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Abstract : The most stable structure of 2-Hydroxyquinoline-4-carboxylic acid (2H4C) has been obtained at 

ground state. All the structural parameters of the titled compound are determined by DFT with B3LYP 

functional using 6-311++G** basis set. The fundamental vibrational modes are studied with use of theoretical 

vibrational spectra. The harmonic vibrational frequencies are theoretically calculated, presented and analysed. 

The frontier molecular orbitals such as highest occupied molecular orbital (HOMO) and lowest unoccupied 

molecular orbital (LUMO) energies are determined by using DFT/B3LYP/6-311++G** basis set. The electron 

density distribution and site of chemical reactivity of 2H4C molecule have been obtained by mapping electron 

density iso-surface with molecular electrostatic potential (MEP). Stability of the molecules arising from hyper 

conjugative interactions, charge delocalizations has been analyzed by using natural bond orbital (NBO) 

analysis. Hyperpolarizability calculations of the investigated compound show that the non-linear optical 

property of the 2H4C greater than the standard compound, Urea. The thermodynamic properties and atomic 

natural charges of the compound are analyzed and the reactive site of the molecule is identified. The global and 

local reactivity descriptors are evaluated. 

Keywords: 2-Hydroxyquinoline-4-carboxylic acid, Density Functional Theory, NBO,MESP . 

 

I. Introduction 

Nitrogen based heterocyclic compounds play an important role in biomedical research and drug 

designing due to their immense potential against tumor cells [1]. Quinolone forms part of the structure of 

quinine found in cinchona bark and constitutes a wide variety of antibiotics, has antibacterial effect and is highly 

effective in the treatment of urinary tract infections [2]. Derivatives of isoquinolines are useful as bacteria-

staining agents for microscopy, antiseptics such as the coal-tar dye acriflavine, antimalarial agents such as 

mepacrine(quinacrine) and chloroquine and antibacterial agents such as ciprofloxacin, trypanocides [3].Some of 

the derivatives are found in natural products and found wide acceptance within the pharmaceutical industry due 

to its activity like anti-malarial [4], anti-hypertensive [5], antifungal [6], anti-microbial [7], anti-tumor [8], anti-

diabetic, anti-oxidant and anti-hypertensive [9]. However, literature survey indicates that there are limited 

number of investigations on the vibrational spectra of Isoquinoline and its derivatives. In this study, we report 

theoretical vibrational, Raman and UV studies on 2-Hydroxyquinoline-4-carboxylic acid using DFT calculations 

for the first time. 

 

II. Computational Details 

The density functional calculations were carried out with GAUSSIAN 09W program packages [10]. 

The geometry of molecule was displayed using GaussView 5.0 program [11]. The molecular structure was 

optimized by using B3LYP [12-13] with the 6–311++G** basis set. Vibrational wavenumbers are obtained 

from the Gabedit software program. The NBO and NLO analysis were investigated by using DFT/B3LYP 

method with 6–311++G** basis set available in the NBO 3.1 in the Gauss view program. 

 

III. Results And Discussion 

3.1 Geometry optimization: 

The optimized geometries in the ground state energy level were performed by B3LYP with the 6–

311++G** basis set (Fig. 1). The optimized structural parameters of 2H4C were listed in Table 1. In the bond 

lengths C7-C12 shows the highest theoretical value at 1.506 A
0
. All the remaining bond lengths are in good 

manner. In the case of bond angles C7-C12-O13 shows the higher bond angle value at 124.31 A
̊
.  
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Fig.1: Optimized structure of 2-Hydroxyquinoline-4-carboxylic acid along with numbering scheme. 

 

Table 1: Optimized geometrical parameters of  2-Hydroxyquinoline-4-carboxylic acid obtained by B3LYP/6-

311++G** density functional calculations 

 

  3.2 Natural bonding orbital analysis: 

The NBO analysis provides an efficient method for understanding of intra- and inter-molecular 

bonding, bond species and interactions among bonds. Additionally, it is used for investigating of 

hyperconjugation interactions (charge transfers (ICT)) between Lewis type (bonding or lone pair) filled orbitals 

and non-Lewis type (antibonding and Rydgberg) vacancy orbitals in molecular systems. The E
(2)

 that is the 

energy of hyperconjugative interactions (stabilization energy) shows the interaction between donor groups and 

acceptor ones. Delocalization of electron density between occupied Lewis type orbitals and formally unoccupied 

non-Lewis orbitals corresponding to a stabilizing donor–acceptor interaction. For each donor NBO (i) and 

acceptor NBO (j), the stabilization energy E
(2)

 associated with electron delocalization between donor and 

acceptor is estimated as [14] 

Bond Length Value(Å ) Bond Angle Value ( ̊ ) Dihedral Angle Value ( ̊ ) 

C1-C2 1.374 C1-C2-C3 120.55 C1-C2-C3-C4 0.130 

C2-C3 1.413 C2-C3-C4 120.57 C2-C3-C4-C5 -0.055 

C3-C4 1.374 C3-C4-C5 120.41 C3-C4-C5-C6 -0.156 

C4-C5 1.416 C4-C5-C6 119.03 C4-C5-C6-C1 0.293 

C5-C6 1.431 C5-C6-C1 119.17 C5-C6-C1-C2 -0.223 

C6-C1 1.418 C6-C1-C2 120.25 C6-C1-C2-C3 0.012 

C6-C7 1.427 C5-C6-C7 116.36 C5-C6-C7-C8 -1.002 

C7-C8 1.376 C6-C7-C8 119.46 C6-C7-C8-C9 -0.671 

C8-C9 1.422 C7-C8-C9 118.88 C7-C8-C9-N10 1.867 

C9-N10 1.300 C8-C9-N10 123.67 C8-C9-N10-C5 -1.134 

N10-C5 1.362 N10-C5-C6 123.01 C8-C9-O11-H29 2.753 

C7-C12 1.506 O13-C12-O14 120.35 N10-C9-O11-H29 -177.57 

C12-O13 1.198 C8-C9-O11 120.58 C8-C7-C12-O13 47.16 

C12-O14 1.359 N10-C9-O11 115.75 C6-C7-C12-O14 -134.66 

C9-O11 1.359 C5-C7-C12 121.37 C6-C7-C12-O13 46.57 

O14-H21 0.965 C8-C7-C12 119.14 C6-C7-C12-O14 -134.66 

C1-H15 1.081 C6-C1-H15 119.43 O13-C12-C14-H21 -172.54 

C2-H16 1.083 C2-C1-H15 120.34   

C3-H17 1.082 C1-C2-H16 119.75   

C4-H18 1.082 C3-C2-H16 119.69   

C8-H19 1.085 C2-C3-H17 119.54   

O11-H20 0.963 C4-C3-H17 119.88   

  C3-C4-H18 121.93   

  C5-C4-H18 117.65   

  C7-C8-H19 120.93   

  C9-C8-H19 120.12   

  C9-O11-H20 110.28   

  C7-C12-O13 124.31   

  C7-C12-O14 115.32   

  C12-C14-H21 110.26   
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Where, or F ij
 2
 is the Fock matrix element i and j NBO orbitals, εσ* and εσ are the energies of σ and σ* 

NBOs and nσ is the population of the donor σ orbital. The larger is the E
(2)

 value, the more intensive is the 

interaction between electron donors and electron acceptors, i.e. the more donating tendency from electron 

donors to electron acceptors and the greater the extent of conjugation of the whole system. The results of 

second-order perturbation theory analysis of the Fock Matrix at B3LYP/6-311++G** level of theory are 

presented in Table 2. 

 

Table 2: Second order perturbation theory analysis of Fock Matrix in NBO basis for 2-Hydroxyquinoline-4-

carboxylic acid 

Donor(i) Type Ed/e Acceptor(j) Type Ed/e E(2) E(i)-E(j) F (i, j) 

C1-C2 σ 1.97875 C3-H17 σ * 1.98117 2.78 1.14 0.050 

 σ  C6-C7 σ *    1.97017 3.59 1.20 0.059 

C1-C6 σ 1.97327 C5-C6 σ *    1.96822 3.42 1.19 0.057 

   C5-N10 σ *    1.97661 3.82 1.21 0.061 

   C6-C7 σ *    1.97017 3.99 1.19 0.062 

C1-C6 π 1.55435 C2-C3 π* 1.98049 18.95 0.28 0.066 

   C4-C5 π* 1.96788 21.64 0.28 0.070 

   C7-C8 π* 1.72978 24.36 0.24 0.070 

C1-H15 σ 1.97903 C2-C3 σ *    1.57150 4.07 1.10 0.060 

C2-C3 σ 1.98049 C3-C4 σ *    1.97745 2.58 1.28 0.051 

C2-C3 π 1.57150 C1-C6 π* 1.55435 22.97 0.27 0.071 

   C4-C5 π* 1.52420 19.23 0.29 0.066 

C2-H16 σ 1.97976 C1-C6 σ *    1.97327 4.27 1.05 0.060 

   C3-C4 σ *    1.97745 3.54 1.08 0.055 

C3-C4 σ 1.97745 C4-C5 σ *    1.96788 3.11 1.25 0.056 

   C5-N10 σ *    1.97661 3.05 1.21 0.054 

C3-H17 σ 1.98117 C1-C2 σ *    1.97875 3.57 1.10 0.056 

C4-C5 σ 1.96788 C5-C6 σ *    1.96822 4.37 1.21 0.065 

C4-C5 π 1.52420 C1-C6 π* 1.55435 18.01 0.27 0.063 

 π  C2-C3 π* 1.57150 21.66 0.28 0.067 

 π  C9-N10 π* 1.73374 22.19 0.24 0.038 

C4-H18 σ 1.97786 C5-C6 σ *    1.96822 4.73 1.01 0.062 

C5-C6 σ 1.96822 C4-C5 σ *    1.96788 5.15 1.25 0.072 

C5-N10 σ 1.97661 C9-O11 σ *    1.98176 3.41 1.17 0.057 

C6-C7 σ 1.97017 C7-C8 σ *    1.97194 3.47 1.23 0.058 

C7-C8 σ 1.72978 C1-C6 π* 1.55435 14.56 0.31 0.063 

 σ  C9-N10 π* 1.73374 27.18 0.28 0.080 

C8-C9 σ 1.98213 C7-C8 σ *    1.97194 3.39 1.29 0.059 

C8-H19 σ 1.97630 C9-N10 σ *    1.98176 4.79 1.10 0.065 

C9-N10 σ 1.98176 C8-C9 σ *    1.98213 3.18 1.39 0.060 

C9-N10 π 1.73374 C4-C5 π* 1.52420 23.49 0.35 0.084 

   C7-C8 π* 1.72978 13.35 0.31 0.058 

C12-O13 π 1.97740 C7-C8 π* 1.72978 5.13 0.38 0.043 

C12-O14 σ 1.99578 C12-O13 π* 1.97740 88.97 2.85 0.478 

   C12-O14 σ *    1.99578 138.15 3.36 0.622 

C12-O13 π 1.97740 C12-O14 σ *    1.99578 26.92 0.51 0.259 

O14 LP 1.97230 C12-O14 σ *    1.99578 183.45 20.87 1.857 

 

The strong intramolecular hyperconjugation interactions or intramolecular charge transfers (ICT) are found in 

σ to σ*, π to π*, n to σ* and n to π* transitions. The strongest hyperconjugation interaction is from the lone pair 

n electrons of O14 atoms to antibonding σ* electrons of C12-O14 bond. Similarly the interaction between σ of 

C12-O14 and  O14(LP) to σ* of C12-O14 has the most stabilization energy 138.15, 183.45 kcalmol
-1 

respectively. The interaction between the σ of C2-C3 to the σ* of C3-C4 which has the stabilization energy 2.58 

kcalmol
-1

  represents the least stabilization energy within the molecule. 

 

  3.3. Polarizability and first order hyperpolarizability:  

Non-linear optical (NLO) materials find applications in wide area like telecommunications, signal processing 
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and optical inter-connections, in providing key functions of frequency shifting, optical switching, optical logic 

and optical memory [15-17].  NLO material gives rise to new fields when interacts with the incident 

electromagnetic field that undergoes a change in phase, frequency, amplitude or other propagation 

characteristics [18].  NLO behaviour of a material can be studied by measuring the total dipole moment and first 

order hyperpolarizability.  The non-linear optical response of an isolated molecule in an electric field can be 

expressed as a Taylor series expansion of the total dipole moment, t, induced by the field:  

   t = 0 + ijEj + ijk EjEk +
.... 

            (2)                  

where,  0 is the permanent dipole moment, ij  are the components of polarizability, ijk are the components 

of the first order hyperpolarizability. 

The first order hyperpolarizability is a third rank tensor.  Hence, it contains 27 components represented by a 3 

x 3 x 3 matrix.  Due to Klienman symmetry [19], the 27 components get reduced to 10 components (xyy = yxy = 

yyx= yyz = yzy = zyy;….. Similarly other permutation of x, y, z subscripts also take same value).  These 

components are: 

         xxx , xxy , xyy, yyy , xxz , xyz, yyz , xzz, yzz , zzz                           

They can be calculated using the following equation [20]:  

   i = iii + (1/3) i≠j(ijj + jij + jji)                                                             (3) 

The total static dipole moment (t), the isotropic (or average) linear polarizability (t), the anisotropy of 

polarizability (), and the mean first order hyperpolarizability (t), using the x, y, z components are defined as: 

.   t = (x
2
  + y

2
 + z

2
)

1/2
                                                                          (4) 

   t  = (xx + yy+ zz)/3          (5)  

    = 2
-1/2

 [(xx - yy)
2
 + (yy - zz)

2
 + (zz - xx)

2
 + 6xx

2
 ]

1/2     
(6) 

   t = (x
2
 + y

2 
+ z

2
)

1/2            
(7)

   

 where,    x = xxx  +  xyy + xzz            

   y = yyy  +  xxy + yzz       

   z = zzz  +  xxz + yyz       

 The value of hyperpolarizabilty of a molecule is a measure of NLO activity.  It is associated with intra-

molecular charge transfer that arises from the electron cloud movement through -conjugated framework of 

electrons [21]. Consequently, DFT has been employed to study the NLO behavior of some materials [22-23] in 

our earlier work.  DFT/B3LYP/6-311++G** level of theory has been used to compute the total molecular dipole 

moment (t) and its components; total molecular polarizability (t) and its components; first order 

hyperpolarizability (t) and its components.  The results are reported in Table 3.  The NLO behaviour of a 

molecule is normally determined by comparing its total molecular dipole moment (t) and mean first order 

hyperpolarizability with corresponding values of Urea for which t is 1.3732 Debye and t is 0.3728 x 10
-30

 

cm
5
/esu.  For the molecule 2H4C, the value of t is 0.9349 Debye and t is 3.92578x10 

-30
cm

5
/esu. From the 

above values, it can be seen that the values of t and t
 
of 2H4C are greater than that of Urea.  Hence, it 

demonstrates that 2H4C exhibits NLO properties. 

 

Table 3: The electric dipole moment (D), average polarizability, first hyperpolarizability, etc., of 2-

hydroxyquinoline-4-carboxylic acid 1 polar by B3LYP/6-311++G** 

 and  components 
B3LYP/6-311++G** β components    B3LYP/6-311++G** 

x 
0.9447009 βxxx -77.6450021 

y 
-0.2059772 βxxy 213.484495 

z 
-0.0072926 βxyy 113.0155344 

(D) 
0.9349395 βyyy 255.4332896 

xx 
196.8758142 βxxz -0.2912306 

xy 
7.8728923 βxyz 0.220515 

yy 
152.8270474 βyyz 0.0 086594 

xz 
-0.0126329 βxzz -55.1313003 

yz 
0.0466699 βyzz -14.9380978 

zz 
67.503236 βzzz -0.475063 
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Δα                                   50.96362 x 10-24 esu   

(esu) 20.70161 x 10-24 esu β total (esu) 3.92578 x 10-30 esu  

 

3.4 Frontier molecular orbitals: 

The Highest Occupied Molecular Orbital's (HOMOs) and Lowest Unoccupied Molecular Orbitals 

(LUMOs) are named Frontier molecular orbital's (FMOs). The atomic orbital compositions of the frontier 

molecular orbital are shown in Fig.2. Gauss-Sum 2.1 Program [24] was used to calculate the group contributions 

to the molecular orbital's (HOMO and LUMO) and prepare the density of the state (DOS) as shown in Fig.3. 

The DOS spectra were created by convoluting the molecular orbital information with the Gaussian curves of 

unit height. The HOMO-LUMO energy gap of 2H4C was calculated at B3LYP level with 6-311++G** basis set 

and is presented in Table 4. The LUMO as an electron acceptor represent the ability to obtain an electron, 

HOMO represents the ability to donate an electron [25]. The energy gap of HOMO-LUMO explains the 

eventual charge transfer interaction within the molecule, which influences the biological activity of the 

molecule. The positive and negative phase is represented in red and green color, respectively. The energy values 

of HOMO and LUMO are 5.8202 eV and 1.2003 eV respectively and the HOMO-LUMO energy gap values is 

6.82434 eV for B3LYP level with 6-311++G** basis set. The most widely used theory by chemists is the 

molecular orbital (FMOs) theory. It is important that Ionization potential (I), Electron affinity (A), 

Electrophilicity (ω), Chemical potential (μ), Electronegativity (χ), Hardness (η), and Softness (σ)) be put into a 

MO framework. We focus on the HOMO and LUMO energies in order to determine the interesting molecular 

(atomic) properties and chemical quantities. In simple molecular orbital theory approaches, the HOMO energy 

is related to the ionization potential (I) and the LUMO energy has been used to estimate the electron affinity (A) 

respectively by the following relations:  

                                (8) 

( )

2

I A


 


  (9) 

2

I A





                              (10)    

The softness is the inverse of the hardness
1

S


 . Parr et al.[58] introduced the global electrophilicity (ω) in 

terms of chemical potential and hardness as 

2

2







 

         
Fig. 2: The atomic orbital components of the frontier molecular orbital       Fig.3: DOS spectra of 

2H4C 

   (HOMO—MO: 49, LUMO—MO: 50) of 2H4C 

 

Table 4: The calculated quantum chemical parameters for 2-Hydroxyquinoline-4-carboxylic acid obtained by 

B3LYP/6-311++G** calculations. 
Property 2-Hydroxyquinoline-4-carboxylic acid 

Total energy (eV) -18120.19 

EHOMO (eV) -6.82434 

ELUMO (eV) -1.16736 
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EHOMO-ELUMO (eV)  5.65698 

Ionization potential(I) (eV)  6.82434 

Electron Affinity(A) (eV)  1.16736 

Chemical potential (μ) (eV) -3.99585 

Electronegativity (χ)eV  3.99585 

Chemical hardness(η)eV -2.82849 

Electrofilicity index (ω) eV -2.82245 

Global Softness (σ)eV -0.35425 

Total energy change(ΔET) eV -0.70712 

Dipole moment(D)  2.2475 

 

3.5 Theoretical UV-Visible spectrum: 

Theoretical UV-Visible spectra of the investigated compound was calculated by using TD-

DFT/B3LYP/6-311++G** level of theory. The absorption maximum was observed at 323 nm, 425 nm 

respectively which was shown in Fig. 4. The percentage of major contribution of HOMO and LUMO along with 

oscillator strength and energy were tabulated in Table 5 

 

 
Fig.4. Theoretical UV/Vis spectra of 2-Hydroxyquinoline-4-carboxylic acid 

Table 5: The UV–Vis excitation energy and oscillator strength for 2-Hydroxyquinoline-4-carboxylic acid 

calculated by TD-DFT/B3LYP/6-311++G** method. 

 

3.6 MESP analysis: 

The molecular electrostatic potential (MESP) is widely used as a reactivity map  displaying most probable 

regions for the electrophilic attack of charged point-like reagents on organic molecules [26, 27]. The molecular 

electrostatic potential (MESP) V(r) at a point r due to a molecular system with nuclear charges {ZA} located at 

{RA} and the electron density ρ(r) is given by 

       V(r) = ΣN A [ (ZA / |r-RA| ) - ∫ρ(r′)d3r′/|r-r′|                                                       (10) 

Where, N denotes the total number of nuclei in the molecule and the two terms refer to the bare nuclear 

potential and the electronic contributions, respectively. The balance of these two terms brings about the effective 

localization of electron-rich regions in the molecular system. The MESP topography is mapped by examining 

the eigen value of the Hessian matrix at the point where the gradient V(r) vanishes. 

Molecular electrostatic potential maps of the compound was computed using B3LYP functional with 6-

311++G** basis set. The 3D dimensional representation of the molecule was represented in Fig.5. From the 

figure we have observed that the red color region was the nucleophiic region so that was involved in 

electrophilic substitution in the chemical reaction and blue color indicates the electrophilic region therefore that 

region was involved in nucleophilic substitution in the chemical reaction. No electrostatic potential at the region 

was indicated by pink color. 

S.No. Energy 
 (cm-1) 

Wavelength (nm) Osc. Strength Symmetry Major contribs 

1 30301.65 425.09 0 Singlet-A H-2->LUMO (89%) 

2 33673.07 323.30 0.0735 Singlet-A H-1->LUMO(48%),HOMO->LUMO(-40%) 

3 35059.55 315.01 0.4212 Singlet-A H-1->LUMO(40%),HOMO->LUMO (39%) 

4 37532.46 296.97 0 Singlet-A H-3->LUMO (96%) 

5 38238.2 285.22 0.023 Singlet-A H-4->LUMO (94%) 
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Fig. 5:  B3LYP/6-311++G** calculated 3D molecular electrostatic potential maps 2H4C 

 

3.7 Mulliken atomic charge population analysis: 

Charge distributions of the molecules have been calculated by performing Mulliken analysis [28]. The 

theoretically calculation of atomic charges plays an important role in the application of quantum mechanical 

calculations to molecular systems. The calculated results are tabulated in Table 6 and from table it reveals that 

the negative charge is delocalized between carbon, oxygen and nitrogen atoms. In 2H4C molecule, the atoms 

constituting the hydrogen bonds possess the positive charges [29]. While some of the carbon atoms in the 

molecule have negative charges which form the hydrogen bonds, very similar values of positive charges are 

noticed for the four hydrogen pairs. The graphical representation of mulliken atomic charges was represented in 

Fig.6. 

Table 6: Atomic charges for optimized geometry 2-Hydroxyquinoline-4-carboxylic acid at B3LYP/6-

311++G** level 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

S.No. Atom Mulliken 

1 C -0.35411 

2 C -0.45647 

3 C -0.23304 

4 C -0.57108 

5 C -0.9329 

6 C 0.854723 

7 C 1.616029 

8 C -0.57078 

9 C -0.03713 

10 N -0.04256 

11 O -0.15564 

12 C -0.1852 

13 O -0.20346 

14 O -0.10921 

15 H 0.157532 

16 H 0.170466 

17 H 0.174429 

18 H 0.198459 

19 H 0.184492 

20 H 0.26836 

21 H 0.227092 
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Fig 6: Graphical representation of maulliken charges of 2H4C 

 

3.8 Thermodynamic properties: 

The values of some thermodynamic parameters (such as zero point vibrational energy, thermal energy, 

specific heat capacity, rotational constants and entropy) of 2H4C at 298.15 K in ground state were calculated by 

B3LYP methods with 6-311++G** basis set and was listed in Table 7.The variation in Zero-Point Vibrational 

Energies (ZPVEs) seems to be significant. The calculated value of ZPVE of 2H4C was 109.5674 kcal/mol 

obtained by B3LYP with 6-311++G** basis set respectively.  

 

Table 7: Thermodynamic parameters (for one mole of perfect gas at oneatm) and   rotationalconstants of 2H4C 
Thermodynamic parameter 2H4C 

SCF Energy (Hartree) -665.90473 

Total energy (thermal), Etotal(Kcal mol-1) 118.2932 

Heat capacity at const. volume, cv (cal mol-1 k-1) 40.306 

Entropy, S (cal mol-1 k-1)  95.962 

Vibrational energy, Evib (kcal mol-1)  102.699 

Zero-point vibrational energy,  
E0 (kcal mol-1) 

109.5674 

Rotational constants   

A (GHz)  0.8342 

B (GHz)  0.4053 

C (GHz)  0.2968 

 

IV. Conclusions 

Geometry optimization has yielded structure parameters and the molecule 2H4C assumed C1 point 

group symmetry.  The NBO analysis was made to understand the molecular structure by studying the interaction 

between the localized bonding and anti-bonding orbitals; electron delocalization and intra-molecular charge 

transfer (ICT).  The study of dipole moment and hyper polarizability demonstrates that the molecule 2H4C 

exhibits NLO property, and hence it may be a potential applicant in the development of NLO materials.  The 

high band gap between the frontier molecular orbitals demonstrates that the molecule 2H4C has high biological 

activity. Further,  the title compound 2H4C is a good material for energy and doesn't harm environment. 
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