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Introduction  

Raman spectroscopy is a technique within vibrational spectroscopy, which is based on the inelastic 

scattering of light. Since the development of the first commercial Raman spectrometer in 1953, 

advances in lasers and detectors and the discovery of new phenomena have expanded the use of this 

technique in several research fields [1].  

Vibrational spectroscopy is related to transitions between vibrational energy levels of the molecule. 

It is based on one of three phenomena that occur when electromagnetic radiation interacts with a 

molecule: absorption, transmission and scattering. While the first two phenomena are related to 

middle infrared spectra (IR), the latter is the one responsible for Raman spectra [2].  

The intensities of the bands in the infrared and Raman spectra depend on how effective the transfer 

of energy to the molecule is, and this mechanism differs between these two techniques. The 

condition for infrared absorption is that there is a variation in electric dipole moment of the 

molecule. This implies that polar bonds tend to present greater signals than nonpolar bonds. 

However, in Raman scattering, the activity depends on the variation of the induced dipole moment. 

Thus, the opposite to infrared occurs: nonpolar bonds present greater Raman signals than polar 

bonds. Due to this aspect, the two techniques, even while presenting signals in the same spectral 

range, should not be seen as duplicates of each other, but as complementary techniques. Regarding 
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the imaging techniques using infrared and Raman, in infrared, the analysis can be much faster, 

while in Raman it is possible to obtain more detailed images, and lower concentrations can be more 

easily detected.[3]  

In 1966, Delhaye and Migeon1 suggested that Raman scattering was independent of sample volume 

and therefore could be applied for microscopic particle analysis. From this concept, in 1974, the 

first Raman microspectrometers were developed and commercialized, which provided Raman point 

and imaging analysis. The gain obtained by combining spectral information with spatial information 

allowed this technique to be used to analyze various matrices, gaining prominence due to the quality 

of the generated results. The use of spectroscopic images allows evaluating the spatial distribution 

of the compounds based on their spectra, fundamental to understanding characteristics and chemical 

and/or physical properties related to the sample [4].  

Raman imaging spectroscopy combines a microscope with a Raman spectrometer. Over the last ten 

years, several advances have been made and the application of Raman spectroscopy imaging has 

increased over the time. In some areas, it is already used as a routine technique (for example, in 

material characterization), while in others, it has been explored as an alternative to traditional 

methods (e.g., in the medical or geologic fields). Due to the diversity of applications and 

techniques, the aim of this review is to provide an overview of Raman spectroscopy imaging, 

covering its fundamentals, a brief history and applications in the last 12 years (2006-2018) [5]. The 

theoretical prediction of Raman scattering was made in 1923 by Smekal and experimentally proven 

in 1928 by researchers from two independent groups: Raman and Krishnan in India and Landsberg 

and Mandelstam in Russia. However, the discovery of this phenomenon was attributed only to the 

first group, and the effect was not only named as a tribute to Raman but he also was awarded a 

Nobel Prize in Physics in the year 1930 in recognition of this achievement [6]. However, the first 

commercial Raman spectrometer was only built in 1953, after the development of the 

monochromator, using mercury at a wavelength of 435.8 nm as radiation source. Thus, before the 

1960’s, it was possible to identify more than 40,000 compounds using this configuration. However, 

the source used made the application difficult, especially for photosensitive and colored samples 

that intensely absorbed this radiation [7].  

Thus, the invention of the laser in 1960 and its use as a light source in Raman spectrometers, being 

introduced by Brazilian physicist Sérgio Porto and Wood11 in 1962, presented another great 

advance in this type of spectroscopy, allowing its application in a faster and more reproducible 

manner [8].  

As previously mentioned, the first suggestion of coupling a microscope to a Raman spectrometer 

was in 1966. However, this equipment was developed only in 1974 by Delhaye and Dhamelincourt. 

This new technique allowed the use of Raman spectroscopy for surface mapping. Another important 

step was the use of charge-coupled device (CCD) detectors from 1987. Since Raman scattering 

presents an inherently weak signal, this problem has been solved by using CCD detectors, 

improving Raman sensitivity and further extending the range of applications. Starting in the 1950’s, 

several variations of Raman spectroscopy were also developed, such as coherent anti-Stokes Raman 

spectroscopy (CARS), surface enhanced Raman spectroscopy (SERS), resonance Raman 

spectroscopy (RRS), tip enhanced Raman spectroscopy (TERS) and stimulated Raman spectroscopy 

(SRS) which brought significant improvements in several aspects (speed and/or resolution) 

compared to spontaneous Raman. The main events of the development of Raman spectroscopy 

imaging from 1920 to 2014 (in the Supplementary Information (SI) section) [9].  

Raman spectroscopy presents many of the advantages of vibrational techniques, such as little or no 

sample preparation and direct and non-destructive analysis, considered important mainly in cases of 

the need for sample preservation, such as with works of arts, artefacts or forensic analysis. Another 

advantage is the possibility of performing analyses in the presence of water since it does not 
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interfere with the spectra, unlike infrared spectra. Another important characteristic is that both 

organic and inorganic compounds present Raman signals, which allow both types to be analyzed 

using this technique [10].  

Another advantage refers to the possibility of detecting smaller amounts of analyte compared to 

point spectroscopy. In point spectroscopy, one spectrum per sample, which represents the average 

sampled volume (often called bulk in the literature) is obtained [11]. Thus, in many cases, 

compounds in low concentrations are not detected. However, since in imaging spectroscopy an area 

of the sample is analyzed, even if the analyte is absent in several pixels, it may have a high 

concentration in other pixels, which allows it to be detected even at low concentrations [12].  

The current energy sources of Raman spectroscopy are lasers. Monochromatic light is focused on 

the sample, the incident photons go into virtual state and then the scattered photons are measured. 

The so-called virtual state is not real and does not refer to any pre-existing electronic or vibrational 

state in molecule, but is created at the time of laser incidence [13].  

Considering that the Raman signal strength is proportional to the fourth power of the laser 

wavelength, the initial impression would be that the use of more energetic lasers would provide 

better perfomance. However this is not always favorable since instead of the photon reaching the 

virtual state, it could acquire enough energy to reach the electronic excited state generating a 

fluorescence spectrum [14]. Therefore, aiming at improving the technique, mainly in relation to 

sensibility, analysis time and spatial resolution, new technologies based on the Raman scattering 

phenomenon were developed: SERS, CARS, TERS, SRS and RRS [15].  

Resonance Raman spectroscopy (RRS), coherent anti-Stokes Raman spectroscopy (CARS) and 

stimulated Raman spectroscopy (SRS) RRS aims at improving the detectitvity and selectivity of 

Raman scattering. The Raman signal is inherently weak, but can be improved by several orders of 

magnitude when the wavelenght of the laser is close to the electronic absorption band that involves 

the resonance phenomenon. The smaller the difference between the laser frequency and the 

electronic transition, the stronger is the signal. However, there is a higher risk of fluorescence, and 

only vibrations coupled with chromophore groups are intensified. One way to prevent/ reduce 

fluorescence is using a laser in the ultraviolet range. A review of this technique was published in 

2008 by Efremov et al., containing a brief history and the main applications [16].  

Although the cited techniques present better spatial resolution and/or sensibility, they are usually 

slow. The issue of speed becomes crucial especially in in vivo studies. In this sense, two nonlinear 

Raman techniques (i.e., when the signal intensity does not depende linearly on excitation intensity) 

can be highlighted: CARS and SRS. Both are considered ultra-fast (around 10-15 to 10-6 s per 

spectrum) and present good sensibility (10-6 mol L-1). Since at room temperature most electrons 

are at the fundamental energy level, anti-Stokes scattering is very weak in relation to all the other 

Raman scattering phenomena [17].  

The Raman experiment: 

The theory of Raman spectroscopy and the effect of light on matter are explained. Further, the 

general setup for Raman spectroscopy is shown including its extension to Spectro electrochemical 

measurements. Gamry’s measurement software and data evaluation are explained based on Spectro 

electrochemical experiments [18].  

Raman spectroscopy is a widely used spectroscopic method. Highly specific spectra of materials 

can be obtained which can be compared and identified by using spectral databases. Similar to IR-

spectroscopy, fundamental vibrations of molecules are examined which is important for a complete 

understanding of chemical reactions [19].  

However, in contrast to IR-spectroscopy, no absorption effects are observed but scattering of light. 

As water is a strong absorber, Raman spectroscopy is the method of choice for studying aqueous 
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solutions compared to IR-spectroscopy. This makes it suitable for biological and medical research, 

e.g. analysis of the impact of drugs on biological cells [20].  

Raman spectra can be acquired very fast. Hence it is used for a large variety of in-situ analyses. 

Further, it is in general a non-destructive technique depending on the intensity of the laser and 

duration of an experiment [21].  

The experimental setup is simple as no sample preparation is necessary. Solid or liquid samples can 

be used as they are received. Experiments can be performed either inside or outside of a 

measurement cell through glass or plastic [22].  

When light is focused on matter, both interact in different ways with each other. Light can be 

absorbed, scattered, transmitted, or reflected amongst other effects which would go beyond the 

scope of this discussion [23,24].  

In 1828, the Indian physicist Sir C. V. Raman performed a series of measurements where he 

focused sunlight on a liquid probe (see Figure 1) [25].  

 

Figure 1: Simplified setup of a Raman experiment 

He used a monochromatic filter (excitation filter) which let only light with a specific wavelength 

reach the probe. The measured scattered light showed a broader spectrum with additional 

wavelengths. A second filter (emission filter) behind the probe allowed blocking the incident 

wavelength. The observed residual scattered light could now be clearly distinguished from the 

incident light [26].  

Light scattering  

The observations which Sir Raman made can be explained by the fact that photons which are not 

absorbed by the probe will be scattered.[27]  

In UV-Vis absorption spectroscopy, electrons in the ground state are excited to a so-called excited 

electronic state. For this, the photon energy (depending on the wavelength) has to match the 

difference in the energy states. As a result, those absorbed wavelengths cannot be found in the 

transmitting light.[28]  

When light is scattered, electrons are also excited from their ground state. However, the photon 

energy is does not have to be resonant. Molecules can be excited to a virtual energy state, (see 

Figure 2)[29].  
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Figure 2: Jablonski diagram showing transition of energy for 

Rayleigh and Raman scattering 

Scattered light itself can be distinguished between elastic and inelastic scattering. The major part 

scatters elastic which means that the energy (i.e. wavelength) of the incident light is equal to the 

emitted light. This phenomenon is referred to as Rayleigh scattering [30].  

Only a minor part scatters inelastically where a small fraction of energy is transferred between 

molecule and photon. It causes changes in the polarization of the molecule which are induced by 

molecular vibrations. Hence energy and wavelength of incident and scattered light are not equal 

anymore. This effect was observed by Sir Raman in his experiments which were described in the 

previous section. As a result, this kind of spectroscopy is called Raman spectroscopy.  

Inelastic scattering can be further distinguished between two different forms, depending on the 

energy state of the molecule (see Figure 2). In case one, the molecule is initially in its ground state. 

After excitation, the molecule falls back to a vibrational energy state above the ground state. As a 

result, the emitted photon has less energy than before and the scattered light will shift to a higher 

wavelength. This effect is called Stokes-Raman-scattering [31,32].  

The second type of inelastic scattering assumes that the molecule is already in a higher vibrational 

state. After excitation, the photon falls back to the molecule’s ground state. The emitted photon has 

a higher energy than before.  

The wavelength shifts to lower values. This effect is called Anti-Stokes-Raman scattering.  

Anti-Stokes-Raman scattering is mostly weaker than Stokes-Raman scattering as most molecules 

are initially in their ground state. Hence Stokes-Raman scattering is mainly measured in Raman 

spectroscopy [33].  

Measurement setup  

Figure 3 shows a general setup for spectroscopic and Spectro electrochemical Raman experiments. 

It consists of a Raman spectrometer, measurement cell, potentiostat, and computer [34].  

The light source of a Raman spectrometer is in general a laser with a specific wavelength. The 

laser’s wavelength can range from the Ultraviolet to the visible and near-Infrared range depending 

on the application [35].  
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Figure 3: Experimental setup for spectroelectrochemical Raman   experiments. 

The light beam is focused on a dichroic filter (Notch filter). The filter reflects the light beam to the 

sample at a right angle. The resulting Raman scattering is focused back to the dichroic filter. It 

serves as band-stop filter whereby the incident light from the light source is nearly completely 

attenuated. Only light with a different wavelength, i.e. Raman scattered light, can pass the filter 

unaltered [36].  

The measured light is redirected by mirrors to a monochromator which uses grating to diffract the 

beam into a narrow band of wavelengths. The photo current from each wavelength section is then 

measured at the detector. In general, a CCD detector (charged-coupled device) is used to the 

measured photo current into electric current. Finally, the measured data can be saved and evaluated 

on a computer by using appropriate software [37].  

For spectroelectrochemical measurements, the target sample is used as working electrode. 

Reference and counter electrode complete the electrochemical cell. All electrodes are connected to a 

potentiostat which is also connected to a computer. Using appropriate software enables 

simultaneous recording of spectroscopic and electrochemical data and subsequent data evaluation 

[38].  

Applications: 

Raman imaging spectroscopy has seen increasing interest in several areas. A total of 1785 published 

articles were found, with the number increasing over time. In this research, we did not consider 

articles that used an image spectrometer only to make point measurements, i.e., without interest in 

the spatial distribution/chemical image [39].We also found 123 review articles or perspectives on 

Raman spectroscopy imaging, whether referring to the technique and advances in general or its 

application in a given area. Regarding the application areas, main areas were found: 

agriculture/biomass, environmental, biological and medical analysis, development of methods or 

instruments, pharmaceutical applications, geological analysis/planet and celestial bodies 

composition, food, arts, archaeology, material characterization, forensic analysis and archaeology 

[40]. The area with the largest number of published articles in the 12 years studied is material 

characterization, followed by biological and drug analysis. The others represent less than 10% of 

the total each one. Spontaneous Raman is the most used in these studies (76% of the total), followed 

by SERS, which represents 10%. CARS and TERS account for 4% each. The other techniques each 

represent a percentage below 2% of the total [41].  

Agriculture and biomass  
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The articles on the application of Raman spectroscopy imaging in the area of agriculture and 

biomass during the studied period can be divided mainly into the analysis of pesticides and their 

effects, characterization of seeds, fertilizers and soils, studies of agricultural products, and the 

characterization of plant cell walls for the production of biofuel from lignocellulosic materials. In 

the majority of cases, the Raman image was not used alone, but associated with other imaging 

techniques, such as SEM, TEM and AFM or with chromatographic techniques (mainly high-

performance liquid chromatography, HPLC) for the characterization of samples; there were few 

cases where Raman was used alone [42].  

There is a predominance of the use of univariate methods (71%) and the use of spontaneous Raman 

(73%) for treatment and data acquisition, respectively. SERS (19%), resonant Raman (4%) and 

SORS (4%) techniques were found as Raman variations. The SORS method is relatively recent, 

developed in 2005. It uses spontaneous Raman, but obtains spectra from the internal part of the 

sample without the need to open/destroy the sample. Its potential has been exploited in seed 

characterization since normally these samples must be cut to obtain the infrared and Raman spectra 

from its internal part. With the use of SORS, this procedure was avoided and the methodology 

proved to be non-destructive for this type of sample [43].  

Biofuel production has attracted attention in recent years, but lignocellulosic materials, the most 

abundant in nature, present low yields for bioethanol production. One of the main reasons for this 

problem is the cell walls, which protect plants from external attacks. This resistance is not only a 

product of the quantities of compounds, but also of their spatial distribution. Therefore, Raman 

imaging spectroscopy has been applied, aiming at this characterization, before and after the 

treatments for the destruction of cell walls, trying to find which pretreatment is the most effective, 

or even trying to understand the mechanisms of the process [44].  

Foodstuff  

In the area of foodstuffs, publications were found both for the characterization of products and for 

studies of pesticides presence and adulteration processes. Different from the other areas, there was a 

slightly greater predominance of multivariate methods (44%) than univariate methods (39%), with a 

significant percentage using both methods (17%). There is a great predominance in the use of 

spontaneous Raman (83%), followed by SERS (11%) and SORS (6%) [45].  

Wang et al. used SERS for the detection of bacteria in skimmed milk. Using this method, it was 

possible to construct maps and identify the presence of the species of Salmonella enterica, 

Escherichia coli BL21, Listeria monocytogenes 18 and Lactococcus lactis bacteria. This type of 

analysis is of great importance in the area of food since Salmonella is a known food pathogen and 

the second largest agent responsible for human gastrointestinal infections. Zhang et al. used 

MCRALS on Raman and mid-infrared images to construct maps of constituent distributions in 

white chocolate and milk. It was possible not only to identify sucrose, lactose, fat and whey, but 

also an unknown compound. From the maps obtained it was possible to locate the butter and whey 

scattered and trapped around the sugar particles. The other constituents were distributed in 

heterogeneously separated particulates [46].  

Recently, Yaseen et al. published a review on the use of Raman images for quality control and food 

safety evaluation, citing recent studies involving the technique, as well as future perspectives for 

application in industry and research in this sector [47].  

  

Environmental  

Articles from the environmental area represent only 2% of the total number of papers, mostly 

focused on the effects of pollution on the environment. It is a promising area due to both the current 

concern with the environment and to the possibilities found, since it is an area little explored by 
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Raman spectroscopy imaging to now. The form of data treatment is predominantly univariate (71%) 

and the acquisition is mostly from spontaneous Raman (93%) [48].  

Käppler et al. used IR and Raman imaging to study environmental microplastics. This material is a 

contaminant of aquatic ecosystems, with negative impacts on biota. The authors showed that in 

cases of very colorful materials, the use of both techniques can be advantageous because many 

fillings and pigments have Raman spectrum, but not IR. However, the use of only Raman 

microspectroscopy can lead to errors, especially for painted particles. The authors’ results allowed 

distinguishing microplastics in relation to number, type and size, as well as measurement time. 

Batonneau et al. analyzed urban tropospheric aerosol particles using confocal Raman allied with 

MCR. The results were compared to X-ray mapping and were compatible [49]. Particles rich in lead 

and zinc metals mixed with mineral dust were detected in the Northeast of the city when the wind 

was coming from the Western sector. The authors believe that these particles were possibly 

suspended in the troposphere by the action of wind or mechanical disturbance of polluted soils [50].  

Biological and medical  

This area has the second highest number of applications. It is mainly divided into two parts: 

studies/characterizations of cells (vegetable, animal or human) and studies of diseases, in which 

efforts for the diagnosis and identification of cancer cells can be highlighted. The term label-free 

was found mainly in these applications, highlighting the use of a dye free method, such as the 

traditional methods of microscopy. It was the area with the greatest diversity of Raman techniques, 

although spontaneous Raman still represents 68% of the articles found. In many cases, the 

traditional method of diagnosis is histopathological analysis. This method is subjective and requires 

an experienced analyst. Therefore, the development of methods that are more objective in their 

results is highly desirable [50].  

Studies on spatial changes and with the time of cytochemistry in colonies of human embryonic 

steam cells were performed by Konorov et al. This allowed a better understanding of the niches of 

these colonies and aspects of the tissue, morphologies and organ trajectories. Han et al. studied the 

metabolism of antitumor drug 6-mercaptopurine in living cells. Using SERS, the authors could 

visualize the real-time distribuition of drug and its biotransformation in tumor cells. Marini et al. 

detected stretched DNA using microRaman spectroscopy and superhydrophobic substrate [51]. This 

work showed that this technique can distinguish DNA molecules due to chemical conformation 

behaviour and can be used in several applications on bio-medical field, as interaction with toxins or 

proteins. Using the advantage of high spatial, sensivity and velocity of SRS, Saar et al. presented an 

in vivo video-rate molecular imaging in mice, humans of the drug penetration of topically applied 

drugs. In summary, Raman imaging has been used for a wide variety of matrices in biological 

applications: teeth, tissues, cells, monitoring of drugs in cells and their biotransformations, bacteria, 

biological pathways, in vivo or in vitro analysis, among others. The need for the analysis of these 

highly different matrices justifies the use of different variations of Raman spectroscopy (SRS, 

CARS, TERS, RR and SERS, for example) [52]. Some problems are found in this type of study 

using the Raman image, and one of the most relevant is the analysis time. It is not uncommon for 

image aquisition to take several hours, which would make in vivo use difficult. Attempting to 

reduce time would affect image resolution, which in many cases is not desirable. An alternative is 

the use of other methods besides spontaneous Raman; CARS and SRS are the most used in this 

application since they are fast and do not need sample preparation. The use of SERS for locating 

particles in specific parts/organs is also an important area of research in recent years, with in vivo 

studies being carried out in small animals, such as mice. There is also the problem of fluorescence 

in this type of sample, making its application even more difficult, which is partially solved by the 

use of lower energy lasers, in spite of the loss in sensibility. There are several reviews on the 

application of Raman spectroscopy imaging in the literature for biological and medical applications. 

Those made by Krafft et al. (use of linear and non-linear Raman imaging of cells and tissues) and 
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by Jermyn et al. (advances in the area with emphasis on transference for clinical analysis, mainly in 

cancer treatment) should be higlighted [53].  

Development of equipment and methods  

Raman spectroscopy imaging is not a consolidated area yet, and there is much to be investigated, 

either to improve the performance of the method or the equipment. Duarte et al.,79 for example, 

developed CARS microscope with Fourier transform for imaging. Using this equipment, it was 

possible to obtain an image of the entire region at the same time, decreasing the damage to the 

sample [54].Modifications in the TERS tips are also found, aiming at improving the performance of 

the method, the techniques to improve data (e.g., removal of spikes or improving signal to noise 

ratio), the development of SORS for linear mapping, and others. It is possible to find articles that try 

to develop new equipment or do modifications for new applications and/or performance 

improvements, as well as new modes of data processing. Most of these articles on equipment are 

not found in the area of chemistry, but in articles focused on the areas of physics and engineering, 

dealing with the optics, such as Microelectronic Engineering, Applied Physics Letters, Optics 

Communications and Optics Letters, among others. The variants SRS, CARS, TERS and SERS, 

being more recent techniques, are the ones that appear more often in this area, with more 

prominence for the non-linear techniques CARS and SRS [54].  

Forensic analysis  

The book ‘Introduction to Química Forense’ defines forensic chemistry as: “the part of chemistry 

that deals with forensic investigation in the field of specialized chemistry in order to meet aspects of 

judicial interest”. The main applications in this area using Raman spectroscopy imaging refer to 

studies of fingerprints, explosives, adulterations and fraud in documents. However, many of the 

studies on adulteration have been included in other areas depending on the matrix analyzed (mainly 

drugs and food) [55].  

Fingerprint detection is important in both identification and explosivecontaminated fingerprint 

situations. This is due to the fact that fingerprints are unique to each individual, and therefore 

important forensic evidence. Using a solution of β-carotene and oil, Deng et al. obtained Raman 

spectroscopy images of fingerprints from volunteers on several types of surfaces. A good match was 

obtained with the real fingerprint, independent of the surface. Document frauds are mainly 

identified either by distinguishing different types of ink or by the order in which the writing was 

performed. Borba et al. used MCR-ALS to find the order of the traces of some writing and also 

concealment of writing. This was possible using confocal Raman because it allows the acquisition 

of data at different depths. An example using a stand-off method was provided in the detection of 

explosives. In this method, both the analyst and the equipment were at a certain distance from the 

sample, and the data could be collected without approximation. In this case, pentaerythritol 

tetranitrate (PETN) and ammonium nitrate (NH4NO3) were analyzed at low concentrations, with the 

limit of detection estimated at ca. 1 μg cm-2. The stand-off analysis of explosives brings safety to 

the operator [56].  

Pharmaceutics  

Raman imaging spectroscopy is an important analytical tool in the pharmaceutical industry, being 

used in both the development and in the quality control of drugs. The spatial distribution of the 

compounds in a sample may be associated with their effects and with the stability of the product. 

Different processing methods and their effects, studies of impurities, adulterations, among others 

are also evaluated. Scoutaris et al. studied the effect of different formulation processes on the 

distribution of paracetamol and found that more homogeneous formulations were obtained in pre-

mixed extruded formulations than those extruded by the method of hot fusion or obtained by direct 

compression of the drug with the excipients [57].  
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The Raman imaging has also attracted attention in the study of different polymorphic forms of 

drugs since it is more sensitive than IR and near infrared (NIR) spectroscopies to the crystallinity 

and polymorphism of compounds. The study of polymorphism is particularly important in the 

pharmaceutical field as it is directly linked to formulation stability and safety. Piqueras et al. have 

developed a work to monitor the polymorphic transformations of carbamazepine, an antiepileptic 

approved worldwide and considered an essential drug by the World Health Organization (WHO). 

This method has allowed the detection of polymorphic forms I and III. The two forms are the most 

common forms of carbamazepine, with form III as the main form used in drug products, while form 

I is found at higher temperatures. These results can help to determine the storage conditions and 

optimization of the drug product manufacturing processes.26 Not only active pharmacecutical 

ingredients can present structural changes over the time but also the excipients, as in case of semi-

solid formulations. Mitsutake et al. described structural changes in polyethylene-glycol/polysorbate 

80 mixtures over time by different chemometric methods [58].  

Interpretation of Raman spectra: 

The results of a Raman spectroscopy analysis are usually represented graphically, with the intensity 

of the scattered light (y-axis) plotted against the frequency of light (x-axis). Also considered an 

indication of energy, frequency is usually measured by a unit known as the wavenumber, which is 

represented as reciprocal centimetres (cm-1). Frequencies are plotted in relation to that of the laser, 

since the change in energy of the light is of interest.  

A light beam is made up of many waves of light, each with different frequencies all propagating 

along the same path. Each frequency plays a part in the total intensity of the beam (I), which is 

represented as photons per time interval. The strength of a light beam is the value that is ultimately 

assessed with a spectrometer, with the intensity distribution of all detected frequencies known as the 

beam's spectrum [58].  

Raman Spectroscopy of Organic and Inorganic Molecules  

The Raman spectrum (especially for organic molecules) is usually considered to be composed of 

three distinct regions.  

 The region called “fingerprint” (600-1800 cm-1)  

 The region called “silent” (1800-2800 cm-1)  

 The region of high wavenumbers (2800-3800 cm-1)  

Each of these regions of the Raman spectrum contains peaks with different chemical and 

biochemical information, and together they can provide a lot of information about the underlying 

chemistry. The position of a Raman peak provides information on that particular chemical bond. 

For bonds that are found only in a particular class of molecules or that are particularly abundant in a 

class of molecules, the presence of a peak at a given Raman shift could indicate the presence of 

those molecules in the test sample. The intensity of a Raman peak is related to the concentration of 

a particular chemical bond (and therefore potentially also to the concentration of a particular class 

of molecules). By comparing the normalized Raman spectra of two different samples acquired on 

the same system, the relative heights of the Raman peaks can be used to do a relative quantification 

of the different molecules present [58].  

 “Fingerprint” Region  

In most biological applications of Raman spectroscopy, fingerprint regions provide the greatest 

wealth of biochemical information. Here we can find peaks that correspond to information on 

nucleic acids, proteins and lipids, thus providing information on both the composition and the state 

of the cell or tissue under examination [59].  “Silent” Region  
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The “silent” region separates the “fingerprint” region from the high wavenumbers region of the 

Raman spectrum and is named after the fact that no endogenous biomolecule shows peaks in this 

region [59].  

 High wavenumber region  

The high wavenumbers region consists of two main peaks: the peak centered at ~2900 cm-1 occurs 

for the stretching modes of the CH, CH2 and CH3 groups and therefore contains information on the 

presence of these chemical bonds, while the main peak at ~3400 cm-1 occurs due to the stretching 

mode of the OH bond and thus provides information on the water content of the substance [59].  

Survey of some compounds  

1- Acetone  

Acetone is the simplest ketone. Its chemical formula is CH3-CO-CH3; the carbon atom to which the 

oxygen atom is bonded has sp2 hybridization and is located in the center of a triangle 

(approximately equilateral) whose vertices are made up of the oxygen atom and the other two 

carbon atoms. The CCC angle is a little less than 120°. Acetone is a mobile, colorless, volatile and 

flammable liquid with a characteristic ethereal odor; it is completely soluble in water, ethanol and 

ether and is mainly used as a general purpose solvent. In Fig. 4, we report the Raman spectrum of 

the molecule. The emission maxima corresponding to the modes of vibration, stretching and 

bending of the C-H bond of the methyl group CH3, and of the C-C and C-O bonds are evident.  

 

Fig 4: Raman spectrum of Acetone 

2- Acetic acid  

Acetic acid is an organic chemical compound whose chemical formula is CH3COOH, best known 

for giving vinegar its characteristic acrid taste and pungent odor. In Fig. 5, we report the Raman 

spectrum of the molecule and the comparison with the Raman spectrum of acetone. The emission 

maxima corresponding to the modes of vibration, stretching and bending of the C-H bond of the 

methyl group CH3, and of the C-C and C-O bonds are evident. We note how the emission lines 

substantially coincide with the exception of the one corresponding to the C-C bond, this difference 

is due to the difference in the overall structure of the two molecules [60].  
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Fig 5: Raman spectrum of Acetic acid 

3- Toluene  

This aromatic chemical compound, consisting of a benzene ring to which a methyl group is 

bonded, used as a solvent and as an ingredient in gasoline and some explosives. In Fig. 6, we report 

the Raman spectrum of the molecule. In the spectrum we note the presence of the line at 2900 cm-1 

which corresponds to the stretching vibration mode of the methyl group CH3. At about 3000 cm-1 

there is the stretching mode due to the bond between the methyl group and the benzene ring. 

Between 200 cm-1 and 1600 cm-1 there are the maximum emissions due to the vibrations of the 

benzene ring. The peak is also visible at about 200 cm-1, near the minimum limit of the 

instrument.[60]  

 

Fig 6: Raman spectrum of Toluene 

4- Nitric acid  

Nitric acid is a strong mineral acid as well as a strong oxidizing agent. Liquid at room temperature, 

colorless when very pure (light yellow otherwise); its chemical formula is HNO3, sometimes also 

rendered as NO2(OH). Its salts are called nitrates and are almost all soluble in water. In 

concentrated solution (> 68%) it is called fuming, due to the tendency to release reddish vapors of 

nitrogen dioxide (NO2). In Fig. 7, we report the Raman spectrum of nitric acid obtained with our 

spectrometer. We note the presence of the maxima corresponding to the vibration frequencies of the 

molecular groups NO3, NO2, and of the N-OH and N-O-N bonds [60].  
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Fig 7: Raman spectrum of Nitric acid 5- Urea 

Urea is a chemical compound with the formula CO(NH2)2; under normal conditions it appears as a 

colorless crystalline solid; it is the diamide of carbonic acid. The urea molecule is planar in the 

crystalline structure, while it assumes a pyramidal shape in the gas phase. In the solid state, each 

oxygen is bonded to two other molecules with a hydrogen bond. Given its ability to form hydrogen 

bonds, urea is highly soluble in water and can form clathrates by trapping numerous organic 

compounds. In Fig. 8, we report the Raman spectrum of an aqueous solution of urea. The peaks 

corresponding to the vibration modes of the NH2 molecular group and of the N-C-N bond are 

present [61].  

 

Fig 8: Raman spectrum of urea 

6- Dimethyl Sulfoxide (DMSO)  

Dimethyl sulfoxide (DMSO) is an organic compound belonging to the category of sulfoxides. At 

room temperature it appears as a colorless and odorless liquid that is particularly hygroscopic. 

DMSO is an aprotic solvent, miscible with a wide range of solvents, including alcohols, ethers, 

ketones, chlorinated and aromatics. It is also miscible in all proportions with water. In Fig. 8, we 

report the Raman spectrum, in which we note the characteristic maxima corresponding to the bonds 

with the sulfur atom and the methyl group CH3. As for the silicon of the siloxanes, also in this case, 

due to the greater mass of the sulfur atom, the frequencies are lower than those characteristic of the 

bonds with carbon.  

  

https://physicsopenlab.org/wp-content/uploads/2022/01/NitricRaman.png
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Fig 8: Raman spectrum of Dimethyl Sulfoxide 

7- Dichloromethane  

Dichloromethane (also abbreviated to DCM) is a chemical compound widely used as a solvent for 

organic chemistry. Its structure is similar of methane, but with two chlorine atoms that replace two 

hydrogen atoms. At room temperature it appears as a colorless and volatile liquid with a sweet 

smell. In Fig. 9, we report the Raman spectrum with the evidence of the maxima due to the C-H and 

C-Cl bonds. As for the silicon of siloxanes, also in this case, due to the greater mass of the chlorine 

atom, the frequencies are lower than those characteristic of the bonds with carbon [61].  

  

Fig 9: Raman spectrum of Dichloromethane 

Detection and identification of drug traces in latent fingermarks using Raman spectroscopy  

Recent advancements in analytical techniques have greatly contributed to the analysis of latent 

fingermarks’ (LFMs) “touch chemistry” and identification of materials that a suspect might have 

come into contact with. This type of information about the FM donor is valuable for criminal 

investigations because it narrows the pool of suspects. It is estimated that at least 30 million people 

around the world take over-the-counter and prescription nonsteroidal antiinflammatory drugs 

(NSAIDs) for pain relief, headaches and arthritis every day. The daily use of such drugs can lead to 

an increased risk of their abuse. In the present study, Raman spectroscopy combined with 

multivariate statistical analysis was used for the detection and identification of drug traces in LFMs 

when NSAID tablets of aspirin, ibuprofen, diclofenac, ketoprofen and naproxen have been touched. 

Partial least squares discriminant analysis of Raman spectra showed an excellent separation 

between natural FMs and all NSAIDcontaminated FMs. The developed classification model was 

externally validated using FMs deposited by a new donor and showed 100% accuracy on a FM 

https://physicsopenlab.org/wp-content/uploads/2022/03/diclorometano.png
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level. This proof-of-concept study demonstrated the great potential of Raman spectroscopy in the 

chemical analysis of LFMs and the detection and identification of drug traces in particular [61].  

Table 1: Raman band assignment for the natural and NSAID-contaminated fingermarks. The 

asterisks (*) indicate regions selected using the GA method [61]. 

Raman band 

(cm−1) 
Source Band assignment 

1655 Eccrine C=O stretching (secondary amide) 

1629* Naproxen Ring stretching, 

1606* Aspirin Ring stretching and OH bending 

1606* Ibuprofen Ring stretching 

1606* and 1578 Diclofenac Ring stretching 

1598* Ketoprofen C–C stretching (ring) 

1485*, 1420* 

and 

1168 

Naproxen CH bending 

1439 Sebaceous CH2 and CH3 deformation (aliphatic carbon chain) 

1307 Sebaceous CH2 twisting (aliphatic carbon chain) 

1267 Sebaceous 
= CH deformation (Squalene, unsaturated fatty acid, 

glycerides and wax esters 

1250 Diclofenac C–C stretching CH rock, 

1236 Diclofenac C–N–C stretching, CH rock, C7H2 wagging 

1207* and 1180 Ibuprofen CH bending and OH bending, 

1194* Ketoprofen Ring deformation and C–C stretching 

1194* Aspirin Φ, COC stretching (Φ: ring) 

1178* Naproxen HCC in plane bending 

1159* Aspirin CH and OH in-plane bending 

1159* Diclofenac CH bending (ring) 

1138* Ketoprofen Φ -C- Φ symmetric stretch (Φ: ring) 

 Sebaceous C–C stretching (aliphatic carbon chain) 

 
Ibuprofen CH bending and OH bending, 

1073* and 1045* Diclofenac Ring breathing 

1045* Aspirin C–H bending 

1031* Ketoprofen CH in-plane bending 

1009* Ibuprofen CH in-plane bending 

1002* Ketoprofen Ring deformation and CH3 rocking 

1002 Eccrine Ring breathing (phenyl alanine) 

961 Naproxen Torsion-HCCH 

861* Diclofenac CH twisting 

860* Eccrine Para-substituted ring vibration (Tyrosine) 

748* Naproxen Torsion-HCCC 

720* Diclofenac CH wagging 

704* Ketoprofen CH out-of-plane bending 

524 Naproxen 
HCC in-plane bending, Torsion-HCOC, Torsion-

HCCO 
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