If You Do Not Know Any Chemistry, This Chapter Is For You

As a professor, I regularly teach college-level chemistry courses. These courses
present various materials, which are important for students who wish to con-
tinue their careers in chemistry. Although most people reading this book will
not need all the information covered in these courses, understanding a few key
concepts will allow them to understand various ways in which chemistry shows
up in everyday life. In fact, one of the driving forces of compiling these stories is
to show that even a basic understanding of chemistry can help us comprehend
how the world and society work. In particular, I would like to bring readers
up to speed on a few key chemical concepts that are referred to in this book
(Figure 1.1).

Representing Atoms and Molecules in Chemistry

The first concept concerns the representation of atoms and molecules. Often,
the structure of molecules can provide insight into its properties or the ways
in which it will affect a human being, if ingested. Certain structural features
will imbue molecules with particular properties. In addition, molecules with
similar structures will often have similar properties. A detailed understanding
of chemistry is not required to make this connection, but only the ability to see
similarities.

Chemists represent an individual element with a capital letter, such as “C”
for carbon, “H” for hydrogen, and “Fe” for iron, as listed in a periodic table.
This letter represents all of the protons and neutrons in the atom’s nucleus plus
any electrons not involved in bonding. During most chemical reactions, the
nucleus of atoms remains unchanged, so this simple representation of elements
is helpful to chemists. If an oxygen atom is involved in a chemical reaction, it
will remain an oxygen atom. Its structure and bonding may change, but the
nucleus will be the same. An important exception is radioactive decay, where a
nucleus can be changed and one element can change into another. This will be
discussed later.
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Figure 1.1 Look at what hides behind the door of understanding chemistry.

In the case of some metals and gases, the atom is not bonded (connected) to
any other atoms; hence, the bulk material can be represented with the elemental
symbol. A block of iron is made up entirely of iron atoms that can be repre-
sented by symbol Fe. Similarly, a balloon filled with helium can represented
with the symbol He.

Although individual elements are important, chemistry truly becomes inter-
esting when atoms start bonding together to form more complex structures.
Two major types of bonds are ionic and covalent. In an ionic bond, one atom
gives up one or more electrons, giving it a positive charge, while another atom
gains one or more electrons, giving it a negative charge. Electrostatic forces
bring the positive and negative ions together. However, when ionic compounds
are placed in an appropriate solvent, such as water, the compounds break
apart into their ionic species. The classic ionic compound is common table salt
sodium chloride (NaCl). In the crystals of table salt, the sodium and chlorine
atoms are being held together by the attraction of a positive and negative
charge. When placed in water, table salt tends to break apart into its ionic
species, in this case Nat and CI~ (Scheme 1.1).

Ionic compounds are generally made with ionic bonds. lonic bonds are eas-
ily identified because they are made by combining a metal (elements on the
left-hand side of the periodic table) with a nonmetal (elements found in the
upper right-hand corner of the periodic table). Ionic bonds are typically not
formally drawn; rather, the ions are drawn together in a molecular formula
where the overall compound is neutral. For example, FeCl, means a Fe** ion
bonds to three CI~ ions using ionic bonds. This simple discussion will allow
for a better understanding of many ionic compounds with which you may be
familiar (Table 1.1).
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Scheme 1.1 The formation of an ionic bond in NaCl.

Table 1.1 Some common ionic compounds.

Compound Name lons involved Common use

KI Potassium iodide Kr &I- Treatment of hyperthyroidism
PbO, Lead (IV) oxide Pb+* & O~2 Found in car batteries

CaCl, Calcium chloride Cat? & CI~ Road deicing

Covalent bonds differ from ionic bonds in that electrons are shared rather
than stolen to form a bond between two atoms. This means that covalent bonds
are not easily broken into ionic species and do not break apart when dissolved
in water. The sharing of two electrons between two atoms to form a covalent
bond is represented with a single line. The water molecule is made up of two
H—O single covalent bonds. Similarly, if four electrons are shared between two
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Figure 1.2 The structure of some simple molecules.
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atoms, the covalent bond is shown with a double line and is called a double
bond. Six shared electrons are depicted by three lines and called a triple bond.
Molecular oxygen is made up of a double bond between the two oxygen atoms,
and molecular nitrogen is made up of a triple bond between the two nitrogen
atoms. Single, double, and triple bonds all have different properties and reac-
tivity that are dependent on the types of atoms involved in the covalent bond.
Even now, this basic description of covalent bonds can help you understand the
structure of multiple simple molecules (Figure 1.2).

What makes covalent bonds so interesting is their ability to combine to form
large molecular structures. Inorganic compounds do not have this ability.
Literally, thousands of atoms can be linked together by covalent bonds to create
such complex molecules as polymers, proteins, and even deoxyribonucleic
acid (DNA).

This book focuses mostly on organic molecules, which are typically con-
structed with covalent bonds. Organic molecules were originally called
“organic” because it was believed that these types of compounds could only
come from living, organic sources, such as plants or animals. Once it was
shown that organic molecules could be made from inorganic materials, the
definition was expanded. The current definition states that organic molecules
contain the element carbon. Organic chemistry is the study of carbon-
containing molecules. For the purposes of this book, we will be focusing on
the conversion of one organic molecule into another using reactions. Using
these reactions, organic chemists create many pharmaceuticals, many plastics,
and a multitude of other molecules.

The versatility of covalent bonds creates virtually limitless possible combi-
nations of organic molecules, which is why organic chemistry is such a broad
field of study. In college, an entire year of study is devoted to organic chemistry
to obtain a typical chemistry degree. At this point, millions of organic com-
pounds are known, with new ones being generated every day. One of the more
interesting aspects of organic chemistry is the ability to combine atoms in new
ways to make new organic molecules, many of which have never been seen in
nature.!

1 Iam formally trained as an organic chemist. During my career, I estimate that I have created
roughly 50 novel organic molecules. These include anticancer drugs, novel polymers, linkers for
nanoparticles, and supramolecular agents, which allow for the controlled ordering of molecules.
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Because of the large numbers of variations, organic molecules are commonly
represented by structures as well as their formal names. In addition, due to a
large and complex nature of organic molecules, they are often drawn using a
condensed form. Because organic molecules typically have a large number of
hydrogens in their structures, it is particularly common to represent hydro-
gens in an abbreviated form. In a condensed structure, the bonds attached to
the hydrogens are omitted and the number of H’s is represented with a sub-
script. Examples of these abbreviations are represented below using some sim-
ple organic molecules (Figure 1.3).

Figure 1.3 The condensed
structure of some simple
organic molecules.
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Figure 1.4 The condensed structure of the benzene ring.

Another important way in which hydrogens are abbreviated involves the
benzene ring. This ring is immensely important in organic chemistry, and
its presence can be seen in many important organic molecules. To simplify
the structure, the hydrogens at the points of the benzene ring are commonly
omitted. Moreover, the carbon atoms in the benzene ring are represented
simply by lines denoting the covalent bonds (Figure 1.4).

Lastly, the structures of polymers are usually represented using a type of
abbreviation. Small molecules called monomers are connected in large num-
bers during a polymerization reaction to create large molecules called poly-
mers. This process is represented in the name “polymer,” which means many
monomers. Because polymers are made up of a repeating monomer subunit,
they are represented by the subunit surrounded by brackets. The monomer
subunit is repeated a variable number of times, which is represented by the
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Figure 1.5 How polymers are represented.

subscript “n.” The actual number of monomers subunits in a polymer is usually
unknown, which is why it is represented by a variable (Figure 1.5).

Neurotransmitters

In this book, neurotransmitters are the most important molecules used to
describe the function of organic molecules in the body. Virtually everything
we do involves neurons communicating with one another. Everything from
movement, breathing, and even awareness are brought about by electrical
impulses moving across our nervous system. Anyone who has seen a Taser
in action knows that neurons are affected by electricity; however, certain
chemicals also play an important role in how neurons operate. Many neurons
are separated by a small gap called the synaptic cleft. During a typical nerve
impulse, specific molecules called neurotransmitters bridge this gap. When
an electrical impulse reaches the end of a presynaptic neuron, neurotrans-
mitters are released and subsequently diffused across the synaptic cleft,
binding to the receptors on the receiving postsynaptic neuron. Receptors
are typically proteins on the surface of the neurons, which recognize and
bind to specific neurotransmitters. This binding usually brings about a
chemical change that creates an electrical impulse in the receiving postsy-
naptic neuron. In short, neurotransmitters allow for electrical impulses to
be transmitted between adjacent neurons despite the presence of a synaptic
gap. By repeating this process, electrical nerve impulses can be sent across
the body or across the brain. Neurotransmitters that cause a neuron to
fire are considered “excitatory” and are responsible for motion, mental



8

1 If You Do Not Know Any Chemistry, This Chapter Is For You

OH
gz
HO NH
HO CH NH, N
~c ~
H,
H,
HO
HO
Norepinephrine Dopamine
/NH2
CH
o H,C — 2
HC CH /
ﬂ & \1(191/ o C\
PN e
H3C O / \C \ CH3 \ CH
H, /
A
H
Acetylcholine Serotonin

Figure 1.6 Various neurotransmitters.

cognition, and other activities that require the brain and body to be active
(Figure 1.6).

In addition, certain neurotransmitters can also be “inhibitory” and actually
impede the transmission of impulses in neurons. The effect of inhibitory neuro-
transmitters in these neurons causes a chemical change within the neuron that
opposes the effects of excitatory neurotransmitters. In general, inhibitory neu-
rotransmitters are responsible for inducing sleep and filtering out unnecessary
excitatory signals.

In short, neurotransmitters send chemical messages between neurons and
act as the on and off switches of the nervous system. By understanding that
chemicals can affect how neurons work, many interesting concepts can be
discussed. Many mental illnesses are believed to be caused by a “chemical
imbalance” of neurotransmitters in certain areas of the brain. Many med-
ications used to treat mental illnesses, as well as many psychoactive drugs
and neurotoxins, obtain their effects by changing the ways in which neuro-
transmitters are released and absorbed or by simply mimicking the structure
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Figure 1.7 A representation of the lock-and-key model of receptors.

of a neurotransmitter. The key receptors in neurons designed to recognize
neurotransmitters look for specific structural features. This is called the
lock-and-key model. Receptors proteins are typically wadded into a ball-like
structure that has small pockets. Certain structural features of molecules
allow them to fit into these pockets, activating the receptors. Because the
receptors are looking for specific structural features, molecules that have
similar structural features can fool these receptors (Figure 1.7).

An excellent example is seen with the molecules dopamine and metham-
phetamine. Dopamine is one of the most important neurotransmitters
in the parts of the brain involving motion and alertness. Key receptors
in neurons recognize the benzene ring connected to two carbons and a
nitrogen found in dopamine. Methamphetamine also has a benzene ring
connected to two carbons and nitrogen, so it can also fit into these receptors,
which tricks the neurons into thinking that it is dopamine. The presence
of methamphetamine causes the areas of the brain, which utilize dopamine
to become excited, causing the hyperactivity and insomnia associated with
methamphetamine use. Now that we understand the structural features that
can allow molecules to mimic dopamine, we can look for them in other
molecules. Ritalin® has these structural features, and it is used to treat
attention deficit hyperactivity disorder (ADHD) by stimulating the parts of
the brain associated with attention. In addition, the common decongestant
pseudoephedrine has these structural features and has the side effects of
causing restlessness and insomnia, which has to be stated on the packaging
(Figures 1.8 and 1.9).
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Figure 1.8 Molecules with structures similar to dopamine.
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Intermolecular Forces

Have you ever wondered why some molecules like oxygen are a gas at room
temperature and ambient pressure while other molecules like water are liquid
and still others like table salt (NaCl) are a solid? This has to do with a concept
called intermolecular forces (IMF) or the forces between individual molecules.
In general, molecules with relatively strong IMFs tend to hold together better
and form solids and those with weak IMFs tend not to hold together and form
gases. Having a basic understanding of IMFs allows one to have a better under-
standing of the world. Why a solid is a solid, why does one substance stick to
another, and why do some liquids mix while others separate into layer?

To have a basic understanding of IMFs, you just have to remember that
positive and negative charges are attracted to each other. The ways in which
these positive and negative charges are generated in molecules determine the
strength of the IMFs between them.

This book discusses four major IMFs. The strongest is called the ionic IMF. As
discussed previously, when a compound contains an ionic bond, one or more
electrons are shared to form positive and negatively charged species. These
charged species are then attracted to each other by the ionic IMF. These com-
pounds, which contain ionic bonds (metals bonded to nonmetals), are typically
solids under normal conditions. Salts, such as common table salt (NaCl) or
potassium chloride (KCl), as well as most minerals, such as chalk (CaCO;) and
iron pyrite (FeS), all contain ionic bonds and ionic IMFs.

The next strongest IMF is called a dipole IMF. Dipole IMFs are typically found
when dealing with molecules containing covalent bonds. Although it is possible
for organic compounds to have ionic IMFs, most are governed by dipole IMF’s.
In a covalent bond, electrons are being shared by two atoms, although they are
rarely shared equally. Electronegativity is a measure of an atom’s ability to pull
on the electrons in a covalent bond. The elements of the periodic table typically
become more electronegative as we travel up and to the right of the table, with
fluorine being the most electronegative element. There are many exceptions
to this rule, but it is a general trend. In the molecule ICl, the electrons in the
I—Cl covalent bond are drawn closer to the chlorine because it is more elec-
tronegative than iodine. This gives the chlorine a partial negative charge, which
is represented by the symbol 6~. This also gives the iodine a partial positive
charge represented by the symbol §*. The ICl molecule is called polar because
one side of a molecule has a slight positive charge and the other side has a slight
negative charge. A dipole IMF is created when the positive side on one molecule
is attracted to the negative side of an adjacent molecule. The molecule ICl has
only one covalent bond; however, molecules with multiple covalent bonds can
also be polar, depending on the orientations of the bonds and the electroneg-
ativity of the atoms involved. Note! The dipole IMF is weaker compared to the
ionic IMF because only partial charges are being used (Figure 1.10).

11
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Figure 1.10 An example of a dipole
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An important subset of dipole IMFs is called hydrogen bonding, and it
is reserved for some of the most electronegative elements in the periodic
table, like nitrogen, oxygen, and fluorine. When these elements are directly
bonded to hydrogen in a molecule, this special IMF comes about. In this case,
the charge separation caused by these highly electronegative elements is so
extreme that dipole interaction is enhanced. The hydrogens are “loose” and
do not remain permanent bonded. They freely move around, and they can be
shared by other hydrogen-bonding molecules. This causes a hydrogen-bonding
interaction, which is stronger compared to a typical dipole interaction. Many
common liquids utilize hydrogen-bonding IMFs, including water and alcohol.
In addition, DNA strands are held together using hydrogen bonding.

The last IMF is probably the most difficult to conceive, although it is still
extremely important. Covalent bonds involve electrons being shared; therefore,
they are affected by the electronegativity of the atoms involved. However, what
happens when the two atoms are the same? A prime example of this is an oxy-
gen molecule. The two oxygen atoms have exactly the same electronegativity,
therefore, exactly the same pull on the electrons in the covalent bond. There is
no separation of charge; thus, the molecule is deemed nonpolar. This can also
come about when dealing with substances that have no bonds, such as helium,
or with molecules that orientate their bonds so that there is no charge separa-
tion in the molecule, such as methane. All these molecules are also considered
nonpolar; however, the fact that they can form liquids when made cold enough
shows that there must be some type of IMF in them. This last and weakest IMF
has many names, including instantaneous dipole forces, Van der Walls forces,
and dispersion forces. I will call them instantaneous dipoles in this book because
I feel this name best describes the effect.

Instantaneous dipole IMFs can best be explained by looking at a typical
helium atom. It is made up of a nucleus containing two protons and two
neutrons surrounded by two elections. The two negatively charged electrons
balance out the two positively charged protons in the nucleus so the overall
atom is neutral. Because both electrons are negatively charged, they repel each
other and usually stay on the opposite sides of the nucleus. However, these
electrons orbit the nucleus at extremely fast speeds, roughly 80% the speed
of light; hence, it is possible for these electrons to crowd on one side of the
helium atom. When this happens, the nucleus is momentarily exposed, giving
the atom a positively charged side (6%) while the crowded electrons give the
other side of the atom a negative charge (67). This happens only for an instant
because the electrons quickly repel each other. This charge separation gives
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the atom an “instantaneous dipole” and allows two different helium atoms to
have an IMF. This idea is also true for molecules that contain multiple atoms,
such as methane. Methane is made up of four hydrogen nuclei and a carbon
nucleus, which are all surrounded by a cloud of rapidly moving electrons.
These electrons can also momentarily crowd to one side of the atom, giving it
an instantaneous dipole IMF (Figure 1.11).

One thing to remember about instantaneous dipole IMFs is that in general,
larger nonpolar molecules have more electrons; therefore, they can create a
stronger IMF. The hydrocarbons (molecules that only contain hydrogen and
carbon) are an excellent example of this. Methane (CH,) and propane (C;Hy)
are relatively small, and their weak instantaneous dipole IMFs cause them to be
gases under normal conditions; however, octane (CgH;4), the major constituent
of gasoline, is large enough to allow for a strong enough instantaneous dipole
IMEF for it to be a liquid. Eventually, larger hydrocarbons with more than about
20 carbons become solids. The polymer polyethylene is made up essentially of
large hydrocarbons and is used to create solid commercial products, such as
plastic bags and drinking bottles.
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