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ABSTRACT 

MALLORY MARGARET LOE: Raman Spectroscopic and Quantum  
Chemical Investigation of Serotonin, its Intramolecular Interactions,  

and the Solvent Effects of Methanol, Ethanol, and Water 

(Under the direction of Dr. Nathan Hammer) 

 Serotonin, or 5-hydroxytryptamine, is a neurotransmitter and metabolite vital to the 

normal function of the cardiovascular, gastrointestinal, and nervous systems. Although it 

might be colloquially known as the ‘happiness drug,’ malfunctions in serotoninergic 

pathways can result in mental health disorders, heart disease, irritable bowel syndrome, 

and even collateral death. Without a current method to directly measure, or even detect, 

serotonin in the human body, these diseases, along with many others, pose a threat of 

developing without proper warning. Raman spectroscopy presents a unique method to 

vibrationally characterize molecules based upon the inelastic scattering of light. 

Serotonin’s unique, amphipathic structure presents 69 vibrational modes that are 

observable under vibrational spectroscopy. Using B3LYP method and 6-311++G** basis 

set, the optimized structures of serotonin and various intramolecular structures were 

determined, and the results were Raman simulated. These spectra were compared to 

experiment collected for the crystalline solid, using a Horiba LabRAM spectrometer, 

633nm excitation source, and over the 5-4000cm-1 range. The comparison lead to greater 

peak matchup than ever previously published of the Raman spectrum of serotonin. Because 

of its amphipathic nature, it is also interesting to consider interactions amongst serotonin 

with various solvents. Using the same level of theory, Raman systems were modeled for 

serotonin and solvents water, methanol, and ethanol. Theoretical results were studied to 

predict red and blue peak shifts that would be observed in experiment. Experimental data 

was collected with a custom Raman setup that vaporizes the solvent and assists its constant 

flow through the system by vacuum. The same spectrometer was used with a 532nm 

excitation source and collected over the 200-4000cm-1 range. The comparison of theory 

with experiment, although cut short due to the COVID-19 outbreak, lead to the successful 

observation of the solvent effects that methanol has on serotonin, as visible under Raman 

spectroscopy.  
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Chapter 1: Introduction 
 
1.1 Bonding  
1.1.1 Overview  

Chemical bonds are present in molecules all around us and are characterized by a 

lasting attraction between atoms. Atoms are the most basic unit of matter and are made up 

of tiny, subatomic particles of varying charge. There are three major types of subatomic 

particles based upon their charge, and they are found in two separate regions of the atom, 

namely the nucleus and electron cloud. The nuclear portion contains protons and neutrons, 

which creates a positively-charged inner-sphere, whereas the electron cloud contains 

orbiting electrons, which results in a negatively-charged outer-sphere as shown in Figure 

1.1.1.1. The positive nuclear portion of an atom is attracted to the negative electron cloud 

of another atom, which opens the door for bonding to occur. This attraction is considered 

electrostatic due to the difference in charge, with the favored interaction leading to a 

reduction in potential energy of the particles and, subsequently, bond formation [1]. Based 

upon the type of interaction occurring between the valence electrons of two atoms, the 

intramolecular bond can be classified as ionic, covalent, or metallic. Intramolecular 

bonding only occurs amongst atoms of differing partial charge but within the same 

molecule as shown in Figure 1.1.1.2. The other type of bonding results from intermolecular 

forces occurring between atoms of different molecules as demonstrated by the two 

hydrochlorides in Figure 1.1.1.2. These intermolecular forces are substantially weaker 

than intramolecular forces, but they are extremely useful in determining the physical 

properties of a compound such as its melting and boiling points. There are several 
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important types of intermolecular forces including: ion-dipole, hydrogen bonding, dipole-

dipole, ion-induced dipole, dipole-induced dipole, and London dispersion forces (LDF) [2]. 

 
Figure 1.1.1.1: Atomic Structure Labeled, adapted from reference [1] 

 
Figure 1.1.1.2: Intramolecular and Intermolecular bonding, adapted from: 

https://www.khanacademy.org/test-prep/mcat/chemical-processes/covalent-bonds/ 
 

1.1.2 Hydrogen Bonding  

Among the many types of intermolecular interactions, hydrogen bonding is 

arguably the most important to note. It is known that intermolecular forces are not as strong 

as ionic and covalent bonds, but hydrogen bonding is the strongest intermolecular factor 

and they are especially powerful when combined together in sequence. Notation is 

important when describing a hydrogen bond, with a common example being X—H ...Y. In 

this depiction, X and Y are both electronegative elements and the H would be a singular 

hydrogen atom. The hydrogen donor is always denoted by X, whereas the hydrogen accept 

is consistently Y as shown by the Hydrogen and Oxygen atoms in Figure 1.1.2.1, 

respectively. It should also be noted that the Y element standardly hold one or more lone 

pairs, which are causing the interaction. Fluorine, oxygen, and nitrogen are the three most 

common elements that form hydrogen bonds and can be easily remembered by the acronym 
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FON. Other elements are known to exhibit hydrogen bonding like carbon; however, the 

strength of the hydrogen bond with Carbon is much weaker than the ones listed above [3]. 

In any hydrogen bond, the hydrogen will attach to the most electronegative element and 

acquire a significant positive charge. The element being bound by a hydrogen will acquire 

a significant negative charge and requires at least one active lone pair. In order for the 

hydrogen bond to form, this active lone pair must initiate a charge transfer from the proton 

acceptor to the proton donor element. This charge transfer functions to weaken the X—H 

bond attraction and, subsequently, causes an increase in X—H bond length. This bond 

elongation is shown in experimental data by causing a decrease in the vibrational 

frequency. The observed variation of a bond frequency placement also possesses important 

notation. A shift to lower frequency of a spectrum is associated with a lower energy bond 

and is often denoted as a ‘red shift’. When the vibrational frequency increases causing the 

energy to increase, a resulting ‘blue shift’ is denoted in turn [4,5]. 

 
Figure 1.1.2.1: Hydrogen Bonding General Structure, adapted from: 

https://www.studyorgo.com/blog/how-do-you-to-tell-when-a-hydrogen-bond-will-occur 
 

1.2 Neurotransmitters 
1.2.1 Overview 

While cells of the nervous system function through electrical signals, chemical 

messengers, such as neurotransmitters, are critical at the junctions linking two neurons to 

enable the transfer of information across the gaps. Neurotransmitters make up a class of 
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endogenous chemicals that are released in order to spread signals quickly between brain 

cells. These messengers serve various purposes in the human body and their levels are 

heavily regulated through release, reuptake, generation, and metabolism. Each neuron 

typically produces only one type of neurotransmitter, which can be further classified into 

several groups including amino acids, monoamines, peptides, and purines [6]. Although the 

structure of neurotransmitters greatly varies, they are commonly very small and extremely 

important to greatly studied pathways such as acetylcholine in the parasympathetic nervous 

system and GABA in inhibition of neuronal activity. 

 

1.2.2 Physiological Role 

 Neurotransmitters are generated in the cytosol of an axon terminal and generally 

function to communicate information throughout the body and brain. These chemical 

messengers are stored in synaptic vesicles, which are uniformly-sized organelles bound to 

the terminal. Upon arrival of an action potential at the axon terminus, voltage-gated 

calcium channels are opened and cytosolic calcium levels rise enough for ions to bind 

adjacent synaptic vesicles on the pre-synaptic membrane. Upon membrane fusion with 

calcium, neurotransmitters are released from the synaptic vesicles through exocytosis and 

the messengers travel across the extracellular cleft as shown in Figure 1.2.2.1. The ability 

of a neurotransmitter to induce a response depends upon its binding to specific receptors 

in the postsynaptic membrane. When bound, the ion permeability of the postsynaptic 

membrane changes, initiates a cascade of chemical reactions, and serves to further transmit 

the chemical signal [7]. There are two major functions of a neurotransmitter which either 

promotes the generation or inhibition of an action potential within the post-synaptic 
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membrane. When neurotransmitters bind to an excitatory receptor, Na+ channels open in 

order to depolarize the plasma membrane and generate an action potential in the 

neighboring neuron. When neurotransmitters bind to an inhibitory receptor, Cl- channels 

open and function to hyperpolarize the post-synaptic membrane and prevent any action 

potential from occurring [8]. Interestingly, the same neurotransmitter is capable of binding 

to an excitatory or inhibitory receptor and promote a corresponding response in post-

synaptic cells. For example, the neurotransmitter acetylcholine is known to be capable of 

binding to a receptor, depolarizing the membrane, and promoting signal transduction, while 

it can also bind, hyperpolarize the receptor, and effectively prevent the same signal cascade 

from initiating. 

 
Figure 1.2.2.1: Neurotransmitter Release and Structure of the Synaptic Cleft, adapted 

from reference [8] 
 

1.2.3 Neurotransmitter Metabolism 
1.2.3.1 Overview 

It is important to consider the synthesis, packaging, and re-uptake processes of 

neurotransmitters in order to understand how they are regulated in the human body. It has 

previously been noted that most neurons only generate one type of neurotransmitter, and 

most are synthesized by utilizing metabolites common to the cell and enzymes specific to 

the particular neuron. They are loaded into synaptic vesicles using transporter proteins and 

stored until stimulation, which further leads to vesicle-membrane fusion and exocytosis of 
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the neurotransmitters. After acting within the cleft, the free neurotransmitters must either 

be taken back up by the transporters that are reloading vesicles or destructed by transmitter-

specific enzymes [9]. This process is highlighted in Figure 1.2.3.1.1, which depicts each 

step in the life of a generic neurotransmitter. 

 
Figure 1.2.3.1.1: Life Cycle of a Neurotransmitter, adapted from reference [9] 

 

1.2.3.2 Synthesis 

In terms of synthesis, there are two types of neurotransmitters (NT) including small-

molecule and neuropeptides. Small-molecule NT are created using byproducts of nearby 

chemical reactions and precursors imported by selective transporters on the membrane 

terminal. The enzymes necessary to catalyze the synthesis of small-molecule NT are 

typically generated in the cell body and transported to the terminal for their use. Where 

small-molecule NT are generated completely in the axon terminal, the synthesis of a 

neuropeptide NT is more complex due to its larger size and requires access to the genome 

in order for transcription, translation, and peptide bond formation to occur. Following a 
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similar path to other secretory proteins, a neuropeptide precursor undergoes post-

translational processing resulting in a wide spectrum of NT products. Although the 

synthesis processes differ, both small-molecule and neuropeptide NT are stored in synaptic 

vesicles and undergo the same process for fusion and release [10]. 

 

1.2.3.3 Reuptake and Degradation 

After a neurotransmitter is released from a synaptic vesicle, carries out its function 

by binding to receptors on the neighboring membrane, and returns to the cleft, it must be 

removed rapidly to enable the postsynaptic cell to engage in another cycle of signal 

transmission. In order to be removed from the cleft, the neurotransmitter must first diffuse 

into a nerve terminal or nearby glial cell. In most cases, the neurotransmitter will be picked 

up by a transport protein and repackaged into a synaptic vesicle in order to regenerate the 

cycle at the pre-synaptic terminal; however, in certain cases, the molecule will be marked 

for degradation by transmitter-specific enzymes [11]. The particular enzymes and 

transporters used for each neurotransmitter differs, but the general process remains the 

same. Referring back to Figure 1.2.3.1.1, this process is depicted and useful to 

compartmentalize the simultaneous processes.  

 

1.2.4 Systems Interaction with Alcohol 

It has long been accepted that alcohol groups interact with fetal neurotransmitter 

systems throughout development upon exposure, most notably ethanol with biogenic 

amines such as serotonin and dopamine. These interactions can lead to fetal alcohol 

spectrum disorders (FASD) as demonstrated in multiple animal models, which showed that 

even low levels of exposure during any singular trimester of pregnancy can result in FASD 
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[12]. These disorders can result in multiple compounding impairments and an increased 

susceptibility to neuropsychiatric and neurological disorders such as substance abuse, 

depression, and epilepsy. For this reason, it is recommended for expecting mothers to 

abstain from any alcohol use in order to prevent FASD from developing in their child [13].  

Into adult life, a particular neurotransmitter’s actions, Serotonin, has been linked to 

alcohol’s effects on the brain. It has been suggested that alcohol regulates the 

neurotransmitter’s levels in the synapses of brain cells and even modifies the activities of 

serotonin-specific receptor proteins in the post-synaptic membrane [14]. It should be noted 

that the relationship between serotonin levels and alcohol exposure has not been studied 

directly due to the lack of ability to measure serotonin concentrations in the human brain. 

Instead, only metabolites of the neurotransmitter have been monitored through blood, 

urine, and the cerebrospinal fluid. Through these studies, it has been shown that individuals 

consuming copious amounts of alcohol show differences in serotonin levels, typically 

lower metabolite concentrations measured, compared with non-alcoholics [15]. This 

relationship has pointed to extensive alcohol consumption leading to altered Serotonergic 

signal transmission in the brain, which is also indicative of ongoing psychological 

problems or mental illness. 

 

1.3 Serotonin 
1.3.1 Structure and Properties 

Serotonin, or 5-Hydroxytryptamine, has a molecular formula of C10H12N2O and is 

a primary amino compound derived from tryptamine. Serotonin has a molecular weight of 

176.21 g/mol, exists in nature as a solid with a melting point at 167.5 °C, and it is soluble 

in water at 25.5 mg/mL [16]. Figure 1.3.1.1 is a microscopic picture of crystalline Serotonin 
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using the CCD camera on the Raman spectrometer. Figure 1.3.1.2 demonstrates the 

molecular geometry of Serotonin depicted using Molekel software.  

    
Figure 1.3.1.1: Crystalline solid serotonin pictured using the CCD camera 

  
Figure 1.3.1.2: Molekel Demonstration of 5-Hydroxytryptamine (Serotonin) 

  

1.3.2 Physiological Role 

Serotonin (5-HT) is a biochemical messenger functioning as a human metabolite 

and has a local transmission role in multiple organ systems. Serotonin not only acts as a 

neurotransmitter in brain cells but also functions as a signaling molecule in both intestinal 

cells and blood platelets. Figure 1.3.2.1 shows the series of metabolic reactions resulting 

in the synthesis of serotonin from the amino acid L-tryptophan, which involves a 

hydroxylation and decarboxylation step. This process would occur in the central nervous 

system (CNS), specifically within the Raphe nuclei located in the brainstem, although the 

Serotonin end-product is transported and stored in several other locations throughout the 
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body. The precursor amino acid tryptophan is obtained through the diet and its absorption 

is partially responsible for regulation of serotonin levels [17]. 

 
Figure 1.3.2.1: Series of reactions deriving Serotonin from L-tryptophan, adapted from: 

https://www.researchgate.net/publication/273640973_Serotonin_serotonin_receptors 
 

1.3.2.1 Serotonin and the Central Nervous System  

Serotonin is a monoamine neurotransmitter arguably best known for its role in 

synapses of the central nervous system (CNS). The molecule’s action is thought to promote 

feelings of well-being and happiness when correctly modulated [18]. There are several 

hypotheses relating the dysregulation of this neurotransmitter and abnormal function of the 

CNS, including an increase of psychological problems and even development of various 

mental illnesses. Selective Serotonin Reuptake Inhibitors (SSRIs) have long been used as 

a treatment of psychological disorders and promote the normal functioning of pathways 

associated with Serotonin’s physiological role such as mood, sleep, and appetite. SSRIs 

target the reabsorption time of serotonin within the synapse, with an increase of time 
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available for the neurotransmitter’s action in the synapse typically corresponding to a more 

normally-regulated CNS. 

 

1.3.2.2 Serotonin and the Gastrointestinal System  

Although commonly referred to in the CNS as the happiness drug, Serotonin is 

actually primarily found in the enteric nervous system (ENS) and is specifically located in 

enterochromaffin cells of the gastrointestinal tract (GI tract). In fact, approximately 90% 

of the human body's total serotonin is located in the GI tract, where it functions to regulate 

intestinal movements through its action on intrinsic nerves of the intestinal lumen [19]. 

When stimulated, enterochromaffin cells release serotonin stores and promote the normal 

peristaltic reflex; however, alterations in this intestinal pathway have been linked to 

irregular speed of gastrointestinal motility and diseases such as irritable bowel syndrome.  

 

1.3.2.3 Serotonin and the Cardiovascular System  

Serotonin also has an agonistic role in platelet formation during agitation and 

vasoconstriction of the cardiovascular system (CVS). When released from storage in 

platelets and into the blood stream, serotonin binds to specific-target receptors, which are 

structurally similar to those on the post-synaptic membrane, and initiates a signal cascade. 

The resulting events following the binding of the neurotransmitter include the amplified 

release of other vasoconstrictors, such as angiotensin and norepinephrine [20]. As always, it 

is important to consider the dysregulation of this signal cascade to emphasize the 

importance of this physiological pathway. Abnormalities in the cardiovascular 

Serotonergic system have been linked to multiple diseases including hypertension and 
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peripheral vascular disease and helps confirm the importance of Serotonin to the overall 

normal function of the heart. 

 

1.4 Alcohol Groups of Interest 

 An alcohol is any organic molecule that contains an -OH group on a terminal end. 

It has already been noted that any hydrogen atom attached directly to an oxygen or nitrogen 

is capable of hydrogen bonding (FON acronym), and these interactions occur to strengthen 

the compactness of a molecule. The presence of hydrogen bonding in a molecule also 

corresponds to a greater amount of energy needed to break its chemical bonds. Alcohol 

groups are special because they are capable of both proton donation and acceptation, which 

leads to extensive interactions as solvents in solution [21]. Serotonin, due to its own alcohol 

group and two nucleophilic amines, is capable of hydrogen bonding with other solvents 

with alcoholic structures. Three notable alcohols should be emphasized when considering 

serotonin’s hydrophilic interactions including ethanol, methanol and water. 

 

1.4.1 Ethanol 

 The interactions between serotonin and ethanol in the human body has puzzled 

scientists for a long time and is possibly linked to the central nervous system’s normal 

functions. For this reason, it is important to consider the molecule both theoretically and 

experimentally interacting with serotonin in order to observe the shifts in vibrational 

frequencies resulting from solvation.  

1.4.1.1 Structure and Properties 

 Ethanol is a clear, colorless liquid with a molecular mass of 46.07 g/mol, and 

structure as shown in Figure 1.4.1.1.1. Its molecular formula is C2H6O and it is often used 
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as a topical disinfectant, solvent, and a primary ingredient in alcoholic beverages. It is 

thought to have a depressive effect on the central nervous system and is, therefore, 

considered to be a drug due to its psychoactive properties. Ethanol is capable of binding to 

several neurotransmitter post-synaptic receptors including serotonin and can also stimulate 

its release [22]. 

     
Figure 1.4.1.1.1: Molecular Structure of Ethanol depicted by Gaussview 

 

1.4.2 Methanol 

 Unlike ethanol, methanol is toxic to humans and even considered a poison. For this 

reason, it is not typical to consider the interactions amongst serotonin and methanol in a 

normal-functioning physiology. It is, nonetheless, still interesting to study the solvent 

effects of the molecule with serotonin in order to understand further the molecule’s 

tendencies to form hydrogen bonds with various alcohol groups. 

1.4.2.1 Structure and Properties 

Methanol is a colorless, fairly volatile liquid with a molecular mass of 32.04 g/mol. 

Its molecular formula is CH3OH and its structure is shown in Figure 1.4.2.1.1. Methanol 

is considered the primary alcohol, with the simplest aliphatic formula, and is often used as 

a solvent, a fuel, and is a common metabolite in many species including humans. Methanol 

is an intermediate in many synthesis pathways and is also capable of interacting with 

Serotonin as an alcohol through hydrogen bonding [23].  
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Figure 1.4.2.1.1: Molecular Structure of Methanol depicted by Gaussview 

 

1.4.3 Water 

 Water is essential to many physiological pathways, including the transformation of 

the amino acid tryptophan into serotonin. In order for the amino acid to transmit through 

the blood-brain barrier, water is necessary. For this reason, it is important to consider the 

molecule’s interactions with serotonin and understand where the hydrogen bonding might 

occur and the results seen in a vibrational spectrum. 

1.4.3.1 Structure and Properties 

Water is a colorless liquid with a molecular mass of 18.01 g/mol. Its molecular 

formula is HOH (or more commonly, H2O) and its structure is shown in Figure 1.3.2.1.1. 

Because alcohols are considered organic derivative of water, synthesized by replacing a 

hydrogen atom with an alkyl group, and demonstrates both acidic and basic properties. It 

is often used as a solvent and is essential for survival of any living organisms. Water is also 

capable of interacting with Serotonin with its alcohol group through hydrogen bonding [23].  

          
Figure 1.4.3.1.1: Molecular Structure of Water depicted by Gaussview 

 

1.5 Spectroscopy  

 There has been debate over the nature of matter and light for centuries, which 

ultimately lead to our current classification of a relationship named spectroscopy. 
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Spectroscopy is described as the study of the interactions between light and matter. When 

Christiaan Huygens and Isaac Newton disagreed over the nature of light being wave or 

particle-like, Einstein ultimately solved the debate using a particle-wave duality 

description with the need for both theories in order to fully explain light. In the meantime, 

Newton had discovered the crude spectra of sunlight, but the significance of using a narrow 

slit, instead of a pinhole or round aperture, was later independently discovered by W. H. 

Wollaston and Joseph Fraunhofer. This discovery allowed lines to be visible on spectra, 

which represented different wavelengths of light involved. Then, G. R. Kirchhoff and R. 

Bunsen demonstrated the importance of spectroscopy in the field of chemical analysis 

while discovering new alkali metals in the late 1800s. Finally, M Planck’s research during 

the 20th century concerning quantum theory lead to a simpler explanation of light as a 

stream of particles, which are known today as photons. The following equation, developed 

by Planck, describes the energy of a photon (E), where h is Planck’s constant, and v is the 

frequency in hertz [24].  

𝐸 = ℎ𝑣 = !"
#

          (1.5.1) 

1.5.1 Electromagnetic Radiation 

 In order to contextualize the light being studied, the electromagnetic spectrum 

needs to be described as involving all waves which couple electric and magnetic fields. 

Although these particle-waves exist as photons, electromagnetic radiation consists of 

oscillating electric and magnetic fields that propagate through space along a linear path and 

with a constant velocity. Typically, photons are designated by their wavelengths or 

energies, respectively, and divided into groups based upon these values as shown in Figure 



 
 

16 

1.5.1.1. This figure also depicts the equation in 1.5.1, which demonstrates wavelength and 

energy as having an inverse relationship. It should also be noted that the visible range is 

expanded in order to highlight their wavelengths as being distinguishable [25]. 

 
Figure 1.5.1.1: The Electromagnetic Spectrum, adapted from reference [26] 

 

1.5.2 Transitions 

 A transition occurs when there is a change in the energy of a molecule, which might 

take place after any change in motion or electron energy within the molecule. Most 

molecules exist in their ground state at room temperature, which is also the lowest energy 

state. When light, an excitation source, hits a sample of matter, the light can take several 

paths. Light can be absorbed, transmitted, reflected, or scattered by the sample. An 

excitation source can excite a molecule at ground state to an elevated state, which is 

described as a transition that would show up on a spectrum. There are multiple possibilities 

of transitions between energy levels in molecules, and the energy of these transitions is 

increasing in the order: translational < rotational < vibrational < electronic. These 

transitions are observed in different regions of the electromagnetic spectrum based upon 

the energy difference of the ground and excited state for the particular movement. Allowed 
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transitions are shown in Figure 1.5.2.1 and are separated by their respective energy 

transition type. Transitions in rotational states, for example, lead to spectra in the 

microwave region. Transitions involving vibrational states produce spectra in the infrared 

region. This makes sense due to the wavelength of microwaves being relatively long, and 

lower in energy, than the infrared region. Transitions can also occur in electronic states of 

molecules which can produce spectra in the visible and ultraviolet regions. There is also 

the possibility of a rovibrational transition, involving both a rotational and vibrational 

transition, which describes one that is not purely electronic in nature [26].  

 
Figure 1.5.2.1: Energy level diagram describing allowed transitions, adapted from [26] 

 

1.5.3 The Harmonic Oscillator 

 Vibrational transitions are modeled by the harmonic oscillator and can be explained 

with both classical physics and quantum theory. If a particular spring is attached to a mass, 

m, being held stationary, it can be considered under a classical physics approach and 

Hooke’s law applied. In this case, the force on the spring is proportional to the 

displacement, x, of the mass as shown in Equation 1.5.3.1, where k is the force constant 
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and is a measure of the rigidity of the spring. The force can also be modeled, however, 

using Equation 1.5.3.2, which describes V as the harmonic potential and assumes that the 

spring is stretched out infinitely far and then back in the other direction.   

𝐹	 = 	−𝑘𝑥       (1.5.3.1) 

𝐹	 = 	− !"
!#
	à		𝑉 = 	 $

%
𝑘𝑥%       (1.5.3.2) 

For the quantum mechanical harmonic oscillator model, consider instead two 

masses held together by a Hooke’s law spring. In this case, the displacement of the spring 

from its initial location, R, and returning to its equilibrium location, Re, can be shown as x 

= R – Re. This value can be inserted for the Hamiltonian, which specifies both the kinetic 

and potential energy of a system in the Schrodinger Equation as shown in Equation 

1.5.3.3. The eigenvalues of this equation represent the energy levels of the harmonic 

oscillator and appear as straight horizontal lines in the harmonic oscillator model to an 

infinitely high quantum number. Because there are only two masses in this system, there 

is only one, nondegenerate quantum number present and a simplified expression results for 

the harmonic oscillator as seen in Equation 1.5.3.4 [27]. 
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(
)
         (1.5.3.4) 

1.5.4 Vibrational Spectroscopy  

Vibrational spectroscopy is a class of methods by which only the interaction of 

radiation with molecular vibrations is studied. It is used to study a vast array of sample 

types, in either bulk or microscopic amounts, under a wide range of temperatures, and in 

any state of matter. The steps can be carried out to form a simple identification test up to 
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an in-depth, full spectrum, qualitative, and quantitative analysis of the sample. Two 

different approaches are used for the interpretation of vibrational spectroscopy data. The 

first approach is the use of group theory along with mathematical calculations of the forms 

and frequencies of the molecular vibrations. The second approach is the use of empirical 

characteristic frequencies for chemical functional groups. Both should result in the 

elucidation of the molecular structure of the sample being studied. The two major 

vibrational methods, Infrared and Raman spectroscopy, differ in the manner in which 

photon energy is transferred to the molecule during a vibrational transition. Certain 

molecules are active under Infrared spectroscopy, others Raman, and some are active under 

both methods [28]. 

 When molecules exhibit transitions amongst vibrational modes, a corresponding 

stretch or bend occurs that can be identified based upon its frequency. Dependent upon 

whether the transition correlates to a stretching or bending mode, there exist several 

vibrational motions that could occur. Where stretching modes typically change the bond 

length while maintaining bond angles, bending changes the bond angle while maintaining 

bond length. Concerning stretching modes, there exist two forms being symmetric and 

antisymmetric, whereas bending can result in scissoring, wagging, rocking, or twisting. 

These modes and their motions are demonstrated in Figure 1.5.3.1 with the blue circles 

representing atoms of a general molecule. Bending modes are typically lower in frequency 

and appear in the fingerprint region of an Infrared spectrum, although they are rarely seen 

in Raman spectroscopy due to consistent bond length and, therefore, consistent 

polarizability [29]. Table 1.5.4 provides the proper symbols commonly used for naming 

vibrational modes and the motions that they represent. 
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Figure 1.5.4.1: Vibrational modes as differentiated by motion, adapted from: 

https://www.semanticscholar.org/paper/IR-spectroscopy-for-vibrational-modes 
 

Mode Symbol Planar ring deform. a (R) 
Stretching n Twisting t 

Planar deformation b Wagging w 
Non-planar deform. g Scissoring s 

Non-planar ring 
deformation 

f (R) Rocking r 

Butterfly Mode b.f. Angle Bending a 
Table 1.5.4: Vibrational Mode Symbols 

 
1.6 Raman Spectroscopy 
1.6.1 Introduction 

 In 1923, the Raman effect was first predicted by Smekal and observed by 

Raman himself 5 years later. The first experiments Raman ran focused on sunbeams and 

relied on the visual observation of color changes due to scattering light after placing filters 

in the line of sight. In later years, Raman used a mercury lamp and spectrograph to record 

spectra of several liquids and observed an inherently weak effect from the incident 

radiation making the process altogether very difficult in comparison to the developed 

infrared spectrometers. However, a major improvement occurred when a new, amplifying 

factor was used as an additional source to the lamp, followed by the introduction of 
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commercial CW visible lasers. These improvements have led to Raman spectroscopy 

becoming a standard analytic technique with applications in multiple research fields. This 

method provides an interesting choice for many scientists due to its sensitivity to small 

structural changes, its non-invasive or destructive sampling capability, the minimal sample 

preparation required, and the resulting high spatial resolution especially in Raman micro-

spectroscopy [30]. Although these spectrometers can have various set ups, each machine 

must have the same key components including the monochromatic light source and a 

detector, which is typically a charge coupled device (CCD) acting to convert scattering 

photons into an electrical signal on a computer. This set up is shown in Figure 1.6.3.1 and 

highlights these key components along with a spectrograph grating, acting to disperse light 

into a frequency spectrum. 

 
Figure 1.6.1.1: Schematic Diagram of a LabRAM Raman spectrometer 

 

1.6.2 Background and Theory 

The Raman effect states that there exists a change in wavelength that is exhibited 

by scattered radiation in a medium. The classical approach to the Raman effect regards the 

scattering molecules simply as a collection of atoms undergoing harmonic vibrations while 
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not considering any quantization of vibrational energy. This process can be seen in Figure 

1.6.2.1, which demonstrates both elastic and inelastic scattering. Elastic scattering, or 

Rayleigh, is not observed in Raman spectroscopy because there is no change in wavelength 

and these photons are scattered without any change in energy. This happens for most 

photons of monochromatic light interacting with a molecule, which explains the low 

magnitude observations of inelastic scattering in spectra. It should also be noted that in 

order for a Raman shift to occur, a change of polarizability must occur in the molecule after 

interacting with the incoming light. A small number of photons are inelastically scattered 

upon interaction, undergoing a change in energy, and either lose energy to the molecule 

resulting in an excited, vibrational state known as a stokes shift or gain energy from the 

molecule resulting in a lower vibrational state known as an anti-stokes shift. As previously 

stated, however, most molecules are in the ground state at room temperature and this points 

to a greater probability of a stokes shift occurring [31]. 

 
Figure 1.6.2.1: Diagram of Rayleigh and Raman (stokes/anti-stokes) processes, 
adapted from: https://www.researchgate.net/publication/275274523_Evaluating _Biomass 

 

1.6.3 Raman Light Source 

The standard excitation component of a Raman spectrometer, typically a laser, 

stands for Light Amplification by Stimulated Emission of Radiation. When commercial 
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CW visible lasers were introduced to Raman spectrometers, these monochromatic, narrow 

beam lasers transformed the capability of the method to record spectra more comparable 

to the less expensive and well-developed infrared spectrometers. CW lasers operate at 

extremely high intensities and led to easily recordable spectra from small sample volumes, 

colored samples, and from multiple states of matter including gas, solid, and liquid 

samples. The wavelength of the incident laser is chosen is chosen such that it will optimize 

interaction with the sample particles in order to resonate, and the apparatus will therefore 

record the greatest intensity of the scattered light. Today, Raman spectra can be recorded 

in as little as nanoseconds due to the optical multichannel analyzers that detect the spread 

of wavelengths scattering from a sample [32]. Table 1.6.3.1 is a table showing the several 

most common lasers that can be used in a Raman setup, along with their corresponding 

wavelengths. Deciding which laser to use is important in order to minimize fluorescence 

scattering from a sample, which tends to drown out the Raman signal. 

Laser Type Wavelength 
Argon 454.6 nm 
HeNe 632.8 nm 

Krypton 416 nm 
Nitrogen 337.1 nm 

CO2 10.6 um 

Table 1.6.3.1: Table demonstrating common lasers used in Raman Spectrometers 
 

1.7 Computational Chemistry 

Most experimental findings in physical chemistry are confirmed through the use of 

theoretical methods. These methods, most commonly computations, serve to determine and 

optimize the molecular structure of the compound being studied. From the various 

conformations possible, computations approximate the lowest-energy formation of these 

and further calculate vibrational stretching modes that would be expected when studying 



 
 

24 

the molecule under experimental methods, such as spectroscopy. Upon 360° rotation of a 

molecule in a Newman projection presentation, several distinguishable structures result 

with different amounts of energy bound based upon the angle of torsion. For example, a 

full 360° rotation of ethane leads to three identical “staggered” structures, which are energy 

minima, and three identical “eclipsed” structures which are energy maxima as shown in 

Figure 1.7.1. This energy plot is important for computations to optimize the structure of a 

molecule, which is always the lowest, or minimized, energy conformation. 

 
Figure 1.7.1: ∆E of ethane as a function of the <torsion about the C-C bond, 

adapted from reference [43] 

Other than identifying the lowest-energy conformers of a particular molecule, these 

approximation methods can even calculate vibrational frequencies and generate theoretical 

spectra for comparison to the experimental results. Using theory provides chemists with an 

opportunity to study chemicals that are either highly reactive, not found in nature, or simply 

difficult to obtain through the use of a broad range of programs and techniques. One of the 

most important aspects of computational chemistry is the application of quantum software 

in order to approximate the Schrodinger equation and provide the lowest-energy molecular 

structure that would be favorable if the molecule being studied were to exist in nature or 
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during a chemical reaction. The Schrodinger equation, in its simplest form, is shown in 

Equation 1.7.1, where E is the total energy of the system, and Ĥ is described as the 

Hamiltonian, which specifies both the kinetic and potential energy for the particles.  

Because it is impossible to solve the Schrodinger equation for multi-atom systems, it is 

necessary to make approximations so that the answer can be estimated [26].  

𝐻)𝜓 = 𝐸𝜓            (1.7.1) 

1.7.1 Hartree-Fock Molecular Orbital Theory 

 Today, there exists software and computer programs that are capable of 

approximating the Schrodinger equation in a manner that is satisfactory in comparison with 

experimental results. In other words, although the exact answer cannot be predicted due to 

an insolvable equation needed for the particular answer, approximation programs today are 

developed enough to be used in real-life implications comfortably. The Hartree-Fock (HF) 

Molecular Orbital Theory is one of the oldest approximation programs to date, which 

applies the Born-Oppenheimer equation in order to solve the Schrodinger wavefunction, 

Ѱ. This approximation is shown in Equation 1.7.1.1 and assumes that from the perspective 

of orbiting electrons, the nucleus is stationary and thus removes the nuclear-nuclear 

Coulombic energy term. The Hartree-Fock approximation itself deals with electrons 

moving in complete independence of one another and, therefore, each electron, N, feels the 

same average field of energy, N-1, and is confined to a spin orbital. This assumption poses 

a setback for the Hartree-Fock method with the idea that electrons are always paired, but 

this is not always the case. Approximations are okay in theoretical chemistry, but it should 

be kept in mind that each one applied in order to make a theory work is also pushing the 

method farther away from the actual, experimental result [33]. 
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𝐻)*+𝜓*+ = 𝐸*+𝜓*+             (1.7.1.1) 

1.7.2 Density Functional Theory 

 In an effort to expand upon the capability of the Hartree-Fock Method, the Density 

Functional Theory (DFT) was introduced based in order to consider a multi- electron 

system and propose an exact solution, but it operates only under the idea of an electron gas 

with a uniform density. In DFT, the energy of a system is calculated as the sum of six 

different components. They are expressed in Equation 1.7.2.1, where ENN corresponds to 

the nuclear nuclear-repulsion, ET corresponds to the kinetic energy of electrons, EV 

corresponds to the nuclear-electron attraction, Ecoul corresponds to the electron-electron 

Coulomb repulsion energies, Eexch corresponds to the non-classical electron-electron 

exchange energies, and Ecorr corresponds to the correlated movement of electrons with 

different spins. In summary, DFT functions to compensate for the more natural 

characteristics of the electrons in a system, including spin and interactions between 

electrons, which are absent from the HF method [26].   

𝐸,-.	 = 𝐸00 + 𝐸. + 𝐸" + 𝐸123+ + 𝐸*#1' + 𝐸1244  (1.7.2.1) 

1.7.3 Optimizations and Frequencies 

In order to calculate the optimized structure of a particular molecule, it is first 

necessary to find the lowest energy point on its potential energy surface (the bottom of the 

energy well on a coordinate diagram). It should be noted that although the optimization 

calculation does not always provide the lowest-energy structure, it does ensure at least a 

local-minima and is lower in energy than the original structure. This is important due to 

the feasibility of using theory to represent the probability of a particular conformation to 
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exist in nature. The process of geometry optimization occurs in a series of steps including 

derivatives with respect to geometry coordinates, energy calculations and formation of a 

gradient, making a guess based upon these values, and then redirecting based upon the 

outcome. In order for a geometrical guess to be deemed correct, the energy gradient must 

approach zero. Once pinpointed, this optimized structure can be further analyzed for 

theoretical frequencies of the vibrations that would be produced during Raman 

spectroscopy and even simulate a spectrum to compare to experimental data. These values 

are found based upon the simulated vibrations in a molecule resulting in a change in 

polarizability and representing the particular motion as Raman active on the spectrum [26]. 
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Chapter 2: Previous Research 

Serotonin, or 5-hydroxytryptamine, has become a hot topic to study in biochemical 

research over the past decade. With a rising knowledge about its importance to multiple 

organ systems including the cardiovascular, gastrointestinal and central nervous systems, 

there still does not exist any form of technology to directly monitor levels of Serotonin in 

vivo. Instead, some of its metabolites are monitored in urine, blood, and cerebrospinal fluid, 

however, these values are not necessarily a trustworthy predictor. Serotonin’s 

physiological functions include its involvement in numerous metabolic pathways, which 

results in uncertainty when measuring metabolites from only one pathway. Thankfully, 

there have been rapid developments in the field of biomedical optics over the past decade, 

with technology now capable of tracking certain molecules based upon their distinctive 

fingerprints visible through vibrational spectroscopy. Because of this, it has recently 

become feasible to detect important biological compounds in the human body systems 

based upon their characteristic frequencies appearing in spectra.  

Before 2005, Serotonin had not been experimentally studied under any form of 

vibrational spectroscopy according to published literature. During this year, S. Bayari and 

colleagues successfully recorded the first vibrational spectrum of Serotonin using the 

potassium bromide pellet technique under Fourier Transform Infrared Spectroscopy 

(FTIR), with their best published figure provided here in Figure 2.1. Their group compared 

the fundamental modes observed in the experimental spectrum with several levels of 

theory, although the B3LYP/6-31G(d) method gave the best correlation [34]. Although our 
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Figure 5.1.2: Middle Frequencies of Serotonin Raman Spectrum 

 
Figure 5.1.3: High Frequencies of Serotonin Raman Spectrum 

 Based upon these three portions of the Raman spectrum of Serotonin, it can be 

confidently said that the two experimental excitation sources lead to nearly identical 

results. With the best spectra, which used a 633nm excitation source, there were more peaks 

matched up to monomeric theory than has ever been published in the past. This is most 

likely due to the fact that our laboratory has ultralow frequency and high-resolution 
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capabilities that clarified some of the smaller peaks from background noise. The most 

questionable region remains to be the peaks observed above 3000 cm-1, which ultimately 

do not match peak-for-peak with the monomeric theory. With the lowest-energy dimer 

state of serotonin considered, however, the peak matchups can be visualized to a much 

greater extent. Considering serotonin appears as a crystalline solid to the eye, this confirms 

our suspicion that the molecule most likely exists as a crystal at room temperature. 

 

5.2 Serotonin-Methanol Interactions: Experiment versus Theory 

 Due to the uncertainty in knowing how many solvent molecules are interacting with 

serotonin at once in an experimental setup, it is difficult to choose a molecular model of 

the system. Based upon serotonin’s high solubility in the organic solvent methanol, it can 

be assumed that, when the vapor is introduced into the system, it favors interaction at 

several sites at once. For this reason, the simulated spectrum with three methanol molecules 

noncovalently interacting with serotonin was used in comparison with experimental Raman 

data collected. The peak values observed for both spectral regions are shown in Table 5.3.  

 
Figure 5.2.1: Low Frequencies of Ser+methanol vs Ser+3met Raman Spectrum 
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 Theory 
(cm-1) 

Exp. 
(cm-1) 

244.4 247 
317 321.3 

347.7 342 
372.2 380 

424 421 
430 427 

453.6 459 
478 481 
498 495 
564 558.8 

585.5 587 
625 611.3 

647.4 646 
673.22 676 
714.5 722 

747 744.5 

766.4 757 
780.3 797.3 

815 812.2 
837 824 
861 856.5 
901 905 
938 937.3 
988 972.21 

1007.2 1011.9 
1025  

1047.4 1040.2 
1066 1059.9 

1081.3 1078 
1094.8 1094.3 
1114.4  
1134.7 1128.6 

1156 1155.4 
1183.1 1176.5 

1206.7 1199.2 
1223.5 1229.8 
1234.5 1242.7 

1268 1277.2 
1307.4 1304.3 
1328.1  
1349.7 1345.7 
1374.5 1356.8 

1393 1392 
1448.5 1432.5 
1462.2  

1476 1468.6 
1490 1488 

1517.3 1508 
1562.3 1548.5 
1596.1 1593 

1650 1624.6 

Table 5.2.1: Comparison of theory vs experiment for Ser+Met Low Raman Frequencies 

The theoretical and experimental peaks of the fingerprint region match up very 

well, with an average +/- 2.47 cm-1 shift observed.  Because the low frequency region is, 

for the most part, unique to all systems, it can be assumed that the custom Raman spectrum 

setup was successful in capturing the interaction of serotonin and methanol. 

 
Figure 5.2.2: High Frequencies of Ser+methanol vs Ser+3met Raman Spectrum 
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Theory 
(cm-1) 

Exp. 
(cm-1) 

2941 2884.9 
2961.3 2925.5 
2973.3 2943.8 
2983.4 2959.3 
3000 2978.8 

3023.3 3033 

3032.3 3050.2 
3058.2 3067 
3076 3108 
3088 3171.9 

3116.8 3276 
3147.1 3290 
3198.4 3319.5 
3432.4 3412.3 

3452.6  
3518 3562.4 

3683.9  
3739.3  
3789.5  
3804.5 3852.2 

Table 5.2.2: Comparison of theory vs experiment for Ser+Met Low Raman Frequencies 

Although the higher frequency region does not demonstrate as great of a matchup 

with theory as seen in the fingerprint region, this is in alignment with most Raman spectrum 

of systems containing serotonin. The region above 3200 cm-1 differs from theory in all 

previous publications, and this data was successfully compared with the serotonin solid 

spectrum. The matchup with the solid even highlighted several peak shifts present, which 

are key in confirming the visualization of methanol interacting with serotonin.  Between 

excellent matchup in the fingerprint region and peak shifts noted from the serotonin solid 

system throughout the spectra, this also ultimately confirms our group’s success in 

observing the solvent effects of methanol as visible in the Raman spectrum of serotonin. 
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Chapter 6: Conclusions 

 Serotonin, or 5-hydroxytryptamine, is a neurotransmitter and metabolite involved 

in the cardiovascular, gastrointestinal, and nervous systems. There currently does not exist 

a method to directly measure or detect concentration of serotonin in the human body, which 

presents a problem when studying diseases that involve serotonergic pathways. Raman 

spectroscopy presents a unique method to vibrationally characterize molecules based upon 

the inelastic scattering of light, and serotonin’s amphipathic structure presents 69 

vibrational modes that are Raman active. Using B3LYP method and 6-311++G** basis set, 

the optimized structures of serotonin and the lowest-energy intramolecular dimer and 

trimer were determined in order to help better understand the crystalline solid that exists in 

nature. The optimized results were simulated under Raman spectroscopy for matchup to 

experiment. Experimental spectra were collected for the crystalline solid using a Horiba 

LabRAM spectrometer, 633nm excitation source, and over the 5-4000cm-1 range, which 

has ultralow frequency and very high-resolution capabilities. The theory versus experiment 

comparison lead to greater peak matchup than ever previously published of the Raman 

spectrum of serotonin. Because of its amphipathic nature, it is also interesting to consider 

interactions amongst serotonin with various solvents, including both aqueous and organic. 

Using the same level of theory, Raman systems were modeled for serotonin and solvent 

molecules of water, methanol, and ethanol. The theoretical results were studied to predict 

the red and blue peak shifts that would be observed in experiment. Experimental spectra 

were collected with a custom Raman setup that vaporizes the solvent and assists in its 
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constant flow through the system by vacuum. The Horiba LabRAM spectrometer was again 

used, but with a 532nm excitation source and collected over the 200-4000cm-1 range. The 

custom setup was used to compare spectra of serotonin solid alone with data collected using 

the flow of methanol through the system. Because the collection of experimental data 

involving ethanol and water solvents was not achieved, these solvent effects were only 

carried out using theory. The comparison of theory with experiment of the Raman spectra 

of serotonin and methanol lead to the successful observation of the solvent effects that 

methanol has on serotonin. 
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Chapter 7: Future Work 

Due to COVID-19 pandemic, the completion of the work originally aimed for in 

this thesis was cut short. Although the solid serotonin portion of the experiment was 

thoroughly covered, the solvent effects were not studied to the extent that this project 

intended. Once the outbreak ceases and chemists return to normal working hours, the 

Raman spectrum of serotonin interacting with ethanol and water will be collected using the 

custom setup that was described in this project. Once finished, the simulated data can be 

compared to experiment in a similar way was carried out for the serotonin and methanol 

system and this project altered for publication.  
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