Key Concepts

3.1 The polarity of water molecules results in
hydrogen bonding

3.2 Four emergent properties of water
contribute to Earth’s fitness for life

3.3 Dissociation of water molecules leads to
acidic and basic conditions that affect
living organisms

Framework

Water makes up 70% to 95% of the cell content of living
organisms and covers 75% of the Earth’s surface. Its
unique properties make the external environment fit for
living organisms and the internal environments of organ-
isms fit for the chemical and physical processes of life.

Hydrogen bonding between polar water molecules
creates a cohesive liquid with a high specific heat and
high heat of vaporization, both of which help to regu-
late environmental temperature. Ice floats and protects
oceans and lakes from freezing. The polarity of water
makes it a versatile solvent. An organism’s pH may be
regulated by buffers. Acid precipitation poses a serious
environmental threat.

Chapter Review

3.1 The polarity of water molecules
results in hydrogen bonding

A water molecule consists of two hydrogen atoms each
covalently bonded to a more electronegative oxygen
atom. This polar molecule has a shape like a wide V
with a slight positive charge on each hydrogen atom
(8+) and a slight negative charge (8—) associated with
the oxygen. Hydrogen bonds, electrical attractions
between the hydrogen atom of one water molecule and
the oxygen atom of a nearby water molecule, create a

higher level of structural organization and lead to the
emergent properties of water.

3.2 Four emergent properties of water
contribute to Earth’s fitness for life

Cohesion Liquid water is unusually cohesive due to
the constant forming and reforming of hydrogen
bonds that hold the molecules together. This cohesion
creates a more structurally organized liquid and helps
water to be pulled upward in plants. The adhesion of
water molecules to the walls of plant vessels also con-
tributes to water transport. Hydrogen bonding between
water molecules produces a high surface tension at the
interface between water and air.

® INTERACTIVE QUESTION 3.1

Draw the four water molecules that can hydrogen-bond
to this water molecule. Show the bonds and the slight
negative and positive charges that account for the forma-
tion of these hydrogen bonds.

Moderation of Temperature In a body of matter, heat
is a measure of the total quantity of kinetic energy, the
energy associated with the movement of atoms and
molecules. Temperature measures the average kinetic
energy of the molecules in a substance.
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Temperature is measured using a Celsius scale.
Water at sea level freezes at 0°C and boils at 100°C. A
calorie (cal) is the amount of heat energy it takes to raise
1 g of water 1°C. A kilocalorie (kcal) is 1,000 calories,
the amount of heat required to raise 1 kg of water 1°C.
A joule (J) equals 0.239 cal; a calorie is 4.184 J.

Specific heat is the amount of heat absorbed or lost
when 1 g of a substance changes its temperature by
1°C. Water’s specific heat of 1 cal/g/°C is unusually
high compared with that of other common substances;
water must absorb or release a relatively large quantity
of heat in order for its temperature to change. Heat
must be absorbed to break hydrogen bonds before
water molecules can move faster and the temperature
can rise, and conversely, heat is released when hydro-
gen bonds form as the temperature of water drops. The
ability of large bodies of water to stabilize air tempera-
ture is due to the high specific heat of water. The high
proportion of water in the environment and within or-
ganisms keeps temperature fluctuations within limits
that permit life.

The transformation from a liquid to a gas is called
vaporization or evaporation and happens when mole-
cules with sufficient kinetic energy overcome their at-
traction to other molecules and escape into the air as
gas. The heat of vaporization is the quantity of heat
that must be absorbed for 1 g of a liquid to be con-
verted to a gas. Water has a high heat of vaporization
(580 cal/g at room temperature) because a large
amount of heat is needed to break the hydrogen bonds
holding water molecules together. This property of
water helps moderate the climate on Earth as solar
heat is dissipated from tropical seas during evapora-
tion and heat is released when moist tropical air con-
denses to form rain.

As a substance vaporizes, the liquid left behind
loses the kinetic energy of the escaping molecules and
cools down. Evaporative cooling helps to protect ter-
restrial organisms from overheating and contributes to
the stability of temperatures in lakes and ponds.

Insulation of Water Bodies by Floating Ice As water
cools below 4°C, it expands. By 0°C, each water mole-
cule becomes hydrogen-bonded to four other mole-
cules, creating a crystalline lattice that spaces the
molecules apart. Ice is less dense than liquid water,
and therefore, it floats. The floating ice insulates the
liquid water below.

The Solvent of Life A solution is a liquid homoge-
neous mixture of two or more substances; the dissolv-
ing agent is called the solvent and the substance that is
dissolved is the solute. Water is the solvent in an aque-
ous solution. The positive and negative regions of
water molecules are attracted to oppositely charged ions

or partially charged regions of polar molecules. Thus,
solute molecules become surrounded by water mole-
cules (a hydration shell) and dissolve into solution.

® INTERACTIVE QUESTION 3.2

The following concept map is one way to show how the
breaking and forming of hydrogen bonds is related to
temperature moderation. Fill in the blanks and compare
your choice of concepts to those given in the answer sec-
tion. Or, better still, create your own map to help you un-
derstand how water stabilizes temperature.
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Ionic and polar substances are hydrophilic; they have
an affinity for water due to electrical attractions and
hydrogen bonding. Large hydrophilic substances may
not dissolve but become suspended in an aqueous so-
lution, forming a mixture called a colloid. Nonionic
and nonpolar molecules are hydrophobic; they will
not easily mix with or dissolve in water.



H INTERACTIVE QUESTION 3.3

Indicate whether the following are hydrophilic or hy-
drophobic. Do these substances contain ionic, polar cova-
lent bonds, or nonpolar covalent bonds?

a. olive oil c. salt

b. sugar d. candle wax

Most of the chemical reactions of life take place in wa-
ter. A mole (mol) is the amount of a substance that has
a mass in grams numerically equivalent to its molecu-
lar mass (sum of the mass of all atoms in the molecule)
in daltons. A mole of any substance has exactly
the same number of molecules—6.02 X 107, called
Avogadro’s number. The molarity of a solution (abbre-
viated M) refers to the number of moles of a solute dis-
solved in 1 liter of solution.

E INTERACTIVE QUESTION 3.4

a. How many grams of lactic acid (C3HgOs) areina 0.5 M
solution of lactic acid? ('2C, 'H, '°0)

b. How many grams of salt (NaCl) must be dissolved in
water to make 2 liters of a 2 M salt solution? (**Na, 3Cl)

3.3 Dissociation of water molecules
leads to acidic and basic conditions that
affect living organisms

A water molecule can dissociate into a hydrogen ion,
H* (which binds to another water molecule to form a
hydronium ion, H;O") and a hydroxide ion, OH". Al-
though reversible and statistically rare, this dissocia-
tion into the highly reactive hydrogen and hydroxide
ions has important biological consequences. In pure
water at 25°C, the concentrations of H" and OH™ ions
are the same; both are equal to 10~7 M.

Effects of Changes in pH When acids or bases dissolve
in water, the H" and OH ™ balance shifts. An acid adds
H™ to a solution, whereas a base reduces H* in a solu-
tion by accepting hydrogen ions or by adding hydroxide
ions (which then combine with H" and thus remove hy-
drogen ions). A strong acid or strong base may dissociate
completely when mixed with water. A weak acid or base
reversibly dissociates, releasing or binding H".

In an aqueous solution, the product of the [H*] and
[OH ] is constant at 10~ . Brackets, [ ], indicate molar
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concentration. If the [H "] is higher, then the [OH ] is
lower, due to the tendency of excess hydrogen ions to
combine with the hydroxide ions in solution and form
water. Likewise, an increase in [OH "] causes an equiv-
alent decrease in [H*]. If [OH ] is equal to 107" M, then
[H*] will equal 10™* M.

The logarithmic pH scale compresses the range of
hydrogen and hydroxide ion concentrations, which
can vary in different solutions by many orders of mag-
nitude. The pH of a solution is defined as the negative
log (base 10) of the [H*]: pH = —log [H"]. For a neutral
aqueous solution, [H*]is 1077 M, and the pH equals 7.
As the [H ] increases in an acidic solution, the pH value
decreases. The difference between each unit of the
pH scale represents a tenfold difference in the concen-
tration of [H"] and [OH 1.

® INTERACTIVE QUESTION 3.5

Complete the following table to review your understand-
ing of pH.

[H*] [OH] pH Acidic, Basic, or Neutral?

101! 3 acidic

10"

Most cells have an internal pH close to 7. Buffers within
the cell maintain a constant pH by accepting excess
H™ ions or donating H"* ions when H" concentration
decreases. Weak acid-base pairs that reversibly bind hy-
drogen ions are typical of most buffering systems.

® INTERACTIVE QUESTION 3.6

The carbonic acid/bicarbonate system is an important bio-
logical buffer. Label the molecules and ions in this equa-
tion and indicate which is the H" donor and which is the
acceptor.

In which direction will this reaction proceed
H,CO; = HCO;  +H"

a. when the pH of a solution begins to fall?

b. when the pH rises above normal level?
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The Threat of Acid Precipitation Acid precipitation,
rain, snow, or fog with a pH lower than normal (pH 5.6),
is due to the reaction of water in the atmosphere with
the sulfur oxides and nitrogen oxides released by the
combustion of fossil fuels. Aquatic life is damaged by
acid precipitation, and lowering the pH of the soil solu-
tion affects the solubility of minerals needed by plants.

kilo- = a thousand (kilocalorie: a thousand calories)
hydro- = water; -philos = loving; -phobos = fearing

(hydrophilic: having an affinity for water; hydrophobic:

having an aversion to water)

Structure Your Knowledge

1. Fill in the table below that summarizes the proper-

ties of water that contribute to the fitness of the en-
vironment for life.

. To become proficient in the use of the concepts re-

lating to pH, develop a concept map to organize
your understanding of the following terms: pH,
[H*], [OH™], acidic, basic, neutral, buffer, 1-14,
acid-base pair. Remember to label connecting lines
and add additional concepts as you need them. A
suggested concept map is given in the answer section,
but remember that your concept map should represent
your own understanding. The value of this exercise is in
organizing these concepts for yourself.

Proper Explanation of Propert
perty P perty

Example of Benefit to Life

Hydrogen bonds hold molecules together
and adhere them to hydrophilic surface.

High specific heat ¢

Temperature changes in environment and
organisms are moderated.

d. Hydrogen bonds must be broken for water e.
to evaporate.

f. Water molecules with high kinetic energy g
evaporate; remaining molecules are cooler.

Ice floats h. i

j-

k.

Most chemical reactions in life involve solutes
dissolved in water.

Test Your Knowledge

MULTIPLE CHOICE: Choose the one best answer.

1.

Each water molecule is capable of forming

a. one hydrogen bond.

b. three hydrogen bonds.

¢. four hydrogen bonds.

d. two covalent bonds and two hydrogen bonds.
e. two covalent bonds and four hydrogen bonds.

The polarity of water molecules

a. promotes the formation of hydrogen bonds.

b. helps water to dissolve nonpolar solutes.

c. lowers the heat of vaporization and leads to
evaporative cooling.

d. creates a crystalline structure in liquid water.

e. does all of the above.

. What accounts for the movement of water up the

vessels of a tall tree?

a. cohesion

b. hydrogen bonding

c. adhesion

d. hydrophilic vessel walls
e. all of the above

. Climates tend to be moderate near large bodies of

water because

a. a large amount of solar heat is absorbed during
the gradual rise in temperature of the water.

b. water releases heat to the environment as it cools.

c. the high specific heat of water helps to moder-
ate air temperatures.

d. a great deal of heat is absorbed and released by
the breaking and forming of hydrogen bonds.

e. of all of the above.



5. Temperature is a measure of

10.

a. specific heat.

b. average kinetic energy of molecules.
c. total kinetic energy of molecules.

d. Celsius degrees.

e. joules.

. Evaporative cooling is a result of

a. a low heat of vaporization.

b. a high specific heat.

c. absorption of heat as hydrogen bonds break.

d. a reduction in the average kinetic energy of a
liquid after energetic water molecules enter the
gaseous state.

e. release of heat caused by the breaking of hydro-
gen bonds when water molecules escape.

Ice floats because
a. air is trapped in the crystalline lattice.

b. the formation of hydrogen bonds releases heat;
warmer objects float.

c. it has a smaller surface area than liquid water.

d. it insulates bodies of water sc they do not freeze
from the bottom up.

e. hydrogen bonding spaces the molecules farther
apart, creating a less dense structure.

The molarity of a solution is equal to

a. Avogadro’s number of molecules in 1 liter of
solvent.

b. the number of moles of a solute in 1 liter of
solution.

c. the molecular mass of a solute in 1 liter of
solution.

d. the number of solute particles in 1 liter of solvent.
e. 342 g if the solute is sucrose.

Some archaea are able to live in lakes with pH val-
ues of 11. How does pH 11 compare with the pH 7
typical of your body cells?

a. It is four times more acidic than pH 7.

b. It is four times more basic than pH 7.

c. Itis a thousand times more acidic than pH 7.

d. It is a thousand times more basic than pH 7.

e. Itis ten thousand times more basic than pH 7.

A buffer

a. changes pH by a magnitude of 10.
. releases excess OH ™.

. releases excess H'.

. is often a weak acid-base pair.

. always maintains a neutral pH.

o a0 o

1L

12.

13.

14.

15.
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Which of the following is least soluble in water?
a. polar molecules

b. nonpolar molecules

¢. ionic compounds

d. hydrophilic molecules

e. anions

Which would be the best method for reducing acid

precipitation?

a. Raise the height of smokestacks so that exhaust
enters the upper atmosphere.

b. Add buffers and bases to bodies of water whose
pH has dropped.

c. Use coal-burning generators rather than nuclear
power to produce electricity.

d. Tighten emission control standards for factories
and automobiles.

e. Reduce the concentration of heavy metals in in-
dustrial exhaust.

What bonds must be broken for water to vaporize?
a. polar covalent bonds

b. nonpolar covalent bonds

c. hydrogen bonds

d. ionic bonds

e. polar covalent and hydrogen bonds

How would you make a 0.1 M solution of glucose

(C¢H1206)? The mass numbers for these elements

are approximately: C = 12,0 =16, H = 1.

a. Mix6gC, 12 g H, and 6 g O in 1 liter of water.

b. Mix72 g C,12 g H, and 96 g O in 1 liter of water.

¢. Mix 18 g of glucose with enough water to yield
1 liter of solution.

d. Mix 29 g of glucose with enough water to yield
1 liter of solution.

e. Mix 180 g of glucose with enough water to yield
1 liter of solution.

How many molecules of glucose would be in the
1 liter solution made in question 14?

401

b. 6

c. 60

d. 6 x 10
e. 6 X 10%
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Why is water such an excellent solvent?
a. As a polar molecule, it can surround and dis-
solve ionic and polar molecules.

b. It forms ionic bonds with ions, hydrogen bonds
with polar molecules, and hydrophobic interac-
tions with nonpolar molecules.

c. It forms hydrogen bonds with itself.

d. It has a high specific heat and a high heat of va-
porization.

e. It is wet and has a great deal of surface tension.

Which of the following when mixed with water
would form a colloid?

a large hydrophobic protein
a large hydrophilic protein

cotton
NaCl

Adding a base to a solution would
a. raise the pH.

b. lower the pH.

c. decrease [H'].

d. dobothaand c.

e. dobothband c.

A hydration shell is most likely to form around

a.
b.
c. sugar
d.
e.

a. an ion.
b. a fat.
c. asugar.

20.

21.

22,

d. both a and c.
e. bothband c.

The following are the pH values for each item:
cola-2; orange juice-3; beer—4; coffee-5; human
blood—7.4. Which of these liquids has the highest
molar concentration of OH™?

a. cola

b. orange juice
c. beer

d. coffee

e. human blood

Comparing the [H"] of orange juice and coffee, the
[H*] of

a. orange juice is 10 times higher.

b. orange juice is 100 times higher.

c. orange juice is 1,000 times higher.

d. coffee is two times higher.

e. coffee is 100 times higher.

The ability of water molecules to form hydrogen
bonds accounts for water’s

a. high specific heat.

. evaporative cooling.

. high heat of vaporization.

. cohesiveness and surface tension.

. All of the above result from water’s hydrogen-
bonding capacity.
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