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ABSTRACT 

KALEE NOELLE SIGWORTH: “Raman Spectroscopy Study of Delta-9-
Tetrahydrocannabinol and Cannabidiol and their Hydrogen-Bonding Activities”  

(Under the direction of Dr. Nathan Hammer) 

  

 Cannabis and products containing its cannabinoids have grown rapidly in 

acceptance and use in recent years with legalization of cannabis in many countries and US 

states.  Cannabidiol and Delta-9-Tetrahydrocannabinol are two primary cannabinoids in 

Cannabis that have been shown to produce analgesic effects along with many other positive 

side effects for the user.  These two cannabinoids interact with receptors in the Central and 

Peripheral Nervous Systems.  No spectroscopic study to our knowledge has been 

performed to analyze the hydrogen bonding effects of interactions between these two 

cannabinoids and solvents.  Here, we employ theoretical Raman spectra through 

computational methods to study hydrogen bonding between cannabinoids and water, 

ethanol and methanol.  Additionally, computational chemistry was utilized in an effort to 

identify the lowest energy conformations of Delta-9-THC and CBD in the presence of 

solvents.  Experimental Raman spectroscopy was also applied in an effort to acquire the 

highest resolution Raman spectra ever recorded for CBD and Delta-9-THC to date.  Due 

to the COVID-19 pandemic, experimental work was limited and will likely be completed 

in future work.  
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Chapter 1: Introduction to Chemical Bonding & Cannabinoids 

1.1.      Chemical Bonds 

The most basic understanding of chemical processes and reactions depends upon 

an understanding of chemical bonding.  Essentially all molecules exist as a result of atomic 

bonding to create molecules or chemical reactions.  Individual atoms are composed of a 

nucleus containing positively charged protons and neutrons possessing no charge.  Floating 

freely around the nucleus are negatively charged electrons that participate in bonding.  

Chemical bonds occur if the bonded state is lower in energy and therefore more favorable 

than the free atom state.  The properties of chemical bonds are heavily dependent on the 

atoms they connect and their electronic interactions.  Covalent bonding involves the 

sharing of electrons between atoms and occurs between two nonmetals seeking to fill their 

valence subshells.  Covalent bonds can be polar or nonpolar, depending on the difference 

in electronegativities of the participating atoms.  Electronegativity can be defined as the 

ability of an atom to attract electrons to itself within a molecule [1].  An example a polar 

covalent molecule is water, as shown in Figure 1.1.  Due to oxygen’s stronger ability to 

attract electron density, its electronegativity is significantly greater than hydrogen’s.  Polar 

covalent bonds create partial dipole moments between atoms participating in the bond 

caused by unequal sharing of electron density.  In Figure 1.1, the oxygen possesses a partial 

negative charge due to lone pairs of electrons and strong electronegativity.  Both hydrogens 

possess a partial positive charge, as they lack electron density and their charge is dominated 

by their nuclei.  Oxygen is able to donate electron density to proximal hydrogens through 

its lone pairs in a process known as hydrogen bonding which is discussed in Chapter 1.1.2.  

Because water has hydrogens and an electron rich oxygen, it can behave as a hydrogen 
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bond donator or an acceptor.  Hydrogen bond donors are those who donate their hydrogen 

to accept electron density from an electron rich atom, while hydrogen bond acceptors are 

the electron rich atoms that accept hydrogens and subsequently donate some of their 

electron density to the hydrogen.  While all bonds are relevant to chemical analysis, the 

primary interactions of interest here are noncovalent interactions between covalently 

bonded molecules. 

Figure 1.1: Net dipole moment of water, a result of differences in electronegativity. 
Adapted from [2]  

1.1.1. Noncovalent Interactions 

Noncovalent interactions occur between individual molecules or between different 

functional groups within the same molecule.  Therefore, noncovalent interactions can be 

intermolecular or intramolecular.  These interactions occur due to dipole moments created 

by unequal sharing of electron density between two atoms.  Types of noncovalent 

interactions include van der Waals forces, ionic interactions and hydrogen bonding 

interactions.  Van der Waals forces commonly occur between nonpolar molecules that are 

closely-packed.  These molecules have a weak but constantly changing dipole moment that 

with a large number of nonpolar molecules will create a network of dipole moment 



 
 

3 

interactions.  These noncovalent interactions are believed to be the weakest of the three.  

Additionally, ion-ion interactions involve two ionic atoms or molecules aligning so their 

oppositely charged dipoles are interacting favorably.  Ion-dipole interactions may also 

occur, but are weaker than ion-ion interactions.  The final noncovalent interaction is 

hydrogen bonding, and is important to understanding the purpose of solvated studies in this 

work.   

1.1.2. Hydrogen Bonding 

Hydrogen bonding is a noncovalent interaction resulting from dipole–dipole 

interactions involving a covalently bound hydrogen and an electronegative atom 

possessing a lone pair.  The polar covalent interaction strips electron density from the 

hydrogen, allowing a proximal electronegative atom to partially donate its electron density 

in the form of a lone pair of electrons.  No true bonding is occurring between the proximal 

atom and the hydrogen, but rather overlap of the antibonding orbital of the hydrogen 

bonded pair with the lone pair orbital of the accepting atom.  This allows sharing of electron 

density, stabilizing both orbitals in the process.  An example of hydrogen bonding is 

provided in Figure 1.2, in which the Delta-9-THC displays both intermolecular hydrogen 

bonding with the water molecule as well as intramolecular hydrogen bonding between the 

molecule’s oxygen and an alkane located near the oxygen’s lone pair.  The hydrogen bonds 

are signified by the dashed yellow lines connecting hydrogen and oxygen atoms.  In this 

case, the water is behaving as a hydrogen bond acceptor, by accepting the hydrogen and 

the phenol group is both an acceptor and donor by donating its hydrogen and accepting a 

hydrogen from the alkane.   
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Figure 1.2: Example of hydrogen bonding in an interaction between Delta-9-THC and 
water 

Individual hydrogen bonds are relatively weak and therefore easy to break with 

heat, but most systems contain a large number of hydrogen bonds which have the ability 

to lower the energy of a total network.  An example of this is the hydrogen-bonding 

properties of liquid water.  The existence of hydrogen bonding increases water’s boiling 

point and alters its density and adhesion properties.   

1.2. Cannabis  

1.2.1. History and Usage 

Cannabis sativa and Cannabis indica are two species of Cannabis commonly used 

to produce marijuana products.  Marijuana is the dried flowers and leaves of a Cannabis 

plant.  Cannabis has been grown for centuries and used both recreationally and medicinally.  

In 1937, the federal government passed the Marihuana Tax Act, which effectively 

criminalized the possession of Cannabis at the federal level [3].  Today, Marijuana is the 

most commonly used illicit drug in the world [4].  Cannabis is currently a Schedule I drug 

under federal law, defined as criminally illegal to possess with no accepted medical use in 

the United States and a high potential for abuse [5].  Despite this federal prohibition, eleven 

US states have legalized recreational marijuana use and forty-seven US states allow 
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medicinal marijuana with varying degrees of regulation [6].  Traditionally, Cannabis is 

used by burning the dried leaves and oral inhalation of smoke.  With the increasing 

acceptance of Cannabis, novel methods of administration have been created, allowing for 

Cannabis use without producing a distinctive odor.  Over five hundred compounds have 

been identified from the Cannabis plant, with over one hundred of these being 

cannabinoids, or compounds unique to Cannabis that interact with the endocannabinoid 

system [7].  Because of their large concentration in Cannabis and recognition by the public, 

the two cannabinoids of interest in this study are Delta-9-Tetrahydrocannabinol (∆"-THC) 

and Cannabidiol (CBD).    

1.2.2. Regulation and Potential Health Risks  

The public outlook on Cannabis use continues to change drastically as more states 

allow its legalization.  This change in perspective comes with an increase in public usage 

as well as potential risks to personal and public health.  Overall, the use of Cannabis has 

become less taboo to the public eye and therefore formal action to regulate the safety of 

Cannabis products has become a growing necessity in the drug industry.  Many new 

methods of administration have been created such as food products, oils and e-cigarette 

fluids containing cannabinoids [8].  These new methods often involve the isolation of 

specific cannabinoids such as Delta-9-THC or CBD to increase their potency.  In addition 

to increased recreational usage, it is likely that with increasing acceptance there will also 

be an increase in medical applications for cannabinoids, especially for their influence on 

the Endocannabinoid system.  
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1.3. The Endocannabinoid System 

The Endocannabinoid System (ECS) consists of CB1 and CB2, which are G-protein 

coupled receptors, along with endocannabinoids, or endogenous lipid compounds, and 

enzymes [9].  CB1 receptors are heavily concentrated in the Central Nervous System 

(CNS) but are also distributed throughout the Peripheral Nervous System (PNS) and 

peripheral tissues.  CB2 receptors are primarily distributed throughout the peripheral 

tissues, with significant concentration in immune tissues [10], [11].  CB1 receptors inhibit 

neurotransmitter release when activated and this activation can be influenced by both 

human endocannabinoids and cannabinoids.  Delta-9-THC is a CB1 agonist, inhibiting the 

release of neurotransmitters from a presynaptic neuron.  This inhibition of 

neurotransmitters such as GABA and glutamate are suggested to be the source of Delta-9-

THC’s depressant nature.  Additionally, Delta-9-THC has the ability to selectively behave 

as an antagonist, stimulating the release of neurotransmitters, the likely origin of Delta-9-

THC’s psychotropic and euphoric properties [12],[13].    

Much less is known about the exact mechanisms in which CBD affects ECS 

receptors.  In fact, it has generally been proposed that CBD has negligible interaction 

directly with both CB1 and CB2, posing greater benefits with anti-oxidant properties [14].  

It has been proposed that CBD inhibits fatty acid amide hydrolase (FAAH), a membrane 

protein on a postsynaptic cell that works to degrade endocannabinoids [15].  By inhibiting 

FAAH through preferential binding, high levels of endocannabinoids remain in the tissues 

which activate CB1 receptors on the presynaptic neuron, inhibiting release of 

neurotransmitters.  Therefore, the study published by the Li group suggests that CBD 

indirectly activates CB1 function and is therefore a CB1 agonist [15].    
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1.4. Delta-9-Tetrahydrocannabinol 

1.4.1. Structure and Properties 

Delta-9-THC has a molecular weight of 314.5 g/mol.  Isolated Delta-9-THC is 

crystalline at room temperature, but becomes an easily vaporable oil upon heating, which 

contributes to its versatility in use.  Delta-9-THC contains two oxygen atoms, one of which 

exists as a phenol while the other is sequestered in a furan ring, in which it can only behave 

as a hydrogen bond acceptor.  Very little free Delta-9-THC is found in natural Cannabis, 

yet its chemical precursor, tetrahydrocannabinolic acid (THCA) is abundant [16].  THCA 

is pharmacologically inactive because it cannot pass the blood brain barrier and will not 

produce the same pharmacological effects as Delta-9-THC [17].  When Cannabis is heated, 

a carboxyl group is removed from THCA and Delta-9-THC is produced.  Therefore, to 

measure the total content of Delta-9-THC in a Cannabis sample, analysts must measure 

both Delta-9-THC and THCA content.  Most forensic laboratories utilize Gas 

Chromatography to isolate cannabinoids from marijuana, a highly accurate method that 

destroys the sample in the analysis.   

 

Figure 1.3: Optimized molecular structure of Delta-9-Tetrahydrocannabinol (∆"-THC) 
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1.4.2. Usage and Effects 

As introduced previously, Delta-9-THC is primarily responsible for the 

psychoactive effects of Cannabis.  Delta-9-THC metabolizes quickly in the body and can 

be stored in adipose tissue for weeks after use [18].  Delta-9-Tetrahydrocannabinol is a 

highly lipophilic substance with poor aqueous solubility [16].   Delta-9-THC behaves to a 

lesser extent a CB2 agonist.  Delta-9-THC has the greatest effects in the CNS where CB1 

receptors are most heavily concentrated.  Examples of regions possessing a heavy 

concentration are the cerebral cortex and hippocampus, in which the effects of inhibited 

memory and cognitive function are produced [19].  Delta-9-THC acts as a CNS depressant, 

similarly to alcohol, with both depressants having shown effects such as drowsiness and 

hunger.  A primary medicinal effect studies have found suggests Delta-9-THC has 

analgesic properties, reducing pain and discomfort in users [20].  Prescription Delta-9-THC 

capsules, such as Dronabinol, have been used for years as an appetite stimulant in AIDS 

patients and more recently been given to cancer patients experiencing nausea caused by 

chemotherapy treatments [21].   Despite positive effects reported in studies, Delta-9-THC 

carries the risk of impairment to motor function, a significant factor contributing to the 

potential danger of inhibition in daily life.   

1.5. Cannabidiol 

1.5.1. Structure and Properties 

Depending upon the strain of the plant Cannabis is taken from, Cannabidiol 

accounts for an average of forty percent of the cannabinoid concentration in Cannabis.  

CBD has the same molecular weight as Delta-9-THC of 314.5 g/mol.  The two molecules 

differ structurally in that Cannabidiol possesses its second oxygen atom as an additional 



 
 

9 

phenol group, rather than the furan ring in Delta-9-THC.  Additionally, Cannabidiol 

possesses a terminal alkene and the two rings of the molecule are almost perpendicular to 

each other about a single carbon bond, a result of repulsion between the phenols and the 

terpene ring.   The optimized molecular structure of Cannabidiol is provided below in 

Figure 1.4.  

Figure 1.4: Optimized molecular structure of Cannabidiol (CBD) 

1.5.2. Usage and Effects 

Unlike Delta-9-THC, Cannabidiol does not induce psychoactive effects [22].  As 

early as the 1800s, doctors reported the use of CBD for the successful reduction of epileptic 

seizures [23].  A study published in 2012 found CBD to produce anti-nausea responses 

through indirect activation of dorsal raphe nucleus receptors [24].  It is widely believed 

that CBD provides neuroprotective effects, promoting the clinical use of CBD for 

improving symptoms of epilepsy and Parkinson’s disease [25].  The anticonvulsant drug 

Sativex®, contains both CBD and Delta-9-THC.  CBD has been observed to mediate 

negative effects of Delta-9-THC while synergistically enhancing the positive effects [26]. 

Recreational CBD use is legal in most US states and commercial products containing CBD 

have been primarily marketed towards children, the elderly and patients suffering from 

more complex illnesses [27].  CBD has also been marketed to the general public as 

providing analgesic properties yet few studies have shown CBD to produce analgesic 
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effects.  CBD is generally accepted as a dietary supplement that improves 

neurodegenerative and anxiety conditions, despite significant evidence. 

1.6. Solvents Included 

The solvent molecules included in the computational study were water, ethanol and 

methanol, all chosen for specific reasons.  Water was chosen because it is abundant in the 

blood stream and throughout the body, therefore it is nearly impossible for cannabinoids 

to avoid interaction with water in the body despite their hydrophobic nature.  Water may 

also interact with cannabinoids in Cannabis products, such as vape juices or food products.  

Ethanol was chosen because of its significance in drinking alcohol, a depressant that is 

sometimes ingested by individuals in combination with Cannabis.  These depressants can 

produce synergistic effects, commonly referred to as a condition of “cross-fade” [28].  It is 

possible that interactions directly between cannabinoids and ethanol could play a role in 

this effect.  Biologically, methanol is toxic to humans and therefore does not have relevance 

to understanding biological interactions of cannabinoids.  Despite this, methanol was 

chosen because it is a common solvent for industrial and commercial samples of Delta-9-

THC and Cannabidiol, making it useful to understand interactions for research purposes.  

Additionally, all of these solvents may potentially alter the Raman spectra of Delta-9-THC 

or Cannabidiol.  
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Chapter 2: Spectroscopy 

2.1.     Electromagnetic Spectrum 

Spectroscopy is the study of the absorption, emission or scattering of radiation by 

matter.  The electromagnetic spectrum ranges from Gamma ray radiation of highest energy 

to radio waves of lowest energy.  Because light possesses particle-wave duality, it can be 

characterized as an oscillating wave with electromagnetic properties as well as a discrete 

packet of light.  Discrete light packets are commonly referred to as photons and are 

important to understanding spectroscopy methods such as scattering.  The energy of light 

has an inverse relationship to its wavelength, meaning that with increasing wavelength, the 

energy of the photons decreases, which is elucidated in Figure 2.1.   

Figure 2.1: The Electromagnetic Spectrum. Adapted from [29] 

Many methods of spectroscopy exist as a result of incident radiation manipulation, 

which allow for various properties to be observed in a sample.  Gamma rays and X-rays 

are high energy wave particles often used in the medical field.  For example, Gamma rays 

arise from decay in an atom’s nucleus and have the ability to kill living cells, a useful 

technique for tumor removal.  X-rays cause ejection of core electrons from a sample atom 

and are most commonly used for deep tissue imaging.  Following Gamma rays and X-rays 

is UV-Visible spectroscopy, which causes electronic excitations in conjugated double 
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bonds.  In accordance to Beer-Lambert’s Law, UV-Vis allows determination of the 

concentration of a solvated sample.  This law can be written as A = 𝜀bc where A represents 

the degree of absorption, 𝜀 represents the molar absorptivity, unique to each molecule, b 

represents path length of a cuvette and c represents concentration of analyte.  Raman 

spectroscopy uses monochromatic visible light to induce light scattering events.  Raman 

spectroscopy was employed in this study and will be discussed further in following 

sections.  Infrared spectroscopy generates absorption of infrared radiation by the analyte, 

causing bonding vibrations as the molecule is excited.  IR spectroscopy is a reliable method 

that produces spectra for identification of distinct functional groups.  Beyond Infrared are 

microwaves and radio waves, with microwave spectroscopy being lesser recognized and 

radio waves being vital to the use of Nuclear Magnetic Resonance (NMR) allowing for 

determination of atomic arrangement within a molecule.   

2.2.      Vibrational Spectroscopy 

2.2.1. Vibrational Motions 

There are four energy level transitions that spectroscopic methods induce and 

analyze.  These are Translational, Rotational, Vibrational and Electronic, listed in order of 

increasing energy and magnitude.  Vibrational transitions are the primary focus of this 

discussion and are analyzed by Infrared spectroscopy and Raman spectroscopy. 

Vibrational transitions between two bonded atoms cause oscillations in the bonds.  For this 

reason, vibrational motion is understood based upon the simple harmonic oscillator, a 

model from classical physics representing the oscillatory behavior of a spring.  The 

harmonic oscillator represents bond length between two atoms, where the bottom of its 

potential energy well represents the most stable, or lowest energy, bond length possible.  
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The linear restoring force of a harmonic oscillator follows Hooke’s Law, which is 

commonly written as follows.   

F = - kx (Equation 2.1) 

In Equation 2.1, F is the force experienced by the object, k is the stiffness of the 

spring and x is the displacement of the spring by the motion.  By this model, the force of 

the harmonic oscillator is proportional to the displacement where k is a positive constant.  

Force can also be related to potential energy according to another famous equation in 

classical physics.   

F = -dV/dx →→ V = ½*𝑘𝑥'  (Equation 2.2) 

 The derivation of Equation 2.2 creates the harmonic potential energy well which 

follows a parabolic shape.  Despite this ideal model, realistic diatomic vibrational motion 

follows an anharmonic oscillatory behavior and vibrational states get closer together as 

they increase in energy.  The anharmonic oscillator is dependent on a nonlinear restoring 

force since the response is dependent upon displacement squared and its shape is not 

perfectly parabolic.  Even though the potential energy well is modeled upon a diatomic 

molecule, it has relevance in understanding the anharmonic behavior of real molecules.  

The Morse Potential, shown in red, represents the potential energy well for an Anharmonic 

Oscillator.  This represents the realistic bond activity of a diatomic, suggesting that at some 

great distance of internuclear separation, the bond breaks.  The potential energy well for a 

Harmonic Oscillator is provided in blue in Figure 2.2.  As the distance between the nuclei 

of two atoms gets very small or very large, the energy of both potentials increases 

exponentially.  The difference occurs in the Morse Potential when there is great 
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internuclear separation between the two atoms, resulting in eventual separation between 

the two atoms.  The energy of the system levels off but does not drop off because the atoms 

are now separated and partially unstable since their valence shells are no longer filled 

through bonding.  

Figure 2.2: The Harmonic Oscillator potential energy well (blue) and the Anharmonic 
Oscillator potential energy well (red). Adapted from [30] 

Infrared spectroscopy and Raman spectroscopy produce spectra based on vibrations 

between bonds and are similar, but possess distinct differences.  For a vibrational mode to 

be active in Infrared spectroscopy, there must be a change in the net dipole moment during 

the vibration.  Infrared spectroscopy exploits absorption of Infrared radiation, which is 

invisible to the human eye and lower in energy than the visible, monochromatic light used 

in Raman spectroscopy.  Raman spectroscopy analyzes scattering events and Raman active 

modes possess a net change in polarizability during a vibration.  Because Raman and IR 

have different selection rules, some vibrational modes are Raman active and IR inactive or 

vice versa.  Additionally, Raman spectroscopy dominates in the analysis of aqueous 

solutions because water is Raman inactive but a strong infrared absorber, overwhelming 
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the IR spectrum.  Both techniques are useful for analyzing the vibrational frequencies of 

various molecules.   

2.3.      Raman Spectroscopy 

2.3.1. Theory and Instrumental Design 

The phenomena behind Raman spectroscopy was discovered by C. V. Raman in 

1928 using simple instrumentation and Raman’s own eyesight as a detector [31].  This 

phenomenon, the Raman Effect, is the study of the small fraction of detected light different 

in frequency and wavelength from the incident light.  This is a result of interaction between 

the sample molecules and incident light causing light scattering [32].  Therefore, Raman 

spectroscopy is a measure of the degree of light scattering resulting from light and matter 

interactions.  The degree of light scattering is referred to as a Raman shift, measured in 

wavenumbers, or inverse wavelength in centimeters.  Three light scattering events may 

occur in a Raman analysis and are categorized as either inelastic or elastic scattering.  These 

are Rayleigh scattering, Stokes Raman scattering and Anti-Stokes Raman scattering, listed 

in order of likelihood to occur and illustrated in Figure 2.3.  Rayleigh scattering is elastic 

scattering of light where no energy is lost or gained by the photon after sample interaction.  

Rayleigh scattering is the most common scattering event but is not useful in Raman 

spectroscopy.  Stokes Raman scattering is the most commonly occurring inelastic 

scattering event and is vital to Raman analysis.  Incident light transfers energy to the 

sample, exciting the sample to a virtual state and returning to the detector lower in energy.  

Anti-Stokes inelastic scattering is less likely because incident light gains energy from 
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sample interaction.  This may occur if the sample were excited to a virtual state prior to 

interaction, a potential result of heating or being especially unstable.    

Figure 2.3: Light scattering events in Raman spectroscopy. Adapted from [33] 

It is estimated that one in every million photons interacting with a sample will 

produce inelastic scattering, making Raman spectroscopy difficult if a sample does not 

possess many Raman active modes.  As previously discussed, a vibrational mode must 

possess a net change in polarizability during the vibrational motion to be Raman active.  

Polarizability is the ability of a bond to form dipole moments instantaneously and is a 

common property of polar covalent bonds.  The amount of total vibrational modes that can 

be observed by a nonlinear molecule is determined by the following formula where N 

represents the number of atoms in a given molecule.   For example, according to Equation 

2.3, a molecule of Delta-9-THC is expected to possess 153 vibrational modes because it 

contains fifty-three atoms.  Not all vibrational modes are Raman active because not all 

vibrations follow the selection rule, so fewer vibrational modes are observed than 

calculated from Equation 2.3.  
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Vibrational Modes for Nonlinear Molecule = 3N – 6 (Equation 2.3) 

Figure 2.4 represents intramolecular motions that may be observed in Vibrational 

spectroscopy.  There are two primary categories of vibrational motion which are stretching 

and bending.  Stretching refers to the symmetric or antisymmetric stretching of bonds while 

bending is the motion of bonded atoms relative to a central atom.   

Figure 2.4: Potential vibrational modes in a nonlinear molecule. Adapted from [34] 

Raman spectrometers may have various orientations but consist of the same 

necessary components. There must be a monochromatic light source to produce excitation, 

in which a laser is commonly used.  Laser stands for Light Amplification by Stimulated 

Emission of Radiation.  Increasing the frequency of incident radiation through use of a 

different laser increases Raman intensity but risks overwhelming Raman signals by 

fluorescence.  On the other hand, if the incident radiation is too low in energy, the photons 

may not be able to excite the sample to a virtual state, producing no Raman spectrum.  

Raman spectrometers also contain lenses which can block particular wavelengths from 

reaching the detector or focus the beam.  The laser excites the sample to a virtual state and 

resulting light scattering is then narrowed through a slit.  It is very important to focus the 
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beam of photons because Raman signals are inherently weak and it is in the analyst’s best 

interest to increase resolution of scattering events.  The narrow beam of light hits a 

diffraction grating which has grooves that separate the beam into a spectrum which can be 

detected by a CCD camera.  The Charge Coupled Device (CCD) detector then sends the 

signal to a computer software program which produces a Raman spectrum from the data.  

CCD detectors are highly sensitive and can detect a full spectrum in a single acquisition, 

making them a common detector used in Raman spectroscopy.  Figure 2.5 is a schematic 

of the inside of a LabRAM Raman spectrometer.   

Figure 2.5: A schematic of the inside of a Raman spectrometer. Adapted from [35] 

Many components in a LabRAM Raman spectrometer have already been described.  

In addition to these, mirrors are utilized to control the direction of the laser beam as well 

as converging lenses to focus the beam.  The Nitrogen tank cools the CCD detector, 

reducing analysis time.  Raman spectroscopy provides fingerprint spectra for many 

molecules and is particularly useful in the rapid analysis of drugs, with an increasing 

presence in forensic laboratories.  This fingerprint spectral ability lends Raman 

spectroscopy to capabilities as a qualitative method.  Quantitative analysis is also possible 

as concentration is a function of Raman peak intensity.   
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Chapter 3: Computational Chemistry 

3.1.      Introduction 

Computational chemistry is a rapidly growing branch of chemical research that uses 

computational models to solve problems and simulate interactions.  It is useful as a 

precursor to experimental work because computational chemistry can optimize molecular 

structures as well as simulate spectroscopic methods such as Raman or Infrared.  

Computational chemistry has also proven extremely valuable for the comparison of 

experimental results to theoretical data sets.  All computational chemistry models aim to 

solve the Schrödinger Equation.  Unfortunately, the Schrödinger Equation can only be 

solved exactly for a one electron system such as a hydrogen atom or He*.  If more than 

one electron is present, the Schrödinger Equation cannot be exactly solved due to Columbic 

interactions between electrons. Therefore, all computational chemistry models use 

complex theories to estimate a solution to the Schrödinger Equation, provided in Equation 

3.1.  

H+Ψ = EΨ  (Equation 3.1) 

H+ represents the Hamiltonian operator, which is a sum of all the potential and 

kinetic energies of a system, and E represents the total energy of the system, or the Energy 

Eigenvalue.  Therefore, the Schrödinger Equation is similar to the Law of Conservation of 

Energy in that the energy of a one electron system is completely conserved.  Ψ represents 

the system’s wave function, dependent upon the nucleus as well as electrons in the system.  

Many assumptions must be made so computational chemistry can successfully estimate 

solutions for large atoms and molecules.  One of the first widely used computational 
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chemistry models was the Hartree-Fock (HF) method, which is dependent upon the Born-

Oppenheimer approximation.  This approximation assumes that the motion of an atom’s 

nucleus is so slow relative to its electrons that it can be considered stationary.  The Hartree-

Fock method, also referred to as Self Consistent Field theory (SCF), treats each electron in 

a system as a singular orbital, independent of other electronic motion [36].  Hartree-Fock 

method designs a single Slater determinant based upon each electronic orbital.  The HF 

method ignores Coulombic repulsion between electrons, resulting in severe 

underestimation of bond energies.  Additionally, the wave function becomes overly 

complex with a large number of electrons, limiting the molecular size that Hartree-Fock 

was able to successfully compute.  For this reason, Density Functional Theory (DFT) was 

introduced in 1964 and is now the most widely used method for computational quantum 

chemistry.  DFT works around the complex multi-body wave function that Hartree-Fock 

is dependent upon and rather produces a single functional based upon the total electron 

density of a molecule [37].   

 

Density Functional Theory suggests that all properties of a system, including 

electron correlation energies can be described using the total electron density.  Therefore, 

the DFT functional is a function of electron density, which is in turn a function of the x, y 

and z position of individual electrons.  This results in an ability to analyze larger molecules 

than previously with HF, as the parameters of the function depend on only three 

parameters, rather than 3N orbitals [38].  Equation 3.2 provides the functions that the DFT 

functional is dependent upon to create an estimation for the Hamiltonian equation.  In this, 

the energy eigenvalue is dependent upon the kinetic energy of the system (T), the potential 

𝐻+(ρ) ≈ 4𝑇6 + 𝑉6 + 𝐽: + 𝐸6<(ρ) = E(ρ) (Equation 3.2) 
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energy produced by electron interactions with the nucleus (V), electron repulsion energies 

(J), and the electron exchange energies (E) [39].  Additionally, the ρ symbol represents 

total electron density, indicating that the individual functionals are in fact functions of the 

total electron density of the system.  

Figure 3.1: Actual atomic interactions converted to the DFT perspective. Adapted from [40] 

3.2.      Methods and Basis Sets 

B3LYP is the most commonly used DFT hybrid functional method and represents 

“Becke 3-Parameter, Lee, Yang, Parr” which was named after the functional’s creators.  

B3LYP combines theories behind both DFT and HF by attempting to estimate both 

exchange correlations as well as the dynamic electron correlations of a system.  This 

accounts for Coulombic interactions between electrons as well as interactions between 

electrons and the nucleus.  B3LYP/6-31g* is the method and basis set referred to as the 

industry standard and is particularly useful for organic molecules, but loses accuracy in the 

presence of metals [38].  Basis sets approximate atomic orbitals for the electrons in a given 

molecule which can be utilized by the computer to produce molecular orbitals and the 

subsequent wavefunction.  In order to do this, the computer employs the Linear 

Combination of Atomic Orbitals (LCAO) approximation.  The choice in basis set is a 

balance between computational cost and accuracy.  The diffuse basis set used here, 6-

311++G(d,p), is generally accepted as a sufficient final basis set for energy values, but is 

relatively a computationally expensive basis set.  
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Chapter 4: Previous Research 

4.1.      Previous Publications 

Many studies have employed SERS (Surfaced Enhanced Raman Spectroscopy) in 

the analysis of Delta-9-Tetrahydrocannabinol and Cannabidiol, most with the objective to 

identify trace levels of cannabinoids in various mediums or surfaces.  A 2016 SERS study 

detected trace amounts of Delta-9-THC deposited on silver nanoparticles and applied 

Density Functional Theory to characterize SERS modes of Delta-9-THC with the basis set 

6-31G(d,p) [41].  The group also obtained a SERS spectrum for Delta-9-THC solvated in 

methanol, finding little difference in the Raman spectrum of Delta-9-T 

HC solvated in methanol in the range of 400-1800 wavenumbers.  Another study employed 

SERS to quantify trace levels of Delta-9-THC in body fluids and were able to identify 

characteristic C=C stretching modes of Delta-9-THC at 1603, 1556 and 1580 wavenumbers 

[42].  Moreover, an additional SERS study was able to characterize many Raman peaks for 

Delta-9-THC and identified a C-H stretching peak at 1605 wavenumbers as the most 

prominent peak even in the presence of complex biofluids [43].  Characteristic vibrational 

modes identified from previous works were useful in this study for identifying vibrational 

modes and their resulting shifts in the presence of solvents.   

Despite vast research performed with SERS, very few studies have been performed 

on Cannabis and cannabinoids with Raman spectroscopy.  One study obtained seized illicit 

drugs including Cannabis and analyzed each with various Raman spectrometers.  The 

spectra obtained from each spectrometer ranged in quality, but none contained significant 

identifying spectral features [44].  Additionally, this study primarily applied Near-Infrared 
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excitation, likely the reason behind a lack of characteristic features being produced due to 

the low energy excitation.  Another study used Raman microscopy to identify characteristic 

peaks of Delta-9-THCA, a precursor molecule to Delta-9-THC found in Cannabis plants 

[45].  A 2014 study by the Las Vegas Metropolitan Police Department produced a spectral 

library of illicit drugs through use of a portable Raman spectrometer.  Therefore, in their 

analysis of Cannabis by Raman spectroscopy, Larkin’s group published a reference 

spectrum of both Delta-9-THC and CBD, as provided in Figure 4.1 [46].  The goal of this 

study was to produce the higher resolution Raman spectrum for Delta-9-THC and CBD 

ever reported, but the spectra produced by Larkin provided a reference for the accuracy of 

our results.  Despite this, the spectrum obtained by the LVMPD did not include the 

vibrational modes such as O-H stretching occurring around 3800 cm?@.  These vibrational 

modes are important for the analysis of hydrogen bonding activity of the cannabinoids and 

therefore makes this work relevant in obtaining a full spectrum for both  

Figure 4.1: Raman Spectra of Cannabis and cannabinoids obtained by LVMPD. Cannabis 
in black, Cannabidiol reference in blue, Delta-9-THC reference in green.  Taken from [46] 
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cannabinoids which includes this vibrational motion.  The spectra in Figure 4.1 was 

obtained using a portable Raman spectrometer equipped with a 785 nm laser.   

Finally, significant Infrared spectra of both Delta-9-THC and Cannabidiol exist as 

spectra libraries [47],[48],[49].  A study published in 2020 analyzed the hydrogen bonding 

interactions between THC and Vitamin E Acetate (VEA) in both vaped and unvaped e-

cigarette fluid [50].  This was done due to concern of VEA being potentially associated 

with lung injury when consumed in e-cigarettes or vaping devices.  The study found that 

the O-H stretch of Delta-9-THC shifted to higher wavenumbers, a likely result of hydrogen 

bonding complexes being formed between Delta-9-THC and Vitamin E Acetate.  

Additionally, C-O stretching regions were identified in the complexes that were not in the 

reference spectra, located at 1736 and 1228 wavenumbers.  IR has proven useful 

forensically for Cannabis identification, yet a significant drawback of Infrared 

spectroscopy exists especially for aqueous studies.  This is the significant IR activity of 

water, which disrupts the IR spectra and hides vibrational modes.  Water is significantly 

less Raman active, allowing Raman to succeed better in solvation studies.  Despite this, IR 

vibrational frequencies are similar to those of Raman, allowing for further confirmation in 

the results of experimental spectra in this study.  

4.2.      Purpose of Study 

The purpose of this study was to produce the highest resolution spectra ever 

reported for ∆"-THC and Cannabidiol using Raman spectroscopy.  By acquiring the highest 

resolution to date Raman spectrum for these cannabinoids, future work could be performed 

by use of Raman spectrometers for forensic applications or quality assurance purposes for 

analysis of commercial Cannabis products.  This is important because as cannabinoids 
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become more openly accepted, consumer demand will only increase.  Proper regulation 

and monitoring of Cannabis products begin with understanding chemical properties of the 

cannabinoids present.  

Many studies have been performed to date using SERS analysis on cannabinoids, 

but Raman spectroscopy possesses advantages over SERS.  Raman requires much less 

sample preparation, allowing for “point and shoot” analysis, resulting in reduced analysis 

time which in turn conserves resources.  SERS also produces extreme amplification of 

signal, which may provide unrealistic results compared to field analysis.  In contrast, 

Raman spectroscopy does not significantly manipulate the intensity produced by the 

sample of interest.  This study seeks to expand Raman spectra of both Cannabidiol and 

Delta-9-THC that can be used for reference in future work as well.  

Cannabinoids enter the blood stream and are likely to interact with solvents that 

may appear in the human blood stream.  Additionally, cannabinoids interact with solvents 

in aforementioned Cannabis products.  For these reasons, analysis of the interactions of 

Delta-9-THC and CBD with water and other solvents by Raman spectroscopy is a valid 

interest.  Interactions between cannabinoid and solvent may influence energies or 

molecular conformation, potentially altering receptor interactions of Delta-9-THC and 

Cannabidiol.  Shifts in the Raman spectrum relate to a change in the energy of a particular 

vibrational mode, which may be excited or relaxed by the presence of solvent molecules 

through noncovalent interactions.  For example, vibrational modes may be relaxed by 

hydrogen bonding interactions that lower the energy of a polar bond in the molecule.  For 

this reason, both Delta-9-THC and Cannabidiol were computationally analyzed in water, 

ethanol and methanol. 
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Chapter 5: Methodology 

5.1.      Experimental Methodology 

5.1.1. Instrumentation 

The instrument utilized in this study was a Horiba LabRAM HR Evolution Raman 

Spectrometer.  The monochromatic light source was a Nd-YAG 532 nm laser, the highest 

energy laser equipped to this Raman spectrometer.  Additionally, the detector was a CCD 

camera and the 10x microscope objective was used for every data acquisition.  The 

instrument is usually equipped with a 600 gr/mm (grooves per millimeter) grating, but the 

1800 gr/mm grating was primarily used in this study in an effort to acquire the highest 

possible resolution spectra possible. 

 

Figure 5.1: Horiba LabRAM HR Evolution Raman spectrometer.  Taken from [51] 

5.1.1.1.Calibration 

Before any Raman spectrum of the sample was acquired, a calibration of the 

spectrometer was performed using a silicone sample on a microscope slide.  This was done 

to ensure that the Raman spectrometer was working correctly and obtaining consistent 

spectra in day to day operations.  In order for this calibration to be successful, the silicon 
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peak produced using each laser was required to be within +/- 1 wavenumber of 520 cm?@ 

[52].  If this peak did not occur or was outside the accepted range, the instrument was not 

performing properly and data acquisition did not take place until the problem was solved.  

5.1.1.2.Solid Phase 

Crystalline Cannabidiol was graciously lent to the Hammer Research Group from 

the University of Mississippi Department of BioMolecular Sciences and all samples are to 

be returned upon a return to normalcy at the University of Mississippi.  All Cannabidiol 

data acquisition was observed in the crystalline state.  Additionally, analysis of crystalline 

Delta-9-THC was intended but was made impossible by the COVID-19 Pandemic, 

inhibiting further experimental research.  

5.1.1.3.Solvation Studies 

Because of the COVID-19 Pandemic, no experimental solvation studies could be 

performed and there was no procedure for solvated samples.  Future work will involve the 

full solvation of Delta-9-THC and Cannabidiol in solvents, with analysis utilizing the 

cuvette attachment for the Raman spectrometer.  Additionally, a custom-made vacuum 

chamber used by a previous member of the Hammer Research Group could be used for 

micro solvation of solvents in the presence of solid phase sample.  Micro solvation allows 

for analysis with Raman active solvents without significant spectral interference.  

5.2.      Computational Methodology 

5.2.1. Methods and Basis Sets  

In order to perform the computations necessary for this study, Gaussian 09 and 16 

programs were used.  Additionally, programs such as Spectrum Simulator, Molekel and 
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Igor were utilized to produce theoretical spectra and optimized structures for the 

cannabinoids.  The method employed in this study was B3LYP and the largest basis set 

was 6-311++G(d,p), which was applied to all final computations performed, both 

optimizations and frequencies.  Throughout the computational work, structures of isolated 

molecules as well as networks of cannabinoids and solvents were often optimized prior to 

Raman simulations.  The relative energy of the system was determined through 

optimization, allowing for determination of the most likely low energy conformation.  

Following optimization, the checkpoint file was carried over and used for determination of 

the Raman vibrational frequencies.  All computational Raman spectra were scaled by a 

correction factor of 0.97 to account for anharmonicity [53]. 
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Chapter 6: Computational Results 

6.1. Data Acquisition 

The work included in this chapter employed computational chemistry to analyze 

hydrogen bonding activity for Delta-9-THC and Cannabidiol with water, ethanol and 

methanol.  This analysis was performed by identifying how these interactions changed the 

cannabinoids’ simulated energies and Raman spectra.  To do this, computational Raman 

methods were applied to simulate Raman vibrational frequencies for both Delta-9-THC 

and Cannabidiol.  In Chapter 7, the computational results are compared to experimental 

results to evaluate agreement between the two.  

6.2.      Delta-9-THC 

6.2.1. Delta-9-THC Molecule 

Figure 6.1: Theoretical Raman spectrum of Delta-9-THC 
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In order to identify the vibrational motions responsible for Raman peaks in the 

simulated spectra, the computational Raman spectra for each cannabinoid were analyzed 

utilizing the program GaussView.  This program produced a simulated spectrum from the 

calculated Raman frequencies and was able to estimate the vibrational motion that 

produced each Raman peak.  Additionally, chosen peaks were compared to previous 

publications that provided characteristic frequencies in order to confirm the accuracy of 

the GaussView program.  Table 6.1 provides characteristic frequencies chosen for Delta-

9-Tetrahydrocannabinol.  These frequencies are present in the simulated spectra in Figure 

6.1 and some of these peaks will allow for identification of Raman shifts by solvent 

presence in the next chapter.  

 

 

Table 6.1: Characteristic Raman frequencies of Delta-9-THC obtained computationally.  
Optimized Delta-9-THC structure included on the left. 

The relative energy of the system was obtained through optimization in the 

Gaussian program using DFT methods and is provided at the bottom of Table 6.1.  To the 

left of the table is the expected lowest energy conformation for Delta-9-THC, obtained 

computationally and in agreement with the conformation observed in a previous DFT study 

with the same method and basis set [54].  Despite agreement in molecular orientation, the 

Borges study claimed no intramolecular hydrogen bond present in the Delta-9-THC 

Vibrational Motion Raman Shifts (𝐜𝐦?𝟏) 

Benzene Breathing/ 
C-C Stretch 

1561.0, 1606.4 

C=C Stretch 1664.6 

C-H Deformations 
 

1441.0, 3042.8 

O-H Stretch 3721.1 

Energy of ∆𝟗-THC -5.834∙ 10H kcal/mol 
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molecule due to electrostatic repulsion, yet this study found there to be a constant hydrogen 

bond occurrence between the phenol moiety and a terminal alkane off the 

methylcyclohexene ring.  The potential reasons for this difference are unknown, especially 

since both this study and the Borges study utilized the same method and basis set.  Solving 

this discontinuity could likely be done by optimizing Delta-9-THC under a different, but 

accurate, method and basis set to determine if this method suggested the presence of an 

internal hydrogen bond.  The relative energy value for each conformation was obtained in 

Hartrees but was converted to units of kcal/mol, using a conversion factor of 1 Hartree = 

627.5 kcal/mol.  This energy value for the Delta-9-THC monomer will be compared to 

solvated computational results to propose the most stable hydrogen bonding positions for 

the three solvents.   

6.2.2.  Solvated Delta-9-THC 

∆"-THC-2wc 

∆"-THC-1mb 

∆"-THC-1wb 

Figure 6.2: Optimized molecular structures of ∆"-THC in the presence of water, methanol 
and ethanol molecule(s) 

∆"-THC-1ea 

∆"-THC-2wa 

∆"-THC-2mb 



 
 

32 

In order to better understand hydrogen bonding interactions of Delta-9-THC, 

computational chemistry was utilized to optimize molecular structures and produce 

simulated Raman spectra of Delta-9-THC with various solvent molecules.  The solvent 

molecules were placed at different locations relative to the cannabinoid in order to 

determine the optimal hydrogen bonding location in the presence of each solvent.  These 

results were compared and the lowest energy conformation was estimated based on the 

orientation with the lowest relative energy.  Examples of optimized structures of Delta-9-

THC in the presence of solvents are provided in Figure 6.2, with each structure labeled 

according to a labeling system described as follows.  The number indicates the number of 

solvent molecules present, followed by a letter representing the solvent and finally A, B or 

C represents the location on the Delta-9-THC molecule where the solvent is hydrogen 

bonding.   The C represents hydrogen bonding with both A and B locations, as Delta-9-

THC possesses two hydrogen-bond acceptors, with one of these that also behaves as a 

hydrogen bond donator.  Noticeably, some of the Delta-9-THC structures experience 

inward rotation of the alkyl chain, such as the 1wb and 1mb structures.  Interestingly, as 

shown in the following table, these structures with an alkyl rotation also possess the least 

stable orientations based on relative energy values.  For this reason, I hypothesize that it is 

unlikely for the alkyl chain to rotate inwards in a real hydrogen bonding system, as opposed 

to the theoretical models.   
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Table 6.2: Relative energy values for computational results of Delta-9-THC in the 
presence of various solvents. 

Table 6.2 provides relative energy values for the various systems containing 

solvents and Delta-9-THC, with the most negative energy value of the lowest energy Delta-

9-THC system for each type established as zero, which is in turn the most probable stable 

orientation.  Other values that are not zero represent a difference in energy of each system 

as compared to the zero value for that system.  The relative energy values suggest that for 

the Delta-9-THC 2w structures, the A and B positions are equivalent in energy, but when 

both positions are occupied with hydrogen bonding during the same calculation, as in the 

2wc structure, the relative energy becomes significantly more negative.  This suggests that 

the 2wc structure is more stable than both the 2wa and 2wb structures.  The A and B 

positions are equivalent in energy for methanol, suggesting in the presence of one 

methanol, the A and B positions are equally likely to hydrogen bond.  Future work will 

include the analysis of large hydrogen-bonding networks with the cannabinoids and 

solvents, to better understand the preferences of the cannabinoids for hydrogen bonding.   

Computational System Relative Energy 
(kcal/mol) 

∆𝟗-THC-1wa 0.0 

∆𝟗-THC-1wb 0.0 

∆𝟗-THC-2wa 0.48 

∆𝟗-THC-2wb 0.48 

∆𝟗-THC-2wc 0.0 

∆𝟗-THC-1ma 0.0 

∆𝟗-THC-1mb 0.0 
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Figure 6.3 includes the Raman spectra of Delta-9-THC as water molecules are 

introduced, interacting at various locations on the molecule.  The corresponding label for 

each Raman spectra is written alongside, signifying the point of interaction and number of 

water molecules present.  The greatest difference across the spectra is observed in the O-H 

stretch of Delta-9-THC, occurring at 3721.1 cm?@ for the monomer.  The introduction of 

water molecules subsequently induces a red shift, or a shift to shorter wavenumbers, in the 

Delta-9-THC O-H stretch by usually no more than thirty wavenumbers.  The greatest 

agreement with the monomeric Raman spectra occurs with the 1wb structure, especially 

obvious due to the presence of a C-H deformation peak at 3042 wavenumbers in the CBD 

spectrum.   The 1wb spectrum is the only CBD-water spectrum in which this peak exists 

or is resolved enough to be identified.   

Figure 6.3: Theoretical Raman spectra of Delta-9-THC with addition of water molecules 
at different locations on the cannabinoid  

In order to determine the degree of vibrational shifting as a result of solvent 

introduction, the initial characteristic frequencies of the Delta-9-THC monomer were 

compared to the observed vibrational frequencies from computational solvation studies.  
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These frequencies are provided in Table 6.3, in which interesting information was 

acquired.  We were ultimately able to conclude that the A position of Delta-9-THC 

contributed the most variation to theoretical Raman spectra when participating in hydrogen 

bonding with a solvent.  Hydrogen bonding at the B position induced significantly less 

variation in the O-H stretching frequency compared to the Delta-9-THC monomer.   

This trend in hydrogen bonding positions is potentially a result of the B position 

behaving solely as a hydrogen acceptor, whereas the A position can both donate its 

hydrogen and accept hydrogens from other atoms.  Furthermore, the greatest variation in 

theoretical Raman spectra for all vibrations occurred between the 2wa complex and the 

Delta-9-THC monomer. The C=C stretch occurring at 1664.6 cm?@ for the Delta-9-THC 

monomer did not experience shifts greater than one wavenumber by any solvent 

interactions, suggesting it is not affected by the presence of hydrogen-bonding solvents.  

Nevertheless, identification of characteristic frequencies for Delta-9-THC is important to 

further the capabilities of Raman as method for analysis of cannabinoids.  An interesting 

occurrence was at 3042.8 cm?@ for the Delta-9-THC monomer, likely a C-H deformation.  

In all water conformations besides 1wb, this peak was not present in theoretical spectra.  It 

Vibrational 
Motion 

Raman 
Shift 

(𝐜𝐦?𝟏) 
∆𝟗-THC 

RS 
1wa 

RS 
1wb 

RS 
2wa 

RS 
2wb 

RS 
2wc 

RS 
1ma 

RS 
1mb 

RS 
1ea 

Benzene 
Breathing/   

C-C Stretch 

1561.0, 
1606.4 

1560.7, 
1602.8 

1559.0, 
1605.8 

1560.0, 
1594.4 

1563.2, 
1608.6 

1563.9, 
1602.8 

1563.8, 
1602.8 

1561.9, 
1607.0 

1536.8, 
1602.9 

C=C Stretch 1664.6 1663.9 1665.0 1664.9 1664.7 1664.6 1664.4 1664.8 1664.6 

C-H 
Deformation 

 

1441.0, 
3042.8 

1445.8,  
---- 

1442.9, 
3044.0 

1442.6, 
---- 

1443.4, 
3042.5 

1443,3,  
---- 

1443.4, 
---- 

1446.9, 
---- 

1441.9, 
---- 

O-H Stretch 3721.72 3697.3 3719.4 3766.3 3719.8 3697.6 3727.8 3719.5 3720.2 

Table 6.3: Characteristic Raman frequencies of Delta-9-THC and resulting shifts in the 
presence of solvent molecule(s) 
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was in fact present in the 1wb spectrum and within 2 wavenumbers of the monomeric 

spectrum.  This further supports the argument that Delta-9-THC experiences the least 

spectral variation in the presence of water if the B position is hydrogen bonding.   

6.3. Cannabidiol 

6.3.1. Cannabidiol Molecule 

Figure 6.4: Theoretical Raman spectrum of Cannabidiol 

Cannabidiol was especially difficult to optimize due to the terminal alkene in close 

proximity to a phenol.  Many optimizations either failed or resulted in the removal of a 

phenol group from the Cannabidiol to become a free water molecule, resulting in a loss of 

the terminal alkene as well.  The final optimization resulted in strong repulsion between 

the terpene ring and both phenols of CBD, as was confirmed in the Borges study.  The 

theoretical Raman spectra for a single molecule of Cannabidiol is provided in Figure 6.4.  

As elucidated in Chapter 7, there is significant agreement between experiment and theory 

for this molecule.  Table 6.4 provides characteristic vibrational frequencies of Cannabidiol 

as well as the relative energy of the monomer, alongside an optimized structure of 

Cannabidiol.  Potential hydrogen bonding positions for Cannabidiol are labeled on this 
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optimized structure provided.  These are designated as A or B and were applied to the 

naming system used for the optimized structures.  Fewer sources were available for the 

characterization of CBD vibrational modes, but most modes chosen were in close 

agreement to the characterized modes determined for Delta-9-THC and GaussView was 

also applied to predict these modes.  

 

 

Table 6.4: Characteristic Raman frequencies of CBD obtained computationally.  
Optimized Cannabidiol structure included on the left. 

 

6.3.2. Solvated Cannabidiol  

Vibrational Motion Raman Shifts (𝐜𝐦?𝟏) 

Benzene Breathing/ 
C-C Stretch 

1605.8 

C=C Stretch (ring) 1674.2 

C=C Stretch (alkene) 1653.1 

O-H Stretch 3719.4, 3724.5 

C-H Deformation 2921.2, 3038.5, ----, 
3119.4 

Energy of CBD -6.081∙ 10H kcal/mol 

CBD-1wb 

Figure 6.5: Optimized molecular structures of Cannabidiol in the presence of water, methanol 
and ethanol molecule(s)  

 

CBD-1ma CBD-1eb 

CBD-2wa CBD-1wa 
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Water, ethanol and methanol were chosen again for theoretical analysis of solvated 

Cannabidiol for the same reasons mentioned previously in Chapter 1.3.3.  Cannabidiol is 

arguably consumed by a greater proportion of the population as its use is allowed in many 

states where Cannabis is illegal.  Therefore, its potential for interaction with solvents may 

be even greater than that of Delta-9-THC.  The same labeling system was utilized for 

Cannabidiol as was for Delta-9-THC. Due to the difficulties in optimizing the molecular 

structure of the Cannabidiol monomer, fewer solvated CBD structures were obtained when 

compared to Delta-9-THC, but at least one structure representative of each solvent was 

calculated, are provided in Figure 6.5.  Additionally, Cannabidiol possesses two phenol 

groups whereas Delta-9-THC possesses one phenol and a furan ring structure.  Therefore, 

it was hypothesized that the A and B positions of Cannabidiol would produce identical 

Figure 6.6: Theoretical Raman Spectra for CBD Monomer, CBD-1ma, CBD-1mb and 
CBD-1eb.  Naming System defined in text. 
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results.  Nevertheless, both A and B positions were obtained for as many solvents as 

possible, limited only by the significant computer time and cost required by each 

computation due to the size of the cannabinoid.  

Figure 6.6 provides a comparison of the theoretical Raman spectra of the 

Cannabidiol monomer along with the 1ma, 1mb and 1eb structures.  This is in contrast to 

Figure 6.3 to the Delta-9-THC section, which compared Raman shifts for water.  This 

figure represents Cannabidiol and the subsequent Raman spectra for CBD interacting with 

methanol and ethanol molecules.  Generally, shifts to the O-H stretching frequency at 3725 

wavenumbers were minimal for Cannabidiol as compared to Delta-9-THC results, but the 

most significant difference being present in the 1eb structure.  The two phenol groups of 

CBD split frequencies in the 1eb structure, with one peak at 3720.8 and the other at 3710.2 

wavenumbers.  Therefore, red shifts of ten and six wavenumbers occurred as a result of 

one phenol group interacting with a molecule of ethanol.  Additionally, a peak at located 

around 3063-3065 wavenumbers is present in each solvated theoretical spectrum for 

Cannabidiol but is not present in the spectrum of the monomer.  It is possible the 

monomeric peak at 3040 wavenumbers covers this peak and it isn’t until a solvent is 

introduced that the peak shifts and allows for resolution of both peaks.  Further comparison 

of Raman shifts due to solvent interactions are provided in Table 6.6.  
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Table 6.5: Relative energy values for computational results of CBD in the presence of 
various solvents. 

Similar to the work performed for Delta-9-THC, the relative energy values for 

Cannabidiol were determined through computational optimization.  This data is provided 

in Table 6.5, including the relative energies for hydrogen-bonding locations with water 

and methanol, resulting in estimations of lowest energy conformations for CBD with 

solvents.  Relative energies suggest no preference to the A or B positions, consistent with 

the fact that the two phenol groups are virtually identical.  Therefore, further theoretical 

work will likely ignore the comparison of favorable hydrogen bonding locations on CBD, 

as it would be difficult to predict which of the two seemingly equivalent phenol groups 

would interact through hydrogen bonding with a solvent.  This is different from Delta-9-

THC because Delta-9-THC has two oxygen molecules that are not necessarily equivalent, 

as one can behave as a hydrogen bond donor and the other cannot.   

Table 6.6 provides characteristic frequencies for the Cannabidiol monomer along 

with corresponding computational Raman shifts for CBD with solvent molecules.  These 

characteristic frequencies were chosen based upon identified frequencies for Delta-9-THC 

as well as their significance as the most intense peaks identified from the CBD monomeric 

spectrum.  The most significant difference in overall Raman spectra between monomer and 

solvated CBD occurred in the 1wb structure, as can be concluded by the differences for the 

Computational System ∆𝑬 (kcal/mol) 

CBD-1wa 0.0 

CBD-1wb 0.0 

CBD-1ma 0.0 

CBD-1mb 0.0 
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C-C stretch and the fourth C-H deformation.  This is particularly interesting because for 

Delta-9-THC, this structure possessed the least variation in Raman shifts.  Additionally, it 

appears that significant variation of O-H Raman shifts in CBD do not occur due to 

hydrogen bonding with solvents, with carbon stretching modes providing greater 

information about hydrogen bonding.  This is different than the Delta-9-THC, in the O-H 

stretch commonly experienced the greatest variation due to solvent introduction.  The 

bolded C-H deformation peaks in Table 6.6 represent the most intense peak in all 

theoretical spectra, which does not significantly shift as a result of any solvent introduction.  

Table 6.6: Characteristic Raman frequencies of CBD and resulting shifts in the presence 
of solvent molecule(s) 

 

 

 

 

 

 

Vibrational 
Motion 

Raman Shift 
(𝐜𝐦?𝟏) 
𝑪𝑩𝑫 

RS 
1wa 

RS 
1wb 

RS 
2wa 

RS 
1ma 

RS 
1mb 

RS 
1eb 

Benzene 
Breathing/    

C-C Stretch 

1605.8 1603.5 1600.2 1607.4 1603.0 1603.2 1603.0 

C=C Stretch 
(ring) 

1674.2 1673.9 1675.2 1666.3 1673.7 1673.1 1673.4 

C=C Stretch 
(alkene) 

1653.1 1652.3 1641.0 1663.4 1652.3 1651.9 1651.7 

O-H Stretch 3719.4,  
3726.4 

3726.6 3719.1 3725.9 3726.5 3721.1 3710.2, 
3720.7 

C-H 
Deformation 

 

2921.2, 3038.5,  
----, 3119.4 

2918.9, 
3036.3, 
3063.7, 
3118.4 

2919.5, 
3036.8, 
3065.6, 
3103.5 

2919.8, 
3037.9, 
3036.6, 
3118.1 

2919.1, 
3036.6, 
3064.4, 
3118.5 

2919.1, 
3035.0, 
3065.7, 
3118.8 

2919.1, 
3035.0, 
3066.5, 
3118.7 



 
 

42 

Chapter 7: Experimental Results and Data Analysis 

7.1.      Delta-9-THC 

Samples of Delta-9-THC were expected to be received following the University of 

Mississippi’s Spring Break period.  Due to the outbreak of COVID-19 and subsequent 

cancellation of University activities, further experimental data acquisition using the Raman 

spectrometer was impossible.  Therefore, no experimental spectrum of Delta-9-THC was 

acquired in this study as was previously intended, nor was experimental spectrum acquired 

for solvated Delta-9-THC.  

7.2.      Cannabidiol 

Figure 7.1: Experimental Raman spectrum of Cannabidiol 

Successful Raman spectra of Cannabidiol was acquired, and this is provided in 

Figure 7.1.  This was obtained using a 1800 grooves/mm grating and the instrument’s Nd-

YAG 532-nm laser.  Additionally, there was no baseline correction and the acquisition time 

was 5 per minute while the accumulation time was 10 per minute.  Figure 7.1 provides a 
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high-resolution Raman spectrum of Cannabidiol that includes O-H stretching frequencies 

around 3700 wavenumbers which was not included in the reference Raman spectrum 

obtained by the Las Vegas Metropolitan Police Department, provided in Figure 4.1.  We 

predicted this O-H stretching region most likely to be affected by the presence of hydrogen 

bonding solvents.   

7.3. Comparison of Experiment to Theory 

Figure 7.2: Comparison of experimental Cannabidiol spectrum to theoretical spectrum.  
Theory is above in red and experiment is below in black.  

Through analysis of the theoretical Cannabidiol Raman spectrum, there is strong 

agreement between experiment and theory.  An intense peak at 2921 cm-1 is shared between 

the two spectra, along with a less intense peak at 1674 cm-1.  Conversely, peaks are present 

in experimental results that are not observed in the theoretical spectrum.  In addition to 

this, the low energy vibrational modes are significantly less intense in theory than in the 

experimental spectra.  This difference in peak intensity may be attributed to greater 

concentration of the sample compared to a single theoretical molecule.  It may also be a 

result of the intense incident light from the 532 nm laser, as a specific laser source is not 
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accounted for in theoretical calculations.  The most dramatic peak difference occurs for the 

O-H stretching region, in which the experimental CBD spectrum experiences a shift to 

shorter wavenumbers with a difference of nearly two hundred wavenumbers.  This 

dramatic red shift may likely be contributed to bonding stabilization between the individual 

CBD molecules that form the crystalline solid.  Additionally, the broadened peak to the left 

of the O-H peak could be the second O-H peak of Cannabidiol, which had been hidden in 

theory by overlap of the two modes.  The broadening of the peak may also be attributed to 

hydrogen bonding between individual Cannabidiol molecules, further signifying the need 

for further work to be done involving the computational and experimental solvation of 

cannabinoid networks in addition to the already analyzed monomers.  

 

Figure 7.3: Low frequency vibrational modes of Cannabidiol theory (red) and Cannabidiol 
experiment (black).  

The low frequency region shown in Figure 7.3 displays strong agreement between 

experiment and theory, with significant overlap for peaks between 540-600 wavenumbers.  

There are peaks in the theory that are not present in the experimental spectrum, such as the 

peak at 710 wavenumbers.  In general, there is significant agreement between experiment 
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and theory, suggesting the experimental results are acceptable at low frequency modes.  

Following this, the experimental spectrum for Cannabidiol was compared to the spectrum 

obtained by the Larkin group and the theoretical Cannabidiol spectrum that this group 

obtained.  Figure 7.4 compares all three of these spectra to determine the match-up 

between experiment and theory.  

Figure 7.4: Theoretical Raman for CBD in red, Larkin Group Raman spectrum of CBD in 
blue and our spectrum of CBD in black. Blue spectrum taken from [46] 

Analysis of Figure 7.4 suggests that both the blue spectra and the black spectra 

possess peaks that agree with theory almost exactly.  Despite this, some peaks in the Larkin 

spectrum are not present in this study’s Raman spectrum of CBD, or are significantly less 

intense.  An example of this is observed in the theoretical C-C stretch observed at 1605 

wavenumbers that is significantly less intense in our spectrum as compared to theory and 

the Larkin spectrum.  In contrast, peaks exist in this study’s spectrum that agree with theory 

but are not present in the Larkin spectrum.  Examples of this are the region around 500 

wavenumbers, which is much more intense in our spectrum as well as the alkene stretch 

occurring at 1674 wavenumbers, which is slight red shifted in our spectrum but is not 
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present in the Larkin spectrum.  The peaks obtained in this study are more easily identified 

in addition to being more intense.  Because some peaks appear in each experimental 

spectrum that are not present in the other spectrum, yet both agree with theory, suggests 

that both are important to further identify Raman peaks for Cannabidiol.  Despite this, I 

argue that this study has successfully produced a Raman spectrum for Cannabidiol that is 

of higher resolution than what has previously been published.  Additionally, the Raman 

spectrum produced in this study also includes the O-H stretching region for Cannabidiol, 

which has shown to experience shifting due to hydrogen bonding interactions with solvents 

and with other monomeric units of CBD.   
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Chapter 8: Conclusions 

The goal of this study was to obtain the highest resolution Raman spectra ever 

recorded for Delta-9-Tetrahydrocannabinol and Cannabidiol.  Additionally, this study 

intended to review literature related to this study and utilize computational chemistry to 

assess the impact of hydrogen bonding on the cannabinoids’ energies and theoretical 

Raman spectra, obtaining the expected lowest energy conformations in the process.  The 

COVID-19 Pandemic caused experimental spectra to be limited, but a Raman spectrum of 

CBD was successfully obtained.  The high-resolution Raman spectrum of CBD including 

both low frequency vibrational modes as well as a full spectrum reaching 4000 cm?@, 

which had been excluded in a previous Raman spectroscopy study of Cannabis [46].  

Moreover, successful results were obtained utilizing computational chemistry including 

hydrogen bonding interactions, as well as probable lowest energy conformations.  

Optimized structures suggested the alkane chain of Delta-9-THC sometimes rotates inward 

when solvents are present, while CBD does not exhibit this.  Additionally, the structures in 

which the alkane chain has turned inward are also the structures where Delta-9-THC was 

least stable according to relative energy values.  The theoretical Raman spectra for Delta-

9-THC and CBD in the presence of water, ethanol and methanol in various conformations 

were analyzed to determine the impact of hydrogen bonding events on the Raman shifts 

observed.   It was concluded that the A hydrogen-bonding position of Delta-9-THC 

contributed the most significant shifts to Raman frequencies, particularly the O-H stretch.  

In contrast, the A and B positions did not significantly differ in CBD theory.   
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Chapter 9: Future Work and Applications 

Due to limitations created by the COVID-19 Pandemic, continuation of the original 

goals of this study will be included in future work, which would involve both solid state 

and solvated experimental spectra for comparison with computational spectra.  These 

solvated studies could be performed with both the full solvation of cannabinoids as well as 

application of the Hammer Research Group’s micro solvation chamber.  Additionally, 

future computational work could include analysis of dimers and trimer crystal structures of 

the cannabinoids, as this likely has an impact on real hydrogen-bonding interactions.  These 

computational structures were not included in the current study due to the tremendous 

computational cost.  Because it is increasingly important to understand interactions 

between cannabinoids, future work could analyze interactions between Cannabidiol and 

Delta-9-THC.  Treatment studies have shown that Cannabidiol may induce synergistic 

effects to Delta-9-THC so their interactions could be explained through application of 

Raman spectroscopy [21].  In addition to direct action between the two, other factors such 

as interactions with metabolizing enzymes in the ECS could play a role in synergistic 

properties.  Analysis of cannabinoids in commercial products such as CBD oil could further 

Raman spectroscopy’s potential to serve as a tool for both identification and quality 

assurance methods.  
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