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ABSTRACT 

In this research, we delve into the vibrational spectroscopy of vanillin, a widely used aromatic 

and flavouring agent, through a comprehensive computational analysis. We employ a variety of 

common computational chemistry functionals and basis sets to calculate the infrared (IR) and 

Raman spectra of vanillin, aiming to shed light on its structural and spectroscopic properties. Our 

investigation entails benchmarking these theoretical results against one another to identify the 

most accurate computational approach. Furthermore, we juxtapose our theoretical findings with 

experimental IR and Raman spectra to evaluate the degree of agreement between theory and 

experiment. This comparative analysis provides insights into the reliability of the chosen 

computational methods in capturing the vibrational behaviour of vanillin, a crucial aspect for 

applications in the food and pharmaceutical industries. In future work we plan to expand this 

study to other compounds aiming to bridge the gap between theory and experiment, this study 
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contributes to a deeper understanding of vanillin's molecular behaviour, ultimately enhancing our 

knowledge of its sensory and chemical attributes. 

INTRODUCTION 

Vanillin, a ubiquitous compound in the cosmetics and food and beverage industries, widely 

recognised for its familiar smell and flavour, constitutes a key point of interest in various fields 

of research. Being the key flavour compound in vanilla, a well-known and largely used spice and 

commodity, the vanillin global market is of significant size and importance. Apart from its 

characteristic smell and flavour and therefore evident applications in foods and cosmetics, 

vanillin also possesses a plethora of other valuable aspects, such as its antioxidant and 

antimicrobial properties1,2, making it a useful chemical for use as a food preservative3, as well as 

in pharmaceutical drugs4,5, its composition of three distinct functional groups, allowing for its 

flexible use in the synthesis of other desired compounds6, its exhibition of non-linear optical 

(NLO) properties7,8, making it a potential compound of interest for use in optics, and many more. 

Additionally, vanillin is one of the key products of lignin oxidation9–11, an important rapidly 

growing field of research that aims to convert lignin, a largely abundant aromatic biopolymer, to 

fine chemicals, a primary candidate of which is vanillin, as well as syringaldehyde and p-

hydroxybenzaldehyde. 

While naturally derived from vanilla orchids, a family of cultivated plants, with the most 

widely grown and recognised variety being “Madagascar vanilla” or “Bourbon vanilla” grown 

mainly in Madagascar 12, its natural production makes up less than 1% of its global use13, due to 

huge global demand and a laborious harvesting process. The overwhelming majority of used 

vanillin is therefore derived from synthesis through either plant or petrochemical-based 

reagents13. This makes the study of vanillin from a chemical perspective valuable, as research in 
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the characterisation, synthesis and understanding of the chemical nature of vanillin can help 

bolster its production from known chemicals, or facilitate the progress of novel methods that set 

vanillin as their end product, such as lignin oxidation. 

The advent of advanced and accessible methods of computational molecular modelling in 

recent decades has provided chemists with an indispensable tool for calculating theoretical 

properties, enabling researchers to validate experimental findings through cross-referencing with 

sophisticated independent calculations. Quantum density-functional theory (DFT) methods have 

been extensively demonstrated to provide reliable theoretical information on studied systems, 

such as mechanistic pathways14 of reactions, transition states15 and electronic configurations, as 

well as predictions of empirically observable properties, such as molecular structure16, nuclear 

magnetic resonance shifts17 and bond vibrational frequencies18. The extended and constant 

refinement of computational methods has led to the creation of a dizzying variety of available 

parameters for use in DFT calculations, comprising of different exchange-correlation (XC) 

functionals, as well as functional rungs of theory, basis sets, including basis set enhancements 

such as polarisation and diffuse orbitals, solvation models and even the inclusion of dispersion 

and range-separation terms19. Due to the wide abundance of possible methodologies, as well as 

the approximate nature of DFT methods, comparing the performance of potential methodologies, 

as well as their individual components (such as the exchange-correlation (XC) functional or basis 

set) against empirical or benchmark data proves to be an essential measure in determining the 

performance and reliability of different methods20.  

In the present study, we test the application of various DFT methods for the calculation of 

common properties of vanillin, namely the molecular structure, vibrational frequencies (IR and 

Raman) and NMR chemical shifts. By comparing the calculated properties with experimental 
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data, we aim to identify the ideal DFT methodology in terms of XC-functional and basis set that 

results in the fastest and most accurate description of the desired property, while identifying the 

effect on accuracy and calculation time of different parameters, such as HF exchange energy 

contribution for hybrid functionals and polarisation and diffuse functions for basis sets. In our 

study of vibrational frequencies, we test the application of “universal” scaling factors as 

proposed by Truhlar et al21, while also providing the calculated scaling factors for some of our 

methods that have not yet been provided, following the same procedure. Furthermore, we 

compare the accuracy of each method with the time required for the relevant calculation to 

determine the most efficient method, as well as compare the theoretical results to determine the 

level of agreement between different methods. 

METHODOLOGY 

1.1 Computational method 

All Density Functional Theory (DFT) calculations were performed using the Gaussian-16 

software22 on the School of Chemistry High-Performance Compute (HPC) cluster. Molecular 

geometry optimisation, vibrational frequency and nuclear magnetic resonance (NMR) 

calculations of vanillin were performed at different exchange-correlation (XC) functional levels 

of theory across the GGA (Generalised-Gradient Approximation), mGGA (meta-GGA) and 

hybrid (HF exchange energy contribution) “rungs”: (BP8623,24, PBE25,26, OPBE25–28, M06-L29, 

B3LYP23,30,31, ωB97X-D32,33, PBE025,26,34, M0629 and M06-2X29), as well as using second-order 

Moller−Plesset perturbation theory (MP2)35–39, using the 6-311++G(2d, 2p) triple-ζ split-valence 

polarised Pople Gaussian-type orbital (GTO) basis set for H, C, O40,41 and S42–44 with diffuse 

orbitals for all atoms. To determine the basis set convergence and study the effects of basis set 

parameters, such as polarisation and diffuse functions, the same calculations were also performed 
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at the M06-2X XC functional level of theory using different basis sets (3-21G, 6-31G, 6-

31G(d,p), 6-311G, 6-311G(d,p), 6-311+G, cc-pVDZ, cc-pVTZ, cc-pVQZ, aug-cc-pVTZ, aug-cc-

pVQZ45, def2-TZVP, def2-QZVP46), as M06-2X has been extensively used in studies on similar 

molecules and suggested to be suitable for small-medium molecules16 and main-group 

thermochemistry20,29. All calculations were performed using spin-restricted (“closed shell”) 

orbitals and all drawn structures were pre-optimised using a Universal Force-Field (UFF)47 

Molecular Mechanics (MM) method prior to being optimised using the studied method. 

Vibrational frequency calculations were performed using the harmonic approximation model48. 

To account for anharmonicity in the fundamental modes of vibration, “universal” scaling factors 

were used, or where unavailable, calculated, optimised and employed based on the method 

proposed by Truhlar et al21 (table S2). Nuclear magnetic shielding parameters were calculated 

for the C and H nuclei in vanillin using the GIAO (Gauge including atomic orbitals) method. The 

chemical shifts (δ) of vanillin were then determined by subtracting the magnetic shielding 

parameters from the shielding parameters calculated for a tetramethylsulfate (TMS) standard. 

The effects of solvation were approximated for chloroform in geometry optimisations (only for 

NMR) and NMR calculations using the Self-Consistent Reaction Field (SCRF)49 based charged 

Density Solvation Model (SMD)50. 

To study the accuracy and precision of different methods, the mean absolute deviation (MAD) 

and standard deviation (STD) were employed: 

𝑀𝐴𝐷 =  
1

𝑁
∑|𝛥𝜒|

𝑁

𝑖

 

( 1 ) 
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𝑀𝑆𝐷 =  
1
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𝑆𝑇𝐷 =  √
1

𝑁 − 1
∑(𝑀𝑆𝐷 − 𝛥𝜒)2

𝑁

𝑖

 

( 3 ) 

 

Where 𝛥𝜒 is found from subtracting the experimental value from the theoretical value for each 

studied parameters: 

𝛥𝜒 = 𝜒𝑇ℎ𝑒𝑜𝑟. −  𝜒𝐸𝑥𝑝𝑡. 

( 4 ) 

1.2 Experimental details 

Vanillin (4-hydroxy-3-methoxybenzaldehyde) was obtained from Sigma-Aldrich (8.18718). 

Infrared absorbance spectrum was taken using a Nicolet iS5 FT-IR spectrometer with a 

resolution of 4 cm-1 over 256 scans, using Happ-Genzel apodization and Mertz phase correction. 

Raman absorbance spectrum was taken using a LabRAM HR system, equipped with a Synapse 

CCD detection system using a Ventus 532 laser system at 100 mW and 532nm, at power/filter 

10%, grating of 600, hole size of 200 microns end exposure time of 5 seconds over 3 

accumulations. 

RESULTS AND DISCUSSION 

2.1 Geometry optimisation 
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Figure 1. Molecular structure of a vanillin molecule in a single crystal structure, found through 

the CCDC51 database (CID: 1306628, from Velavan et al52). 

Comparison of bond lengths using 6-311++G(2d,2p) at different XC functional levels of 

theory. XC functionals of different rung (GGA, mGGA, hybrid) and hybrid functionals of 

different HF exchange energy contribution (25% to 54%) tested. Application of error metrics 

(MAD and STD) for each functional. 
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Figure 2. Bond length (Å) comparison between crystalline structure (from Velavan et al52) and 

optimised structures using 6-311++G(2d, 2p) at different XC functional levels of theory. The 

black bars correspond to the DFT calculated range of values for each bond length. 

 

Figure 3. Deviation metrics (MAD and STD) (Å) of vanillin bond lengths at different XC 

functional levels of theory using 6-311++G(2d, 2p). Hybrid functionals displayed in order of 

increasing HF exchange-energy contribution. 
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Figure 2 shows each bond in vanillin as calculated by each method with different XC-

functional levels of theory and using MP2, using 6-311++G(2d, 2p) as the basis set, as compared 

to the vanillin found in the single-crystal x-ray data file by Velavan et al52, whereas figure 3 

shows the deviation metrics (MAD and STD) for the difference between DFT-method and 

experimental across all bond lengths. From figure 3, it can be seen that going from GGA to 

mGGA or hybrid methods, a reduction in MAD can be observed, which is similar between all 

hybrid functionals (except B3LYP). MP2/6-311++G(2d, 2p) seems to show comparable results 

to GGA functionals. An increase in STD can be observed with decreasing MAD for almost all 

cases, suggesting the presence of systematic error in the system. 
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Figure 4. Theory against theory comparison of different methods for characteristic bonds. The 

heatmaps show the bond length (Å) difference (a. C4-O1, b. C7=O2, c. C3-O3 and d. O3-C8) 

between different method calculations. The difference is calculated by subtracting the column 

functional from the row functional length. 

Comparison of bond lengths at the M06-2X level of theory using different basis sets. Basis sets 

of different type (Pople, Correlation-Consistent and Karlruhe), number of ζ orbitals, number of 
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GTO orbitals (for Pople) and diffused orbitals tested. Application of error metrics (MAD and 

STD) for each basis set. 

Figure 4 shows the theory against theory comparison for all used XC-functional levels of 

theory and MP2, using 6-311++G(2d,2p) for the four characteristic bonds of vanillin. The 

heatmap suggests that deviations between bond lengths are within ±0.02 Å, suggesting that there 

is decent agreement between the different functional levels of theory and MP2. 

 

Figure 5. Bond length (Å) comparison between crystalline structure (from Velavan et al52) and 

optimised structure at the M06-2X functional level of theory using different basis sets. The black 

bars correspond to the DFT calculated range of values for each bond length. 
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Figure 6. Deviation metrics (MAD and STD) (Å) of vanillin bond lengths at the M06-2X XC 

functional level of theory using different basis sets. 

Figure 5 shows each bond in vanillin as calculated with M06-2X using the different basis sets, 

as compared to the vanillin found in the single-crystal x-ray data file by Velavan et al52, whereas 

figure 6 shows the deviation metrics (MAD and STD) for the difference between DFT-method 

and experimental across all bond lengths. From figure 6, it can be seen that the basis set 

convergence for vanillin occurs at triple-ζ with polarisation, as basis sets with quadruple-ζ show 

similar performance. Polarisation shows a significant effect on the MAD, as all basis sets without 

polarisation (6-31G, 6-311G) show a higher MAD than the respective variants with polarisation 

(6-31G(d,p), 6-311G(d,p)). Inclusion of diffuse functions shows no effect on the MAD when 

comparing 6-311G with 6-311++G and aug-cc-pVTZ, aug-cc-pVQZ with cc-pVTZ and cc-

pVQZ.  
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Comparison of MAD of all bond lengths (except hydrogen) with job CPU time for the 

geometry optimisation of vanillin starting from the crystallography .xyz file at different XC 

levels of theory using 6-311++G(2d,2p) and at the M06-2X functional level of theory using 

different basis sets. 

 

Figure 7. MAD (Å) of all calculated bond lengths against job CPU time (Hr) for the geometry 

optimisation of vanillin. A decrease in MAD can be observed with methods showing higher 

time-consumption, up to 3 hours. Methods requiring more than about 3 hours of CPU time yield 
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similar MAD. "+" refers to different basis sets at the M06-2X functional level of theory and “o” 

refers to different functional levels of theory using 6-311++G(2d,2p). 

Figure 7 shows the comparison between MAD (for all bond lengths compared to the 

experimental) and job CPU time for the optimisation of vanillin using each method from a UFF 

pre-optimised structure. Red markers indicate the specified XC-functional (or MP2) using 6-

311++G(2d, 2p), whereas blue markers indicate the specified basis set at the M06-2X functional 

level of theory. A general trend of decreasing MAD with increasing job time can be observed up 

to ~3 hours, after which more expensive calculations show similar MAD. The most efficient 

methods for the calculation of the bond lengths of vanillin seem to be M06-L, M06 and M06-2X 

for the functionals, and 6-311++G(2d, 2p), def2-TZVP and cc-pVTZ for the basis sets, showing 

the lowest MAD of about 0.006 Å at 3-5 hours of job CPU time. 

 

2.2 Vibrational frequencies 

Peak assignment of vanillin bond vibrations, band correlation between IR and Raman spectra 

(cross-referenced peaks between IR, Raman and computational vibrations). 
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Figure 8. IR and Raman spectra of Vanillin. 9 characteristic peaks have been chosen and 

assigned to their corresponding mode of vibration. 

9 characteristic vibrational frequency peaks for vanillin have been assigned and labelled based 

on the IR and Raman intensities, shown in figure 8, indicating the major vibration responsible for 

the peak. IR and Raman intensities have been cross-referenced with the Aldrich library of FT-IR 

spectra53. The aryl ether O-CH3 stretching vibration is expected in the range of 1000 – 1055 cm-1 

(1), the phenol C-OH stretching vibration is expected within the range of 1165 – 1335 cm-1 (2), 3 

peaks are expected (two of which are clearly seen and assigned) due to the aromatic ring C-C 

stretching modes are expected at near 1430 cm-1 (not labelled), 1515 cm-1 (3) and 1600 cm-1 (4) 

respectively, the aldehyde C=O stretching mode is expected at near 1725 cm-1(5), but is 

influenced by ring substitution, the aldehyde hydrogen stretching mode is expected as a doublet 

within the range of 2700-2900 cm-1 (6), the ether C-H stretching mode is expected near 2900 cm-
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1 (7) and finally, aromatic C-H stretching modes are expected within the range of 3030-3125 cm-

1 (8, 9 labelled).  visible more clearly in the Raman spectrum These assignments are in 

agreement with the peaks assigned by Balachandran et al7, in their DFT modelling study of 

vanillin and isovanillin, in which they carried out normal coordinate analysis (NCA) on vanillin 

to calculate the frequency of each vanillin mode of vibration and then assign the calculated 

values to experimental IR peaks, as well as PED (Potential Energy Distribution) values.  
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Figure 9. Characteristic modes of vibration as simulated by DFT. 

Figure 9 shows the characteristic peaks vibration modes as described by M06-2X/6-

311++G(2d,2p). The modes have been visualised using the finished frequency calculation file on 

the Gaussview-05 software54. While the modes of vibration are not isolated to a single bond, the 

major bond responsible for the vibration can be seen out-lined in green. Modes of vibration are 

attributed to: 1. O-CH3 methyl-ether bond stretching, 2. C-OH phenol bond stretching, 3. 
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Symmetric ring stretching, 4. Asymmetric ring stretching, 5. C=O aldehyde bond stretching, 6. 

OC-H aldehyde hydrogen bond stretching, 7. CH3 hydrogen bond stretching, 8. Symmetric 

aromatic hydrogen bond stretching and 9. Asymmetric aromatic hydrogen bond stretching. These 

modes of vibrations have been selected due to their specificity to the functional groups of 

vanillin and distinguishability in a vibrational frequency spectrum (IR or Raman). 

While it is common and relatively simple to calculate the vibrational frequency of a chemical 

bond using the harmonic approximation model, the result will be systematically higher than the 

experimental value due to neglecting the effect of anharmonicity. Anharmonic corrections can be 

included in the calculation, however, due to the requirement for second-order (or even higher) 

force constants, the resulting computationally cost increases significantly. A solution to this 

problem is the introduction of scaling factors, which are method-specific and can be used to 

improve the agreement between the calculated frequencies and experimental peaks. 

In their study, Truhlar et al21 have shown that fundamental frequency scaling factors for a DFT 

method, that can be “universally” applied to frequency calculations by that methodology, can be 

approximated from the comparison of calculated frequency values to the experimentally 

observed frequencies of a database containing 38 modes of vibration across 15 molecules, 

referred to in their study as “F38/10”. The scaling factor (λF) can then be calculated: 

𝜆𝐹 =  
∑(𝜔𝜐)

∑(𝜔2)
  

( 5 ) 

Where 𝜔 are the DFT-calculated harmonic frequencies and 𝜐 are the experimentally observed 

frequencies. The root-mean-square deviation associated with a scaling factor’s fit to the dataset 

can be calculated as: 
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𝑅𝑀𝑆 =  √
∑(𝜆𝐹𝜔 − 𝜐)2

𝑛
 

( 6 ) 

Where 𝑛 refers to the number of modes compared, in this case 38. Minimising the RMS with 

respect to the scaling factor yields the optimal scaling factor for the methodology. 

Truhlar et al have applied this method to calculate the scaling factors for a selection of 

common DFT methodologies, including some of the methodologies covered in the current study, 

for which the scaling factors used were taken from their study. For the methodologies that have 

not yet been covered (this includes all the functionals in the current study with 6-311++G(2d, 

2p)), we present the optimised scaling factors, calculated using the procedure outlined above: 

 

Table 1. Optimal scaling factors for studied methodologies, calculated following the procedure 

outlined by Truhlar et al21. 

Methodology 𝝀𝑭 RMS Deviation (cm-1) 

  Scaled Unscaled 

BP86/6-311++G(2d,2p) 0.989 34 43 

PBE/6-311++G(2d,2p) 0.986 33 47 

OPBE/6-311++G(2d,2p) 0.969 42 88 

M06-L/6-311++G(2d,2p) 0.959 32 107 

B3LYP/6-311++G(2d,2p) 0.963 28 103 

ωB97X-D/6-311++G(2d,2p) 0.948 41 137 

PBE0/6-311++G(2d,2p) 0.950 34 130 
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M06/6-311++G(2d,2p) 0.956 45 118 

M06-2X/6-311++G(2d,2p) 0.944 44 148 

MP2-FC/6-311++G(2d,2p) 0.955 77 136 

M06-2X/3-21G 0.969 139 158 

M06-2X/6-31G 0.954 136 178 

M06-2X/6-311G 0.960 109 147 

M06-2X/6-311++G 0.962 126 158 

M06-2X/cc-pVDZ 0.947 54 144 

M06-2X/cc-pVTZ 0.945 47 147 

M06-2X/cc-pVQZ 0.944 49 149 

M06-2X/aug-cc-pVQZ 0.945 49 148 

M06-2X/def2-TZVP 0.945 48 147 

 

M06-2X/def2-TZVP was also calculated as a validation set. A scaling factor of 0.945 was 

calculated which is in close agreement to the 0.946 reported by the authors, exhibiting a scaled 

RMS deviation of the dataset of 48 cm-1, showing a clear improvement from the 147 cm-1  

unscaled deviation. A clear improvement in the accuracy of the methods when calculating the 

frequencies of the “F38/10” database (Table S7) can be seen with the application of the reported 

scaling factors. The RMS has been optimised with respect to λF (Figure S14) and the scaled RMS 

deviations present similar values to those of scaling factors reported by Truhlar et al21, with the 

significant exceptions of cases with M06-2X using basis sets lacking polarisation (3-21G, 6-31G, 

6-311G, 6-311++G), which still exhibit large RMS deviations after being scaled.  
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Comparison of vibrational frequencies using 6-311++G(2d,2p) at different XC functional 

levels of theory. XC functionals of different rung (GGA, mGGA, hybrid) and hybrid functionals 

of different HF exchange energy contribution (25% to 54%), as well as MP-2 post-HF tested. 

Application of error metrics (MAD and STD) for each functional. 

 

Figure 10. Vibrational frequency comparison between assigned, experimentally observed (IR, 

Raman) peaks and DFT harmonic frequency calculations using 6-311++G(2d, 2p) at different 

XC functional levels of theory, a. without scaling factors and b. with scaling factors. Vibration 

assignments refer to the peaks highlighted in figure 8. 
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Figure 11. Vibrational frequency comparison between assigned experimentally observed IR 

peaks and scaled DFT harmonic frequency calculations at the M06-2X functional level of theory 

using different basis sets. Vibration assignments refer to the peaks highlighted in figure 5. b. 

Comparison of MAD and STD across different basis set parameters and families, moving from 

Pople double-ζ (yellow) to Pople triple-ζ (orange) to correlation-consistent (blue) to Karlsruhe 

(green) basis sets with different parameters. 

Figure 10 shows the agreement between the bond vibrational frequency for each characteristic 

vibration between the frequencies calculated by each method with different XC-functional levels 

of theory and using MP2, using 6-311++G(2d, 2p) as the basis set, and the characteristic peaks 

assigned on the vibrational spectra (IR, Raman), a. without scaling and b. scaled using the 

scaling factors, whereas figure 11 shows the deviation metrics (MAD and STD) for the deviation 

between DFT and experimental frequencies. From figure 10, the effects of the scaling factors can 

be clearly seen across all methods, increasing the agreement (proximity of marker to the dotted 

line) for all vibrations. 
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Comparison of vibrational frequencies at the M06-2X level of theory using different basis sets. 

Basis sets of different type (Pople, Correlation-Consistent and Karlruhe), number of ζ orbitals, 

number of GTO orbitals (for Pople) and diffused orbitals tested. Application of error metrics 

(MAD and STD) for each basis set. 

 

Figure 12. Vibrational frequency comparison between assigned, experimentally observed (IR, 

Raman) peaks and DFT harmonic frequency calculations using M06-2X with different basis sets, 

a. without scaling factors and b. with scaling factors. Vibration assignments refer to the peaks 

highlighted in figure 8. 
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Figure 13 Deviation metrics (MAD and STD) (cm-1) of characteristic vanillin bond vibrations at 

the M06-2X XC functional level of theory using different basis sets. 

Figure 12 shows the agreement between the bond vibrational frequency for each characteristic 

vibration between the frequencies calculated by each method using M06-2X with difference 

basis sets, and the characteristic peaks assigned on the vibrational spectra (IR, Raman), a. 

without scaling and b. scaled using the scaling factors, whereas figure 13 shows the deviation 

metrics (MAD and STD) for the deviation between DFT and experimental frequencies. 

Application of scaling factors on vibrational frequencies has shown an improvement on the 

agreement of DFT-calculated to experimentally observed (IR, Raman) vibration frequencies. In a 

similar fashion to the bond length comparison (figure 6), an increase in accuracy (decrease in 

MAD) can be observed when moving from double-ζ to triple-ζ, as well as when comparing 

polarised to unpolarised basis sets. Similar accuracy values are observed when comparing triple-

ζ to quadruple-ζ basis sets and basis sets with and without diffuse orbitals (6-311G to 6-311++G, 
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cc-pVTZ to aug-cc-pVTZ and cc-pVQZ and aug-cc-pVQZ). It should be noted that basis sets 

without polarisation have also shown much higher scaled RMS deviations (>100 cm-1) from the 

scaling factor calculations, reinforcing the significance of polarisation in basis sets. 

 

Comparison of MAD of studied vibrational frequencies (cm-1) with job CPU time (Hr) for the 

frequency calculation of the optimised vanillin geometry at different XC levels of theory using 6-

311++G(2d,2p) and at the M06-2X functional level of theory using different basis sets. 
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Figure 14. MAD (cm-1) of all calculated bond lengths against job CPU time (Hr) for the 

frequency calculations of the optimised vanillin structure. A decrease in MAD can be observed 

with methods showing higher time-consumption, up to about 7 hours. "+" refers to different basis 

sets at the M06-2X functional level of theory and “o” refers to different functional levels of 

theory using 6-311++G(2d,2p). 

Figure 14 shows the comparison between MAD (for the characteristic bond vibrations 

compared to the experimentally observed peaks) and job CPU time for the frequency calculation 
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of vanillin using each method from the optimized vanillin structure (optimized using the same 

method). Red markers indicate the specified XC-functional (or MP2) using 6-311++G(2d, 2p), 

whereas blue markers indicate the specified basis set at the M06-2X functional level of theory. A 

general trend of decreasing MAD with increasing job time, similar to that of bond length MAD 

(figure 7) can be observed up to ~5 hours, after which more expensive calculations show similar 

MAD. The most efficient methods for the calculation of the bond lengths of vanillin seem to be 

PBE0, ωB97X-D and M06-2X for the functionals, and 6-311++G(2d, 2p), def2-TZVP and cc-

pVTZ for the basis sets, showing the lowest MAD of 23-24 cm-1 at 2-5 hours of job CPU time. 

 

CONCLUSION 

The computational modelling of the molecular structure and vibrational frequencies of vanillin 

using a selection of different DFT parameters has been performed and has allowed for the 

determination of the ideal methods in each case. Geometry optimizations of vanillin using the 

aforementioned DFT methods have shown to be in good agreement to experimentally observed52 

vanillin bond lengths, exhibiting MAD values between 0.005-0.02 Å, the lowest of which are can 

be reached at about 3-5 hours of CPU job time using mGGA/hybrid functionals (M06-L, M06, 

M06-2X, PBE0) and triple-ζ, polarized basis sets (using M06-2X) (6-311++G(2d,2p), cc-pVTZ, 

def2-TZVP). 

Characteristic and identifiable bond vibrational frequencies have been selected, labelled on 

experimentally observed (IR, Raman) spectra and cross-referenced to literature53 and calculated7 

with good agreement. Scaling factors taken from Truhlar et al21for methods that have already 

been tested have been shown to improve the accuracy of calculated vibrational frequencies and 

scaling factors for methods that have not been reported (BP86, PBE, OPBE, M06-L, B3LYP, 

ωB97X-D, PBE0, M06, M06-2X and MP2-FC with 6-311++G(2d,2p), as well as M06-2X with 
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3-21G, 6-31G, 6-311G, 6-311++G, cc-pVDZ, cc-pVTZ, cc-pVQZ and aug-cc-pVQZ) have been 

calculated, validated according to the literature, compared those of similar methods and used in 

the current study to yield satisfying results, resulting in an overall MAD range of 20-35 cm-1 for 

most methods (excluding double-ζ unpolarised cases). The most efficient methods for vibrational 

frequency calculations that yield the highest accuracy have been again found to be hybrid 

functionals (with 6-311++G(2d, 2p)) (PBE0, ωB97X-D and M06-2X) and triple-ζ polarised basis 

sets (using M06-2X) (6-311++G(2d, 2p) and def2-TZVP) converging at 2-5 hours of CPU job 

time. 

Overall, it has been found that the hybrid XC functionals PBE0, M06-2X and ωB97X-D with 

6-311++G(2d, 2p) show the highest accuracy in both geometry optimisation (bond lengths) and 

frequency calculations (with the used scaling factors) at the lowest time. Using M06-2X, basis 

set convergence occurs at the triple-ζ polarised level, with quadruple basis sets showing no 

significant increase in accuracy and double-ζ or unpolarised basis sets showing a lower accuracy. 

Diffuse orbitals have not shown a significant effect to the accuracy of the studied systems. 
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