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A theoretical study on the thymoquinone compound has been performed through two theoretical methods, DFT/B3LYP and HF with 
6-31G, 6-31G(d,p) and 6-31++G(d,p) basis sets using Gaussian 09 program. Some theoretical properties, like vibrational and electronic 
properties especially UV-Vis and FT-IR spectra, of the title compound were analyzed and then compared with available experimental 
data. The calculated harmonic vibrational frequencies have been scaled with standard scaling factors 0.9 and 0.965 for HF and 
DFT/B3LYP, respectively and then compared with available experimental FT-IR spectrum. Furthermore, the statistical analysis was 
investigated to evaluate the performance of both the HF and DFT methods, including root mean square error (RMSE), mean absolute 
error (MAE) and mean percentage error (MPE). According to the assigned vibrational modes of the title compound, it could be 
concluded that the DFT/B3LYP method with 6-31++G(d,p) basis set had the best agreement with experimental data. UV-Vis absorption 
spectra, excitation energies, maximum absorption wavelength, electronic transitions and oscillator strengths of the title compound were 
calculated by time dependent density functional theory (TD-DFT) method using the same basis set and compared with available 
experimental data. The results showed the best performer was HF method with 6-31G basis set. 
Keywords: Thymoquinone; DFT; HF; UV-Vis; FT-IR; TD-DFT 
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Nigella sativa L. (Ranunculaceae), better known as black seed or black cumin, is cultivated in many countries of the 
world in East Africa, the Middle East, Mediterranean countries, South Asia, etc. [1]. 2-isopropyl-
5-methyl-1,4-benzoquinone called as thymoquinone is an organic compound with the formula C10H12O2 and its geometric 
structure with the labeling of atoms are given in Figure 1. 

It is a derivative of benzoquinone by placement of an isopropyl and 
methyl groups on carbon 2 and carbon 5, respectively. Thymoquinone (TQ) 
is an important component of Nigella sativa seed and commercial seed oils, 
TQ is the main active constituent of black seed oil [2]. Thymoquinone, the 
main component of black cumin seeds, has been identified from ethanol 
extract [3]. As first suggested and extracted by El-Dakhakhny in 1965 [4]. 
Black cumin seeds along with the active ingredient thymoquinone are mainly 
used for medicinal purposes [5]. With this together, this medicinal plant is 
effective against cancer of the kidneys, lungs, prostate and liver in the blood 
system [6]. Also, Nigella sativa gives powerful benefits to many inflammatory 
cancers such as the liver [7]. N. Sativa oil is considered one of the beneficial 
oils for human health, thanks to the antioxidant, anti-inflammatory, 

anti-bacterial activities of these oils, and its active effect on the immune system [8-12].Nigella sativa (black cumin) seeds 
are also used in traditional medicine to treat a wide range of diseases including diarrhea and asthma [13].Various other 
studies revealed that the pharmacological activity of Nigella sativa is mainly due to its oil constituent, that are rich in 
thymoquinone and about 30–48 % of the total content[14]. 

The main goal of this work was to validate the chemical model that best describes the electronic and spectroscopic 
properties of TQ molecule. Hence, both Density Functional Theory (DFT) and Hartree-Fock (HF) methods with several 
basis sets were selected to calculate the electronic and spectroscopic properties, which were compared with experimental 
results. Furthermore, we checked the relative performance of DFT/B3LYP and HF methods for comparison, at the different 
6-31G, 6-31G(d,p), and 6-31++(d,p) levels through statistical study for thymoquinone molecule. 
 

COMPUTATIONAL DETAILS 
In this work, all the calculations for Thymoquinone (TQ) molecule were carried at Hartree-Fock (HF) [15] and 

Density Functional Theory (DFT) using Becke’s three-parameter hybrid method [16] with the Lee, Yang, and Parr 
correlation functional [17] (B3LYP) level with the several basis sets (6-31G, 6-31G(d, p), 6-31++G(d, p)) using the 
Gaussian 09 W package [18] program for simulation of FTIR and UV-Vis spectra of the title molecule. 
Gauss-View 5.0 [19] molecular visualization program, a graphical interface was used to assign the vibrational modes for 
motions observed against fundamental frequencies. The geometrical optimizations, followed by a frequency calculation 
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Figure 1. Molecular structure of 
Thymoquinone compound along with 
numbering of atoms 
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for the Thymoquinone molecule has been done, using the same basis sets at different level theories and no imaginary 
wavenumbers were obtained, so the structure is at the minimum energy state. In order to improve the computed values to 
be in agreement with the observed experimental values, it was necessary to scale down the calculated harmonic 
frequencies. Hence, the vibrational frequencies calculated at HF and DFT/B3LYP methods were scaled by 0.90 and 
0.965 [20], respectively. The theoretical vibrational wave numbers were also plotted with the results obtained by different 
levels frequency calculations and compared with the experimental IR spectrum. 

Simulated Ultraviolet- Visible (UV-Vis) absorption spectra, electronic transition, vertical excitation energies and oscillator 
strengths for the optimized (TQ) molecule were computed at different levels in each method by the Time Dependent - Density 
Functional Theory (TD-DFT) using the same basis sets, then compared with the experimental UV-Vis spectrum.  

 
RESULTS AND DISCUSSION 

Vibrational Frequencies 
Vibration frequencies calculated by HF and DFT/B3LYP with the several basis sets (6-31G, 6-311G(d,p), 

6-31++G(d, p)) for the title compound are listed in Table 1. The calculated spectra by DFT/B3LYP method are in a better 
agreement than HF method with the experimental one. A general better performance of DFT/B3LYP versus HF at 
6-31++G(d, p) basis set can be quantitatively characterized by using the calculated mean percentage error (MPE), mean 
absolute error (MAE), and root mean square error (RMSE) between the calculated and observed vibrational frequencies 
are presented in Table2, also histograms of the errors are shown in Figures 2 and 3. It is not surprising that the HF 
frequencies are in poor agreement with the experimental vibrational modes compared to the other theoretical DFT/B3LYP 
method. This expectation is due to the neglect of electron correlation in HF calculations. After scaling, the HF calculations 
are in much better agreement, showing a noticeable decrease in the RMSE, MAE and MPE of around 146-151 cm-1, 
137-145 cm-1 and 9-11 cm-1, respectively. Also, as shown in Table2, the effect scaling factor on the errors in the HF 
frequencies where the agreement for un-scaled frequencies is strongly skewed toward overestimation. In contrast to HF 
method, the errors for DFT/B3LYP are shown in Table 2, show that the calculated vibrational frequencies are closer to 
the experimental ones than the HF method at all basis sets used in this study. As we noted the DFT/B3LYP method at 
6-31++ G(d, p) basis set is the most successful procedure for predicting vibrational frequencies in agreement with 
experimental fundamentals. All methods show an improved errors from scaled IR data. The effect of scaling factor and 
basis sets on the errors is evident from Figures 2-3, where the histograms for DFT/B3LYP and HF methods show a 
noticeable improvement using scaling factor and high levels of basis sets. 

The (IR) infrared spectrum of the title compound (TQ) has been previously reported [21]. The spectra obtained from 
scaled HF and DFT/B3LYP methods at different basis sets are shown in Figure 4. After we were applied the scale factor 
for HF and DFT/B3LYP methods, we observed a good agreement between the experimental and the calculated values. 
These results indicate that the DFT/B3LYP calculation at 6-31++G(d, p) basis set approximate the observed vibrational 
modes much better than the HF results. Therefore, the theoretical calculations will be discussed with the experimental 
results based on the DFT/B3LYP method at the basis set 6-31++ G(d,p). The small deviation between experimental and 
calculated vibrational modes can be come from the theoretical calculations belong to gaseous phase and experimental 
results belong to solid phase. 

The characteristic strong band due to carbonyl group stretching of a cyclohexadiene was observed near 1655cm-1and 
the respective calculated band is assigned at 1659 cm-1, which is supported by previous studies with values of (1648 cm-1) 
and (1661cm-1) for thymoquinone and 1,4 benzoquinone, respectively [21,22]. In the methyl groups, three observed bands 
occur at 2878, 2928, and 2970 cm-1; bands 2878 and 2928 cm-1 attributed to symmetric stretching and the band at 
2970 cm-1 arises from asymmetric stretching, and the value previously reported [21] was 2969 cm-1 while computations 
predicts these modes at 2930, 2933, and 3001 cm-1. Also, two types of bending vibrations can be observed in the methyl 
groups, one of them is a symmetric bending vibration that includes in phase bending and the other anti-symmetric bending 
vibration which includes out-of-phase bending of C-H bonds. The symmetrical bending vibration (𝛿௦CH3) occurs near 
1360 cm-1 (calculated 1360 cm-1), the anti-symmetrical bending vibrations (𝛿௦CH3) near 1437 cm-1(calculated 
1431 cm-1) and 1461 cm-1(calculate 1463 cm-1) and the values previously reported [23] were 1375 cm-1 and 1450 cm-1 for 
the anti-symmetrical and symmetrical bending vibrations, respectively.  

The weak band observed at wavenumber 3050 cm-1 was attributed to C-H stretching vibration in the vinyl 
C-H (C=C-H groups) and respective calculated band at 3080 cm-1 which had previously been reported [22] at 
3058 cm-1.The out-of-plane bending bands of the vinyl( two C-H groups) are observed at 808 cm-1 and 871 cm-1 
(calculated 846 and 907 cm-1), 783 and 832 cm-1 for γ-Trepinene [24]. These two bands are partially mixed with the 
rocking motion of the methyl groups linked to the ring. In the spectral range region (1300-1000 cm-1), the bands observed 
at 1024 cm-1 which is due to the stretching C3ring – C(CH3)2 bond ( calculated 999 cm-1), 1104 cm-1, 1180 cm-1 and 
1247 cm-1 (in plane bending of the vinyl C-H (C = C-H groups); calculated 1110, 1197 and 1218 cm-1, respectively) and 
1304 cm-1 for the (C-C)ring stretching band ( calculated 1325 cm-1). The recognition of C=C stretching band is an 
exceptionally troublesome task, since the strong C=O stretching band in title compound is present in this frequency range. 
The C=C stretching band in 1,4-cyclohexadiene has been observed at wavenumber 1640 cm-1which contains no methyl 
and isopropyl substituents, while in γ-Trepinene [24] at 1670 cm-1 which contains no oxygen atoms substituent; however, 
the medium band observed at 1615 cm-1 belong to C=C stretching band while the calculated value appeared at 1604 cm-1. 
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Table 2. Mean percentage error (MPE), mean absolute error (MAE) and root mean square error (RMSE) from experimental 
fundamentals with different basis sets 

Method Basis Set MPE % MAE RMSE
Un-scaled Scaled Un-scaled Scaled Un-scaled Scaled

HF 6 – 31G 14.04 3.32 181.61 37.09 198.22 47
6 – 31G(d,p) 12.81 3.05 171.08 34.25 191.42 44.61

6 – 31+ + G(d,p) 12.53 2.95 167.3 29.59 187 41.22
DFT/B3LYP 6 – 31G 5.71 3 75.46 35.25 89.66 40.86

6 – 31G(d,p) 4.56 2.29 64.8 23.73 78.98 28.25
6 – 31+ + G(d,p) 4.28 2.18 60.45 21.64 74.65 26.28

 

  
Figure 2. Histogram of RMSE and MAE of the title 
compound for the un-scaled and scaled HF and 
DFT/B3LYP methods, at various basis sets 

Figure 3. Histogram of MPE of the title compound for the un-scaled 
and scaled HF and DFT/B3LYP method, at various basis sets 

 

 
Figure 4. Experimental (from ref [25]) and calculated (scaled) IR spectra of the title compound 

UV-Visible absorption spectra 
The UV-Visible absorption spectra analysis of Thymoquinone compound have been studied by theoretical 

calculations under the same optimization conditions that were previously mentioned in this article. The calculated results 

 

Expt. [26] 
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including the maximum absorption wavelengths (λmax), oscillator strengths (f), molecular orbitals undergoing transitions, 
vertical excitation energy, the major contributions, and the experimental wavelength are shown in the Table 3 and the 
UV-Visible spectra of the title compound as obtained from TD-DFT method at several basis sets with experimental 
spectrum are shown in Figure 5. According the results obtained in the UV-Visible theoretical spectra, the theoretical 
model that appear the best agreement, is HF method with 6-31G basis set that estimates the λmax about 249 nm in relation 
to the 254 nm experimental maximum absorption wave length reported by M.S. Iqbal, et al. [14]. It is seen from Table 4, 
calculations performed at HF/6-31G method in best agreement with the experimental result compared to the DFT/B3LYP 
method and other basis sets. The electronic transition is represented as a result of the contribution of the highest occupied 
molecular orbital to the lowest unoccupied molecular orbital (HOMO→LUMO) with the absorption wavelength, which 
implies the transfer of electron density as (𝜋 → 𝜋∗) transition with 91% donating.This electronic absorption is mainly 
described at the maximum absorption wavelength249 nm by electronic excitation from HOMO to LUMO and corresponds 
to the transition from the ground state to the first excited state. The maximum absorption peak (λmax) optimized by 
HF/6-31G level reduces the error to 5 nmю While for the rest of the basis sets, especially for the DFT method, the 
difference is large. These outcomes demonstrate it is not necessary that the same computational method for all 
calculations, for example, IR and UV-Vis spectra, agree with the experimental results. 
Table 3. The experimental and calculated maximum absorption wavelength (λmax) excitation energies and oscillator strengths of the 
title compound. 

Basis  
sets  

The calculated with  
TD-DFT/-HF in gas phase  

The calculated with  
TD-DFT/B3LYP in gas phase 

wavelength 
λmax(nm) 

Energy 
(ev) 

Osc. 
Strenght 

Major 
Contribution 

Transition wavelength 
λmax(nm) 

Energy 
(ev) 

Osc. 
Strenght 

Major 
Contribution 

Transiti
on 

6-31G 249.39 4.9608 0.0008 HOMO->LUMO
90.9%

𝜋 → 𝜋∗ 372.74 3.3263 0.0004 HOMO-2->LUMO 
97.3% 

𝜋 → 𝜋∗
6-31G(d,p) 240.82 5.1483 0.0007 HOMO->LUMO

93.5%  
𝜋 → 𝜋∗ 356.6 3.4768 0.0004 HOMO -2-> LUMO 

97.8%  
𝜋 → 𝜋∗

6-31G++(d,p) 245.83 5.0434 0.0007 HOMO->LUMO
92.6%

𝜋 → 𝜋∗ 357.53 3.4678 0.0005 HOMO -2-> LUMO 
96.9% 

𝜋 → 𝜋∗
Experimental** 254 nm 

 
Figure 5. Experimental (from reference [14]) and calculated UV-Vis spectra of the title compound 

 
CONCLUSION 

In this study, the FT-IR and UV-Vis spectra of the compound thymoquinone (TQ) have been calculated by two 
chemical models DFT/B3LYP and HF using 6-31G, 6-31G(d,p) and 6-31++G(d,p) basis sets and compared with 
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experimental results. Also, the present study aims to explore the performances two chemical models regarding statistical 
analysis of IR vibrational frequencies for the title compound, using root mean square error (RMSE), mean absolute error 
(MAE) and mean percentage error (MPE) calculations to give numerical estimates of these performances. The performed 
statistical analysis between computed and experimental vibrational frequencies showed the best performance of 
DFT/B3LYP method, especially with large basis sets. The DFT/B3LYP method with 6-31++G(d,p) basis set for 
predicting vibrational frequencies was the most successful procedure. Furthermore, it was found the theoretical scaled 
vibrational frequencies by DFT/B3LYP method with 6-31++G(d,p) basis set showed good agreement with the 
experimental data. Although DFT/B3LYP performs well for vibrational frequencies, it is less efficient for UV-Visible 
spectrum, where the best results were obtained for the maximum absorption wavelength through the HF method with the 
basis set 6-31G. These outcomes demonstrate it is not necessary that the same computational method for all calculations, 
for example, IR, UV-Visand NMR spectra, agree with the experimental results. 
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ОБЧИСЛЮВАЛЬНЕ ДОСЛІДЖЕННЯ IR ТА UV-VIS СПЕКТРІВ 2-ІЗОПРОПІЛ-5-МЕТИЛ-1,4-БЕНЗОХІНОНУ 

ЗА ДОПОМОГОЮ МЕТОДІВ DFT ТА HF 
Салах М.А. Рідхаa, Захра Таліб Галебb, Абдулхаді Мірдан Галебa 

aДепартамент фізики наукового коледжу, Кіркукського університету, Кіркук, Ірак 
bДепартамент хімії наукового коледжу Кіркукського університету, Кіркук, Ірак 

Проведено теоретичне дослідження сполуки тимохінону за допомогою двох теоретичних методів, DFT/B3LYP і HF з 
базовими наборами 6-31G, 6-31G(d,p) і 6-31++G(d,p) з використанням програми Гауссіан 09. Деякі теоретичні властивості, 
такі як вібраційні та електронні властивості, особливо UV-vis та IR-спектри, були проаналізовані, а потім порівняні з 
доступними експериментальними даними. Розраховані частоти гармонійних коливань були масштабовані зі стандартними 
коефіцієнтами масштабування 0,9 і 0,965 для HF і DFT/B3LYP відповідно, а потім порівняні з наявним експериментальним 
спектром FT-IR. Крім того, було досліджено статистичний аналіз для оцінки ефективності методів HF і DFT, включаючи 
середньоквадратичну помилку (RMSE), середню абсолютну помилку (MAE) і середню помилку у відсотках (MPE). 
Відповідно до призначених вібраційних режимів сполуки, можна зробити висновок, що метод DFT/B3LYP з базовим набором 
6-31++G(d,p) мав найкращу узгодженість з експериментальними даними. Спектри поглинання в УФ-видимому діапазоні, 
енергії збудження, максимальну довжину хвилі поглинання, електронні переходи та сили осциляторів зазначеної в заголовку 
сполуки розраховували методом залежної від часу теорії функціоналу щільності (TD-DFT) з використанням того самого 
базового набору та порівнювали з наявними експериментальними даними. Результати показали, що найкращим результатом 
був ВЧ-метод із базовим набором 6-31G. 
Ключові слова: тимохінон; DFT; HF; UV-Vis; FT-IR; TD-DFT 




