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Abstract 

Ab initio CBS-QB3 method has been used to determine gas-phase enthalpies of 

formation for 34 compounds including a number of hydroxyquinoline isomers, the 

corresponding azulene analogues and their parent systems. The mean absolute deviation 

of 4.43 kJ/mol reveals good agreement between our results and the available 

experimental data. Relative thermodynamic stabilities of hydroxyquinoline isomers and 

related analogues were discussed and several isomerization reactions enthalpies were 

derived. The same level of theory has also been utilized to calculate adiabatic ionization 

energies and electron affinities for the molecules with known experimental values and 

the agreement between theory and experiment was found to be within 8 kJ/mol.   
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1. Introduction 

Nitrogen-containing heterocyclic compounds are very important as they play vital 

roles in plenty of biologically active natural products. Quinoline and its derivatives 

represent a class of these compounds which have diverse pharmacological and 

biological activities such as anticancer [1], antibacterial [2], anticonvulsant [3], anti-

inflammatory [4] and antimalarial activities [5]. In addition, they have also been 

reported as treatments for Alzheimer's disease [6] and rheumatoid arthritis [7]. 

Azulene is a fully conjugated and stable organic molecule consists of two fused 

rings; one is a seven-membered ring, while the other is a five-membered one. It has  

biological activities against ulcer, bacterial [8,9] and mucous diseases [10]. Moreover, 

due to its antioxidant activity, it prevents skin defects and saves skin cells from 

deterioration that causes wrinkles [11,12]. Therefore, azulene is a common ingredient 

in many cosmetics and body care products.  

There is no doubt that reliable and wide databases of thermodynamic and kinetic 

parameters (e.g. standard molar enthalpies of formation, bond dissociation enthalpies, 

activation energies, ionization energies, electron affinities, etc.) are essentially required 

for understanding chemical problems, such as energetic of the chemical bonds, 

structural properties and reactivity, in addition to many applied areas like chemical 

industry, biochemistry, medical and life sciences, environmental chemistry and military 

matters. Nevertheless, there is a huge disparity between the extent of the experimental 

thermochemical databases and the number of known molecules. This gap becomes 

wider every day because of the increasing number of newly-prepared molecules with 

difficulty of measuring thermochemical properties for all the known compounds. 

In other words, the experimental thermochemical data with high accuracy [13] are 

available only for a little number and certain classes of compounds. For example, the 

availability of experimental gas-phase molar enthalpies of formation for a large number 

of benzene derivatives allowed Cox [14] to develop a method  to estimate enthalpies of 

formation of this class of compounds based on constant increment of the enthalpy of 

formation by the substitution of a particular group regardless of its position. On 

contrary, estimating enthalpies of formation for heterocyclic compounds is much more 

difficult and problematic because of not only the lack of such prediction schemes but 

also the rareness of the experimental thermochemical data for the main compounds of 

this family.  
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Accurate thermochemical data for organic compounds containing C, H, N and O 

atoms are required to support kinetic simulation and modeling of the reactions of these 

species in different environments. Because of the shortage of the experimental data, 

quantum chemistry has been involved to fill this breach and to examine the accuracy of 

the experimental methods. The good agreement between the computational enthalpies 

of formation and the experimentally available ones gives confidence on the unknown 

experimental values for other species. 

The experimental gas-phase enthalpies of formation of hydroxyquinolines (e.g. 2-

hydroxyquinoline, 4-hydroxyquinoline and 8-hydroxyquinoline) have been derived 

from the measurements of combustion enthalpies obtained by static bomb calorimetry 

[15–17]. Theoretical estimations have also been done for enthalpies of formation of 2-

hydroxyquinoline and some hydroxy iso-quinolines employing high-level composite 

methods such as G3(MP2), G3(MP2)//B3LYP and G3//B3LYP [18]. 

The current study determines gas-phase enthalpies of formation for a number of 

hydroxyquinolines and their keto-tautomers (compounds 10-18) as well as the 

corresponding aza-azulene analogues (compounds 19-27). Moreover, parents of these 

species (compounds 1-9) also have been investigated. All structures are presented in 

Scheme 1. Furthermore, ionization energies and electron affinities of these systems 

have also been estimated. The ab initio composite CBS-QB3 method has been used for 

this purpose.  
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Scheme 1. The species studied in the present work. 

 

2. Computational methods 

Geometry optimizations, frequency, and single point energy calculations were 

carried out using ab initio CBS-QB3 model chemistry [19] which includes the hybrid 

density functional theory (DFT) of Becke’s three-parameter (B3) exchange-Lee, Yang, 

and Parr (LYP) correlation functional (B3LYP) [20–22] in conjunction with the 6-

311G(d,p) basis set [23] and ends with CCSD(T) to get basis set extrapolations limit. 

This method has been selected for the current study because of its high-accuracy 

performance in addition to its relatively low computational cost relative to other 

sophisticated methods. Moreover, previous studies have demonstrated that the CBS-

QB3 is comparable in accuracy to G3 models [19,24,25] and the average systematic 

error for this approach in formation enthalpy calculations is 1.2 kcal/mol (5.0 kJ/mol) 

[24]. Ab initio molecular orbital computations have been performed using the Gaussian 

09 suit [26]. Frequency calculations have been conducted to characterize minima and 

transitions states from the positive and one negative frequencies, respectively, and to 

correct energies for zero-point energy and thermal contributions. 
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The standard gas-phase enthalpies of formation of the considered compounds have 

been obtained through following the atomization procedure described by Ochterski 

[27]. This methodology includes, at first, the calculation of the enthalpy of formation 

of a molecule at 0 K (∆𝑓𝐻°0𝐾) by subtracting the computational atomization energy of 

the compound from the sum of the experimental enthalpies of formations of its elements 

(∆𝑓𝐻0𝐾
𝑒𝑥𝑝

) in their atomic state (given in Table S1 in the supporting information) as the 

following equation: 

∆𝑓𝐻°0𝐾 = ∑ ∆𝑓𝐻0𝐾
𝑒𝑥𝑝

− [ ∑ 𝐸0𝐾
𝑐𝑜𝑚𝑝(𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠) − 𝐸0𝐾

𝑐𝑜𝑚𝑝(𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒) ]   (eq. 1) 

where 𝐸0𝐾
𝑐𝑜𝑚𝑝

 is computed zero-point energy. Then, the enthalpy of formation at 298 K 

(∆𝑓𝐻°298𝐾) can be estimated using equation (eq. 2): 

∆𝑓𝐻°298𝐾 = ∆𝑓𝐻°0𝐾 + ∆𝐻298−0(𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒) − ∑ ∆𝐻298−0(𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠)   (eq. 2) 

where ∆𝐻298−0 refers to the thermal corrections. 

 

3. Results and discussion 

3.1. Enthalpies of Formation 

The computationally estimated enthalpies of formation versus the corresponding 

experimental ones are displayed in Table 1. As can be seen in Table 1, the calculated 

enthalpies of formation of compounds I (phenol), III (2-hydroxypyrridine) and VI (4-

hydroxypyrridine) are in good agreement with their relevant experimental data (for I 

cf. reference [28], while for III and VI cf. reference [29]) with deviations of 3.1 kJ/mol, 

-5.26 kJ/mol and 3.34 kJ/mol, respectively. For naphthalene (1), seven values have been 

reported in the NIST WebBook [30] as its experimental enthalpy of formation in the 

gas-phase. The average of these values, 150 ±1 kJ/mol as shown in Table 1, is lower 

than our computed value by 5.9 kJ/mol.  

The gas-phase enthalpy of formation of azulene (2) has been determined 

experimentally by Kovats et al. [30], Roth et al. [31] and Sousa et al. [32] to be 280.0, 

308.0 and 288.1 ±5.3 kJ/mol, respectively. On the other hand, it has been estimated 

theoretically by Sousa and co-workers to be 295.0 and 299.0 kJ/mol, according to the 

G3 and G4 methods, respectively. Quite good agreement, within 2.0 kJ/mol, has been 

observed between the value calculated at the G4 level of theory, by Sousa et. al., and 

the value estimated at CBS-QB3. Moreover, the relative stability of naphthalene over 

azulene has been calculated by the same group, Sousa et. al., [32] (at the theoretical 

levels G3 and G4) to be 147.9 kJ/mol comparing very well with our prediction (145.1 

kJ/mol). 
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Table 1. The standard gas-phase molar enthalpies of formation 

∆𝒇𝑯°𝟐𝟗𝟖𝑲  calculated at the CBS-QB3 method vs. the available 

experimental ones, and the differences between the experimental and 

calculated results ∆∆𝒇𝑯°𝒆𝒙𝒑−𝒄𝒐𝒎𝒑 (kJ/mol). 

𝑺𝒑𝒆𝒄𝒊𝒆𝒔 
∆𝒇𝑯°𝟐𝟗𝟖𝑲 ∆∆𝒇𝑯°𝒆𝒙𝒑−𝒄𝒐𝒎𝒑 

𝒄𝒐𝒎𝒑. 𝒆𝒙𝒑. 

I -91.10 -94.2 3.1 

II -10.56   

III -74.44 -79.7 ± 1.5 -5.26 

IV -53.71   

V -68.59   

VI -44.14 -40.8 ± 2.1 3.34 

VII -28.82   

1 155.90 150.0 ±10 -5.90 

2 301.04 307.5 6.46 

3 -25.77 -29.9 ±1.7 -4.13 

4 -23.79   

5 115.28   

6 204.16 200.5 -3.66 

7 208.77 204.61 -4.16 

8 322.40   

9 354.31   

10 -28.70   

11 -17.80 -25.5 ±2.4 -7.7 

12 4.60   

13 10.48   

14 16.23 20.8 ±2.3 4.57 

15 19.53   

16 84.43   

17 1.94 6.5 ±1.7 4.56 

18 34.36   

19 88.34   

20 106.70   

21 123.15   

22 93.82   

23 126.85   

24 132.18   

25 74.85   

26 101.98   

27 145.63   

 

The enthalpies of formation of quinoline (6) and isoquinoline (7) have been 

estimated both experimentally and theoretically. The experimental estimates [30] have 
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been found in between our results and the G3//B3LYP value by Namazian and Coote 

[18]. The CBS-QB3 method overestimates the experimental measurements by 3.7 

kJ/mol for 6 and 4.2 kJ/mol for 7, while the G3//B3LYP results underestimate them by 

2.9 and 2.3 kJ/mol, respectively. 

The experimental enthalpies of formation of 2-hydroxyquinoline (11 or 12), 4-

hydroxyquinoline (14 or 15), and 8-hydroxyquinoline (17 or 18) have been reported 

[15–17]. For 2-hydroxyquinoline, da Silva et al. [15] reported −25.5 ±2.4 kJ/mol which 

underestimates our result for conformer 11 (−17.8 kJ/mol) by 7.7 kJ/mol. Taking into 

account the systematic error of the CBS-QB3 method and the uncertainty of the 

experimental value indicates good agreement between the experimental and theoretical 

findings. Furthermore, Namazian and Coote [18] estimated − 22.7 kJ/mol for the 

enthalpy of formation of 2-hydroxyquinoline at the G3//B3LYP level of theory which 

lies between our value and the experimental one showing good agreement with both of 

them. In an attempt to reproduce their work, when applying the same level of theory 

(G3//B3LYP) and procedure (following the reference they mentioned) we obtained 

−33.5 kJ/mol which is far from the result they reported. We found that the source of 

this deviation is the experimental value of the enthalpy of formation of gaseous 

hydrogen atom at 0 K used in the calculations. In other words, according to Nicolaides 

et al. [33] (the reference they cited) as well as our calculations this value is 51.6 

kcal/mol (≈ 216.0 kJ/mol), while approximating this value to 52.0 kcal/mol reproduces 

the exact value of enthalpy of formation of 2-hydroxyquinoline reported by Namazian 

and Coote [18]. 

The experimental gas-phase enthalpy of formation for 4-hydroxyquinoline  of 20.8 

±2.3 kJ/mol has been reported by da Silva and co-workers [15]. Apparently, there are 

two rotamers of 4-hydroxyquinoline (14 and 15) due to the rotation of the OH group. 

The computational enthalpies of formation for these two conformers (16.2 and 19.5 

kJ/mol, respectively) show good agreement with the reported experimental gas-phase 

enthalpy of formation of 4-hydroxyquinoline. The difference in free energies (G289) 

between 14 and 15 has been found to be 1.7 kJ/mol and the equilibrium constant for the 

rotamerization of 14 to 15 has been calculated to be 0.496. Moreover, free energy of 

activation (G#
289) of 15.8 kJ/mol for the interconversion of 14 to 15, shown in Fig. 1, 

has also been obtained through the CBS-QB3 level of theory. Therefore, such low 
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barrier height and slight free energy difference could suggest the presence of a dynamic 

equilibrium between these two conformers. 

 
Figure 1. Free energy (in kJ/mol) diagram for the interconversion between compounds 14 

and 15 calculated at CBS-QB3. 

The gas-phase enthalpy of formation of 8-hydroxyquinoline of 6.5 ±1.7 and 27.6 

±2.6 kJ/mol has been estimated by da Silva et al. [16] and Sakiyama et al. [17], 

respectively. However, they reported quite close values for its crystalline enthalpy of 

formation, -83.0 ±1.5 and -81.2 ±2.0 kJ/mol, respectively. The significant discrepancy 

between their measurements for the gas-phase formation enthalpy arises from the 

different values of enthalpy of sublimation which they used to drive the gaseous molar 

enthalpy of formation of 8-hydroxyquinoline, since da Silva et. al. determined the 

enthalpy of sublimation of 8-hydroxyquinoline according to the Knudsen method (89.5 

±0.9 kJ/mol) [16], while Sakiyama et al. used the value determined by Horton and 

Wendlandt (108.8 ±1.7 kJ/mol) [34]. Such cases of discrepancy between experimental 

results raise the critical need for theoretical approaches to examine and support 

experiments via delivering accurate thermochemical data. Scheme 1 displays two 

conformers of 8-hydroxyquinoline (17 and 18) and defining the most stable one is 

needed to assign the experimental enthalpy of formation, unless there is a dynamic 

equilibrium between the two conformers. The equilibrium constant for 17 versus 18 has 

been obtained as 3.573 × 10-06 illustrating that the equilibrium is significantly shifted 

toward the formation of 17. The free energy of activation for the interconversion 

between 17 and 18 has been calculated CBS-QB3. As given in Fig. 2, barrier heights of 

41.8 and 10.7 kJ/mol for the forward and backward reactions, respectively, emphasize 
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the kinetic and thermodynamic stability of the conformer 17 and its predominance over 

18, as well as the absence of equilibrium at normal experimental conditions of room 

temperature and atmospheric pressure. Therefore, the experimental enthalpy of 

formation of 8-hydroxyquinoline has to be compared only with the computational 

enthalpy of formation of 17. Clearly, our CBS-QB3 calculated value for 17 (1.9 kJ/mol) 

shows good agreement with the one reported by da Silva et al. (6.5 ±1.7 kJ/mol) with 

absolute deviation of 4.6 kJ/mol. 

 
Figure 2. Free energy of activation G# and relative free energy G (in kJ/mol) diagram 

for the interconversion from 17 to 18 calculated at CBS-QB3. 

From a statistical point of view, a very good correlation (y = 1.006 x - 1.7218 and 

R= 0.9993) has been found between the computational enthalpies of formation and the 

available experimental ones as illustrated in Fig 3. The mean absolute deviation from 

experiment has been found to be 4.43 kJ/mol, within the typical demonstrated error for 

the CBS-QB3 method ( ≈  5.0 kJ/mol) [24]. Such good agreement between the 

computational and experimental data validates the use of the CBS-QB3 approach for 

estimating accurate enthalpies of formation for the selected molecules and other related 

chemical systems. 
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Figure 3. CBS-QB3 vs. Experimental enthalpies of formation. 

The relative thermodynamic stability of the investigated systems can be discussed in 

the light of their enthalpies of formation. An insight into Table 1 and Scheme 2 indicates 

that introducing the OH group in position 2 gives the most stable hydroxyquinoline 

isomer (11) followed by position 8 (isomer 17) with isomerization enthalpy 19.7 

kJ/mol. However, as can be seen in Table 1 and Scheme 3, a different stability trend 

has been observed in the corresponding hydroxy aza-azulene analogues where the 

presence of the OH group in position 8 (28) reveals slightly more stability than in 

position 2 (20) with isomerization enthalpy of 4.7 kJ/mol. 

The stability of keto and enol tautomers depends on many factors such as the formed 

and broken bond strength, presence or absence of hydrogen bond, steric effect, solvent 

and polarity of each form, aromaticity and conjugation. In contrast to 

hydroxyquinolines and according to the position of the carbonyl group, the stability 

order in quinolinones shows that position 4 exhibits more stability than position 8, while 

position 2 remains the most stable. The higher stability of 2-quinolinone (10) arises 

mainly from the strength of the C=O relative to the C=C bond because comparable 

intramolecular hydrogen bonds exist in some in 10, 11, and 17. Compared to 

hydroxyquinolines and quinolinones, all keto forms of the azulene analogues are more 

stable than their enols and the keto form at position 8 (25) appears as the most stable 

one due to the difference in the strength of C=O and C=C bonds among 

tautomers/rotomers and existence of intramolecular hydrogen bond that is a part of five-
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membered ring. Other forms (19, 20, 22, and 26) lack either no C=O, four-membered 

ring or no hydrogen bond. 

 

Scheme 2. CBS-QB3 enthalpies  of isomerisation and keto-enol tautomerization reactions 

(ΔΔfH298, kJ/mol) between compounds 10-18. 

The positive ΔH values of all enolization reactions, except in case of 8-quinolinone, 

reveal the higher stability of the keto tautomers relative to their corresponding enols. 

More values for the enthalpies of isomerization and keto-enol tautomerization reactions 

are displayed in Schemes 2 and 3. 
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Scheme 3. CBS-QB3 enthalpies  of isomerisation and keto-enol tautomerization 

reactions (ΔΔfH298, kJ/mol) between compounds 19-27. 

Comparing enthalpies of formation of hydroxyquinolines with that of the 

corresponding azulene analogues and their parent compounds (quinoline 6 and aza-

azulene 8, respectively) reveals that the introduction of the OH group on the parent 

systems stabilizes these chemical species. The degree of stability varies depending on 

the parent skeleton as well as on the position of the OH group. The differences in the 

stabilization energies accompanying the insertion of OH group can be discussed via the 

hypothetical reactions presented in Scheme 4. The positive ΔH value of reaction (1) 

reflects the higher thermodynamic stabilizing effect of the OH group in quinoline in 

position 2 relative to aza-azulene at the same position. It also confirms the higher 

stability of 11 compared to other hydroxyquinoline isomers. On the other hand, the 

negative ΔH values of reactions (2) and (3) show that inserting the OH group into 

positions 4 and 8 in aza-azulene is accompanied by more stabilization when compared 

with quinoline. In addition, the more negative ΔH value of reaction (3) indicates the 

higher thermodynamic stability of 26 over the remaining hydroxy aza-azulene isomers. 
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Scheme 4. CBS-QB3 enthalpies (ΔΔrH298, kJ/mol) of hypothetical reactions for introduction 

of OH group into positions 2, 4 and 8 in quinoline and the corresponding aza-

azulene analogues. The value shown below each molecule represents its computed 

enthalpy of formation (in kJ/mol). 

 

3.2. Ionization Energies and Electron Affinities 

Ionization energy (IE) and electron affinity (EA) are important terms for 

understanding and determining many molecular reactivity descriptors such as hardness, 

softness, electronegativity, chemical potential and the electrophilicity index [35,36]. 

The ionization energy is the minimum energy required to release an electron from a 

neutral atom or molecule in its ground state to give a cation. It can be calculated by 

subtracting the energy of the neutral compound from the energy of the formed 

molecular cation (cf. eq. 3).  

       IE = E(N+) − E(N)            (eq. 3) 

Where E(N+) is the energy of the molecular cation and E(N) is the energy of the neutral 

molecule. Considering in calculations the process of geometrical rearrangement taking 

place in the molecular cation after the electron ejection yields the adiabatic ionization 

energy (AIE), whereas the vertical ionization energy (VIE) is obtained when 

considering the energy of the molecular cation with the same geometry of the neutral 

molecule [35,36]. On the other hand, the electron affinity is defined as the amount of 

energy released when an electron is gained by a neutral atom or molecule [36]. It is 

calculated by subtracting the energy of the molecular anion from the neutral molecule's 

energy (cf. eq. 4).  
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        EA = E(N) − E(N−)            (eq. 4)  

Where E(N-) is the energy of the molecular anion. Similar to ionization energy, there 

are two types of electron affinities; adiabatic electron affinity (AEA) and vertical 

electron affinity (VEA). Electron affinities may be either positive or negative. The 

positive EA means that the incoming electron is bound, while the negative value means 

that the added electron is unbound [36]. 

AIEs and AEAs of selected molecules, with available experimental data, have been 

estimated theoretically using CBS-QB3, and the results versus their corresponding 

experimental data are presented in Table 2. The AEAs of 1 and 2 were determined 

experimentally by Schiedt et. al. [37] to be -19.30 and 76.22 kJ/mol, respectively, which 

are in good agreement with the values reported by ourselves -12.54 and 72.36 kJ/mol , 

respectively. Likewise, the AIE estimations presented here reveal quite good agreement 

with their corresponding experimental ones with mean absolute deviation of 8 kJ/mol. 

Koopmans' theorem offers an alternative approach to estimate IE and EA directly 

from the energies of the HOMO and LUMO, respectively [36]. According to this 

approach, the ionization energy for a molecule is the negative of its HOMO's energy, 

while its electron affinity is the negative of its LUMO's energy. Apparently, the IEs and 

EAs obtained according to Koopmans' theorem cannot be considered the adiabatic ones, 

since no geometrical rearrangement is taken into account.  

Table 2. The computational vs. experimental adiabatic ionization energies (AIEs) 

and adiabatic electron affinities (AEAs), in kJ/mol, for the systems with available 

experimental data. 

Systems AIEs  AEAs 

Comp. Exp. ∆ IEs(a) Comp. Exp. 

1 788.28 785.39(b) 2.89 -12.54 -19.30 

2 724.60 715.92(b) 8.68 72.36 76.22 

3 768.99 759.34(c) 9.65   

6 837.49 832.67(d) 4.82   

7 829.77 823.02(e) 6.75   

10 790.21 810.47(f) -20.26   

11 812.40 810.47(f) 1.93   

13 783.46 791.18(f) -7.72   

14 813.37 791.18(f) 22.19   
(a) ∆ IE = AIE(Comp.) - AIE(Exp.) 
(b) Ref. [39] 
(c) Ref. [40] 
(d) Ref. [41] 
(e) Ref. [42] 
(f) Ref. [43] 
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In the context of the ab initio methods, Koopmans' theorem gives very good 

estimates for the ionization energy but not for the electron affinities [36,38]. However, 

it may be useful in describing trends of reactivity descriptors in a class of compounds. 

Table S2 presents the ionization energies and electron affinities for the investigated 27 

species based on Koopmans' theorem where the energies of HOMOs and LUMOs were 

extracted from the MP4SDQ/CBSB4 calculations as given in the CBS-QB3 method. 

 

Conclusions 

Accurate estimates of enthalpies of formation have been obtained using the CBS-

QB3 model chemistry for a series of aromatic and heteroaromatic compounds including 

naphthalene, azulene, 2-naphthol, 2-hydroxyazulene, number of hydroxyquinoline 

isomers and their azulene analogues. The very good agreement found between theory 

and experiment (within 4.43 kJ/mol) validates the CBS-QB3 method for benchmarking 

heats of formation for this family of compounds. Relative thermodynamic stabilities of 

the hydroxyquinoline tautomers and their azulene analogues have been discussed 

depending on their enthalpies of formation. Enthalpy changes for several isomerization 

reactions have also been calculated from the computed enthalpies of formation. 

Moreover, the adiabatic ionization energies and electron affinities of selected systems 

have been estimated at the same level of theory. Similar to enthalpies of formation, our 

calculations agree well with experimental ionization energies with mean absolute 

deviation of 8 kJ/mol.  
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