2.3 Carbon

By the end of this section, you will be able to do the following:
e Explain why carbon is important for life
e Describe the role of functional groups in biological molecules

Many complex molecules called macromolecules, such as proteins, nucleic acids (RNA and DNA), carbohydrates, and lipids
comprise cells. The macromolecules are a subset of organic molecules (any carbon-containing liquid, solid, or gas) that are
especially important for life. The fundamental component for all of these macromolecules is carbon. The carbon atom has
unique properties that allow it to form covalent bonds to as many as four different atoms, making this versatile element ideal to
serve as the basic structural component, or “backbone,” of the macromolecules.

Individual carbon atoms have an incomplete outermost electron shell. With an atomic number of 6 (six electrons and six
protons), the first two electrons fill the inner shell, leaving four in the second shell. Therefore, carbon atoms can form up to four
covalent bonds with other atoms to satisfy the octet rule. The methane molecule provides an example: it has the chemical
formula CH,. Each of'its four hydrogen atoms forms a single covalent bond with the carbon atom by sharing a pair of electrons.
This results in a filled outermost shell.

Hydrocarbons

Hydrocarbons are organic molecules consisting entirely of carbon and hydrogen, such as methane (CH,) described above. We
often use hydrocarbons in our daily lives as fuels—like the propane in a gas grill or the butane in a lighter. The many covalent
bonds between the atoms in hydrocarbons store a great amount of energy, which releases when these molecules burn (oxidize).
Methane, an excellent fuel, is the simplest hydrocarbon molecule, with a central carbon atom bonded to four different hydrogen
atoms, as Figure 2.21 illustrates. The shape of its electron orbitals determines the shape of the methane molecule's geometry,
where the atoms reside in three dimensions. The carbons and the four hydrogen atoms form a tetrahedron, with four triangular
faces. For this reason, we describe methane as having tetrahedral geometry.
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Figure 2.21 Methane has a tetrahedral geometry, with each of the four hydrogen atoms spaced 109.5° apart.

As the backbone of the large molecules of living things, hydrocarbons may exist as linear carbon chains, carbon rings, or
combinations of both. Furthermore, individual carbon-to-carbon bonds may be single, double, or triple covalent bonds, and
each type of bond affects the molecule's geometry in a specific way. This three-dimensional shape or conformation of the large
molecules of life (macromolecules) is critical to how they function.

Hydrocarbon Chains

Successive bonds between carbon atoms form hydrocarbon chains. These may be branched or unbranched. Furthermore, a
molecule's different geometries of single, double, and triple covalent bonds alter the overall molecule's geometry as Figure 2.22
illustrates. The hydrocarbons ethane, ethene, and ethyne serve as examples of how different carbon-to-carbon bonds affect the
molecule's geometry. The names of all three molecules start with the prefix “eth-,” which is the prefix for two carbon
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hydrocarbons. The suffixes “-ane,” “-ene,” and “-yne” refer to the presence of single, double, or triple carbon-carbon bonds,
respectively. Thus, propane, propene, and propyne follow the same pattern with three carbon molecules, butane, butene, and
butyne for four carbon molecules, and so on. Double and triple bonds change the molecule's geometry: single bonds allow

rotation along the bond's axis; whereas, double bonds lead to a planar configuration and triple bonds to a linear one. These



geometries have a significant impact on the shape a particular molecule can assume.

Methane (CH,) Ethane (C,Hg) Ethene (C,H,)

Tetrahedral Tetrahedral Planar
(single bond) (single bond) (double bond)

Figure 2.22 When carbon forms single bonds with other atoms, the shape is tetrahedral. When two carbon atoms form a double bond, the
shape is planar, or flat. Single bonds, like those in ethane, are able to rotate. Double bonds, like those in ethene, cannot rotate, so the atoms

on either side are locked in place.

Hydrocarbon Rings

So far, the hydrocarbons we have discussed have been aliphatic hydrocarbons, which consist of linear chains of carbon atoms.
Another type of hydrocarbon, aromatic hydrocarbons, consists of closed rings of carbon atoms with alternating single and
double bonds. We find ring structures in aliphatic hydrocarbons, sometimes with the presence of double bonds, which we can
see by comparing cyclohexane's structure to benzene in Figure 2.23. Examples of biological molecules that incorporate the
benzene ring include some amino acids and cholesterol and its derivatives, including the hormones estrogen and testosterone.
We also find the benzene ring in the herbicide 2,4-D. Benzene is a natural component of crude oil and has been classified as a
carcinogen. Some hydrocarbons have both aliphatic and aromatic portions. Beta-carotene is an example of such a hydrocarbon.
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Figure 2.23 Carbon can form five- and six-membered rings. Single or double bonds may connect the carbons in the ring, and nitrogen may

be substituted for carbon.

Isomers

The three-dimensional placement of atoms and chemical bonds within organic molecules is central to understanding their
chemistry. We call molecules that share the same chemical formula but differ in the placement (structure) of their atoms and/or
chemical bonds isomers. Structural isomers (like butane and isobutane in Figure 2.24a) differ in the placement of their covalent
bonds: both molecules have four carbons and ten hydrogens (C,H,,), but the different atom arrangement within the molecules
leads to differences in their chemical properties. For example, butane is suited for use as a fuel for cigarette lighters and torches;
whereas, isobutane is suited for use as a refrigerant and a propellant in spray cans.

Geometric isomers, alternatively have similar placements of their covalent bonds but differ in how these bonds are made to the
surrounding atoms, especially in carbon-to-carbon double bonds. In the simple molecule butene (C,Hyg), the two methyl groups
(CH,) can be on either side of the double covalent bond central to the molecule, as Figure 2.24b illustrates. When the carbons are
bound on the same side of the double bond, this is the cis configuration. If they are on opposite sides of the double bond, it is a
trans configuration. In the trans configuration, the carbons form a more or less linear structure; whereas, the carbons in the cis
configuration make a bend (change in direction) of the carbon backbone.



@ VISUAL CONNECTION
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Figure 2.24 We call molecules that have the same number and type of atoms arranged differently isomers. (a) Structural isomers have a
different covalent arrangement of atoms. (b) Geometric isomers have a different arrangement of atoms around a double bond. (c)

Enantiomers are mirror images of each other.

Which of the following statements is false?

Molecules with the formulas CH,CH,COOH and C,;H40, could be structural isomers.

Molecules must have a double bond to be cis-transisomers.

To be enantiomers, a molecule must have at least three different atoms or groups connected to a central carbon.
To be enantiomers, a molecule must have at least four different atoms or groups connected to a central carbon.
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In triglycerides (fats and oils), long carbon chains known as fatty acids may contain double bonds, which can be in either the cis
or trans configuration, as Figure 2.25 illustrates. Fats with at least one double bond between carbon atoms are unsaturated fats.
When some of these bonds are in the cis configuration, the resulting bend in the chain's carbon backbone means that
triglyceride molecules cannot pack tightly, so they remain liquid (oil) at room temperature. Alternatively, triglycerides with trans
double bonds (popularly called trans fats), have relatively linear fatty acids that are able to pack tightly together at room
temperature and form solid fats. In the human diet, trans fats are linked to an increased risk of cardiovascular disease, so many
food manufacturers have reduced or eliminated their use in recent years. In contrast to unsaturated fats, we call triglycerides



without double bonds between carbon atoms saturated fats, meaning that they contain all the hydrogen atoms available.
Saturated fats are a solid at room temperature and usually of animal origin.

Eliadic acid

Oleic acid

Figure 2.25 These space-filling models show a cis (oleic acid) and a trans (eliadic acid) fatty acid. Notice the bend in the molecule caused

by the cis configuration.

Enantiomers

Enantiomers are molecules that share the same chemical structure and chemical bonds but differ in the three-dimensional
placement of atoms so that they are non-superimposable mirror images. Figure 2.26 shows an amino acid alanine example,
where the two structures are nonsuperimposable. In nature, the L-forms of amino acids are predominant in proteins. Some D
forms of amino acids are seen in the cell walls of bacteria and polypeptides in other organisms. Similarly, the D-form of glucose
is the main product of photosynthesis and we rarely see the molecule's L-form in nature.

D-alanine L-alanine

ey

Figure 2.26 D-alanine and L-alanine are examples of enantiomers or mirror images. L-forms of amino acids are predominant in proteins.

Functional Groups

Functional groups are groups of atoms that occur within molecules and confer specific chemical properties to those molecules.
We find them along the “carbon backbone” of macromolecules. Chains and/or rings of carbon atoms with the occasional
substitution of an element such as nitrogen or oxygen form this carbon backbone. Molecules with other elements in their carbon
backbone are substituted hydrocarbons.

The functional groups in a macromolecule are usually attached to the carbon backbone at one or several different places along its
chain and/or ring structure. Each of the four types of macromolecules—proteins, lipids, carbohydrates, and nucleic acids—has
its own characteristic set of functional groups that contributes greatly to its differing chemical properties and its function in
living organisms.

A functional group can participate in specific chemical reactions. Figure 2.27 shows some of the important functional groups in



biological molecules. They include: hydroxyl, methyl, carbonyl, carboxyl, amino, phosphate, and sulfhydryl. These groups play an
important role in forming molecules like DNA, proteins, carbohydrates, and lipids. We usually classify functional groups as
hydrophobic or hydrophilic depending on their charge or polarity characteristics. An example of a hydrophobic group is the
nonpolar methyl molecule. Among the hydrophilic functional groups is the carboxyl group in amino acids, some amino acid side
chains, and the fatty acids that form triglycerides and phospholipids. This carboxyl group ionizes to release hydrogen ions (H")
from the COOH group resulting in the negatively charged COO™ group. This contributes to the hydrophilic nature of whatever
molecule on which it is found. Other functional groups, such as the carbonyl group, have a partially negatively charged oxygen
atom that may form hydrogen bonds with water molecules, again making the molecule more hydrophilic.

Functional Structure Properties
Group
Hydroxyl O—H Palar
R
Methyl Nonpolar
R——CHjy
Carbonyl |(|) Polar
R—C—FR’
Carboxyl o} Charged, ionizes to release H*.
|| Since carboxyl groups can release
H* ions into solution, they are
/ C \ considered acidic.
R OH
Amino H Charged, accepts H* to form NH;".
Since amino groups can remove
R N H* from solution, they are
\ considered basic.
H
Phosphate o Charged, ionizes to release H*.
|| Since phosphate groups can
release H* ions into solution,
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Figure 2.27 These functional groups are in many different biological molecules. R, also known as R-group, is an abbreviation for any group

in which a carbon or hydrogen atom is attached to the rest of the molecule.

Hydrogen bonds between functional groups (within the same molecule or between different molecules) are important to the
function of many macromolecules and help them to fold properly into and maintain the appropriate shape for functioning.
Hydrogen bonds are also involved in various recognition processes, such as DNA complementary base pairing and the binding
of an enzyme to its substrate, as Figure 2.28 illustrates.
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Figure 2.28 Hydrogen bonds connect two strands of DNA together to create the double-helix structure.




KEY TERMS

acid molecule that donates hydrogen ions and increases the
concentration of hydrogen ions in a solution

adhesion attraction between water molecules and other
molecules

aliphatic hydrocarbon hydrocarbon consisting of a linear
chain of carbon atoms

anion negative ion that is formed by an atom gaining one
or more electrons

aromatic hydrocarbon hydrocarbon consisting of closed
rings of carbon atoms

atom the smallest unit of matter that retains all of the
chemical properties of an element

atomicmass calculated mean of the mass number for an
element’s isotopes

atomic number total number of protons in an atom

balanced chemical equation statement of a chemical
reaction with the number of each type of atom equalized
for both the products and reactants

base molecule that donates hydroxide ions or otherwise
binds excess hydrogen ions and decreases the hydrogen
ions' concentration in a solution

buffer substance that resists a change in pH by absorbing
or releasing hydrogen or hydroxide ions

calorie amount of heat required to change the temperature
of one gram of water by one degree Celsius

capillary action occurs because water molecules are
attracted to charges on the inner surfaces of narrow
tubular structures such as glass tubes, drawing the water
molecules to the tubes' sides

cation positive ion that is formed by an atom losing one or
more electrons

chemicalbond interaction between two or more of the
same or different atoms that results in forming molecules

chemical reaction process leading to rearranging atoms in
molecules

chemical reactivity the ability to combine and to
chemically bond with each other

cohesion intermolecular forces between water molecules
caused by the polar nature of water; responsible for
surface tension

compound substance composed of molecules consisting of
atoms of at least two different elements

covalentbond type of strong bond formed between two
atoms of the same or different elements; forms when
electrons are shared between atoms

dissociation release of an ion from a molecule such that the
original molecule now consists of an ion and the charged
remains of the original, such as when water dissociates
into H* and OH"

electrolyte ion necessary for nerve impulse conduction,
muscle contractions, and water balance

electron negatively charged subatomic particle that resides

outside of the nucleus in the electron orbital; lacks
functional mass and has a negative charge of —1 unit

electron configuration arrangement of electrons in an
atom’s electron shell (for example, 1522522p®)

electron orbital how electrons are spatially distributed
surrounding the nucleus; the area where we are most
likely to find an electron

electron transfer movement of electrons from one element
to another; important in creating ionic bonds

electronegativity ability of some elements to attract
electrons (often of hydrogen atoms), acquiring partial
negative charges in molecules and creating partial
positive charges on the hydrogen atoms

element one of 118 unique substances that cannot break
down into smaller substances; each element has unique
properties and a specified number of protons

enantiomers molecules that share overall structure and
bonding patterns, but differ in how the atoms are three
dimensionally placed such that they are mirror images of
each other

equilibrium steady state of relative reactant and product
concentration in reversible chemical reactions in a closed
system

evaporation change from liquid to gaseous state at a body
of water's surface, plant leaves, or an organism's skin

functional group group of atoms that provides or imparts a
specific function to a carbon skeleton

geometricisomer isomer with similar bonding patterns
differing in the placement of atoms alongside a double
covalent bond

heat of vaporization of water high amount of energy
required for liquid water to turn into water vapor

hydrocarbon molecule that consists only of carbon and
hydrogen

hydrogenbond weak bond between slightly positively
charged hydrogen atoms and slightly negatively charged
atoms in other molecules

hydrophilic describes ions or polar molecules that interact
well with other polar molecules such as water

hydrophobic describes uncharged nonpolar molecules that
do not interact well with polar molecules such as water

inertgas (also, noble gas) element with filled outer electron
shell that is unreactive with other atoms

ion atom or chemical group that does not contain equal
numbers of protons and electrons

ionicbond chemical bond that forms between ions with
opposite charges (cations and anions)

irreversible chemical reaction chemical reaction where
reactants proceed unidirectionally to form products

isomers molecules that differ from one another even
though they share the same chemical formula

isotope one or more forms of an element that have




different numbers of neutrons

law of mass action chemical law stating that the rate of a
reaction is proportional to the concentration of the
reacting substances

litmus paper (also, pH paper) filter paper treated with a
natural water-soluble dye that changes its color as the pH
of the environment changes in order to use it as a pH
indicator

mass number total number of protons and neutrons in an
atom

matter anything that has mass and occupies space

molecule two or more atoms chemically bonded together

neutron uncharged particle that resides in an atom's
nucleus; has a mass of one amu

noble gas see inert gas

nonpolar covalentbond type of covalent bond that forms
between atoms when electrons are shared equally
between them

nucleus core of an atom; contains protons and neutrons

octetrule rule that atoms are most stable when they hold
eight electrons in their outermost shells

orbital region surrounding the nucleus; contains electrons

organic molecule any molecule containing carbon (except
carbon dioxide)

periodic table organizational chart of elements indicating
each element's atomic number and atomic mass; provides
key information about the elements' properties

pH paper see litmus paper

pH scale scale ranging from zero to 14 that is inversely
proportional to the hydrogen ions' concentration in a
solution

polar covalentbond type of covalent bond that forms as a

CHAPTER SUMMARY

2.1 Atoms, Isotopes, lons, and
Molecules: The Building Blocks

Matter is anything that occupies space and has mass. Itis
comprised of elements. All of the 98 elements that occur
naturally have unique qualities that allow them to combine
in various ways to create molecules, which in turn combine
to form cells, tissues, organ systems, and organisms. Atoms,
which consist of protons, neutrons, and electrons, are the
smallest units of an element that retain all of the properties
of that element. Electrons can transfer, share, or cause
charge disparities between atoms to create bonds, including
ionic, covalent, and hydrogen bonds, as well as van der Waals
interactions.

2.2 Water

Water has many properties that are critical to maintaining
life. It is a polar molecule, allowing for forming hydrogen
bonds. Hydrogen bonds allow ions and other polar molecules

result of unequal electron sharing, resulting in creating
slightly positive and negative charged molecule regions

product molecule that is result of chemical reaction

proton positively charged particle that resides in the atom's
nucleus; has a mass of one amu and a charge of +1

radioisotope isotope that emits radiation comprised of
subatomic particles to form more stable elements

reactant molecule that takes part in a chemical reaction

reversible chemical reaction chemical reaction that
functions bidirectionally, where products may turn into
reactants if their concentration is great enough

solvent substance capable of dissolving another substance

specific heat capacity the amount of heat one gram of a
substance must absorb or lose to change its temperature
by one degree Celsius

sphere of hydration when a polar water molecule
surrounds charged or polar molecules thus keeping them
dissolved and in solution

structural isomers molecules that share a chemical
formula but differ in the placement of their chemical
bonds

substituted hydrocarbon hydrocarbon chain or ring
containing an atom of another element in place of one of
the backbone carbons

surface tension tension at the surface of a body of liquid
that prevents the molecules from separating; created by
the attractive cohesive forces between the liquid's
molecules

valence shell outermost shell of an atom

van der Waals interaction very weak interaction between
molecules due to temporary charges attracting atoms
that are very close together

to dissolve in water. Therefore, water is an excellent solvent.
The hydrogen bonds between water molecules cause the
water to have a high heat capacity, meaning it takes
considerable added heat to raise its temperature. As the
temperature rises, the hydrogen bonds between water
continually break and form anew. This allows for the overall
temperature to remain stable, although energy is added to
the system. Water also exhibits a high heat of vaporization,
which is key to how organisms cool themselves by
evaporating sweat. Water’s cohesive forces allow for the
property of surface tension; whereas, we see its adhesive
properties as water rises inside capillary tubes. The pH value
is a measure of hydrogen ion concentration in a solution and
is one of many chemical characteristics that is highly
regulated in living organisms through homeostasis. Acids
and bases can change pH values, but buffers tend to
moderate the changes they cause. These properties of water
are intimately connected to the biochemical and physical
processes performed by living organisms, and life would be



very different if these properties were altered, if it could exist
atall.

2.3 Carbon

The unique properties of carbon make it a central part of
biological molecules. Carbon binds to oxygen, hydrogen, and
nitrogen covalently to form the many molecules important

for cellular function. Carbon has four electrons in its
outermost shell and can form four bonds. Carbon and
hydrogen can form hydrocarbon chains or rings. Functional
groups are groups of atoms that confer specific properties to
hydrocarbon (or substituted hydrocarbon) chains or rings
that define their overall chemical characteristics and
function.

VISUAL CONNECTION QUESTIONS

1. Figure 2.3 How many neutrons do carbon-12 and
carbon-13 have, respectively?

2. Figure 2.7 An atom may give, take, or share electrons
with another atom to achieve a full valence shell, the
most stable electron configuration. Looking at this
figure, how many electrons do elements in group 1 need
to lose in order to achieve a stable electron configuration?
How many electrons do elements in groups 14 and 17
need to gain to achieve a stable configuration?

REVIEW QUESTIONS

4. Ifxenon has an atomic number of 54 and a mass number
of 108, how many neutrons does it have?

a. 54
b. 27
c. 100
d. 108

5. Atoms that vary in the number of neutrons found in their
nuclei are called
a. ions
b. neutrons
c. neutral atoms
d. isotopes

6. Potassium has an atomic number of 19. What is its
electron configuration?

a. shells1and 2 are full, and shell 3 has nine electrons

b. shells1, 2 and 3 are full and shell 4 has three
electrons

c. shells1, 2 and 3 are full and shell 4 has one electron
shells 1, 2 and 3 are full and no other electrons are
present

7. Which type of bond represents a weak chemical bond?
a. hydrogen bond
b. atomic bond
c. covalent bond
d. nonpolar covalent bond

3. Figure 2.24 Which of the following statements is false?

a. Molecules with the formulas CH,CH,COOH and
C;H4O, could be structural isomers.

b. Molecules must have a double bond to be cis-trans
isomers.

c. To be enantiomers, a molecule must have at least
three different atoms or groups connected to a
central carbon.

d. To be enantiomers, a molecule must have at least
four different atoms or groups connected to a
central carbon.

8. Which of the following statements is not true?
a. Water is polar.
b. Water stabilizes temperature.
c. Water is essential for life.
d. Water is the most abundant molecule in the Earth’s
atmosphere.

9. When acids are added to a solution, the pH should
decrease

increase
stay the same

o o

cannot tell without testing

10. We call a molecule that binds up excess hydrogen ions in
a solution a(n)

a. acid

b. isotope

c. base

d. donator

11. Which of the following statements is true?
a. Acids and bases cannot mix together.
b. Acids and bases will neutralize each other.
c. Acids, but not bases, can change the pH of a
solution.
d. Acids donate hydroxide ions (OH™); bases donate
hydrogen ions (H*).




58 Chapter 2 e Critical Thinking Questions

12. Each carbon molecule can bond with as many 13. Which of the following is not a functional group that can
as other atom(s) or molecule(s). bond with carbon?
a. one a. sodium
b. two b. hydroxyl
c. six c. phosphate
d. four d. carbonyl

CRITICAL THINKING QUESTIONS

14. What makes ionic bonds different from covalent bonds? 18. What property of carbon makes it essential for organic
15. Why are hydrogen bonds and van der Waals interactions life?
necessary for cells? 19. Compare and contrast saturated and unsaturated

triglycerides.
16. Discuss how buffers help prevent drastic swings in pH. &y

17. Why can some insects walk on water?
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