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Keto-enol equilibria in catechol have been studied using ab initio methods and 

first principle density functional theory. Six structural isomers of C6H6O2 were fully 

optimized in gas phase at HF and B3LYP levels of theory in combination with the 

6-311++G** basis set. Self-Consistent Reaction Field Polarizable Continuum Model 

(SCRF-PCM) was used to investigate the effect of an aqueous solvent on the extent of 

tautomerisation at the two above mentioned model chemistries. In addition, gas phase 

electronic and Gibbs free energies for the six molecules were computed using the 

CBS-QB3 method, and the G3 approach to obtain highly accurate relative energies. It was 

found that the two dienol isomers are always lower in energy than the other species, and 

predominate. Resonance stabilization arising from aromaticity in these six-member cyclic 

systems is posited, and is understood on the basis of Hückel’s theory. In addition, it is 

determined that the two dienol isomers are aromatic and all the other isomers are 

non-aromatic by investigating Nucleus-Independent Chemical Shift (NICS) index, NICS 

profile, 1H-NMR chemical shift and magnetic susceptibility criteria. Confirmation of the 

findings is provided by comparison of the simulated vibrational spectra, structural data, 

and constant pressure heat capacity of catechol with experimental results. Aqueous 

solvent effects are fully studied using the SCRF-PCM model. Predicted infrared spectra 

and 1H-NMR chemical shift confirm the existence of intermolecular hydrogen bonds and 

intra-molecular hydrogen bonds in aqueous medium. A different approach to investigate 

Abstract 
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 viii

the aqueous solvent effect by modeling catechol-(HR2RO)RnR clusters has also been initiated.    



Chapter 1 

Introduction 
 

This chapter outlines the background information of this thesis, such as keto-enol 

tautomerism, aromaticity and its criteria, in aliphatic carbonyl compounds and cyclic 

conjugated ketone systems, as well as the purpose of this study.  

 

It is well known that aliphatic carbonyl compounds which have alpha hydrogens 

attached to the carbonyl group undergo keto-enol tautomerism (Figure 1). Generally, among 

such compounds, the keto form is favored over the enol structure due to the stabilization of 

the carbonyl bond. However, this general trend is not followed in cyclic conjugated ketone 

systems. The enol isomer in this situation is predominant over keto forms instead. In recent 

computational studies of hydroxycyclopropenone,1 phenol2,3 and 2-hydroxy-2,4,6-

cycloheptatrien-1-one (tropolone)4, the enol structures are found to exist almost exclusively. 

This conclusion was achieved by performing electronic structure calculations on the isomers 

of these three molecules. In the case of phenol, where experimental data exist, the calculated 

tautomeric equilibrium constants are found to be in excellent agreement with experimental 

measurements. In these examples, the direction of equilibrium is understood as arising from 

the resonance stabilization due to aromaticity occurring in these cyclic conjugated ring 

systems according to the elementary Hückel molecular orbital theory.5  

The adjective “aromatic”, which was originally used to describe some fragrant 

compounds in the early 19th century, is an important characteristic in modern organic 

chemistry.6 In organic compounds, the structures of some rings are unstable. However,  
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Figure 1  

Keto-enol tautomerism (left: keto, right: enol) 

 

aromaticity is applied to the situation in which a conjugated ring of unsaturated bonds 

exhibits stabilization as a result of cyclic delocalization and resonance.7-9 It is a property 

associated with the extra stability of π-bonding in ring systems. The delocalization is 

attributed to the free cyclic movement of electrons among the circular arrangements of 

carbons that are alternately single and double bonded to one another. This is understood by 

introducing the concept of hybrid orbitals. The commonly-held model for aromatic rings, 

benzene, which was developed by Kekule,10 describes the structure of benzene as comprising 

a six membered carbon ring with alternating single and double bonds. Two resonance forms 

for benzene were proposed, corresponding to the double and single bonds’ switching 

positions (Figure 2). However, there is no energy difference between these two resonance 

hybrids and the bond lengths of benzene are equal. Thus, a more correct model (Figure 3) to  

Figure 2 

Two resonance forms of benzene 
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Figure 3 

Correct model of benzene 

 

represent the location of electron density within the aromatic ring is by circular π bonding, in 

which the electron density is evenly distributed around the ring. In benzene, the single σ-

bonds are formed when orbitals on adjacent carbon nuclei overlap linearly. Double bond 

comprises a σ-bond and a π-bond, the latter formed from the overlap of atomic p orbitals 

above and below the plane of the ring as shown in Figure 4. Since p orbitals are out of the 

plane, these orbitals can interact with each other freely, and thus become delocalized and 

shared by all the six carbons in the ring.  

Figure 4 

Atomic p orbitals above and below the plane of the ring 

 

A common aromatic compound contains a set of covalently-bonded atoms with 

specific characteristics and an established list of criteria that should be satisfied in order for 

the term to apply. They include:11   

1. An arrangement of alternating single and double bonds, resulting in a delocalized 

conjugated π system; 
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2. All of the contributing atoms are in the same plane, i.e. a coplanar structure; 

3. Contributing atoms arranged in one or more rings; 

4. The number of π electrons is even, but not a multiple of 4; i.e., the number of π 

electrons is 4n + 2, where n is an integer.   

Corresponding to aromaticity, there are also common criteria for antiaromatic 

molecules.12 Antiaromatic molecules are cyclic systems that also contain alternating single 

and double bonds, but their π electron energy is higher than that of their open-chain 

counterpart. Therefore, antiaromatic compounds are unstable and highly reactive. 

Antiaromatic compounds often distort themselves out of plane to resolve this instability and 

thus fail to meet Hückel’s rule. The criteria for antiaromaticity are the same as aromaticity’s 

except that antiaromatic molecules have 4n π electrons. When either aromatic or antiaromatic 

molecules become non-planar, they will be non aromatic.  

However, these criteria are not general for all possible aromatic and antiaromatic 

compounds. There are lots of molecules that are aromatic or antiaromatic that fail to meet the 

above mentioned criteria.13,14 The universal and quantitative criteria of aromaticity and 

antiaromaticity are still being developed by researchers. Currently, these criteria include 

energetic criteria such as Hückel, Dewar’s and Hess-Schaad resonance energies,15-19 

structural criteria, and magnetic criteria such as NMR chemical shift, magnetic susceptibility 

and Nucleus-Independent Chemical Shifts (NICS).20-23 In the present study, NMR chemical 

shift, magnetic susceptibility and nucleus-independent chemical shifts (NICS) were applied 

as criteria of aromaticity (Chapter 5).  

The presence of aromaticity can also have influence on the reactivity of the 

functional groups that are directly attached to the aromatic ring. In this study of interest, the 
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effect of substituent groups attached to the benzene ring on the resulting keto-enol 

tautomerism was studied. Catechol, formerly known as pyrocatechol, is 1,2-

dihydroxybenzene. It is the ortho isomer of the three benzenediol isomers. It is a six 

membered ring with –OH substituted in the ortho position in benzene. The hydroxyl group 

can potentially undergo keto-enol tautomerism. In this study, tautomerism effect in the ortho 

position is investigated computationally.  

Catechol is a colorless compound that occurs naturally in trace amounts. There are 

about 20 million kilograms produced annually, mainly as a precursor used in the production 

of pesticides, flavors, and fragrances.24 As phenolic antioxidants, catechol has been 

extensively used in chemical, food and pharmaceutical industry.25,26 Phenolic antioxidants 

are important compounds that serve to inhibit the oxidation of substances of both commercial 

and biological importance. Its general nutritional and medical aspects have been reviewed 

numerously.27,28 However, very few quantitative studies have been reported for catechols, a 

class of antioxidants almost ubiquitous in nature.  

                It is the aim of this thesis to calculate the keto-enol equilibrium constant of catechol 

using theoretical and computational methods and to ascertain the extent to which the dienol 

form (catechol) is preferred over the keto isomers, namely, 2-hydroxyl-2,4-cyclohexadienone, 

6-hydroxyl-2,4-cyclohexadienone and diketone conformer cyclohex-4-ene-1,2-dione. Besides, 

performing computations of magnetic criteria, NMR chemical shifts, magnetic susceptibility, 

and NICS and investigating possible underlying fundamental features of catechol and its 

conformers are also of interest in this study. A brief description of computational methods 

and details is given in Chapter 2. Chapter 3 contains the results and discussion of various 

energies and structures of the isomers of catechol. Chapter 4 discusses the equilibrium 
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constants and the differences between gas and aqueous solution phase. Chapter 5 is 

concerned with the aromaticity and Chapter 6 presents the conclusions and outlook.  



Chapter 2 

Computational Methods and Details 

                This chapter briefly introduces the quantum chemistry computational software 

package, Gaussian, and describes each computational method (HF, B3LYP, CBS-QB3, G3 

and SCRF-PCM) and basis set (6-311++G**) applied in the present study, along with 

computational procedures.           

             

§2.1 Computational methods 

                With the rapid development and progress of computational technology, the role of 

quantum chemistry in chemical research has been larger and larger. During the past few 

decades, its application in chemistry, biochemistry, physics, and other engineering disciplines 

was enlarged and extended by the foundation and development of density functional theory 

(DFT) and computational methods in quantum chemistry. Walter Kohn and John Pople were 

awarded the Nobel Prize in chemistry in 1998 for their development of the density functional 

theory and computational methods in quantum chemistry. In the prize presentation, quantum 

chemistry obtained high appraisement. Quantum chemistry has been developed to be a 

powerful tool used widely by chemists and has brought chemistry to a new threshold, in 

which theorists can collaborate with experimentalists to investigate molecular systems. 

Chemistry is no longer a pure experimental subject.29       

In this thesis, quantum chemistry computational software package, Gaussian, 

which was developed by John Pople and co-workers in the 1970’s utilizing Gaussian basis 
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functions,30,31 was applied to investigate molecular systems of present interest. Thus, the 

background in this chapter will be around Gaussian program.      

                Gaussian is the most popular quantum chemistry software package for exploring 

electronic structures. It has various versions and can be executed on different kinds of 

platforms such as PCs, work stations, clusters and supercomputers. The version used in the 

present study, Gaussian 03,32 is currently used by chemists, biochemists, physicists and also 

engineers to conduct research in established and emerging areas of chemical interest. Built 

upon basic quantum mechanics principles and employing Gaussian basis functions, Gaussian 

03 is now widely used to calculate molecular energies and structures, vibrational frequencies, 

infrared and Raman spectra, thermochemical properties, bond and reaction energies, 

molecular orbitals, electronic circular dichroism intensities, anharmonic vibrational analysis, 

reaction pathways, atomic charges, multipole moments, spin-spin coupling constants, NMR 

shielding tensors, optical rotations, vibration-rotation coupling, electrostatic potentials and 

electron densities. Besides various kinds of density functional methods, Gaussian also 

provides molecular dynamics capability, semi-empirical methods and ab initio Hartree-Hock 

(HF) and post self consistent field computational techniques. In the present study, HF, 

B3LYP, CBS-QB3 and G3 methods were applied. Basis set 6-311++G** was used for HF 

and B3LYP calculations.      

                Hartree-Fock theory, developed by D.R. Hartree33 and V. Fock,34 is an ab initio 

method used to obtain approximate solutions of quantum many-body systems. Since the 

instantaneous Coulomb electron-electron repulsion is not taken into account, HF is the 

simplest type of ab initio electronic structure calculation. The approximate energies of a 

system obtained by HF theory are always equal to or larger than the exact energy.35 However, 
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due to electron exchange and correlation effects being ignored, the computational cost or 

time is low for HF method. In many types of computations, HF is usually the first calculation 

performed. Then, the results are corrected by applying methods that include the effects of 

electron-electron repulsion.35,36 DFT is one such method that includes the electron exchange 

and correlation. 

                Density functional theory (DFT), which was started by P. Hohenberg and W. Kohn 

in 1964,37 is a theory in which the electronic ground state energy is based on the electron 

density distribution n(r).38 Kohn showed that it is not necessary to consider the motion of 

each individual electron, which will consume huge amount of time to compute (it took two 

years to complete the ab initio calculation for N2 molecule). It suffices to know the average 

number of electrons located at any one point in space, or the density of electrons, which 

largely reduced the degree of freedom and led to the computation being much simpler. This 

simplicity makes it possible to study very large molecular systems. By including some of the 

effects of electron correlation, DFT methods have much more accuracy than HF theory at a 

modest increase in computational cost.39 It computes electron correlation via functionals of 

the electron density,39 which separates the electronic energy into several components: the 

kinetic energy, the electron-nuclear interaction, the Coulomb repulsion, and an exchange-

correlation term accounting for the remainder of the electron-electron interaction. There are 

various functionals that have been defined by exchange and correlation components i.e. local 

exchange and correlation functionals, and gradient-corrected functionals. Gradient-corrected 

exchange functional B proposed by Becke in 1988,40 and the widely used gradient-corrected 

correlation functional LYP developed by Lee, Yang and Parr41-42 form the famous B-LYP 

method. What’s more, there are several hybrid functionals, which include a mixture of 
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Hartree-Fock exchange with DFT exchange-correlation. Hybrid functionals define the 

exchange functional as a linear combination of Hartree-Fock, local, and gradient-corrected 

exchange terms, where the gradient-corrected exchange terms combine with a local and/or 

gradient-corrected correlation functional. The DFT method used in the present study is 

B3LYP functional, which denotes Becke, three-parameter hybrid, Lee-Yang-Parr exchange-

correlation functional.   

                Gaussian program is named from the Gaussian type basis set functions it uses. A 

basis set in quantum chemistry calculation is the mathematical description of the orbitals 

which combine to approximate for the electronic wave function within a system.40 The basis 

set can be interpreted as restricting each electron to a particular region of space. Gaussian 

uses linear combinations of Gaussian functions to form the orbitals. A wide range of pre-

defined basis sets are offered and are classified by the number and types of basis functions 

that they contain. Larger basis sets impose fewer constraints on electrons and provide more 

accurate approximation for the molecular orbitals. As a result, they require correspondingly 

more computational resources. There are usually three ways to make a basis set larger: by 

splitting the valence basis sets, by adding polarized functions, and by adding diffuse 

functions.  

                Splitting the valence is the first way to accomplish an increase in the size of the 

basis set; it is done by increasing the number of basis functions per atom. For example, 6-

311G is a triple split valence basis, in which the core orbitals are a contraction of six 

Gaussian type functions and the valence split into three functions, represented by a 

contraction of three, one, and one, Gaussian type functions, respectively.43,44  Split valence 

basis sets can not describe the shape change of orbitals. In order to remove this limitation, a 
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polarized basis set is introduced by adding orbitals with angular momentum beyond what is 

required for the ground state to describe each atom. For instance, polarized basis sets have d 

functions added to carbon atoms and p functions added to hydrogen atoms. 6-311G(d,p), 

which is synonymous with 6-311G**, adds p functions to hydrogen atoms in addition to d 

functions on heavier atoms. Diffuse functions are larger size versions of s and p type 

functions than the standard valence size orbital functions,45,46 allowing the orbitals to occupy 

a larger region of space. The 6-311++G** basis set is the 6-311G** basis set with diffuse 

functions added to both heavy atoms and hydrogen atoms.  

                It is important to calculate the number of basis functions used to describe a 

molecule as it proves useful for estimating the computational time. 6-311++G** basis set is 

used in the present study of catechol (C6H6O2); thus it is shown here how to count the 

number of functions in 6-311++G**. Catechol has six carbon, six hydrogen and two oxygen 

atoms. First count the number of basis functions for each atom. Then add them up to obtain 

the total number. The ground state electronic configuration of carbon atom is (1s) 2(2s) 2(2px)
 

1(2py)
 1(2pz)

 0. Thus, its 6-311++G** basis set includes: 1 core orbital basis function, 3 split 

basis functions for each of the 4 valence orbitals, 1 diffuse basis function for each valence 

orbital, and 1 d orbital (d = 5 basis functions), i.e. 1 + 3×4 + 1×4 + 5 = 22 basis functions. 

Considering that the core orbital is a contraction of 6 Gaussian type functions and the first 

split valence basis function consists of 3 Gaussian type functions, the total number of 

Gaussian type functions is 22 + (6-1) + (3-1)×4 = 35. Actually, in Cartesian coordinates, 

there are 6 basis functions (
x

d ,
y z

d x x yz ather than 5 ( 2 xz
d

  y , 

). Thus, the number of Gaussian type functions is 36. Similarly, oxygen atom, whose 

ground state electronic configuration is (1s)

2 2d , 2 , yd , zd , d ) r 2 , 22 yx
d , xd , xzd

yzd

 2(2s) 2(2px)
 2(2py)

 1(2pz)
 1, has 1 + 3×4 + 1×4 + 5 

 11



= 22 basis functions and 36 Gaussian type functions. For hydrogen atom, (1s) 1, after splitting 

its valence orbital into 3 basis functions, there is no core orbital left. Thus, it has 3×1 + 1×1 + 

3 = 7 basis functions with 9 Gaussian type functions. Therefore, the total number of basis 

functions and Gaussian type functions employed in 6-311++G** computations of catechol is 

218 and 342, respectively.   

                The other two computational methods used are CBS-QB3 and G3. CBS is short for 

Complete Basis Set methods, which were developed by George Petersson and co-workers.47-

50. CBS models typically include a Hartree-Fock calculation with a very large basis set, and 

MP2 (a HF calculation followed by a Møller-Plesset correlation energy correction truncated 

at second order51-56) calculation with a medium sized basis set, and one or more higher level 

calculations with a modest basis set. CBS-Q model57 starts with a geometry optimization at 

the MP2 level then uses a large basis set MP2 calculation as a base energy and a CBS 

extrapolation to correct the energy through second order. CBS-QB3 combines the general 

design of the CBS-Q energy calculation with B3LYP DFT optimized geometries and 

frequencies.58,59. Its accuracy for stable molecules is comparable with the G3 model,60 which 

is a method for computing very accurate energies. Like CBS-QB3, both of these methods are 

complex energy computations involving several pre-defined calculations. They are applied in 

the present study as references to compare energies calculated by HF and B3LYP with 6-

311++G** basis set.  

                In order to perform computations in aqueous solution phase, a model chemistry, 

Self-Consistent Reaction Field Polarizable Continuum Model (SCRF-PCM)61-67 was used. 

SCRF models all the solvent as a continuum reaction field with uniform dielectric constant ε. 

Otherwise, if the solvent is treated as separate molecules, the computational cost will grow 
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prohibitively high. The solute is placed in a cavity within the reaction field. There are several 

ways to define the cavity, such as Onsager model, PCM, isodensity PCM. In PCM model, the 

cavity is defined as a union of a series of interlocking atomic spheres.  

 

§2.2 Computational Details 

                In the present study for catechol and its possible isomers, the computational 

methods applied should deal adequately with the effects of electron correlation that are 

present in the ground states of such species, as well as with the effects of aromaticity, if any. 

Therefore, ab initio HF method was used at first to optimize the geometry of each molecule 

in the gas and aqueous solution in combination with the 6-311++G** basis set, which 

comprises 218 basis functions. Then, first principle DFT calculations in which B3LYP 

functional was employed with the aforementioned basis set were carried out to take the 

electron correlation effect into account. The DFT calculations were supplemented by the 

CBS-QB3 method and the G3 approach, in order to evaluate highly accurate relative energies. 

In aqueous solution phase, SCRF-PCM model chemistry was applied using HF/6-311++G**, 

B3LYP/6-311++G**, CBS-QB3 and G3 level of theories. Geometries have been fully 

optimized at each theoretical level in gas and aqueous phases for all the species under study 

by ensuring that the imaginary frequencies of all the structures are zero. Gibbs free energy 

and other thermochemcial data, generated by the frequency calculations, were used to 

calculate equilibrium constants, enthalpy changes, constant pressure heat capacities, and 

allowed comparison with experimental constant pressure heat capacity and measured infrared 

spectra, ensured that a minimum energy structure was obtained. Finally, NMR calculations 

were performed to compute several aromaticity indices, such as 1H-NMR chemical shift, 
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NICS index and magnetic susceptibility. All of the computations reported in this thesis were 

carried out with Gaussian 03 running on the DEAC Linux Beowulf cluster at Wake Forest 

University.   

 



Chapter 3 

Energies and Structures 

                Chapter 3 presents the energetic and structural results of the seven species in the 

study of interest. Electronic and Gibbs free energies are compared between each molecule 

and discussed. The results show the dienol structures are the most stable ones in gas and 

aqueous phases. Besides, computed structural data are compared with the experimental 

values.   

 

§ 3.1 Energies  

                In this chapter, results pertaining to molecular structure and relative energies are 

presented  from the full geometry optimizations performed on the seven structural isomers of 

catechol in gas and aqueous solution phase using ab initio HF method and first principle 

B3LYP theory, both with the 6-311++G** basis set. Complete basis set CBS-QB3 

calculations were carried out in both gas and aqueous solution phase and the G3 approach 

was applied in gas phase. The seven molecular species are shown in Figure 5. The structures 

correspond to catechol (species labeled (1) and (2)), in which structure (2) is a conformer of 

isomer (1) that differs in the orientation of the hydroxyl group), and two conformers of 2-

hydroxyl-2,4-cyclohexadienone (structures (3) and (4)) and two conformers of 6-hydroxyl-

2,4-cyclohexadienone (species (5) and (6)), which also differ in the orientation of the 

hydroxyl group, as well as cyclohex-4-ene-1,2-dione (7). Note that species (5)-(7) are not 

planar. Interestingly, 6-hydroxyl-2,4-cyclohexadienone was optimized to have the structure 

shown as form (5) in gas phase, and to have the structure as form (6) in aqueous solution  
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Figure 5 

Seven structural isomers of C6H6O2 comprising catechol (labeled (1) and (2)), 2-hydroxyl-

2,4-cyclohexadienone ((3) and (4)), 6-hydroxyl-2,4-cyclohexadienone ((5) and (6)), and 

cyclohex-4-ene-1,2-dione (7). Each atom is colored and numbered. Grey is carbon, white is 

hydrogen and red is oxygen. 
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phase, that differs from (5) in the hydroxyl group rotation, while other species have the same 

structures in both phases. In molecule (1), the B3LYP/6-311++G** gas phase computed C4-

O13-H14 bond angle is 108.4°, whereas for structure (2), the reflex angle is 360°-109.3° = 

250.7°. So the difference in orientations of the H14 atom in the two molecules is the obtuse 

angle of 142.3°. The point group symmetry is Cs and C2v for conformers (1) and (2) 

respectively. This difference of hydroxyl group’s orientation for structures (3) and (4) is the 

difference between bond angle of C4-O12-H13 and the reflex angle of C4-O12-H13, which is 

144.4°. Both isomers (3) and (4) are of Cs symmetry. Species (5)-(7) are all out of the plane, 

and belong to point group C1.   

                In Tables I and II, results are presented for the absolute and relative electronic 

energy in gas and aqueous solution phase, respectively, evaluated at the HF and B3LYP 

levels of theory in conjunction with 6-311++G** basis set. Also displayed in Tables I and II 

are the results of CBS-QB3 and G3 methods. It is evident that the inclusion of the effects of 

electron correlation is important for obtaining accurate results (by comparing the differences 

between results from HF and other advanced methods). And similarly, 6-311++G** basis set 

selected appears adequate for the species considered as witnessed by comparison of energy 

differences computed in the gas phase using CBS-QB3 and G3 methods. At each model 

chemistry, and regardless of whether a solvent is present or not, the dienol forms, catechol, 

(species (1) and (2)) are always lower in energy than ketone structures (species (3)-(6)) and 

diketone structure (species (7)). The difference in energy occurring between the two 

conformers of catechol is small relative to other structures and this difference becomes 

smaller in aqueous solution when computed using SCRF-PCM model. Interestingly, species  
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Table I 

Gas phase absolute electronic energies in atomic units (Hartrees) and relative energies 

(kcal/mol) for catechol (species (1) and (2)), 2-hydroxyl-2,4-cyclohexadienone (species (3) 

and (4)), 6-hydroxyl-2,4-cyclohexadienone (species (5)), and cyclohex-4-ene-1,2-dione 

(species (7)) evaluated at HF and B3LYP levels of theory, with 6-311++G** basis set, as 

well as the CBS-QB3 and G3 methods 

Species HF B3LYP CBS-QB3 G3 

1(Cs) -380.52358 -382.80709 -382.08370 -382.43041 

  2(C2v) 4.564 4.255 4.029 3.990 

3(Cs) 12.878 13.501 15.166 14.090 

4(Cs) 19.443 21.320 22.605 21.447 

5(C1) 19.015 23.512 23.924 22.957 

7(C1) 16.556 23.950 24.475 23.075 
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Table II 

Absolute and relative electronic energies in atomic units and kcal/mol, respectively, at HF, 

B3LYP and CBS-QB3 levels of theory for the six species in aqueous phase using SCRF-

PCM model with 6-311++G** basis set. 

Species HF B3LYP CBS-QB3 

1(Cs) -380.54503 -382.82811 -382.12136 

  2(C2v) 0.326 0.165 0.185 

3(Cs) 16.115 17.264 19.908 

4(Cs) 16.908 18.723 21.377 

6(C1) 21.396 26.720 28.416 

7(C1) 18.714 27.203 29.342 
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(1) is lower than species (2) in energy while species (2) is more symmetric than species (1). 

This is due to the intra-molecular hydrogen bond formed in structure (1) (discussed in 

Chapter 4). The relative energy differences are quite constant in both phases except the 

reversed energy order of species (6) and (7) when computed at HF/6-311++G** level. But 

this minor inconsistency can be easily understood as the HF method does not take electron 

correlation into account.  

                Results provided in Tables III and IV are for the Gibbs free energy differences of 

the six species in gas and aqueous solution phase. Gibbs free energy is evaluated under 

standard condition, i.e. 298.15 K and 1 atmosphere using the aforementioned methods. 

Trends are similar to those found on comparing electronic energies. Catechol (species (1) and 

(2)) are always lower in Gibbs free energy than the other four species, and species (1) is more 

stable than species (2). It is of note that in gas phase the Gibbs free energy order for the six 

structures remains the same regardless of computational method. Species (7) is more 

favorable then species (5) when Gibbs free energy is compared in gas phase. However, in 

aqueous phase, species (6) is lower in Gibbs free energy than species (7) except at HF/6-

311++G** level. It should be remarked that the ratio of keto to enol forms is especially 

sensitive to variations in relative Gibbs free energy values and will be discussed in Chapter 4. 

To further understand the relative isomer stability of the various compounds being studied, it 

is instructive to examine structural parameters in detail.  

 

§ 3.2 Structures 

                As mentioned, geometries were fully optimized for each of these isomers in gas 

phase under B3LYP/6-311++G** level and in aqueous solution using SCRF-PCM model at  
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Table III 

Gas phase Gibbs free energy in Hartrees and relative energy differences in kcal/mol for the 

six molecules evaluated at  HF and B3LYP levels of theory with 6-311++G** basis set as 

well as CBS-QB3 and G3 methods. 

Species HF B3LYP CBS-QB3 G3 

1(Cs) -380.43823 -382.72987 -382.12136 -382.46832 

  2(C2v) 4.761 4.692 4.531 4.463 

3(Cs) 12.701 13.240 15.082 13.990 

4(Cs) 18.662 20.294 21.953 20.880 

5(C1) 19.211 23.332 23.974 22.969 

7(C1) 15.412 22.243 23.104 22.054 
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Table IV 

Aqueous phase Gibbs free energy in Hartrees and relative energy differences in kcal/mol for 

the six molecules evaluated at HF and B3LYP levels of theory with 6-311++G** basis set as 

well as CBS-QB3 method. 

Species HF B3LYP QBS-CB3 

1(Cs) -380.46289 -382.75362 -382.14400 

  2(C2v) 1.625 1.065 0.998 

3(Cs) 16.165 17.171 19.789 

4(Cs) 17.142 18.471 21.096 

6(C1) 21.744 26.306 28.109 

7(C1) 18.953 26.503 28.123 
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the same level as in the gas phase. The bond lengths and angles for the seven species are 

listed in Table VI (see Appendix I). Listed in Table V are the bond lengths and inter-bond 

angles of catechol obtained from experimental measurements.68 Though the catechol sample 

measured is in the solid state, the results, especially the results of inter-bond angles, are still 

instructive to compare with their counterparts obtained from calculation. Apparently, only 

species (1) and (2) can comply with the experimental data. Comparison of results from gas 

and aqueous phases at the same model chemistry reveals that there is essentially no 

significant difference between the two phases. For all structures, the differences in bond 

length are rarely larger than 0.01 Å, while the bond angles, for most cases, agree to within 

one degree. The structural differences between the keto and enol isomers are evidently 

apparent from Table VI. Interestingly, one significant difference between gas and aqueous 

phase bond length (bond length in aqueous phase minus bond length in gas phase) was found 

for O11-H12 and O13-H14 in species (1) with value +0.022 Å and +0.021 Å, O11-H12 and O13-

H14 in species (2) with +0.020 Å, O12-H13 in species (3) with +0.017 Å, O12-H13 in species 

(4) with +0.020 Å, and O12-H13 in species (6) with +0.011 Å. Clearly, the O-H bonds were 

enlarged uniformly when aqueous solution effect was accounted for using SCRF-PCM model 

chemistry. Besides, the C-O bonds that are attached to these hydroxyl groups are also all 

elongated in aqueous solution phase. This is believed to be the result of hydrogen bonds that 

are formed between water complex and the hydroxyl group of species (1)-(4) and (6). The 

aromatic character of species (1) and (2), as exemplified by the -bond above and below the 

planar six-member carbon ring, explains their Cs and C2v point groups. On the other hand, 

the lack of aromaticity in the non-planar diketone structure (7) and keto forms (5) and (6), 
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gives rise to twisted geometrical structur though planar structures were chosen as 

input  

Table V 

gths and inter-bond angles of c

Inter-bond angles ° 

es, even 

Bond len atechol68 

Bong lengths Å 

R(1, 2)=1.378 A(2, 3, 4)=119.2 

R(1, 6)=1.391 A(3, 4, 5)=120.4 

R(2, 3)=1.399 A(4, 5, 6)=120.4 

R(3, 4)=1.372 A(5, 6, 1)=119.5 

R(4, 5)=1.389 A(6, 1, 2)=119.9 

R(5, 6)=1.381 A(1, 2, 3)=120.6 

 R(5, 11)=1.364 

 R(4, 13)=1.380 

   A(4, 5, 11)=121.0 

   A(6, 5, 11)=118.6 

  A(3, 4, 13)=122.5 

  A(5, 4, 13)=117.1 
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geometries. However, these three species ((5)-(7)) distort themselves out of planarity to gain 

stability (Figure 6 shows the snapshots of structures of species (5) after certain optimization 

cycles). In structures (3) and (4), the six membered carbon rings, which have four electrons, 

were constrained to be planar after optimization. Species (5) or (6), and species (3) or (4), 

both have only one hydroxyl group in the ure. The reason why only species (5) and  

 

Figure 6 

The snapshots of structures of species (5) after 0, 5, 10, 15, 20, 25 optimization cycles 

ring struct

                                    

 25



            

(6) distort themselves may have to do with the fact that in structures (5) and (6), the carbon 

(C4) attaching to the hydroxyl group (O12-H13) is sp3 hybridized, while in species (3) and 

(4),the carbon (C6) attaching to the hydroxyl group (O12-H13) is sp2 hybridized. It is noted 

that, unlike species (3) and species (4), whose hydroxyl groups have two different 

orientations in gas and aqueous phases, the distorted structures (5) and (6) only have one 

hydroxyl group orientation in gas or aqueous phase after optimization.    
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Chapter 4 

Thermochemistry analysis and aqueous solvent effects 

                   In this chapter, the keto-enol tautomerizations of the seven structures are 

discussed by comparing their relative equilibrium constants. It is found that the dienol form, 

catechol, is the predominant isomer. Predicted infrared spectra were compared with each 

other and with the spectrum of catechol measured in experiments. The differences in 

equilibrium constants between gas and with the aqueous solution phase reveal the effects of 

an aqueous medium on the system, which is due to the hydrogen bond formation with water 

complex. Infrared spectra and 1H-NMR chemical shifts were computed and helped in 

understanding the aqueous solvent effects.    

       

§4.1 Thermochemistry analysis 

               The equilibrium constant provides a measure of the degree to which reactants or 

products are favored during the course of a chemical reaction. As shown in Scheme 1, the 

seven molecular structures can interconvert. Based on the Gibbs free energies of the seven 

species provided by Tables III and IV in Chapter 3, their equilibrium constants can be readily 

calculated using equation RTG
eK




i with ii log KpK  , where i = eq or T and eq = 

equilibrium and T = tautomerism. Data listed in Table VII are the results of calculations of 

the equilibrium constants Ki and pKi in gas and aqueous solution phases using B3LYP/6-

311++G** level of theory and CBS-QB3 method. SCRF-PCM model chemistry was applied 

to describe the effects of an aqueous solution phase on the system. Note that in Table VII,  
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5 (6) versus 1 means it is (5) versus (1) in gas phase and (6) versus (1) in aqueous solution 

phase. The comparisons of species (1) versus (2) as well as (3) versus (4) yields the 

equilibrium constant, Keq, while all the other combinations produce the equilibrium constant 

for tautomerisation, which is noted as KT. In addition, Table VII contains values pKi that 

equals –log Ki. Regardless of gas or aqueous solution phase, the results in Table VII clearly 

show that catechol, the dienol forms (species (1) and (2)) of the seven structures are 

predominant. In gas phase, the relative pK values at B3LYP/6-311++G** level for species (3) 

versus (1) and (5) versus (1) are 9.7 and 17, respectively; the analogous values in aqueous 

solution are 13 and 19 using the SCRF-PCM approach, respectively. The pKi values for the 

two keto forms relative to the second dienol isomer (2) are reduced at each of the model 

chemistries selected. This is due to the relative differences in electronic energy and Gibbs 

free energy between species (2) and (1) (see Tables I-IV in Chapter 3). Since there are also 

significant energetic differences between isomer (3) and (4) (refer to Tables I-IV), similar 

situations exist when comparing pK values of species (3) and (4) relative to isomers (1), (2), 

(5), (6) and (7). The diketo isomer (7) is the least stable isomer in aqueous solution phase 

while in gas phase the non-planar keto isomer (5) is most unstable. Based on the data in gas 

and aqueous solution phase of Table VII, the situation of the preponderance of the dienol 

form is not changed after aqueous solution phase effects have been taken into consideration. 

Note that in aqueous solution phase the ratio of the two dienol conformers (1) to (2), which is 

~ 3000: 1, and that of the keto structures (3) to (4), which is ~150000:1, is greatly reduced 

relative to that for dienol: keto. Another visible feature in the results of equilibrium constants 

is their sensitivity to Gibbs free energy difference. For instance, the difference between 

equilibrium constants of isomer (3) versus (1) and isomer (4) versus (1) obtained by 
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B3LYP/6-311++G** (1.9×10-10 and 1.3×10-15, respectively) and CBS-QB3 (8.7×10-12 and 

7.9×10-17, respectively) are more than four orders of magnitude, while their respective G 0 

differences are less than 2.0 kcal/mol (see Table III in Chapter 3), illustrating the importance 

of computing highly accurate Gibbs free energy differences.  

                It is instructive to compare the results obtained in the present investigation with 

recent computational findings of the tautomeric equilibrium constants for 

hydroxycyclopropenone,1 2-hydroxy-2,4,6-cycloheptatrien-1-one (tropolone)4 and phenol.2,3 

For the 2-hydroxy-2-cyclopropen-1-one↔1,2-cyclopropanedione system, KT(g) was 

calculated to be 2.4×10-5 and KT(aq) found to be 5.61×10-14 at the B3LYP/6-31++G** model 

chemistry. For tropolone↔3,5-cycloheptadiene-1,2-dione or 3,6-cycloheptadiene-1,2-dione 

system, its KT(g) was computed to be 1.8×10-14 or 1.7×10-16 and KT(aq) was computed to be 

9.0×10-14 or 3.5×10-14 at the B3LYP/6-311++G** theoretical level. In the case of 

phenol↔2,4-cyclohexadienone tautomerisation, gas phase ab initio MP2,3 and CBS-QB3 

calculations yielded KT(g) as 1.98×10-13 and 7.15×10-14, respectively, which is in good 

agreement with the experimentally determined value of 1.86×10-13. Both of these findings 

confirm the predominance of the enol structure in those three, six and seven carbon member 

cyclic conjugated ketones and the applicability of electronic structure computations in their 

determination. In the present study (refer to Table VII), the corresponding values for catechol 

structure (1) relative to 2-hydroxyl-2,4-cyclohexadienone (species (3) and (4)) and 6-

hydroxyl-2,4-cyclohexadienone (species (5) or (6)) at the B3LYP/6-311++G** model 

chemistry in gas phase and aqueous solution phase using PCM model are KT(g) =1.9×10-10 

(1.3×10-15, second isomer of 2-hydroxyl-2,4-cyclohexadienone) and 7.7×10-18, and KT(aq) 
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=2.6×10-13(2.8×10-14, second isomer of 2-hydroxyl-2,4-cyclohexadienone) and 5.1×10-20, 

demonstrating that the equilibrium in this system is strongly tilted toward the dienol structure.  

 

Scheme 1 

Interconversions between the seven species 
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Table VII 

Gas (B3LYP/6-311++G** and CBS-QB3) and aqueous solution (SCRF-PCM B3LYP/6-

311++G** and CBS-QB3) phase equilibrium constants between the seven species (values in 

parentheses are pKi)  

Species Gas phase Aqueous phase 

 B3LYP CBS-QB3 B3LYP CBS-QB3 

2 vs. 1 3.6E-04(3.4) 4.8E-04(3.3) 1.7E-01(0.8) 1.9E-01(0.7) 

3 vs. 1 1.9E-10(9.7) 8.7E-12(11) 2.6E-13(13) 3.1E-15(15) 

4 vs. 1 1.3E-15(15) 7.9E-17(16) 2.8E-14(14) 3.4E-16(15) 

    5 (6) vs. 1 7.7E-18(17) 2.6E-18(18) 5.1E-20(19) 2.4E-21(21) 

7 vs. 1 4.9E-17(16) 1.1E-17(17) 3.6E-20(19) 2.4E-21(21) 

3 vs. 2 5.4E-07(6.3) 1.8E-08(7.7) 1.5E-12(12) 1.7E-14(14) 

4 vs. 2 3.6E-12(11) 1.7E-13(13) 1.7E-13(13) 1.8E-15(15) 

    5 (6) vs. 2 2.1E-14(14) 5.5E-15(14) 3.1E-19(19) 1.3E-20(20) 

7 vs. 2 1.3E-13(13) 2.4E-14(14) 2.2E-19(19) 1.3E-20(20) 

4 vs. 3 6.7E-06(5.2) 9.1E-06(5.0) 1.1E-01(1.0) 1.1E-01(1.0) 

    5 (6) vs. 3 4.0E-08(7.4) 3.0E-07(6.5) 2.0E-07(6.7) 7.9E-07(6.1) 

7 vs. 3 2.5E-07(6.6) 1.3E-06(6.0) 1.4E-07(6.8) 7.7E-07(6.1) 

    5 (6) vs. 4 5.9E-03(2.2) 3.3E-02(1.5) 1.8E-06(5.7) 7.2E-06(5.1) 

7 vs. 4 3.7E-02(1.4) 1.4E-01(0.8) 1.3E-06(5.9) 7.0E-06(5.1) 

     7 vs. 5 (6) 6.3E+00(-0.8) 4.4E+00(-0.6) 7.2E-01(0.1) 9.8E-01(0.0) 
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                The computation of vibrational frequencies not only yields thermochemical data 

that is used to calculate the equilibrium constants, but also enables comparison with 

experimentally measured infrared spectra.69-73 Presented in Table VIII are the harmonic 

frequencies of the six isomers which are computed using B3LYP/6-311++G** level of 

theory in gas phase. Table VIII also includes the measured harmonic frequencies of catechol 

obtained in gas phase at 298.15 K for comparison.74 To make the comparison more intuitive, 

the measured IR spectra of catechol, and simulated infrared spectra of species (1)-(5) and (7) 

are given in Figures 8-10, respectively. All of them refer to gas phase condition. Comparing 

the experimental and simulated spectra, it is clear that only species (1) fits the 

 

Figure 774 

Measured infrared spectrum of catechol in gas phase at 298.15 K 
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Table VIII 

 Gas phase harmonic frequencies (cm-1) for the six species calculated at B3LYP/6-311++G** 

level of theory as well as gas phase experimental IR data74 of catechol (scaled by 0.95) 

Experimental  B3LYP/6-311++G** 

Catechol (1) (2) (3) (4) (5) (7) 

3670 

3600 

3030 

1590 

1470 

1430 

1230 

1150 

1070 

830 

710 

3662 

3604 

3029 

1570 

1470 

1430 

1236 

1113 

1054 

819 

711 

3644 

3021 

1560 

1476 

1422 

1245 

1141 

1052 

820 

706 

3452 

3022 

2862 

1633 

1389 

1349 

1245 

1210 

915 

826 

699 

3627 

3025 

2860 

1671 

1545 

1339 

1237 

1171 

984.6 

835 

679 

3520 

3030 

2687 

1659 

1515 

1353 

1190 

1120 

1085 

690 

3009 

2839 

1711 

1369 

1186 

1083 

943 

827 

628 
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Figure 8 

Predicted IR spectra of species (1) and (2) at B3LYP/6-311++G** level in gas phase at 

298.15 K 
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measured spectra of catechol, confirming the predominance of this species over all the other 

possible isomers in nature and of the two conformers of catechol, structure (1) is the most 

stable one. The biggest difference between the spectra of species (1) and (2) is their –OH 

stretching bands. Species (1) has double peaks while it is single in species (2). In the 

measured spectrum, the peaks at 3670 cm-1 and 3600 cm-1, which is attributed to the two  
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Figure 9 

Predicted IR spectra of species (3) and (4) at B3LYP/6-311++G** level in gas phase at 

298.15 K 
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bands of O-H stretching, occurs at 3662 cm-1 and 3604 cm-1 in the predicted spectrum of 

structure (1). In structures (2)-(5), the O-H stretching bands appear at 3644 cm-1, 3452 cm-1, 

3627 cm-1, 3520 cm-1, respectively. It is obvious that O-H stretching band is absent in isomer 

(7), which confirms the presence of the diketo structure. The benzene ring characteristic 
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peaks occur at 1590 cm-1 and 1470 cm-1 in the measured spectrum. Such characteristic peaks 

are at the range from 1570 cm-1 to 1430 cm-1 and from 1560 cm-1 to 1422 cm-1 in structures 

(1) and (2) and disappears in structures (3)-(5) and (7), confirming the benzene ring structure  

 

Figure 10 

Predicted IR spectra of species (5) and (7) at B3LYP/6-311++G** level in gas phase at 

298.15 K 
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in species (1) and (2). A very strong C=O stretching peak, which is absent in structures (1) 

and (2), appears at 1711 cm-1 in the diketo form (7) as well as in isomers (3)-(5), at 1633 cm-1, 

1671 cm-1, 1659 cm-1, respectively. In the observed spectrum, the small peak at 3030 cm-1 is 

attributed to the sp2 carbon C-H stretching. Its analogue occurs in structures (1)-(5) and (7) at 

3029 cm-1, 3021 cm-1, 3022 cm-1, 3025 cm-1, 3030 cm-1, and 3007 cm-1, respectively. In 

structures (3)-(5) and (7), there are also sp3 carbon C-H stretching bands, which occur at 

2862 cm-1, 2860 cm-1, 2687 cm-1, and 2839 cm-1 in structures (3), (4), (5) and (7), 

respectively. Such a band in structure (5) is much stronger and almost 250 cm-1 lower in 

frequency than in structures (3), (4) and (7). This significant deviation might be related to the 

–OH group that is attached to its sp3 carbon. The strong peak at 1230 cm-1 in the measured 

spectrum belongs to C-O stretching, occurring in structures (1)-(5) at 1236 cm-1, 1245 cm-1, 

1245 cm-1, 1237 cm-1, 1190 cm-1, respectively.    

                 Heat capacity is another computed quantity that may be compared with experiment. 

The constant pressure heat capacity of catechol in gas phase is 120.09 J/mol·K at 298.15 K.75 

Table IX provides the constant pressure heat capacities of species (1)-(5) and (7) in gas phase 

at HF/6-311++G**, B3LYP/6-311++G** and CBS-QB3 levels of theory. It is apparent that 

at each model chemistry, results of species (1) and (2) are most close to the experimental data, 

confirming the predominance of catechol over its other possible conformers in this aspect. 

Other instructive information that can be drawn from this table is that the capacities resulting 

from B3LYP/6-311++G** and CBS-QB3 methods are very close, while their differences 

between results of HF/6-311++G** level are very large. Thus, evidently, this finding also 

suggests the importance of taking electron correlation into account and B3LYP/6-311++G** 

is of high enough quality to obtain accurate results for the present study. 
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Table IX 

 Gas phase constant pressure heat capacities (J/mol·K) of the six species calculated by HF, 

B3LYP at 6-311++G** basis set and CBS-QB3 levels of theory  

Species HF B3LYP QBS-CB3 

1(Cs) 112.80 120.89 119.76 

2(C2v) 113.64 121.27 120.00 

3(Cs) 109.43 115.89 115.37 

4(Cs) 111.18 118.72 118.17 

5(C1) 108.02 115.51 115.28 

7(C1) 107.25 115.75 115.85 
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§4.2 Aqueous solvent effects 

                 Most of the interesting chemical and biological processes are carried out in 

aqueous solution. A solvent substantially alters the chemical behavior and the molecular 

structure.76 The differences in the equilibrium constants and tautomerism constants between 

gas and aqueous solution phases reveal some interesting points. The equilibrium constant 

differences between species (1) versus (2) and species (3) versus (4) decrease significantly in 

aqueous solution phase; for tautomerism constants, the differences between species such as 

(3) versus (1), (4) versus (2), (6) versus (1), (6) versus (2), (7) versus (1) and (7) versus (2) 

apparently increase in aqueous solution phase. It is instructive to look back at the molecular 

structures in Figure 5. Species (1) and (2) both have two hydroxyl groups while species (3)-

(6) have one and species (7) has no hydroxyl group. It is very likely that, in aqueous solution 

phase, water complex affect the stabilities of these conformers by forming hydrogen bonds 

with the hydroxyl groups in species (1)-(4) and (6). Therefore, comparing structure (6) with 

(1) or (2) in aqueous phase, for instance, species (1) and (2) are stabilized by forming 

hydrogen bonds with water complex, which causes the large enhancement of the preference 

of species (1) and (2) over structure (6) relative to the gas phase. In the case of the 

comparison of species (1) versus (2) and species (3) versus (4), the hydrogen bond 

stabilization may contribute to the diminishing of their Gibbs free energy differences. Also, 

as mentioned in Chapter 3, hydrogen bond interaction might be the reason for the different 

hydroxyl group orientations in species (5) and (6).  

              Hydrogen bonding can be detected qualitatively by spectroscopic methods, such 

as infrared spectrometry and 1H-NMR chemical shift. In IR spectrometry, the O-H stretching 

absorption of the hydroxyl group is very sensitive to hydrogen bonding. In gas phase as well 
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as in dilute CCl4 solution, small to moderate size alcohols exhibit a sharp absorption in the 

3620 cm-1 to 3670 cm-1 region.76 In more concentrated solution, or in aqueous media, or just 

as a pure liquid, the hydroxyl groups bond to each other or to water complex when in 

aqueous phase, and as a result, the hydrogen bonding occurring in that system lowers the O-

H stretching frequencies and broadens the band. Thus, it is instructive to check the 

differences between IR spectra obtained in gas and aqueous solution media.   

                Shown in Figures 11-15 are the comparison of two partial spectra (O-H stretching 

bands) that correspond to the two different phases, gas and aqueous. Peaks drawn in thin 

lines are from gas phase and the ones in heavy lines are from aqueous phase. Since structure 

(5) has no corresponding form in aqueous media but occurs as species (6), and which differ 

in the orientation of hydroxyl group, the spectra of species (5) and (6) are put together in one 

 

Figure 11 

O-H stretching peaks comparison of species (1) in gas and aqueous solution phases  
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Figure 12 

O-H stretching peaks comparison of species (2) in gas and aqueous solution phases  
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picture, Figure 15. Clearly, in aqueous phase, all the O-H stretching peaks move to lower 

frequencies and become broader and larger compared to their counterparts in the gas phase. 

This points to the formation of hydrogen bonds in aqueous solution. Another obvious feature 

Figure 13 

O-H stretching peaks comparison of species (3) in gas and aqueous solution phases  
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Figure 14 

O-H stretching peaks comparison of species (4) in gas and aqueous solution phases  

0

100

200

300

300032003400360038004000

Wavenumber (1/cm)

In
te

n
si

ty
 (

km
/m

o
l)

Gas

Aqueous

 

 

of these spectra is that structure (1) has two O-H stretching bands, while all others have 

single bands, including structure (2), which differs from species (1) only in the orientation of 

its hydroxyl group. Recall from Figure 5, that the two hydroxyl groups in species (1) are 

pointing in the same direction. But in structure (2), they are pointing in opposite directions. 

Therefore, structure (1) forms intra-molecular hydrogen bond (Figure 16) and produces the 

two O-H peaks.77 Besides species (1), there also can be intra-molecular hydrogen bonds 

formed in structures (3) and (5).  (Figure 17). The Atomic Polar Tensors78 (APT) charge of 

oxygen of carbonyl group, C=O, is -0.82 (carbon is + 0.79) in species (3), and -0.76 (carbon 

is +0.74) in species (5). Hence their carbonyl groups are highly polarized and suitable for 

forming hydrogen bonds. And such hydrogen bonding should also be the reason why species 

(3) is more stable than species (4) and the O-H stretching bands of species (3) and (5) appear 

at much lower frequencies than species (4). But, why the hydrogen bonding in these two 

structures does not cause spliting O-H stretching bands as in structure (1)? Intra-molecular 
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hydrogen bonds play an important role in determining various properties of molecules in 

solution.79 A closer investigation on hydrogen bonding in these structures may answer this 

question and provide some fundamental findings, such as the enthalpy change of the rupture 

of intra-molecular hydrogen bond and the differences in solvation energy in solutions.         

           

Figure 15 

O-H stretching peaks comparison of species (5) and (6) in gas and aqueous solution phases, 

respectively  
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Figure 16 

Comparing intra-molecular hydrogen bond formation in species (1) and (2)  
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Figure 17 

Intra-molecular hydrogen bonds in structures (3) and (5) 

 

 

Species (1) is in equilibrium with species (2) (Figure 18). Both conformers are 

planar and can transform to each other simply by 180° rotation of the hydroxyl group about 

the C-O bond, leaving the aromatic ring almost unchanged.77, 80 This is supported by the 

similarity of the bond lengths and angles of these two structures (refer to Table VI in Chapter 

3). Hence, an assumption that the enthalpy difference between conformers (1) and (2) is 

caused by the rupture of intra-molecular hydrogen bond is proposed and used to obtain an 

 

Figure 18 

Conversion between conformers (1) and (2), (3) and (4) 
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approximation of intra-molecular hydrogen bond enthalpy. Both of these two species have 

been optimized at several levels of theory in gas and aqueous phase. At B3LYP/6-311++G** 

level, the enthalpy change of the rupture of intra-molecular bond in gas and aqueous solution 

phase are, ΔHg = 4.21 kcal/mol; ΔHs = 0.20 kcal/mol, respectively. It is instructive to look at 

such conversions of hydroxyl group in hydroquinone, which is the para substituted benzene 

structure by two hydroxyl groups (Figure 19). Due to the relatively long distance between its 

two hydroxyl groups, it is impossible for intra-molecular bond to form in hydroquinone. 

Thus, based on the assumptions just made above, the enthalpy changes between these two 

structures should be small enough to be neglected. At the same level of theory, B3LYP/6-

311++G**, the enthalpy change in gas and aqueous solution phases are, ΔHg = 0.05 kcal/mol; 

ΔHs = 0.03 kcal/mol, respectively. Apparently, the neglect of the change of backbone, 

benzene ring, when the hydroxyl group rotates 180°, is reasonable. Similar procedures were 

applied to obtain the enthalpy change of the rupture of intra-molecular bond in structure (3) 

in gas and aqueous solution media. They are ΔHg = 7.61 kcal/mol; ΔHs = 1.35 kcal/mol, 

respectively.  

                It is interesting to compare the intra-molecular hydrogen bond enthalpies of species 

(1) and (3). Uniformly, in gas and aqueous phases, such enthalpies in structure (3) are much 

larger than structure (1). This may be attributed to the fact that the polarity of C=O (APT 

charges of O and C are -0.82 and +0.80 in gas phase, are -1.3 and +1.2 in aqueous solution 

phase) in structure (3) is larger than the polarity of O-H (APT charges of O and C are -0.71 

and +0.42 in gas phase, are -1.01 and +0.63 in aqueous solution phase) in structure (1) and 

the intra-molecular hydrogen bond lengths of structure (3) (2.08 Å  and 2.22 Å in gas and 

aqueous solution phases) are shorter than structure (1) (2.15 Å and 2.25 Å in gas and aqueous 
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solution phases). As mentioned earlier in this chapter, the predicted infrared spectra of 

species (1) and the observed spectrum of catechol have split double bands of hydroxyl group 

(Figure 7). The lower band with higher frequency belongs to intra-molecular hydrogen bond 

free structure while the higher band with lower frequency is of intra-molecular hydrogen 

bonded structure. When the molecule is in aqueous solution, the hydroxyl groups exhibit 

strong interaction with the water complex. As a result, the solvent will compete with the 

intra-molecular hydrogen bonding, and the conformation of the molecule in such solution is 

determined by a balance of these two factors. For the infrared spectrum of structure (3), its         

     

Figure 19 

Conversion between two conformers of hydroquinone 

 

 

single band of hydroxyl group may be due to its relatively strong intra-molecular hydrogen 

bond and the band of intra-molecular hydrogen free is too small to show up.  The differences 

in solvation energy in solution of species (1) and (3) can be estimated by equation ΔsolvE = 

ΔHs - ΔHg,77 which are -4.01 kcal/mol and -6.26 kcal/mol, respectively.  

                Another index that can provide quantitative evidence for the difference between the 

gas and aqueous phase is the chemical shifts of hydrogen of the hydroxyl groups in species 
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(1)-(6). Gaussian 03 was used to predict the 1H-NMR spectra81-83 at B3LYP/6-311++G** 

level of theory. 1H-NMR chemical shifts are presented in Table X. Refer to Figure 5 in 

Chapter 3 for labeling of hydrogen atoms. It is apparent that all the chemical shifts are 

increased, i.e. move to lower magnetic field, in the aqueous solution phase. However, the 

changes, noted by Δδ, of the chemical shifts of hydrogen atoms in the hydroxyl groups are 

much larger than hydrogens in other positions. This is due to the fact that the chemical shift 

of the proton involved in the hydrogen bond moves upfield to lower frequency.84 It is 

interesting to compare Δδ of each hydroxyl group. In species (1), ΔδH12 = 2.9; ΔδH14 = 2.2. 

Their counterparts in species (2) are 2.8 and 2.8, respectively. For structures (3) and (4), 

ΔδH13 are 0.7 and 3.0, respectively. The differences of ΔδH14 in species (1) and (2) and ΔδH13 

in speices (3) and (4) are distinct. Hydrogens with lower Δδ correspond to those involved in 

intra-molecular bonds while others with larger values are intra-molecular bond free 

hydrogens. This is the balanced result of the competition between the aqueous solvent and 

the intra-molecular hydrogen bonding, and is another index to be used for the existence of 

intra-molecular hydrogen bonds in structures (1) and (3). 

                Till now, SCRF-PCM model, which is still being developed, was used to simulate 

the aqueous solvent affect. Evidences have been provided in terms of infrared spectra and 

1H-NMR chemical shifts to confirm the existence of hydrogen bonding. Alternatively, the 

solution state can be approximated as clusters, in which a number of solvent molecules 

surround the solute to form a certain configuration of cluster.85-87 Infrared spectroscopy has 

been extensively used for obtaining structural information of clusters which are difficult to be 

determined directly. Pure water (H2O)n (n≤8), C6H6-(H2O)n (n≤6), and phenol-(H2O)n (n≤4) 

have been well investigated both experimentally and theoretically. However, there is seldom 
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computational study on catechol-(H2O)n clusters, which is quite close to phenol-(H2O)n. 

Experimental study of IR spectra of catechol-H2O cluster is only limited to catechol-H2O 

and catechol-(H2O)3 clusters. An investigation of the computational study of catechol-

(H2O)n cluster was initiated by the present study and currently obtained results of catechol-

(H2O)n, n≤3 clusters at B3LYP/6-311++G** level are provided in Appendix II along with a 

brief discription. Besides, kinetically, aqueous solution lowers the activation barrier for keto-

enol tautomerism when the keto and enol structures interact with water complex.88 Possible 

future work is systematic study of catechol-(H2O)n clusters and modeling of this kinetic 

process.   
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 1H d 

aqueous solution phases computed at the B3LYP/6-311++ emistry. 

Table X 

-NMR chemical shifts (ppm) of the hydrogen atoms of the seven species in gas an

G** model ch

Gas phase Water phase 

Species (1): C1-H7=6.8 

                    C2-H8=7.0 

                    C3-H9=7.1 

                      C6-H10=6.6 

                     O11-H12=3.6 

                     O13-H14=4.1 

Species (2): C1-H7=6.8 

                    C2-H8=6.8 

                    C3-H9=6.6 

                      C6-H10=6.6 

                         O11-H12=3.6 

                         O13-H14=3.6 

                         O12-H13=6.1               

 

3 

                          O13-H14=6.4               

                         O12-H13=6.8 

Species (3): C1-H7=6.1 

                    C2-H8=6.5 

                    C3-H9=6.5 

                      C6-H10=3.5 

                      C6-H14=3.5 

Species (1): C1-H7=7.2 

                    C2-H8=7.2 

                    C3-H9=7.4 

                     C6-H10=7.3 

                     O11-H12=6.5 

                     O13-H14=6.

Species (2): C1-H7=7.1 

                    C2-H8=7.1 

                     C3-H9=7.3 

                       C6-H10=7.3 

                          O11-H12=6.4 

Species (3): C1-H7=6.7 

                    C2-H8=6.9 

                    C3-H9=7.2 

                      C6-H10=3.8 

                      C6-H14=3.8 
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Species (4): C1-H7=6.1 

                    C2-H8=6.2 

                    C3-H9=6.0 

                      C6-H10=3.4 

                      C6-H14=3.4 

                        O12-H13=3.3 

  

                  C5-H14=3.4 

                        O12-H13=6.3 

                      O12-H13=3.4 

   

                  C5-H14=3.7 

 

Species (5): C2-H7=6.3 

                    C3-H8=7.2 

                    C4-H9=6.4 

                       C5-H10= 7.2 

                      C6-H14=5.1 

                     O12-H13=3.0 

Species (7): C2-H9=3.4 

                     C2-H10=3.4 

                     C3-H11=6.1 

                      C4-H12= 6.1 

                   C5-H13=3.4 

Species (4)  C1-H7=6.7 

                    C2-H8=6.8 

                    C3-H9=7.0 

                      C6-H10=3.7 

                      C6-H14=3.7 

Species (6): C2-H7=6.5 

                    C3-H8=7.5 

                    C4-H9=6.8 

                       C5-H10= 7.3 

                       C6-H14=5.3 

Species (7): C2-H9=3.7 

                     C2-H10=3.8 

                     C3-H11=6.4 

                      C4-H12= 6.4 

                  C5-H13=3.8 
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Chapter 5 

Aromaticity   

                In Chapter 5, the aromaticity of the molecular system under study is determined 

thoroughly by NICS index, NICS scanning profile, 1H-NMR chemical shifts and magnetic 

susceptibility criteria. It is found that catechol (species (1) and (2)) has strong aromaticity 

and all the other isomers are non-aromatic.   

 

                As mentioned in Chapter 4, in recent studies1-4 of the tautomerism in phenol, 

hydroxycyclopropenone, and tropolone, the virtual exclusivity of enol structures over their 

possible respective keto forms is attributed to the additional stabilization due to aromaticity 

present in the enol structures. For the cases of hydroxycyclopropenone, tropolone and other 

five, seven and nine membered cyclic polyenes, it is their resonance hybrid forms that result 

in stabilization.4 A similar reason can be applied to explain the prevalence of catechol. 

Catechol can be regarded as the –OH ortho position substituted form of phenol. Therefore, it 

is simple to understand the aromaticity that exists in catechol. Its benzene ring, where the 

word “aromatic” originally came from, complies with all the four criteria (listed in chapter 1) 

for the aromaticity test easily.  

                Though species (3)-(6) also have their resonance structures, they all have four π 

electrons and fail to satisfy the elementary Hückel theory, which requires (4n + 2) π electrons, 

where n is integer and ≥0. The same applies to species (7). Therefore, based on this finding, it 

is apparent that species (3)–(6) are not aromatic. The question is: are they antiaromatic or 
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non-aromatic? According to the simple criteria for antiaromaticity, species (3) and (4) do not 

have alternating single and double bonds structures; structures (5)–(7) are even non-planar. 

Hence, it seems that species (3)–(7) are all non-aromatic. Those criteria for aromaticity, 

antiaromaticity and non-aromaticity, including the elementary Hückel’s rule, provide a quick 

and intuitive judgment on aromaticity or otherwise. However, they are suitable for some 

certain simple molecular structures and, in many circumstances, are not valid. For instance, 

borazine, which has six π electrons and equalized bond lengths, is isoelectronic with benzene 

structure. However, its π electrons are largely localized on the nitrogen atoms and thus are 

not aromatic.89 Pyrene, which has sixteen conjugated π electrons, is aromatic, although it 

fails to comply with the 4n + 2 rule.90 Besides, molecules don’t have to be planar or possess 

alternating single and double bonds to be aromatic or antiaromatic. For example, the 

aromatic stabilization of cyclooctatriene cation, which is not planar and whose conjugated 

ring system is interrupted by methylene group, is not destroyed.91 Therefore, it is necessary 

to execute more fundamental or universal examinations to actually evaluate the aromaticity, 

antiaromaticity and non-aromaticity.  

                Several studies89 have been done to determine the degree of aromaticity 

quantitatively, such as H1-NMR chemical shifts, magnetic susceptibility anisotropies, nucleus 

independent chemical shifts (NICS) and isomerization energies, and aromatic stabilization 

energies. In the present work, the NICS calculation criterion was applied to evaluate the 

aromaticity of our molecular system. Since NICS calculation can not be done in aqueous 

solution phase, 1H-NMR chemical shifts were used as a supplement.      

                Listed in Table XI are the results of NICS(0)iso, NICS(1)iso, NICS(0)zz and 

NICS(1)zz, calculated at B3LYP/6-311++G** level of theory in gas phase. NICS(0)iso is the  
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Table XI 

B3LYP/6-311++G** calculated NICS(0)iso, NICS(1)iso, NICS(0)zz and NICS(1)zz, values of 

species (1) – (5), (7) in gas phase (ppm) 

Species NICS(0)iso NICS(1)iso NICS(0)zz NICS(1)zz 

(1) -10.55 -10.00 -12.34 -25.64 

(2) -10.61 -9.93 -12.73 -25.54 

(3) 3.21    -0.83    18.86 0.22 

(4) 3.41 -0.41 18.39 0.83 

(5) 4.19 0.15 20.34 4.61 

(7) 6.07    0.83 17.16 2.98 
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total induced isotropic magnetic shift or the average shift computed at the ring center. 

Similarly, NICS (1)iso is the isotropic magnetic shift at 1 Å above the ring centre. NICS(0)zz 

is the out-of plane component of the NMR tensor at the ring center and NICS(1)zz is its 

counterpart at 1 Å above the ring centre. NICS(1)iso index was recommended in 1997 as a 

better indicator of the effect of π electrons over NICS(0)iso.92,93 NICS(0)zz and NICS(1)zz 

were recommended in 200694 since the zz component of the NMR tensor models Pople’s 

famous ring current concept.95 And NICS(0)zz  is better than NICS(1)zz.
94 

It is quite clear that all the NICS values of species (1) and (2) are significantly 

negative, which indicates there is apparent aromaticity existing in the two conformers of 

catechol. Interestingly, their NICS(0)iso and NICS(1)iso are very close to each other. However, 

based on the conclusion of,92-93 NICS(0)iso and NICS(1)iso should be quite different due to 

local contribution of the C-H and C-C single bond to the magnetic shielding at the ring center 

96-100 and such influences fall off rapidly at points above the ring centre where π aromaticity 

dominates.93 Nevertheless, this trend is followed by NICSzz values, where NICS(1)zz is about 

twice that of NICS(0)zz. Therefore, NICSzz index is better in terms of evaluating the magnetic 

environment induced by the ring current.  

                A large positive NICS value, which is an indication of paramagnetism, denotes 

antiaromaticity, while near zero NICS values are indicative of non-aromaticity. For species 

(3)-(5) and (7), NICS(0) values are relatively large and positive, especially for the case of 

NICS(0)zz, which is the recommended NICS index.94 Hence, based on this finding, it seems 

that these four structures are antiaromatic. However, their NICS(1)iso and NICS(1)zz values, 

which are not influenced by the local contribution of C-H and C-C single bonds, are all very 
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close to zero, which should indicate non-aromaticity. Therefore, it is difficult to discern 

whether they are antiaromatic or not.                

 

Figure 20101 

Plots of the NICS values from the ring centre point up to 5 Å above the ring following an 

axis perpendicular to the ring plane. Three different kinds of behavior are observed, labeled 

as I, II (a, b), and III.   
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                M. Sola and co-workers101 found a relationship between the shape of NICS 

scanning profiles with respect to the perpendicular distance from the ring center, and 

aromaticity. In a NICS scanning profile, its NICS values are plotted as a function of  

 

Figure 21 

NICS scanning of species (1) and (2) from the ring centre point up to 10 Å above the ring 

along the z axis  
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increasing distance away from the ring centre, beginning at the center. Those NICS scanning 

profiles fall into three categories (I, II a, II b, III). Figure 20101 are a schematic plots of the 

NICS profiles. The NICS values are scanned along the z-axis from the ring center toward 5 Å  

 

Figure 22 

NICS scanning of species (3) and (4) from the ring centre point up to 10 Å above the ring 
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above it. The first class labeled as “I”, follows a monotonical ascent for some cases (σ 

aromaticity102-105), or exhibits NICS maxima near the ring center in other species (π 

aromaticity). One would anticipate aromatic character for species belonging to this group.  

 

Figure 23 

NICS scanning of species (5) and (7) from the ring centre point up to 10 Å above the ring 

along the z axis  
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Category “II” stands for non-aromatic or low-aromatic compounds. “II a” are closer to 

aromatic behavior and “II b” have a rather antiaromatic character. Class “III” begins with 

large positive NICS values then goes to non-aromatic NICS values that are close to 0 at large 

distances from the ring centre. It thus stands for anti-aromaticity. These three categories of 

NICS scanning are applied as a standard to compare with the NICSzz profiles generated in 

this thesis. A similar approach should be suitable for the present study to understand the use 

of NICS indices as a gauge of aromaticity as well as to answer the question whether species 

(3)-(5) and (7) are antiaromatic or non-aromatic. The partial dash lines in class “I” of Figure 

20 means some species exhibit NICS maxima near the ring centre, while some others have 

maxima at a distance ≥ 0.5 Å above the ring center, and the rest have a certain constant NICS 

value from 0 to 0.5 Å.101  

                Figure 21 includes the NICSzz profiles of species (1) and (2). Their NICSzz indices 

are scanned up to 10 Å away from the ring centre. The NICSzz values were computed at 

B3LYP/6-311++G** level. Apparently, they are belonging to category “I”, which stands for 

aromaticity, confirming the aromatic character of the two conformers of catechol. Both of 

them reach their NICSzz minima at about 1 Å away from the ring centre. 

                Presented in Figures 22 and 23 are the NICSzz indices scans of species (3)-(5) and 

(7) obtained at B3LYP/6-311++G** level of theory. Their NICSzz profiles are nearly 

identical to each other, and the shape of plots in Figures 22 and 23 are quite similar to class 

“II b”, beginning with positive values then coming to negative minima and then finally 

tending to -0 as distance increases. However, since their NICS indices begin with 

significantly large positive values at the ring centre, which reveal strong antiaromaticity, it 

may not be proper to categorize them into class “II b”. At this point, they appear to be a mix 
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of category “II b” and “III”. Other magnetic criteria, such as 1H-NMR chemical shifts and 

magnetic susceptibility anisotropy, may be needed as supplementary evidence for a complete 

determination.  

                 The 1H-NMR chemical shifts are listed in Table X (Chapter 4). It is clear that 

protons of aromatic species (1) and (2) have larger deshieldings than other isomers. But the 

differences are not large for the protons that are attached to sp3 carbons. According to 

reference,89 the differences of H1-NMR chemical shifts between aromatic and antiaromatic 

substances is dramatic, thus species (3)–(7) are not antiaromatic.  

                In addition to the hydrogen chemical shifts, magnetic susceptibility anisotropy has 

been another measure of aromaticity.106-111 The magnetic susceptibility tensor component, χzz 

that is normal to the aromatic ring is much larger than the average of the other two diagonal 

tensor components, χxx and χyy. The magnetic susceptibility anisotropy is defined as 

 yyxxzzanis 2
1    . Aromatic compounds have quite negative anis . In contrast, 

highly antiaromatic compounds have positive anis .89 In aromatic structures, the electron 

delocalization, which is explained by the ring current model,95 only influences the out-of-

plane component of the susceptibility, i.e. zz . Thus, the induced ring current should have a 

large negative contribution to zz , while in antiaromatic rings, such contribution is positive. 

But unfortunately, zz  does not measure the mere magnitude induced by the ring current; 

individual elements or bonds also have localized partitions on the total magnetic 

susceptibility tensors.112 Flygare and co-workers112 proposed a method to deduce the 

localized magnetic susceptibility ( nonlocal zz, ) and subtract the localized contribution from the 

total magnetic susceptibility to obtain the non-localized magnetic susceptibility tensor 
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component, local,zzzznonlocal zz,  

zz

. An identical procedure (refer to reference112 for details) 

was followed in the present study. Listed in Table XII are the results of a series of 

structures’  , anis  computed at B3LYP/6-311++G** level in gas phase as well as χzz,nonlocal 

calculated according to Flygare’s method.112 Benzene and cyclobutadiene are included in 

Table XII as a reference of  

Figure 24 

NICS scanning of tropone and tropolone from the ring centre point up to 10 Å above the ring 

along the z axis  
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aromaticity and antiaromaticity. Apparently, for each compound of this series of structures, 

the differences between each magnetic susceptibility (χzz, χanis, χzz,nonlocal ) are dramatic. Non-

localized magnetic susceptibility, χzz,nonlocal is a much better index for measuring aromaticity. 

The two conformers of catechol have comparable χzz,nonlocal values with benzene, confirming 

their aromaticity. Structures (3)-(5) and (7) have low negative χzz,nonlocal rather than large 

positive value like cyclobutadiene. Therefore, based on the examination by NICS, 1H-NMR 

and magnetic susceptibility, they are all non-aromatic. Finally, it is interesting to look at 

tropone and tropolone, the last two molecules listed in Table XII. Those two analog 

structures, which only differ in one hydroxyl group, have distinctly different χzz,nonlocal values. 

Based on the magnetic susceptibility results, tropone should be classified as non-aromatic 

and tropolone is aromatic. Moreover, their NICS scanning profiles (Figure 24) are 

comparable with class “I” and “II b” in Figure 20, respectively. Therefore, it is evident that 

tropone may be considered as a non-aromatic compound. However, reference113 proposed 

tropone to have aromaticity.   
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Table XII 

Magnetic susceptibilities (cgs ppm) 

Species χzz χanis χzz,nonlocal 
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-29.8 
 
 
 

-9.9 
 
 
 

-4.7 
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-0.3 
 
 
 

-7.4 
 
 
 

-28.7 
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Chapter 6 

Conclusions and Outlook 

 In both gas and aqueous solution phase, the two conformers of catechol (species (1) 

and (2)) are the most stable structures among catechol’s possible isomers in terms of 

electronic energy and Gibb’s free energy. Between species (1) and (2), species (1) is 

more stable due to its intra-molecular hydrogen bond. Similarly, species (3) is more 

stable than (4) for the same reason.    

 Structurally, among the seven species, only isomers (1) and (2) comply with the 

crystal structure of naturally existing catechol measured in experiments in terms of 

bond length and inter-bond angle. There is no significant difference in structure data 

between gas and aqueous solution phase except their O-H bond lengths, which 

experienced notable elongation in aqueous solvent. This is believed to be due to the 

hydrogen bonding formed between those hydroxyl groups with water complex.  

 The equilibrium constants reveal the significant predominance of species (1) and (2) 

over other isomers. Species (1) is more favorable than species (2) by ~ 3000 times. 

But this preference is diminished by ~ 400 times in aqueous solution phase. There is a 

similar situation for species (3) and (4). This is believed to be the combined results of 

intra-molecular hydrogen bonding and hydrogen bonding with water complex in 

aqueous solution.  

 The comparison between the theoretically calculated constant pressure heat capacities 

with the ones measured experimentally provides another indication of the accuracy of 
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 Only the predicted infrared spectrum of species (1) in gas phase compares nicely with 

the observed IR spectrum under the same condition. This suggests that catechol exists 

as structure (1) in nature. The main difference of spectra between structures (1) and (2) 

are their O-H stretching bands, which is caused by the intra-molecular bond formed in 

structure (1). The predicted infrared spectra in gas and aqueous solution phase also 

reveal the existence of hydrogen bonding for species (1)-(4) and (6) in aqueous 

solvent.  

 The enthalpy change associated with the rupture of intra-molecular hydrogen bond of 

species (1) is 4.21 kcal/mol in gas phase and 0.20 kcal/mol in aqueous solvent. Such 

enthalpy of species (3) is 7.61 and 1.35 kcal/mol, respectively. The large differences 

in intra-molecular hydrogen bond enthalpy between gas and aqueous solution phase is 

that water complex will compete with intra-molecular hydrogen bonding to form 

inter-molecular hydrogen bonds. As a result, such competition reduces the intra-

molecular hydrogen bond enthalpy.    

 1H-NMR chemical shifts of hydrogen atoms in hydroxyl groups also reveal the 

existence of hydrogen bonding with water complex in aqueous solvent and the 

competition between water complex with intra-molecular hydrogen bonding.    

 The exclusive predominance of dienol structure over their respective keto forms in 

this study is attributed to the additional resonance stabilization induced by aromaticity. 

A combination of NICS index, NICS scanning profile, 1H-NMR chemical shifts, and 
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 The most stable configurations of catechol-(H2O)n clusters (n≤3) have been found by 

computations at B3LYP/6-311++G** level of theory. For the case of n=2 and 3, there 

are two configurations of very close energies. Future work should be done to find out 

the most stable one by performing higher level computational theories and comparing 

with experimental results if available.  

 An interesting phenomenon, when comparing the predicted IR spectra of the most 

stable configurations, has been noticed that, as the number of water molecules 

increases from 1 to 3, the O-H anti-symmetric stretching bands of those molecules 

almost do not shift, while their O-H symmetric stretching bands and catechol’s O-H 

stretching bands (especially for the O-H groups that provide proton to water 

molecules) shift to lower frequencies. Such features should be followed as the water 

molecules keep increasing in number. Coupled harmonic oscillators model may be 

useful to explain this feature.  

                  

                 



Appendix I 

Table VI 

 Gas and aqueous phase B3LYP/6-311++G** computed optimized geometry (bond 

length/Angstroms and angles/degrees) for the seven species listed in Figure 5 (R is the 

bond length, A is the bond angle, D is the dihedral angle). 

Gas Aqueous 

(1) 

R(1,2)=1.393          

R(1,6)=1.396          

R(1,7)=1.083          

R(2,3)=1.395          

R(2,8)=1.084          

R(3,4)=1.391          

R(3,9)=1.084          

R(4,5)=1.402          

R(4,13)=1.364           

R(5,6)=1.389          

R(5,11)=1.379           

R(6,10)=1.086          

R(11,12)=0.962           

R(13,14)=0.966          

(1) 

R(1,2)=1.395          

R(1,6)=1.396          

R(1,7)=1.087          

R(2,3)=1.396          

R(2,8)=1.087          

R(3,4)=1.393          

R(3,9)=1.087          

R(4,5)=1.404          

R(4,13)=1.385           

R(5,6)=1.393          

R(5,11)=1.392           

R(6,10)=1.089          

R(11,12)=0.984           

R(13,14)=0.977          
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A(2,1,6)=119.8          

A(2,1,7)=120.5          

A(6,1,7)=119.68          

A(1,2,3)=120.3          

A(1,2,8)=120.2          

A(3,2,8)=119.6         

A(2,3,4)=120.1          

A(2,3,9)=121.4          

A(4,3,9)=118.4          

A(3,4,5)=119.4          

A(3,4,13)=119.9          

A(5,4,13)=120.7          

A(4,5,6)=120.5          

A(4,5,11)=115.1          

A(6,5,11)=124.4          

A(1,6,5)=119.9          

A(1,6,10)=120.5           

A(5,6,10)=119.7           

A(5,11,12)=110.5           

A(4,13,14)=108.4          

(2) 

R(1,2)=1.390          

A(2,1,6)=119.9          

A(2,1,7)=120.5          

A(6,1,7)=119.6          

A(1,2,3)=120.0 

A(1,2,8)=120.4          

A(3,2,8)=119.7         

A(2,3,4)=120.4          

A(2,3,9)=121.1          

A(4,3,9)=118.6          

A(3,4,5)=119.6          

A(3,4,13)=119.7          

A(5,4,13)=121.7 

A(4,5,6)=119.9 

A(4,5,11)=116.2  

A(6,5,11)=124.0          

A(1,6,5)=120.3         

A(1,6,10)=120.8           

A(5,6,10)=118.9           

A(5,11,12)=111.1 

A(4,13,14)=111.1         

(2) 

R(1,2)=1.393          
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R(1,6)=R(2,3)=1.40          

R(1,7)=R(2,8)=1.083          

R(3,4)=R(5,6)=1.392          

R(3,9)=R(6,10)=1.087          

R(4,5)=1.406          

R(4,13)= R(5,11)=1.367         

R(11,12)=R(13,14)=0.963         

A(2,1,6)=A(1,2,3)=119.7         

A(2,1,7)=A(1,2,8)=120.6         

A(6,1,7)=A(3,2,8)=119.7         

A(2,3,4)=A(1,6,5)=120.9         

A(2,3,9)=A(1,6,10)=120.1         

A(4,3,9)=A(5,6,10)=119.0         

A(3,4,5)=A(4,5,6)=119.4         

A(3,4,13)=A(6,5,11)=123.3         

A(5,4,13)=A(4,5,11)=117.3         

A(5,11,12)= A(4,13,14)=109.3      

(3) 

R(1,2)=1.343          

R(1,6)=1.497          

R(1,7)=1.084          

R(2,3)=1.451          

R(1,6)=R(2,3)=1.397          

R(1,7)=R(2,8)=1.087          

R(3,4)=R(5,6)=1.394          

R(3,9)=R(6,10)=1.089          

R(4,5)=1.407          

R(4,13)= R(5,11)=1.367        

R(11,12)=R(13,14)=0.983         

A(2,1,6)=A(1,2,3)=119.8         

A(2,1,7)=A(1,2,8)=120.6         

A(6,1,7)=A(3,2,8)=119.7         

A(2,3,4)=A(1,6,5)=120.7         

A(2,3,9)=A(1,6,10)=120.6         

A(4,3,9)=A(5,6,10)=118.7         

A(3,4,5)=A(4,5,6)=119.5         

A(3,4,13)=A(6,5,11)=123.2         

A(5,4,13)=A(4,5,11)=117.3         

A(5,11,12)= A(4,13,14)=110.2 

(3) 

R(1,2)=1.345          

R(1,6)=1.494          

R(1,7)=1.087          

R(2,3)=1.449          
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R(2,8)=1.084          

R(3,4)=1.355          

R(3,9)=1.084          

R(4,5)=1.474          

R(4,12)=1.349          

R(5,6)=1.514          

R(5,11)=1.226          

R(6,10)=R(6,14)=1.098          

R(12,13)=0.974          

A(2,1,6)=121.2          

A(2,1,7)=121.0           

A(6,1,7)=117.7          

A(1,2,3)=122.0          

A(1,2,8)=120.3          

A(3,2,8)=117.7          

A(2,3,4)=121.4          

A(2,3,9)=119.5          

A(4,3,9)=119.1          

A(3,4,5)=121.1          

A(3,4,12)=123.4          

A(5,4,12)=115.5           

A(4,5,6)=118.0          

R(2,8)=1.087          

R(3,4)=1.358          

R(3,9)=1.089          

R(4,5)=1.466          

R(4,12)=1.356          

R(5,6)=1.512          

R(5,11)=1.233          

R(6,10)=R(6,14)=1.104          

R(12,13)=0.982          

A(2,1,6)=121.0 

A(2,1,7)=121.4           

A(6,1,7)=117.6          

A(1,2,3)=121.4 

A(1,2,8)=120.8          

A(3,2,8)=117.8          

A(2,3,4)=122.2  

A(2,3,9)=119.0          

A(4,3,9)=119.8          

A(3,4,5)=120.7          

A(3,4,12)=121.5          

A(5,4,12)=117.8          

A(4,5,6)=117.8         
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A(4,5,11)=119.0          

A(6,5,11)=123.0           

A(1,6,5)=116.3          

A(1,6,10)=A(1,6,14)=110.6         

A(5,6,10)=A(5,6,14)=107.1         

A(10,6,14)=104.3          

A(4,12,13)=105.8          

D(2,1,6,10)=-D(2,1,6,14)=-122.7       

D(7,1,6,10)=-D(7,1,6,14)=57.5        

D(4,5,6,10)=-D(4,5,6,14)=124.3       

D(11,5,6,10)=-D(11,5,6,10)=-55.7    

(4) 

R(1,2)=1.341          

R(1,6)=1.496          

R(1,7)=1.085          

R(2,3)=1.452          

R(2,8)=1.084          

R(3,4)=1.355          

R(3,9)=1.084          

R(4,5)=1.486          

R(4,12)=1.356          

R(5,6)=1.527          

A(4,5,11)=120.2          

A(6,5,11)=122.1         

A(1,6,5)=117.0         

A(1,6,10)=A(1,6,14)=110.2         

A(5,6,10)=A(5,6,14)=107.3         

A(10,6,14)=104.1          

A(4,12,13)=109.5 

D(2,1,6,10)=-D(2,1,6,14)=-122.8       

D(7,1,6,10)=-D(7,1,6,14)=57.2        

D(4,5,6,10)=-D(4,5,6,14)=124.3       

D(11,5,6,10)=-D(11,5,6,10)=-55.7      

(4) 

R(1,2)=1.343          

R(1,6)=1.493          

R(1,7)=1.086          

R(2,3)=1.450          

R(2,8)=1.087          

R(3,4)=1.359          

R(3,9)=1.090          

R(4,5)=1.473          

R(4,12)=1.358          

R(5,6)=1.518          
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R(5,11)=1.215          

R(6,10)=R(6,14)=1.098          

R(12,13)=0.964          

A(2,1,6)=121.0          

A(2,1,7)=121.0           

A(6,1,7)=118.0          

A(1,2,3)=121.5 

A(1,2,8)=120.7          

A(3,2,8)=117.8          

A(2,3,4)=122.6 

A(2,3,9)=118.1          

A(4,3,9)=119.3          

A(3,4,5)=121.8          

A(3,4,12)=125.1          

A(5,4,12)=114.1          

A(4,5,6)=116.7          

A(4,5,11)=122.1 

A(6,5,11)=121.2           

A(1,6,5)=117.4          

A(1,6,10)=A(1,6,14)=110.5         

A(5,6,10)=A(5,6,14)=106.6         

A(10,6,14)=104.3     

R(5,11)=1.229          

R(6,10)=R(6,14)=1.002          

R(12,13)=0.986      

A(2,1,6)=120.8          

A(2,1,7)=121.4           

A(6,1,7)=117.7          

A(1,2,3)=121.2 

A(1,2,8)=121.0 

A(3,2,8)=117.8          

A(2,3,4)=122.8 

A(2,3,9)=118.4          

A(4,3,9)=118.8 

A(3,4,5)=120.5 

A(3,4,12)=125.0          

A(5,4,12)=114.6          

A(4,5,6)=117.1          

A(4,5,11)=121.9 

A(6,5,11)=120.9           

A(1,6,5)=117.6          

A(1,6,10)=A(1,6,14)=110.2        

A(5,6,10)=A(5,6,14)=107.0         

A(10,6,14)=104.1 
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A(4,12,13)=109.8          

D(2,1,6,10)=-D(2,1,6,14)=-122.6       

D(7,1,6,10)=-D(7,1,6,14)=57.4        

D(4,5,6,10)=-D(4,5,6,14)=124.5       

D(11,5,6,10)=-D(11,5,6,10)=-55.5      

(5) 

R(1,2)=1.463          

R(1,6)=1.531           

R(1,11)=1.221          

R(2,3)=1.354          

R(2,7)=1.084          

R(3,4)=1.457          

R(3,8)=1.086          

R(4,5)=1.343          

R(4,9)=1.084          

R(5,6)=1.496          

R(5,10)=1.084          

R(6,12)=1.405          

R(6,14)=1.114          

R(12,13)=0.970          

A(2,1,6)=116.1          

A(2,1,11)=124.6          

A(4,12,13)=110.4 

D(2,1,6,10)=-D(2,1,6,14)=-122.9       

D(7,1,6,10)=-D(7,1,6,14)=57.1        

D(4,5,6,10)=-D(4,5,6,14)=124.5       

D(11,5,6,10)=-D(11,5,6,10)=-55.5      

(6) 

R(1,2)=1.462 

R(1,6)=1.532          

R(1,11)=1.227          

R(2,3)=1.355          

R(2,7)=1.088          

R(3,4)=1.454          

R(3,8)=1.089          

R(4,5)=1.343          

R(4,9)=1.087           

R(5,6)=1.502          

R(5,10)=1.089          

R(6,12)=1.416          

R(6,14)=1.1156          

R(12,13)=0.981          

A(2,1,6)=116.0         

A(2,1,11)=122.6          
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A(6,1,11)=119.3          

A(1,2,3)=119.6          

A(1,2,7)=117.7          

A(3,2,7)=122.2          

A(2,3,4)=122.8          

A(2,3,8)=119.3           

A(4,3,8)=117.8          

A(3,4,5)=120.7          

A(3,4,9)=118.5          

A(5,4,9)=120.8          

A(4,5,6)=120.2          

A(4,5,10)=122.7          

A(6,5,10)=117.0          

A(1,6,5)=114.7          

A(1,6,12)=112.2          

A(1,6,14)=101.8          

A(5,6,12)=112.8          

A(5,6,14)=104.5          

A(12,6,14)=109.8          

A(6,12,13)=105.9          

D(6,1,2,3)=18.9          

D(6,1,2,7)= -169.0           

A(6,1,11)=121.4           

A(1,2,3)=120.8          

A(1,2,7)=117.1          

A(3,2,7)=121.7          

A(2,3,4)=122.6          

A(2,3,8)=119.4          

A(4,3,8)=118.0          

A(3,4,5)=120.2            

A(3,4,9)=118.7         

A(5,4,9)=121.1          

A(4,5,6)=121.3          

A(4,5,10)=121.9          

A(6,5,10)=116.7          

A(1,6,5)=115.0          

A(1,6,12)=110.3 

         A(1,6,14)=101.3975         

A(5,6,12)=114.3          

A(5,6,14)=104.8          

A(12,6,14)=110.1          

A(6,12,13)=108.6          

D(6,1,2,3)=16.3          

D(6,1,2,7)=-170.6          
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D(11,1,2,3)=-162.6          

D(11,1,2,7)=9.5          

D(2,1,6,5)=-28.4          

D(2,1,6,12)=-158.9           

D(2,1,6,14)=83.8          

D(11,1,6,5)=153.0           

D(11,1,6,12)=22.6          

D(11,1,6,14)=-94.8          

D(1,2,3,4)= -2.1          

D(1,2,3,8)=174.7          

D(7,2,3,4)=-173.8          

D(7,2,3,8)=3.1          

D(2,3,4,5)=-4.9          

D(2,3,4,9)=173.6          

D(8,3,4,5)=178.2          

D(8,3,4,9)=-3.3          

D(3,4,5,6)=-6.4          

D(3,4,5,10)=178.6          

D(9,4,5,6)=175.2          

D(9,4,5,10)=-0.1          

D(4,5,6,1)=22.7          

D(4,5,6,12)=152.8           

D(11,1,2,3)=-166.2          

D(11,1,2,7)=6.9          

D(2,1,6,5)=-23.7          

D(2,1,6,12)=-154.7          

D(2,1,6,14)=88.7          

D(11,1,6,5)=158.8          

D(11,1,6,12)=27.7          

D(11,1,6,14)=-88.9          

D(1,2,3,4)=-2.3          

D(1,2,3,8)=175.3          

D(7,2,3,4)=-175.1          

D(7,2,3,8)=2.5          

D(2,3,4,5)=-3.9          

D(2,3,4,9)=175.1           

D(8,3,4,5)=178.5          

D(8,3,4,9)=-2.5          

D(3,4,5,6)=-5.3          

D(3,4,5,10)=179.5          

D(9,4,5,6)=175.8          

D(9,4,5,10)=0.5          

D(4,5,6,1)=18.9           

D(4,5,6,12)=148.0          
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D(4,5,6,14)=-88.0          

D(10,5,6,1)=-161.8          

D(10,5,6,12)=-31.7           

D(10,5,6,14)=87.5          

D(1,6,12,13)=-19.9          

D(5,6,12,13)=-151.3          

D(14,6,12,13)=92.6          

(7) 

R(1,2)=1.519 

R(1,6)=1.552 

R(1,7)=1.205 

R(2,3)=1.507 

R(2,9)=1.101 

R(2,10)=1.095 

R(3,4)=1.333 

R(3,11)=1.086 

R(4,5)=1.507 

R(4,12)=1.086 

R(5,6)=1.519 

R(5,13)=1.095 

R(5,14)=1.101 

R(6,8)=1.205 

D(4,5,6,14)=-91.5          

D(10,5,6,1)=-165.6          

D(10,5,6,12)=-36.5           

D(10,5,6,14)=84.0          

D(1,6,12,13)=-160.0          

D(5,6,12,13)=68.6          

D(14,6,12,13)=-48.9 

(7) 

R(1,2)=1.509 

R(1,6)=1.559 

R(1,7)=1.211 

R(2,3)=1.505 

R(2,9)=1.103 

R(2,10)=1.097 

R(3,4)=1.332 

R(3,11)=1.089 

R(4,5)=1.505 

R(4,12)=1.089 

R(5,6)=1.509 

R(5,13)=1.097 

R(5,14)=1.103 

R(6,8)=1.211 
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A(2,1,6)=115.8 

A(2,1,7)=123.7 

A(6,1,7)=120.5 

A(1,2,3)=113.7 

A(1,2,9)=106.9 

A(1,2,10)=108.2 

A(3,2,9)=110.0 

A(3,2,10)=112.0 

A(9,2,10)=105.7 

A(2,3,4)=124.4 

A(2,3,11)=116.2 

A(4,3,11)=119.3 

A(3,4,5)=124.4 

A(3,4,12)=119.3 

A(5,4,12)=116.2 

A(4,5,6)=113.7 

A(4,5,13)=112.0 

A(4,5,14)=110.0 

A(6,5,13)=108.2 

A(6,5,14)=106.9 

A(13,5,14)=105.7 

A(1,6,5)=115.8 

A(2,1,6)=117.7 

A(2,1,7)=123.4 

A(6,1,7)=118.9 

A(1,2,3)=115.0 

A(1,2,9)=106.2 

A(1,2,10)=108.1 

A(3,2,9)=110.1 

A(3,2,10)=111.7 

A(9,2,10)=105.1 

A(2,3,4)=124.5 

A(2,3,11)=115.9 

A(4,3,11)=119.6 

A(3,4,5)=124.8 

A(3,4,12)=119.7 

A(5,4,12)=115.9 

A(4,5,6)=115.0 

A(4,5,13)=111.7 

A(4,5,14)=110.0 

A(6,5,13)=108.1 

A(6,5,14)=106.3 

A(13,5,14)=105.1 

A(1,6,5)=117.7 
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A(1,6,8)=120.5 

A(5,6,8)=123.7 

D(6,1,2,3)=-30.5 

D(6,1,2,9)=91.1 

D(6,1,2,10)=-155.6 

D(7,1,2,3)=149.5 

D(7,1,2,9)=-88.9 

D(7,1,2,10)=24.5 

D(2,1,6,5)=42.1 

D(2,1,6,8)=-138.0 

D(7,1,6,5)=-138.0 

D(7,1,6,8)=42.0 

D(1,2,3,4)=9.9 

D(1,2,3,11)=-169.8 

D(9,2,3,4)=-109.9 

D(9,2,3,11)=70.3 

D(10,2,3,4)=132.9 

D(10,2,3,11)=-46.6 

D(2,3,4,5)=0.7 

D(2,3,4,12)=-179.5 

D(11,3,4,5)=-179.5 

D(11,3,4,12)=0.2 

A(1,6,8)=118.9 

A(5,6,8)=123.4 

D(6,1,2,3)=-20.3 

D(6,1,2,9)=101.7 

D(6,1,2,10)=-145.9 

D(7,1,2,3)=160.8 

D(7,1,2,9)=-77.1 

D(7,1,2,10)=35.2 

D(2,1,6,5)=28.7 

D(2,1,6,8)=-152.1 

D(7,1,6,5)=-152.4 

D(7,1,6,8)=26.8 

D(1,2,3,4)=6.3 

D(1,2,3,11)=-173.6 

D(9,2,3,4)=-113.7 

D(9,2,3,11)=66.4 

D(10,2,3,4)=130.0 

D(10,2,3,11)=-49.9 

D(2,3,4,5)=0.4 

D(2,3,4,12)=-179.6 

D(11,3,4,5)=-179.7 

D(11,3,4,12)=0.3 
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D(3,4,5,6)=9.8 

D(3,4,5,13)=132.8 

D(3,4,5,14)=-110.0 

D(12,4,5,6)=-169.9 

D(12,4,5,13)=-46.9 

D(12,4,5,14)=70.2 

D(4,5,6,1)=-30.4 

D(4,5,6,8)=149.6 

D(13,5,6,1)=-155.5 

D(13,5,6,8)=24.6 

D(14,5,6,1)=91.1 

D(14,5,6,8)=-88.8 

D(3,4,5,6)=7.5 

D(3,4,5,13)=131.2 

D(3,4,5,14)=-112.4 

D(12,4,5,6)=-172.6 

D(12,4,5,13)=-48.9 

D(12,4,5,14)= 67.5 

D(4,5,6,1)=-21.4 

D(4,5,6,8)=159.5 

D(13,5,6,1)=-147.0 

D(13,5,6,8)=33.9 

D(14,5,6,1)=100.5 

D(14,5,6,8)=-78.6 

 

 



Appendix II 

Catechol-(H2O)n, n≤3 clusters 

Catechol-(H2O)n, n≤3 clusters have been investigated computationally at 

B3LYP/6-311++G** level. The possible geometric configurations of catechol-H2O, 

catechol-(H2O)2 and catechol-(H2O)3 are fully optimized and energetic and 

thermochemical results were generated for each configuration.  

§1 Catechol-H2O cluster 

        As shown in Figure 25, three configurations (1-a, 1-b and 1-c) of catechol-H2O 

cluster were found in the computation. In Figure 25 and following Figures 27 and 29, the 

dashed lines denote hydrogen bonds and the values beside them are the hydrogen bond 

lengths. In 1-a, O11-H12 is a proton donor site forming intermolecular hydrogen bond 

with water molecule H15-O16-H17 and O13-H14 also acts as proton donor to form 

intra-molecular hydrogen bond with O11-H12. Configuration 1-a suggests a weak 

hydrogen bond interaction between O16 and H10. There is also such an interaction in 1-c. 

However, in 1-c, O13-H14 acts as proton acceptor site to from intermolecular hydrogen 

bond with the water molecule H15-O16-H17. In 1-b, a ring structure is formed by the two 

hydroxyl groups (O11-H12 and O13-H14) of catechol and the water molecule 

(H15-O16-H17). O13-H14 is a proton donor site while O11-H12 acts as both proton donor 

and acceptor site. Due to the weak acidity of catechol, its hydroxyl groups should be 

stronger proton donors than acceptors. Thus, 1-a should be more stable than 1-c. Though 

in 1-b, the hydroxyl groups also act as proton donors and a ring structure is formed, its 

energy may be still higher than 1-a due to the distortion of its two hydroxyl groups (In 1-a, 
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the catechol remains in a plane).   

The zero-point corrected energies of these three configurations are provided in 

Table XIII. It is evident that 1-a is the most stable configuration and 1-c is the most 

unstable one. Their binding energies are calculated to be -5.880 kcal/mol, -3.169 kcal/mol 

and -2.816 kcal/mol, respectively.             

Provided in Figure 26 are the predicted infrared spectra of 1-a, 1-b and 1-c. 

These IR spectra are quite different from each other. In this section, only the spectrum  

Figure 25 

Three isomers of catechol-H2O cluster 
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of the most stable configuration, 1-a, is described. In the IR spectrum of 1-a, the peak at 

3719 cm-1 is attributed to the O-H anti-symmetric stretching of water molecule 

H15-O16-H17. The tiny peak at 3624 cm-1 is attributed to the O-H symmetric stretching of 

Figure 26 

IR spectra of 1-a, 1-b and 1-c, respectively 
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water molecule H15-O16-H17. The large peak at 3445 cm-1 denotes the O-H stretching of 

O11-H12 and the small peak at 3591 cm-1 is the O-H stretching of O13-H14. 

 

§2 Catechol-(H2O)2 cluster 

        As shown in Figure 27, six configurations (2-a, 2-b, 2-c, 2-d, 2-e and 2-f) of 

catechol-(H2O)2 cluster were found. In 2-a, O11-H12 and O13-H14 act as proton donors to 

form intermolecular hydrogen bond with water molecule and intra-molecular hydrogen 

bond. Configuration 2-a suggests a π hydrogen bond formed between O18 and C3. In 2-b, 

a ring structure is formed by the two water molecules (H18-O19-H20 and H16-O15-H17) 

and the two hydroxyl groups (O7-H14 and O8-H15). Both O7-H14 and O8-H15 act as 

proton donor and acceptor site. Similarly, a ring structure also exists in 2-c. However, in 

2-c, the two water molecules (H16-O9-H17 and H19-O18-H20) are at different sides of the 

benzene plane while in 2-b, H18-O19-H20 and H16-O15-H17 are of the same side. As listed 

in Table XIII, 2-a is the most stable configuration. However, the energetic difference 

between 2-a and 2-b is very small, only 0.358 kcal/mol, and their binding energies are 

very close (-12.738 kcal/mol and -12.380 kcal.mol). Thus, future computations should be 

performed at higher levels of theory, such as CBS-QB3 and G3 methods, to determine the 

most stable configuration, and comparing with experimental results, if any, will also be 

very helpful.     

        Provided in Figure 28 are the infrared spectra of 2-a – 2-f, respectively. Since 

2-a and 2-b are the two most sable configurations and their energy difference is very 

small, only a description of their IR spectra is presented in this section. It is of note that, 
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in both of the spectra of 2-a and 2-b, the peak with the highest frequency actually consists 

Figure 27 

Six isomers of catechol-(H2O)2 cluster 
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of two very close peaks. In 2-a, the peaks at 3700 cm-1 and 3691 cm-1 are attributed to the 

O-H anti-symmetric stretching of water H18-O19-H20 and H16-O15-H17. The peaks at 3300 

cm-1 and 3569 cm-1 are of the O-H stretching of O13-H14 and O11-H12. Peaks at 3546 cm-1  

Figure 28 

IR spectra of 2-a, 2-b, 2-c, 2-d, 2-e, 2-f, respectively 
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Figure 28 (continued) 
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and 3402 cm-1 denote the O-H symmetric stretching of water H18-O19-H20 and 

H16-O15-H17. Similarly, in 2-b, peaks at 3693 cm-1 and 3691 cm-1 are of the O-H 

anti-symmetric stretching of water H16-O9-H17 and H19-O18-H20. Peaks at 3230 cm-1 and 

3515 cm-1 are attributed to the O-H stretching of O7-H14 and O8-H15. Peaks at 3447 cm-1 
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and 3354 cm-1 denote the O-H symmetric stretching of water H16-O9-H17 and 

H19-O18-H20. 

§3 Catech

iguration and comparing with experimental results, if any, will also be 

very help

symmetric stretching of water molecules 

H18-O19-H

 

ol-(H2O)3 cluster 

As shown in Figure 29, five configurations (3-a, 3-b, 3-c, 3-d, and 3-e) of 

catechol-(H2O)3 cluster were found. Configurations 3-a and 3-b are analogous to 2-a and 

2-b. As listed in Table XIII, 3-a is the most stable configuration. However, relative to 3-b, 

the energy difference is very small, only 0.135 kcal/mol and their binding energies 

(-21.532 kcal/mol and -21.397 kcal/mol) are very close. Thus, future computations should 

be performed at higher levels of theory, such as CBS-QB3 and G3 methods, to determine 

the most stable conf

ful.     

Provided in Figure 30 are the infrared spectra of 3-a – 3-e, respectively. Since 

3-a and 3-b are the two most stable configurations and their energy difference is very 

small, only a description of their IR spectra is presented in this section. Similarly, it is of 

note that, in both of the spectra of 3-a and 3-b, the peak with the highest frequency 

actually consists of three very close peaks. In 3-a, the peaks at 3690 cm-1, 3689 cm-1 and 

3686 cm-1 are attributed to the O-H anti-symmetric stretching of water molecules 

H18-O19-H20, H15-O16-H17 and H21-O22-H23, respectively. Peaks at 3176 cm-1 and 3568 

cm-1 are of the O-H stretching of O11-H12 and O13-H14. And peaks at 3527 cm-1, 3347 

cm-1, and 3277 cm-1 denote the O-H 

20, H15-O16-H17 and H21-O22-H23, respectively.  
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It is interesting that, as the num ter molecules increases from 1 to 3,  

Five isomers of catechol-(H2O)3 cluster 

ber of wa

Figure 29 
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their O-H anti-symmetric stretching peaks almost do not shift, while their O-H symmetric 

stretching peaks and the O-H stretching peaks of catechol (especially for the O-H groups 

that provide proton to water molecules) shift largely to lower frequencies. Coupled 

harmonic oscillators model is helpful to understand the localization of the O-H 

anti-symmetric and symmetric stretching modes.85 The anti-symmetric normal mode does 

not change much as the energy difference between the oscillators increases while the 

normal mode of symmetric stretching shifts to lower energies. The number of water 

molecules is proportional to the energy     

IR spectra of 3-a, 3-b, 3-c, 3-d, 3-e, respectively 

difference. 

Figure 30 
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Figure 30 (continued) 
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Zero point correc atechol-(H2O)n, 

n=1- t B3 * level 

Species Z  

ene e) 

Re y 

(kcal/mol) energy(kcal/mol) 

Table XIII 

ted energies, relative energies and binding energies of c

3 clusters computed a

ero point corrected

LYP/6-311++G*

lative energ

rgy (Hartre

Binding 

H2O 

Catechol 

3-e 

 

-612.03877 

 

3.064 

4.217 

3.973 

 

-17.560 

 

1-a 

1-b 

1-c 

2-a 

2-b 

2-c 

2-d 

2-e 

2-f 

3-a 

3-b 

3-c 

3-d 

-76.43724 

-382.69906 

-459.14567 

-459.14135 

-459.14079 

-535.59384 

-535.59327 

-535.59087 

-535.58996 

-535.58808 

-535.58712 

-612.04510 

-612.04489 

-612.04282 

-612.03925 

 

 

0 

2.711 

0 

0.358 

1.863 

2.438 

3.615 

0 

0.135 

1.429 

3.672 

 

 

-5.880 

-3.169 

-2.816 

-12.738 

-12.380 

-10.875 

-10.300 

-9.122 

-8.520 

-21.532 

-21.397 

-20.103 

-17.860 
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