 (–5.5) 89.7±1.5
sC4H9–COOH 85.8 (5.8) 81.6 (10) 82.7 (8.9) 81.3 (10.3) 95.1 (–3.5) 91.6±3.0
tC4H9–COOH 83.2 (–0.7) 78.1 (4.4) 79.9 (2.6) 83.6 (–1.1) 93.3 (–10.8) 82.5±4.0
C5H11–COOH 90.7 (–1.9) 85.9 (2.9) 87.8 (1.0) 90.8 (–2.0) –d 88.8±1.5
C6H13–COOH 87.8 (1.9) 83.3 (6.4) 85.0 (4.7) 87.9 (1.8) – 89.7±1.5
C6H5–COOH 98.7 (4.0) 94.0 (8.7) 95.6 (7.1) 98.5 (4.2) – 102.7±2.0

C6H5CH2–COOH 71.1 (–4.1) 66.1 (0.9) 68.5 (–1.5) 71.5 (–4.5) – 67.0±0.0
C10H7–1–COOH 103.0 (–0.2) 98.2 (4.6) 99.5 (3.3) 102.9 (–0.1) – 102.8±2.0
C10H7–2–COOH 105.8 (–1.0) 101.3 (3.5) 102.6 (2.2) 106.1(–1.3) – 104.8±2.0

Average absolute error 2.3 5.6 4.1 2.8 4.4
Max. error 6.0 10.3 8.6 8.4 –10.8

aZero-point energies are taken into account.
bThe data are from Ref. [50].
cAll the values in the parentheses correspond to the experimental results minus the theoretical results.
dImpossible to evaluate with current computational facilities.

Initially, we examine the C–COOH bond lengths of car-

boxylic acid compounds by various DFT methods. From Ta-

ble 1, the theoretically predicted structure of carboxylic acids

reveals that the bond lengths of 2 acids produced by B3P86

functional with 6-311G** basis set are the worst, with the C–

COOH bond lengths for CH3–COOH and HOC(O)–COOH

being 1.412 Å and 1.421 Å respectively. B3LYP functional

and B3PW91 functional combined with 6-311G** basis set

produce slightly better results than B3P86 functional. It can

be seen that the errors of the bond distances for two molecules,

calculated with B3LYP method and B3PW91 method, are

all smaller than those in B3P86 method, which means the

B3LYP and B3PW91 computations are closer to the experi-

mental values.[49] PBE1PBE/6-311G** method produces the
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best results for CH3–COOH (1.436 Å) and HOC(O)–COOH
(1.445 Å), with the deviations from the experimental values
for C–COOH bond length being 0.081 Å and 0.099 Å, respec-
tively. It is noteworthy that the bond distances produced by
four functionals are all shorter than the corresponding exper-
iment values, which means that the four functional methods
all underestimate the C–COOH bond lengths for the title com-
pounds.

Take CBS–Q calculations for example. For CBS–Q com-
putation, which can yield very good bond distances in amino
compounds,[26] the calculated bond distances in carboxylic
acid compounds are not very accurate. For instance, the
C–COOH bond distance for CH3–COOH is 1.359 Å, even
0.158 Å shorter than the experimental value (1.517 Å),[49]

and it is worse than that obtained by any DFT method dis-
cussed above. Although the bond distance for HOC(O)–
COOH produced by CBS–Q method is slightly better than
those by B3P86 functional and B3LYP functional, the bond
length 1.367 Å is not very accurate.

Then the BDEs of C–COOH bond for all the carboxylic
acids should be evaluated. Listed in Table 2 are the bond dis-
sociation energies for 15 title compounds predicted by em-
ploying B3LYP, B3P86, B3PW91, and PBE1PBE hybrid DFT
theory and CBS–Q method in conjunction with 6-311G** ba-
sis set. All of the experimental values in Table 2 are taken
from Ref. [50]. From Table 2, it can be noted that although
the hybrid B3LYP method is a popular computational tool,
which was shown to work remarkably well and give an ex-
traordinary agreement between computed and experimental
energies for small polar molecules in Ref. [51], for the 15 car-
boxylic acid compounds, BDEs are rather poorly calculated
by the B3LYP/6-311G** method, with an average absolute
error of 5.6 kcal/mol and a maximum error of 10.3 kcal/mol
for CH3–COOH. It is obvious that these computational re-
sults are beyond the desirable accuracy of order for quantum
thermochemical methods. Two other systems, C6H5–COOH
and sC4H9–COOH, both have errors larger than 8.0 kcal/mol.
Thus, it is clear that this method is not suitable for predicting
the excellent bond dissociation energies for carboxylic acids.
From Table 2, we can also see that all the B3LYP calculated
results tend to underestimate the BDEs for 15 title compounds.

Concerning the B3PW91 calculations, it is also demon-
strated that the average absolute errors between the B3PW91
results and experimental values for carboxylic acid com-
pounds range from 1.0 kcal/mol to 8.6 kcal/mol, which are
somewhat smaller than those found by the B3LYP method.
But the average absolute error of 4.1 kcal/mol and the max-
imum error of 8.6 kcal/mol for CH3–COOH are still not ac-
ceptable. From Table 2, we can see that all of the B3PW91
calculated results also underestimate the BDEs for carboxylic
acids, except for the result of the C6H5CH2–COOH, of which

the computed BDE is 1.5 kcal/mol larger than the correspond-
ing experimental BDE. Since it is inaccurate in predicting the
bond dissociation energy, the B3PW91 method is not recom-
mended to produce the BDEs of C–COOH bond.

As shown in Table 2, it is evident that the calculation
quantities obtained with B3P86 functional are much closer to
the experimental ones than with B3LYP and B3PW91 func-
tional, with the absolute deviations between the B3P86 val-
ues and the experimental ones[46] ranging from 0.2 kcal/mol
to 6.0 kcal/mol. For most molecules, excellent agreement ex-
ists between calculated results and experimental data. It can
be noted that for C10H7–1–COOH, the B3P86 method in the
6-311G** yields the very accurate bond dissociation energy
of 103.0 kcal/mol, with only 0.2 kcal/mol deviation from the
experimental value. Moreover, the computed bond dissocia-
tion energies for tC4H9–COOH, C2H3–COOH, and C10H7–2–
COOH are 83.2 kcal/mol, 105.0 kcal/mol, and 105.8 kcal/mol,
respectively, with the experimental values of 82.5 kcal/mol,
104.0 kcal/mol, and 104.8 kcal/mol, respectively, in which
the absolute discrepancies are all within 1.0 kcal/mol. It is
interesting to point out that the B3P86 functional also gives
the more accurate bond dissociation energies in our previous
work.[27–29] From Table 2, we can also see that the differ-
ence in computational result between B3P86 and PBE1PBE
functional is significant, with an average absolute error of
2.8 kcal/mol and a maximum error of 8.4 kcal/mol for the lat-
ter method. In addition, as for C2H3–COOH, C4H9–COOH,
and C10H7–1–COOH, PBE1PBE method with 6-311G** ba-
sis set produces the most reliable bond dissociation energies in
the four DFT calculations.

In our previous work,[26] the CBS–Q method is proved
to be capable of predicting the reliable BDEs for amino com-
pounds. In order to test whether this method will be still able
to handle the BDEs much better than the DFT calculations
for the carboxylic acid system, the CBS–Q method is also
employed to predict the BDEs to give an extensive compar-
ison. As can be seen in Table 2, although the C–NH2 bond
dissociation energies obtained by the CBS–Q method are in
extraordinary agreement with the experimental values,[26] it
is incapable of accurately computing the BDEs for C–COOH
bond. Most of the CBS–Q calculated results overestimate the
BDEs for carboxylic acid compounds. In the case of tC4H9–
COOH, the calculated BDE is 93.3 kcal/mol, 10.8 kcal/mol
larger than the experimental one, which is not acceptable in re-
gard to the experimental error. Although the CBS–Q method
cannot give the accurate BDEs for most title compounds, it
should be mentioned that for CH3–COOH, the C–COOH bond
dissociation energy (89.2 kcal/mol) has better calculated val-
ues than those obtained by any other quantum chemical meth-
ods. Meanwhile, as the number of the atoms increases in
each molecule, it is extremely time-consuming and requires
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high–performance computational resources for larger systems.
Therefore, the CBS–Q method is not an optional method to es-
timate the BDEs for carboxylic acid compounds.

Finally, we investigate the energy gaps between the high-
est occupied molecular orbital (HOMO) and the lowest unoc-
cupied molecular orbital (LUMO) of the studied compounds.
As is well known, HOMO and LUMO are of great impor-
tance in several chemical processes. The energy of the HOMO
(EHOMO) measures the electron donating characteristic of a
compound and the energy of the LUMO (ELUMO) measures its
electron accepting characteristic.[48–54] The HOMO–LUMO
gap, i.e., the difference in energy between the EHOMO and
ELUMO, is an important stability index. In reactions of a
nucleophile with an electrophile, the interaction between the
HOMO of the nucleophile and the LUMO of the electrophile
contributes to the attraction between the two reactants. Study-
ing HOMO and LUMO is expected to show whether the re-
action is feasible and the relative thermal stability of an in-

dividual molecule. A large HOMO–LUMO gap implies high
stability for the molecule in the sense of its lower reactivity
in chemical reactions.[55] Also, it is of great interest to discuss
the compound thermal stability at an electron level.

Table 3 displays the calculated energy gaps. As shown
in Table 3, the calculated values of energy gaps ∆E have
the same trends at various levels and the ∆E results obtained
from DFT methods are similar to each other. Take the energy
gap ∆E obtained by the B3P86/6-311G** method for exam-
ple. The molecule HOCH2–COOH has the biggest value of
the energy gap between the HOMO and LUMO, 0.29030 a.u.
(a.u. is the abbreviation for atomic unit), which shows that the
HOCH2–COOH molecule is the most stable compound in the
carboxylic acids. The compound which has the smallest value
of the energy gap in the B3P86 method is the C10H7–1–COOH
molecule and the energy gap value is about 0.16024 a.u.,
which indicates that C10H7–1–COOH compound is the least
stable molecule.

Table 3. Calculated values of energy gap ∆E (10−3 a.u.) between the HOMO and LUMO of the carboxylic acid compounds at various
levels of theorya.

B3P86 B3LYP B3PW91 PBE1PBE
CBS–Q/6-311G** /6-311G** /6-311G** /6-311G**

HOCH2–COOH 290.30 288.76 289.44 310.69 497.18
HOC(O)–COOH 218.78 218.69 218.33 238.29 430.25

CH3–COOH 284.81 283.37 284.05 305.19 483.40
C2H3–COOH 227.02 226.89 226.53 246.09 440.72
C2H5–COOH 282.45 280.05 281.65 302.04 489.42
C3H7–COOH 282.58 281.01 281.98 302.70 486.96
C4H9–COOH 282.46 280.15 281.24 302.53 485.92
sC4H9–COOH 280.72 281.59 281.90 297.09 485.84
tC4H9–COOH 282.63 281.24 282.12 302.78 485.37
C5H11–COOH 289.06 287.42 288.30 309.42 –b

C6H13–COOH 281.21 279.91 280.71 301.26 –
C6H5–COOH 215.01 213.89 214.72 230.57 –

C6H5CH2–COOH 239.66 237.25 239.26 253.71 –
C10H7–1–COOH 160.24 159.20 160.23 173.16 –
C10H7–2–COOH 165.75 164.63 165.71 178.72 –

aZero-point energies are taken into account.
bImpossible to evaluate with current computational facilities.

Because a large HOMO–LUMO gap implies high sta-
bility for the molecule in the sense of its lower reactivity in
chemical reactions, HOCH2–COOH has the highest stability
and lowest reactivity among the studied compounds when it is
attacked by a free group and C10H7–1–COOH has lower sta-
bility and higher reactivity.

4. Conclusion

In the present study, we tested the ab initio CBS–Q
method and four hybrid DFT B3P86, B3LYP, B3PW91, and
PBE1PBE methods to compute the equilibrium bond distances

and the bond dissociation energies of the C–COOH bond for
15 carboxylic acid compounds. By comparing the computed
results with the available experimental ones, it is indicated that
although the C–NH2 bond dissociation energies calculated by
the CBS–Q method are in extraordinary agreement with the
experimental values in our previous work,[26] the CBS–Q cal-
culations are inadequate to obtain the reliable bond dissoci-
ation energies for C–COOH bond. However, the B3P86/6-
31G** method can still yield the accurate BDEs of the C–
COOH bond, with an average absolute error of 2.3 kcal/mol
and a maximum error of 6.0 kcal/mol. This conclusion is con-
sistent with that we have drawn in our previous work.[27–29]
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Hence, the B3P86 method is recommended to be the best op-
tion to calculate the BDEs of C–COOH bond for carboxylic
acid compounds. In addition, we also discussed the energy
gaps between the HOMO and LUMO of 15 title compounds
and estimate the relative thermal stability. It is noted that
HOCH2–COOH is the most stable compound and the C10H7–
1–COOH is the least stable compound.

References
[1] Miao S and Shanks B H 2011 J. Catal. 279 136
[2] Tsai Y, Lin H and Lee M 2011 Chem. Eng. J. 171 1367
[3] Shin C H, Kim J Y, Kim H S, Monhapatra D, Ahn J W and Bae W 2009

J. Hazard. Mater. 162 1278
[4] Baker M and Gabryelski W 2007 Int. J. Mass Spectrom. 262 128
[5] Ho C, Shieh C, Tseng C, Chen Y and Lin J 2009 J. Catal. 261 150
[6] Barnes N, de Doz M G and Srlimo H N 1997 Fluid Phase Equilib. 134

201
[7] Lee P and Che C 2009 J. Hazard. Mater. 165 156
[8] Shan D, Li Q, Xue H and Cosnier S 2008 Sens. Actuators. B 134 1016
[9] Velegraki T, Balayiannis G, Diamadopoulos E, Katsaounis A and

Mantzavinos D 2010 Chem. Eng. J. 160 538
[10] Velegraki T and Mantzavinos D 2008 Chem. Eng. J. 140 15
[11] Ribeiro da Silva M A V, Lobo Ferreira I M C, Lima L M S and Sousa

S M M 2008 J. Chem. Thermodyn. 40 137
[12] Wang Z L, Niu C J, Liu Z H and Ni J Z 1996 Thermochim. Acta 282

353
[13] Yu G, Chowdhury M M, Abdellatif K R A, Dong Y, Praveen Rao P N,

Das D, Velazquez C A, Suresh M R and Knaus E E 2010 Bioorg. Med.
Chem. Lett. 20 896

[14] Badawi H M and Forner W 2011 Spectrochim. Acta Part A 78 1162
[15] Zhu Y J, Zhou H T, Hu Y H, Tang J Y, Su M X, Guo Y J, Chen Q X

and Liu B 2011 Food Chem. 124 298
[16] Pedley J B, Naylor R D and Kirby S P 1986 Thermochemical Data of

Organic Compounds, 2nd edn. (New York: Chapman and Hall)
[17] Jursic B S and Martin R M 1996 Int. J. Quantum Chem. 59 495
[18] Jursic B S 1996 J. Mol. Struct. (Theochem) 366 103
[19] Feng Y, Wang J, Liu L and Guo Q X 2003 J. Phys. Org. Chem. 16 883
[20] Maung N 1999 J. Mol. Strcut. (Theochem) 460 159
[21] Shao J S, Cheng X L and Yang X D 2005 J. Mol. Struct. (Cheochem)

755 127
[22] Zeng H and Zhao J 2012 Chin. Phys. B 21 078202
[23] Liu D D and Zhang H 2011 Chin. Phys. B 20 097105
[24] Zhang L, Zhu Z H and Zhang Q 2011 Chin. Phys. B 20 063102
[25] Li Z G, Mang C Y and Wu K C 2010 Chin. Phys. B 19 043601
[26] Zhao J, Cheng X L and Yang X D 2006 J. Mol. Struct. (Theochem) 766

87
[27] Zhao J, Zhang K S, Cheng X L and Yang X D 2008 J. Mol. Struct.

(Theochem) 863 133

[28] Zhao J, Xu D H, Zhang K S and Cheng X L 2009 J. Mol. Struct.
(Theochem) 909 9

[29] Zhao J, Zeng H and Cheng X L 2012 Int. J. Quantum Chem. 112 665
[30] Frisch M J, Trucks G W, Schlegel H B, Scuseria G E, Robb M A,

Cheeseman J R, Montgomery J J A, Vreven T, Kudin K N, Burant J
C, Millam J M, Iyengar S S, Tomasi J, Barone V, Mennucci B, Cossi
M, Scalmani G, Rega N, Petersson G A, Nakatsuji H, Hada M, Ehara
M, Toyota K, Fukuda R, Hasegawa J, Ishida M, Nakajima T, Honda
Y, Kitao O, Nakai H, Klene M, Li X, Knox J E, Hratchian H P, Cross
J B, Bakken V, Adamo C, Jaramillo J, Gomperts R, Stratmann R E,
Yazyev O, Austin A J, Cammi R, Pomelli C, Ochterski J W, Ayala P Y,
Morokuma K, Voth G A, Salvador P, Dannenberg J J, Zakrzewski V G,
Dapprich S, Daniels A D, Strain M C, Farkas O, Malick D K, Rabuck
A D, Raghavachari K, Foresman J B, Ortiz J V, Cui Q, Baboul A G,
Clifford S, Cioslowski J, Stefanov B B, Liu G, Liashenko A, Piskorz
P, Komaromi I, Martin R L, Fox D J, Keith T, Al-Laham M A, Peng C
Y, Nanayakkara A, Challacombe M, Gill P M W, Johnson B, Chen W,
Wong M W, Gonzalez C and Pople J A 2003 GAUSSIAN 03, Revision
B.02, Gaussian Inc., Pittsburgh, PA

[31] Beck A D 1993 J. Chem. Phys. 98 5648
[32] Lee C, Yang R G and Parr R G 1988 Phys. Rev. B 37 785
[33] Miehlich B, Savin A, Stoll H and Preuss H 1989 Chem. Phys. Lett. 157

200
[34] Perdew J P and Wang Y 1992 Phys. Rev. B 45 13244
[35] Perdew J P 1986 Phys. Rev. B 33 8822
[36] Perdew J P, Burke K and Ernzerhof M 1997 Phys. Rev. Lett. 78 1396
[37] Nyden N R and Petersson G A 1981 J. Chem. Phys. 75 1843
[38] Petersson G A and Al-Laham M A 1991 J. Chem. Phys. 94 6081
[39] Petersson G A, Tensfeldt T and Montgomery J A 1991 J. Chem. Phys.

94 6091
[40] Montgomery J A, Ochetrski J W and Petersson G A 1994 J. Chem.

Phys. 101 5900
[41] Roothan C C 1951 Rev. Mod. Phys. 23 69
[42] Møller C and Plesset M S 1934 Phys. Rev. 46 618
[43] Head-Gordon M, Pople J A and Frisch M J 1988 Chem. Phys. Lett. 153

503
[44] Frisch M J, Head-Gordon M and Pople J A 1990 Chem. Phys. Lett. 166

275
[45] Pople J A, Head-Gordon M and Raghavachari K 1987 J. Chem. Phys.

87 5968
[46] Krishnan R and Pople J A 1978 Int. J. Quantum Chem. 14 91
[47] Foresman J B and Frisch Æ 1996 Exploring Chemistry with Electronic

Structure Methods, 2nd edn. (Pittsburgh: Gaussian Inc.)
[48] Blanksby S J and Ellison G B 2003 Acc. Chem. Res. 36 255
[49] http://srdata.nist.gov/cccbdb/
[50] Luo Y R 2003 Handbook of Bond Dissociation Energies in Organic

Compounds (New York: CRC Press)
[51] Jursic B S 1998 J. Mol. Struct. (Theochem) 422 253
[52] Korolkovas A 1982 Fundamentos da Farmacologia Molecular (Guan-

abara: Rio de Janeiro)
[53] Clare B 1994 Theor. Chim. Acta 87 415
[54] Da Silva A B F 1985 M. S. Thesis, Universidade de Säo Paulo, Brazil
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