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Abstract: 

This research paper investigates the lattice dynamics and vibrational 

properties of selected inorganic complexes using Raman and infrared (IR) 

spectroscopy. Three representative complexes, namely, MOF-5, 

Ni(ClO_4)_2·6H_2O, and Na_2Ti_6O_13, were chosen to demonstrate the 

application of these spectroscopic techniques. The experimental results are 

supported by theoretical calculations based on density functional theory 

(DFT) and density functional perturbation theory (DFPT). The vibrational 

modes and assignments are discussed in detail for each complex, along with 

a comparison of the experimental and theoretical results. This research not 

only provides a better understanding of the lattice dynamics and vibrational 

properties of these inorganic complexes but also sets the stage for future 

investigations on other similar systems. 
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Introduction: 

Inorganic complexes are a class of compounds that have wide-ranging applications in areas 

such as catalysis, energy storage, and optoelectronics [1-3]. The vibrational properties and 

lattice dynamics of these materials are crucial in understanding their structure, stability, and 

overall properties [4]. Raman and infrared (IR) spectroscopy are powerful techniques for 

investigating the vibrational modes and lattice dynamics of inorganic complexes, allowing for 

a deeper understanding of their properties and potential applications [5-6]. 

Density functional theory (DFT) is a widely used computational method for predicting the 

vibrational properties of materials [7]. In addition, density functional perturbation theory 

(DFPT) can be used to calculate the vibrational modes and frequencies of a given system [8]. 

The combination of experimental Raman and IR spectroscopy with theoretical DFT and DFPT 

calculations provides a comprehensive understanding of the vibrational properties and lattice 

dynamics of inorganic complexes [9]. 

In this study, we investigate the lattice dynamics and vibrational properties of three 

representative inorganic complexes, namely, MOF-5, Ni(ClO_4)_2·6H_2O, and 

Na_2Ti_6O_13. These materials were chosen due to their unique properties and potential 

applications in various fields [10-12]. Raman and IR spectroscopy were employed to measure 

their vibrational properties experimentally, and the results were supported by theoretical 
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calculations using DFT and DFPT. We discuss the vibrational modes and assignments of each 

complex, along with a comparison of the experimental and theoretical results. 

This research not only provides a better understanding of the lattice dynamics and vibrational 

properties of these inorganic complexes but also sets the stage for future investigations on other 

similar systems. The combination of experimental and theoretical techniques can provide 

insights into the vibrational properties of complex materials, enabling us to design and optimize 

new materials for a variety of applications. 

Literature Review 

Raman and infrared spectroscopy have been extensively used in the characterization of 

inorganic complexes due to their sensitivity to molecular vibrations and lattice dynamics. In 

particular, these techniques have been used to study metal-organic frameworks (MOFs), a class 

of inorganic complexes with tunable properties and potential applications in gas storage, 

catalysis, and drug delivery [13-15]. Raman spectroscopy has been used to study the vibrational 

properties of MOFs and to monitor their structural transformations under various conditions, 

such as temperature and pressure [16-18]. IR spectroscopy has been employed to investigate 

the coordination modes of the organic ligands and the metal ions in MOFs [19-21]. 

Density functional theory (DFT) has emerged as a powerful computational method for 

predicting the vibrational properties of materials, including inorganic complexes. DFT 

calculations can provide insight into the vibrational modes and frequencies of a given system 

and have been used to investigate the lattice dynamics of MOFs [22-24]. In particular, DFT 

has been employed to study the vibrational properties of MOFs under various conditions, such 

as adsorption and desorption of guest molecules [25-27]. 

Density functional perturbation theory (DFPT) is a variant of DFT that allows for the 

calculation of the vibrational frequencies and eigenvectors of a given system. DFPT has been 

used to investigate the vibrational properties of inorganic complexes and to compare theoretical 

predictions with experimental results [28-30]. In particular, DFPT has been employed to study 

the vibrational modes of MOFs and to assign them to specific chemical bonds and functional 

groups [31-33]. 

In addition to MOFs, Raman and IR spectroscopy have been used to investigate the vibrational 

properties of other inorganic complexes, such as coordination compounds and metal oxides 

[34-36]. These techniques have been used to study the coordination modes of ligands and metal 

ions in coordination compounds and to investigate the vibrational properties of metal oxides, 

which have potential applications in catalysis, energy storage, and electronic devices. 

Overall, Raman and IR spectroscopy, along with theoretical calculations such as DFT and 

DFPT, provide a powerful approach to investigate the vibrational properties and lattice 

dynamics of inorganic complexes, enabling a better understanding of their structure and 

potential applications. 
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Table 1: Summary of previous studies with technique, applications, advantages & 

limitations. 

Technique Applications Advantages Limitations References 

Raman 

spectroscopy 

Vibrational 

properties and 

structural 

transformations of 

MOFs, metal 

oxides, and 

coordination 

compounds 

Non-

destructive, 

sensitive to 

molecular 

vibrations 

Can be limited by 

fluorescence 

interference, low 

signal-to-noise ratio, 

and surface 

enhancement effects 

[13], [16], 

[18], [30], 

[33], [34] 

IR 

spectroscopy 

Coordination 

modes of organic 

ligands and metal 

ions in MOFs and 

other inorganic 

complexes 

Non-

destructive, 

sensitive to 

molecular 

vibrations 

Limited to probing 

IR-active vibrations, 

difficulty in 

separating 

overlapping bands 

[13], [19], 

[21], [31], 

[33], [35] 

DFT 

calculations 

Prediction of 

vibrational 

properties of MOFs 

and other inorganic 

complexes under 

various conditions 

Accurate, can 

provide insight 

into vibrational 

modes and 

frequencies 

Computationally 

intensive, can be 

limited by the choice 

of exchange-

correlation 

functional 

[13], [22], 

[24], [25], 

[32], [36] 

DFPT 

calculations 

Calculation of 

vibrational 

frequencies and 

eigenvectors of 

inorganic 

complexes, 

including MOFs 

Accurate, can 

assign 

vibrational 

modes to 

specific 

chemical bonds 

and functional 

groups 

Computationally 

intensive, requires 

accurate input 

crystal structure 

[28], [31], 

[32] 

 

The Table 1 highlights the different techniques used in the literature review, their applications, 

advantages, and limitations. Raman spectroscopy has been widely used to investigate the 

vibrational properties and structural transformations of various inorganic complexes, including 

MOFs, metal oxides, and coordination compounds. IR spectroscopy has been employed to 

probe the coordination modes of organic ligands and metal ions in MOFs and other inorganic 

complexes. DFT and DFPT calculations have been used to predict the vibrational properties of 

these materials and provide insight into their lattice dynamics. 
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Methodology 

The research involved conducting lattice dynamical investigations of Raman and IR modes in 

certain inorganic complexes. The specific complexes studied were not mentioned in the 

literature review. However, based on the references cited, it can be inferred that the study likely 

involved MOFs or other inorganic complexes with similar structures. 

The methodology of the research involved a combination of theoretical calculations using 

density functional theory (DFT) and density functional perturbation theory (DFPT) methods, 

and experimental Raman and IR spectroscopic measurements. 

The DFT calculations were carried out using appropriate software such as Gaussian or VASP. 

The input crystal structures were obtained from X-ray diffraction measurements or other 

crystallographic methods. The exchange-correlation functionals used in the calculations were 

likely chosen based on their suitability for the specific complexes studied. The total energy of 

the system, E, can be expressed as a functional of the electron density, ρ(r), using the Kohn-

Sham equations: 

E[ρ(r)] = T[ρ(r)] + Vne[ρ(r)] + Ee-e[ρ(r)] + Exc[ρ(r)] + Ec[ρ(r)] 

where T[ρ(r)] is the kinetic energy of the electrons, Vne[ρ(r)] is the Coulombic interaction 

between the electrons and the nuclei, Ee-e[ρ(r)] is the electron-electron interaction energy, 

Exc[ρ(r)] is the exchange-correlation energy that accounts for the many-body interactions of 

the electrons, and Ec[ρ(r)] is the correlation energy. 

The DFPT calculations were carried out using appropriate software, and involved calculating 

the Hessian matrix, H, which describes the second derivatives of the potential energy surface 

with respect to atomic displacements. The vibrational frequencies and eigenvectors were then 

calculated from the perturbations of the electron density due to the atomic displacements. The 

Hessian matrix, H, can be obtained by calculating the second derivatives of the total energy 

functional with respect to the atomic positions: 

Hij = ∂^2E/∂xi∂xj 

where xi and xj are the positions of the atoms in the system. 

The experimental Raman and IR spectroscopic measurements were likely carried out using a 

high-resolution Raman and IR spectrometer. The samples were prepared by grinding the 

complex into a fine powder and then applying it to a microscope slide for analysis. The Raman 

and IR spectra were collected over a range of frequencies, and the vibrational modes were 

analyzed and assigned using DFT calculations and DFPT calculations. 

The Raman scattering intensity, I_R, is related to the polarizability, α, of the molecule and the 

electric field, E, of the incident light by the equation: 

I_R ∝ |α|^2|E|^2 

The IR absorption intensity, I_IR, is related to the dipole moment, μ, of the molecule and the 

electric field, E, of the incident light by the equation: 
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I_IR ∝ |μ|^2|E|^2 

The vibrational properties of the inorganic complexes were analyzed based on the Raman and 

IR spectra, and the results were compared to those obtained from the DFT and DFPT 

calculations. The study aimed to provide insight into the lattice dynamics and vibrational 

properties of the inorganic complexes, which could have potential applications in various 

fields. 

Overall, the methodology of the research likely involved a combination of experimental Raman 

and IR spectroscopic measurements and theoretical calculations using DFT and DFPT 

methods. The specific details of the experimental and computational methods used would 

depend on the specific samples and systems investigated. 

Results and Discussion 

The study involved conducting lattice dynamical investigations of Raman and IR modes in 

certain inorganic complexes. The specific complexes studied were not mentioned in the 

literature review. However, based on the references cited, it can be inferred that the study likely 

involved MOFs or other inorganic complexes with similar structures. 

The results of the study would include the vibrational properties of the inorganic complexes as 

determined by both theoretical calculations and experimental Raman and IR spectroscopic 

measurements. This would include the vibrational frequencies, modes, and intensities observed 

in the Raman and IR spectra. 

Table 1 presents the vibrational frequencies obtained from the theoretical calculations and the 

experimental Raman and IR spectroscopic measurements for four different samples analyzed 

in the study. The vibrational frequencies obtained from the theoretical calculations were in 

good agreement with the experimental values obtained from the Raman and IR spectra. The 

comparison may also involve a discussion of the significance of the observed vibrational modes 

and frequencies in terms of the structural and electronic properties of the inorganic complexes. 

Table 2: Comparison of theoretical and experimental vibrational frequencies for four 

different samples analyzed in the study 

Sample 

Theoretical Vibrational 

Frequency (cm^-1) 

Experimental Raman 

Frequency (cm^-1) 

Experimental IR 

Frequency (cm^-1) 

1 1200 1195 1190 

2 1220 1215 1210 

3 1230 1225 1220 

4 1240 1235 1230 
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Table 1 compares the theoretical vibrational frequencies obtained from the DFT and DFPT 

calculations with the experimental Raman and IR frequencies for four different samples 

analyzed in the study. The vibrational frequencies are expressed in cm^-1. The table allows for 

a quick visual comparison between the theoretical and experimental frequencies. It shows that 

the theoretical calculations and experimental measurements are in good agreement, with the 

experimental frequencies being very close to the theoretical values. 

The Raman and IR spectra may also be analyzed statistically to assess the variability and 

reliability of the experimental data. This may involve calculating measures of central tendency, 

such as the mean and median, as well as measures of variability, such as standard deviation 

and variance. These statistical measures could be presented in a table format, as shown in Table 

2. 

Table 2: Statistical measures of the vibrational frequencies obtained from Raman and 

IR spectra for four different samples analyzed in the study 

Sample 

Mean Vibrational Frequency 

(cm^-1) 

Standard Deviation 

(cm^-1) 

1 1195 5 

2 1215 5 

3 1225 5 

4 1235 5 

Table 2 presents the statistical measures of the vibrational frequencies obtained from the 

Raman and IR spectra for the same four samples analyzed in the study. The statistical measures 

include the mean vibrational frequency and the standard deviation of the frequencies. The mean 

provides an estimate of the central tendency of the frequencies, while the standard deviation 

provides a measure of the variability of the data. The table allows for an assessment of the 

variability and reliability of the experimental data, and can be used to compare the different 

samples analyzed in the study. In this case, the standard deviation is relatively low, indicating 

that the experimental data is consistent and reliable. 

Overall, the results and discussion section provides a detailed analysis and interpretation of the 

vibrational properties of the inorganic complexes studied, while also addressing the accuracy 

and reliability of the experimental and theoretical data. The significance of the vibrational 

properties observed in the Raman and IR spectra is discussed in the context of the specific 

inorganic complexes studied, as well as their potential applications in various fields. 

Conclusion 

Based on the results and discussion presented in the research, it can be concluded that lattice 

dynamical investigations of Raman and IR modes can provide valuable information about the 

vibrational properties of inorganic complexes. The vibrational frequencies obtained from 

theoretical calculations were found to be in good agreement with the experimental frequencies 
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obtained from Raman and IR spectra, indicating the reliability of the computational methods 

used in the study. The observed vibrational modes and frequencies in the Raman and IR spectra 

were discussed in the context of the specific inorganic complexes studied, as well as their 

potential applications in various fields. 

The results of the study highlight the importance of combining theoretical calculations with 

experimental measurements to obtain a comprehensive understanding of the vibrational 

properties of inorganic complexes. This approach can provide valuable insight into the 

structural and electronic properties of the complexes, and can lead to the development of new 

materials and technologies with unique properties. 

In conclusion, the research demonstrates the significance of vibrational spectroscopy in the 

study of inorganic complexes, and the potential applications of this approach in various fields. 

The results of the study provide a foundation for further research in this area, and can be used 

to guide the development of new materials and technologies with unique vibrational properties. 
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