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Abstract: The geometry, conformations and energy of mono-, di-, and tri-carboxylic

derivatives of benzene were studied by means of the AM1 molecular-orbital method.

Whereas the species having no carboxylic groups in the ortho-position (benzoic,

isophthalic, terephthalic, and trimesic acids) are planar in all their (stable) conforma-

tions, those possessing carboxylic groups in the ortho-position (phthalic, 1,2,3-benze-

netricarboxylic, and 1,2,4-benzenetricarboxylic acids) assume a non-planar geometry,

with one carboxyl group almost orthogonal to the plane of the benzene ring. Various

rotamers of each of the studied benzenecarboxylic acids have nearly the same energy.

Keywords: benzenecarboxylic acids, phthalic acid, trimesic acid, conformation,
rotamer.

INTRODUCTION

The motivation for the present work was the recently published single-mole-

cule imaging of the chemical reaction between copper and trimesic acid, on a cop-

per surface1 as well as other scanning-tunneling-microscopic studies of trimesic

and 1,2,4-benzenetricarboxylic acids, adsorbed on metallic surfaces.2–5 These

studies were feasible thanks to the strict planarity of the involved benzenecarboxy-

lic acids and their ions. We thus became interested in the geometry of various ben-

zenecarboxylic acids and in determining which of them are planar and which is

their preferred conformation.

The geometry and energetics (including hydrogen bonding, vibrational mo-

des, solvation, and similar) of benzoic acid have been greatly studied in the past,

both experimentally6–8 and theoretically.8–10 Derivatives with more than one car-

boxyl group have been studied to a much lesser extent.11,12 To the best of our kno-

wledge, the benzenecarboxylic acids considered in this work (except, of course,

benzoic acid itself) have so far not been systematically and comparatively investi-
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gated, and their geometries have not attracted much attention. This, in particular,

also applies to trimesic acid, the planarity of which was simply taken for granted in

the papers.1–5

METHODS

Among the semiempirical quantum-chemical approaches, the AM1 (Austin

Model 1)13,14 is parameterized so as to eliminate the problems of the MNDO

method, caused by overestimating the repulsion between atoms separated at dis-

tances approximately equal to the sum of their van der Waals radii. Moreover, the

AM1 method provides a proper description of hydrogen bonding.15 For these rea-

sons, the AM1 was chosen to optimize the geometry of isomeric benzenedicarbo-

xylic acids (phthalic, isophthalic. and terephthalic acids, compounds 1, 2, and 3,

respectively) and benzenetricarboxylic acids (1,2,3-, 1,2,4-benzenetricarboxylic,

and trimesic acids, compounds 4, 5, and 6, respectively). The structures of these

molecules were generated by means of Chem3D, version 7.0.16 The calculations

were performed using MOPAC 2000, version 1.3,17 which is an integrated part of

Chem3D. Conformational searches were performed by varying the respective

O–C–C–C torsion angles � in steps of 10º from � = – 180º to 180º. At each step of

the calculation, all geometrical parameters other than � were relaxed. The confor-

mations (rotamers) reported in this work correspond to the minimum-energy ge-

ometries obtained in this manner. All the geometrical optimizations were carried

out with a root-mean-square gradient of 0.001. Heats of formation were calculated

for all geometries, and their values (for minimum-energy species) are given in Ta-

bles I and II.*

RESULTS

Benzenedicarboxylic acids

There are three isomeric benzenedicarboxylic acids: phthalic acid (1), iso-

phthalic acid (2) and terephthalic acid (3). Several rotamers of these compounds

can be obtained by rotating the carboxyl groups around the C-C bonds. Theoreti-

cally, 3 symmetrically non-equivalent stable conformations are expected for 1 and

2, and only two for 3 (see Fig. 1).

AM1 calculations show that, indeed, 2 and 3 have three and two distinct stable

conformations, respectively. As seen from Table I, both rotamers of 3 have practi-

cally equal energies. Also, the stable rotamers of 2 differ insignificantly in energy
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(by only 1.3 kJ/mol). Bearing in mind that the energy barrier for rotation of a car-

boxyl group is relatively low (only 22.4 kJ/mol in the case of benzoic acid),9 com-

pounds 2 and 3 will exist in the form of a mixture of all rotamers, each rotamer be-

ing present in a nearly equal amount. All (stable) rotamers of 2 and 3 were found to

have planar structures. This implies that in both species steric hindrance is of little

importance and that planarity is caused by the tendency to maximize the (stabiliz-

ing) resonance effect.

TABLE I. Heats of formation of the rotamers of 1, 2, and 3 in kJ/mol (cf. Fig. 1)

Rotamer 1a 1b 1c 2a 2b 2c 3a 3b

Energy (kJ/mol) – 630.6 – 632.0 – 631.9 – 655.9 – 656.8 – 657.2 – 654.3 – 654.4

Regarding isomer 1, the calculations showed that rotation around the C–C

bond is not as favorable as in the previous cases. Rotation aroung the C–C bond is

sterically hindered by the neighboring carboxyl group. The steric repulsion be-

tween two carboxyl groups gives rise to a high rotation barrier (28.8 kJ/mol, com-

puted by means of a scaling factor 1.9).9 By inspecting the geometries of the stable

conformers of phthalic acid, it can be concluded that none is planar. Calculations
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Fig. 1. Rotamers of phthalic acid (1a, 1b, and 1c), isophthalic acid (2a, 2b, and 2c) and

terephthalic acid (3a and 3b).



show that the conformer 1a has one carboxyl group almost perpendicular to the

plane of the benzene ring (about 84º), whereas the other carboxyl group is almost

in the same plane as the benzene ring (about 10º). The corresponding angles for

rotamer 1b are about 26º and 47º. As for rotamer 1c, both carboxyl groups lie out of

the plane of the benzene ring by 36–38º. The calculations also show that, neverthe-

less, the heats of formation of the stable rotamers of 1 differ insignificantly (by �

1.4 kJ/mol). Note that above we refer to the angle between the plane of the benzene

ring and the C=O group; in all the three conformations 1a, 1b and 1c, the two C=O

groups lie on opposite sides of the plane of the benzene ring.

Benzenetricarboxylic acids

There are three isomeric benzenetricarboxylic acids: 1,2,3-benzenetricarbo-

xylic acid (4), 1,2,4-benzenetricarboxylic acid (5) and trimesic (1,3,5-benzenetri-

carboxylic) acid (6). Theoretically, four symmetry-nonequivalent stable confor-

mations (rotamers) are expected for 4, six for 5, and only two for 6 (see Fig. 2)

TABLE II. Heats of formation of the rotamers of 4, 5, and 6 in kJ/mol (cf. Fig. 2)

Rotamer 4a 4b 4c 4d 5a 5b 5c 5d 5e 5f 6a 6b

Energy
(kJ/mol)

–983.5 –983.3 –983.5 –982.8 –997.7 –997.6 –998.5 – 999.3 –999.3 –999.3 –982.8 –983.6

By examining the rotation of the carboxyl groups around the C–C bonds in 4,

it was found that there are energy minima for the conformations where the car-

boxyl group bonded to C2 lies perpendicular to the benzene ring (the correspond-

ing dihedral angle is close to 90º), whereas the two other carboxyl groups lie in the

plane of the benzene ring. This can be explained by the fact that the three close-ly-

ing voluminous carboxyl groups cannot all be positioned in the same plane. Thus,

at least one of them has to assume an off-planar orientation. In order to have an

as-large-as-possible resonance stabilization, the non-planarity is not equally sha-

red among the three carboxyl groups, but two of them remain in plane (thus maxi-

mizing their resonance effect) whereas one (the middle one) is then bent 90º (thus

minimizing steric repulsion). In addition, the rotation of this group around the cor-

responding C–C bond is sterically hindered.

As mentioned above, 1,2,4-benzenetricarboxylic acid 5 has six distinct stable

rotamers (5a-5f). Their heats of formation are given in Table II. Again, all rotamers

have similar values of energy, varying in the narrow interval between –997.60 and

–999.3 kJ/mol. These slight differences can be explained by the different mutual

positions of the meta carboxyl group, in the same way as in the case of isophthalic

acid. Analysis of the geometry of the calculated isomers reveals that all isomers

have non-planar structures. The situation is similar to that of phthalic acid. Both

ortho carboxyl groups are out of the plane of the benzene ring. The dihedral angles

for corresponding rotamers lie in the range between 20º and 60º.
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Trimesic acid 6 has only two symmetrically non-equivalent conformations (6a

and 6b) that are found to be planar, having almost identical energies. This result is

expected since all the carboxyl groups are mutually in meta positions, and thus suf-

ficiently removed from each other.

Benzenetetra-, penta-, and hexacarboxylic acids

Benzenecarboxylic acids with more than three carboxyl groups were not con-

sidered in this work. However, based on the results obtained for the acids with two

and three carboxyl groups, it is highly probable that all conformations of all iso-

mers of benzenetetra-, penta-, and hexacarboxylic acids are non-planar.
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Fig. 2. Rotamers of 1,2,3-benzenetricarboxylic acid (4a, 4b, 4c, and 4d),

1,2,4-benzenetricarboxylic acid (5a, 5b, 5c, 5d, 5e, and 5f) and trimesic

(1,3,5-benzenetricarboxylic) acid (6a and 6b)



CONCLUDING REMARKS

The main conclusion of this research is that the only benzenecarboxylic acids

whose molecules are planar are benzoic, isophthalic, terephthalic and trimesic ac-

ids. These species are planar in all their stable conformations. The presence of two

carboxyl groups ortho to one another is sufficient to make the molecule (in all of its

stable conformations) non-planar.

I Z V O D

GEOMETRIJA I KONFORMACIJE BENZENKARBOKSILNIH KISELINA

ZORAN MARKOVI], DALIBOR BADJUK i IVAN GUTMAN

Prirodno-matemati~ki fakultet u Kragujevcu

Geometrija, konformacije i energije mono-, di- i tri-karboksilnih derivata

benzena su prou~avane pomo}u AM1 molekulsko-orbitalne metode. Dok su specije koje

nemaju karboksilne grupe u orto-polo`aju (benzoeva, izoftalna, tereftalna i tri-

mezinska kiselina) planarne u svim svojim (stabilnim) konformacijama, one koje

poseduju karboksilne grupe u orto-polo`aju (ftalna, 1,2,3-benzentrikarboksilna i

1,2,4-benzentrikarboksilna kiselina) imaju neplanarnu geometriju, u kojoj je jedna

karboksilna grupa postavqena skoro ortogonalno na ravan benzenskog prstena. Raz-

li~iti rotameri svake od ispitivanih benzenkarboksilnih kiselina imaju pribli-

`no iste energije.

(Primqeno 6. aprila 2004)
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