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qw Concept 3.1:

Polar covalent bonds in water molecules result
In hydrogen bonding
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Oxygen is more electronegative than hydrogen
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Water is so familiar to us that it is easy to overlook its many extraordinary qualities.
Following the theme of emergent properties, we can trace water’s unique behavior to the
structure and interactions of its molecules. Studied on its own, the water molecule is
deceptively simple. It is shaped like a wide V, with its two hydrogen atoms joined to the
oxygen atom by single covalent bonds. Oxygen is more electronegative than hydrogen, so




the electrons of the covalent bonds spend more time closer to oxygen than to hydrogen;
these are polar covalent bonds. This unequal sharing of electrons and water’s V-like shape
make it a polar molecule, meaning that its overall charge is unevenly distributed. In water,
the oxygen of the molecule has two regions of partial negative charge (8-), and each
hydrogen has a partial positive charge (&+).

Y Figure 3.2 Hydrogen bonds between water molecules.
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The properties of water arise from attractions between oppo sitely charged atoms of different
water molecules: The partially positive hydrogen of one molecule is attracted to the partially
negative oxygen of a nearby molecule. The two molecules are thus held together by a
hydrogen bond (Figure 3.2). When water is in its liquid form, its hydrogen bonds are very
fragile, each only about 1/20 as strong as a covalent bond. The hydro gen bonds form,
break, and re-form with great frequency. Each lasts only a few trillionths of a second, but the
molecules are constantly forming new hydrogen bonds with a succession of partners.
Therefore, at any instant, most of the water molecules are hydrogen-bonded to their
neighbors. The extraordinary properties of water emerge from this hydrogen bonding, which
organizes water molecules into a higher level of structural order.
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. Concept 3.2:
W
ergent properties of water contribute
to Earth’s suitability for life
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We will examine four emergent properties of water that con tribute to Earth’s suitability as an
environment for life: cohesive behavior, ability to moderate temperature, expansion upon
freezing, and versatility as a solvent.
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1) COHESION OF WATER MOLECULES
Water molecules stay close to each other as a result of hydro gen bonding. Although the
arrangement of molecules in a sample of liquid water is constantly changing, at any given
moment many of the molecules are linked by multiple hydro gen bonds. These linkages
make water more structured than most other liquids. Collectively, the hydrogen bonds hold
the substance together, a phenomenon called cohesion.
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Cohesion due to hydrogen bonding contributes to the transport of water and dissolved
nutrients against gravity in plants. Water from the roots reaches the leaves through a net
work of water-conducting cells (Figure 3.3). As water evaporates from a leaf, hydrogen
bonds cause water molecules leaving the veins to tug on molecules farther down, and the
upward pull is transmitted through the water-conducting cells all the way to the roots.
Adhesion, the clinging of one substance to another, also plays a role. Adhesion of water by
hydrogen bonds to the molecules of cell walls helps counter the downward pull of gravity
(see Figure 3.3).
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Y Figure 3.3 Water transport in plants. Because of the properties
of cohesion and adhesion, the tallest trees can transport water more than
100 m upward—approximately one-quarter the height of the Empire
State Building in New York City.
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Related to cohesion is surface tension, a measure of how difficult it is

to stretch or break the surface of a liquid. At the interface between
water and air is an ordered arrangement of water molecules,
hydrogen-bonded to one another and to the water below, but not to
the air above. This asymmetry gives water an unusually high surface
tension, making it behave as though it were coated with an invisible
film. You can observe the surface tension of water by slightly
overfilling a drinking glass; the water will stand above the rim. The

spider takes advantage of the surface tension of water to walk across
a pond without breaking the surface. Surface
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2) Moderation of Temperature by Water
Water moderates air temperature by absorbing heat from air that is warmer and releasing
the stored heat to air that is cooler. Water is effective as a heat bank because it can absorb
or release a relatively large amount of heat with only a slight change in its own temperature.
To understand this capability of water, let’s first look at temperature and heat
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Temperature and heat

Anything that moves has kinetic energy, the energy of motion. Atoms and molecules have
kinetic energy because they are always moving, although not necessarily in any particular
direction. The faster a molecule moves, the greater its kinetic energy. The kinetic energy
associated with the random movement of atoms or molecules is called thermal energy.
Thermal energy is related to temperature, but they are not the same thing. Temperature
represents the average kinetic energy of the molecules in a body of matter, regardless of
volume, whereas the thermal energy of a body of matter reflects the total kinetic energy, and
thus depends on the matter’s volume. When water is heated in a coffeemaker, the average
speed of the molecules increases, and the thermometer records this as a rise in
temperature of the liquid. The total amount of thermal energy also increases in this case.
Note, however, that although the pot of coffee has a much higher temperature than, say, the
water in a swimming pool, the swimming pool contains more thermal energy because of its
much greater volume.
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Whenever two objects of different temperature are brought together, thermal energy passes
from the warmer to the cooler object until the two are the same temperature. Molecules in
the cooler object speed up at the expense of the thermal energy of the warmer object. An ice




cube cools a drink not by adding coldness to the liquid, but by absorbing thermal energy
from the liquid as the ice itself melts. Thermal energy in transfer from one body of matter to
another is defined as heat. One convenient unit of heat used in this book is the calorie (cal).
A calorie is the amount of heat it takes to raise the tem perature of 1 g of water by 1°C.
Conversely, a calorie is also the amount of heat that 1 g of water releases when it cools by
1°C. A kilocalorie (kcal), 1,000 cal, is the quantity of heat required to raise the temperature of
1 kilogram (kg) of water by 1°C. (The “Calories” on food packages are actually kilocalories.)
Another energy unit used in this book is the joule ( J). One joule equals 0.239 cal; one
calorie equals 4.184 J.

When we put two objects beside each other where they have different temperature, the thermal
energy will move from the object with higher temperature to the lower temperature regardless of
the amount of thermal energy in these two objects
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Water’s High Specific

Heat The ability of water to stabilize temperature stems from its rel atively high specific heat.
The specific heat of a substance is defined as the amount of heat that must be absorbed or
lost for 1 g of that substance to change its temperature by 1°C. We already know water’s
specific heat because we have defined a calorie as the amount of heat that causes 1 g of
water to change its temperature by 1°C. Therefore, the specific heat of water is 1 calorie per
gram and per degree Celsius, abbreviated as 1 cal/(g # °C). Compared with most other
substances, water has an unusually high specific heat. For example, ethyl alcohol, the type
of alcohol in alcoholic beverages, has a specific heat of 0.6 cal/(g # °C); that is, only 0.6 cal
is required to raise the temperature of 1 g of ethyl alcohol by 1°C. Because of the high
specific heat of water relative to other materials, water will change its temperature less than
other liquids when it absorbs or loses a given amount of heat. The reason you can burn your
fingers by touching the side of an iron pot on the stove when the water in the pot is still luke
warm is that the specific heat of water is ten times greater than that of iron. In other words,
the same amount of heat will raise the temperature of 1 g of the iron much faster than it will
raise the temperature of 1 g of the water. Specific heat can be thought of as a measure of
how well a substance resists changing its temperature when it absorbs or releases heat.
Water resists changing its temperature; when it does change its temperature, it absorbs or
loses a relatively large quantity of heat for each degree of change. We can trace water’s high
specific heat, like many of its other properties, to hydrogen bonding. Heat must be absorbed
in order to break hydrogen bonds; by the same token, heat is released when hydrogen
bonds form. A calorie of heat causes a relatively small change in the temperature of water




because much of the heat is used to disrupt hydrogen bonds before the water molecules can
begin moving faster. And when the temperature of water drops slightly, many additional
hydrogen bonds form, releasing a considerable amount of energy in the form of heat.
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What is the relevance of water’s high specific heat to life on Earth? A large body of water
can absorb and store a huge amount of heat from the sun in the daytime and during summer
while warming up only a few degrees. At night and dur ing winter, the gradually cooling water
can warm the air. This capability of water serves to moderate air temperatures in coastal
areas. The high specific heat of water also tends to stabilize ocean temperatures, creating a
favorable environment for marine life. Thus, because of its high specific heat, the water that
covers most of Earth keeps temperature fluctuations on land and in water within limits that
permit life. Also, because organisms are made primarily of water, they are better able to
resist changes in their own temperature than if they were made of a liquid with a lower
specific heat.
O slall (8ash ol (e ()5S0 (i V) S S alama of Ly Sl 3 el Ly ey ) "5 ) jal) 4531 sa" dpuali el o Lo
O 052 100 sall IS Ja (2 sall Alle 451 pa A8 llay o 4iSayy o 35S G O 05 5ol (e Adlall 31 all (i
Lpalall odgh Ll £l 8 Vi Bl 5 U Cinall 3 10 ¢5S ol die el o) s GllA Ul 153€ Ll il
OsSE e of Ly IS5 ¢ JSLia 50 Gl B ransy Leaa S S8 cllhasaal) 350 jall da 3 s axe e selid
1S i o 0 90 A gl L) 8 Gl Lo eansy 138 colal) (he dpal) S alisa]
Evaporative Cooling
Molecules of any liquid stay close together because they are attracted to one another.
Molecules moving fast enough to overcome these attractions can depart the liquid and enter




the air as a gas (vapor). This transformation from
a liquid to a gas is called vaporization, or
evaporation. Recall that the speed of molecular
movement varies and that temperature is the
average kinetic energy of molecules. Even at low
temperatures, the speediest molecules can
escape into the air. Some evaporation occurs at
any temperature; a glass of water at room
temperature, for example, will eventually
evaporate completely. If a liquid is heated, the
average kinetic energy of molecules increases
and the liquid evaporates more rapidly. Heat of
vaporization is the quantity of heat a liquid must
absorb for 1 g of it to be converted from the liquid
to the gaseous state. For the same reason that
water has a high specific heat, it also has a high
heat of vaporization relative to most other liquids.
To evaporate 1 g of water at 25°C, about 580 call
of heat is needed—nearly double the amount
needed to vaporize a gram of alcohol or
ammonia. Water’s high heat of vaporization is
another emergent property resulting from the
strength of its hydrogen bonds, which must be
broken before the molecules can exit from the
liquid in the form of water vapor. The high amount
of energy required to vaporize water has a wide
range of effects. On a global scale, for example, it
helps moderate Earth’s climate. A considerable
amount of solar heat absorbed by tropical seas is
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consumed during the evaporation of surface water. Then, as moist tropical air circulates
poleward, it releases heat as it condenses and forms rain. On an organismal level, water’s
high heat of vaporization accounts for the severity of steam burns. These burns are caused
by the heat energy released when steam condenses into liquid on the skin.

As a liquid evaporates, the surface of the liquid that remains behind cools down (its
temperature decreases). This evaporative cooling occurs because the “hottest” molecules,
those with the greatest kinetic energy, are the most likely to leave as gas. It is as if the 100
fastest runners at a college transferred to another school; the average speed of the
remaining students would decline. Evaporative cooling of water contributes to the stability of
temperature in lakes and ponds and also provides a mecha nism that prevents terrestrial
organisms from overheating. For example, evaporation of water from the leaves of a plant

helps keep the tissues in the leaves from becoming too warm in the sunlight. Evaporation of
sweat from human skin dis sipates body heat and helps prevent overheating on a hot day or
when excess heat is generated by strenuous activity. High humidity on a hot day increases




discomfort because the high concentration of water vapor in the air inhibits the evapora tion
of sweat from the body
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3) Floating of ice on liquid water

Floating of Ice on Liquid Water

Water is one of the few substances that are less dense as a solid
than as a liquid. In other words, ice floats on liquid water. While
other materials contract and become denser when they solidify,
water expands. The cause of this exotic behavior is, once again,
hydrogen bonding. At temperatures above 4°C, water behaves
like other liquids, expanding as it warms and contracting as it
cools. As the temperature falls from 4°C to 0°C, water begins to
freeze because more and more of its molecules are moving too
slowly to break hydrogen bonds. At 0°C, the molecules become
locked into a crystalline lattice, each water molecule hydrogen-
bonded to four partners (Figure 3.6). The hydrogen bonds
keep the molecules at “arm’s length,” far enough apart to make
ice about 10% less dense (10% fewer molecules in the same vol-
ume) than liquid water at 4°C. When ice absorbs enough heat
for its temperature to rise above 0°C, hydrogen bonds between

Hy
ydrogen bond Liquid water:

Hydrogen bonds
break and re-form

Ice:
Hydrogen bonds
are stable

4) Water: the solvent of life

molecules are disrupted. As the crystal col-
lapses, the ice melts and molecules have
fewer hydrogen bonds, allowing them
to slip closer together. Water reaches its
greatest density at 4°C and then begins to
expand as the molecules move faster. Even
in liquid water, many of the molecules are
connected by hydrogen bonds, though
only transiently: The hydrogen bonds are
constantly breaking and re-forming.

The ability of ice to float due to its
lower density is an important factor
in the suitability of the environment
for life. If ice sank, then eventually all
ponds, lakes, and even oceans would
freeze solid, making life as we know it
impossible on Earth. During summer,
only the upper few inches of the ocean
would thaw. Instead, when a deep body
of water cools, the floating ice insulates
the liquid water below, preventing it
from freezing and allowing life to exist
under the frozen surface, as shown in the
photo in Figure 3.6. Besides insulating
the water below, ice also provides a solid
habitat for some animals, such as polar
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bears and seals.

Many scientists are worried that these bodies of ice are at risk
of disappearing. Global warming, which is caused by carbon
dioxide and other “greenhouse” gases in the atmosphere (see
Figure 56.28), is having a profound effect on icy environments
around the globe. In the Arctic, the average air temperature
has risen 2.2°C just since 1961. This temperature increase has
affected the seasonal balance between Arctic sea ice and liquid
water, causing ice to form later in the year, to melt earlier, and
to cover a smaller area. The rate at which glaciers and Arctic sea
ice are disappearing is posing an extreme challenge to animals
that depend on ice for their survival (Figure 3.7).

= A solution is a liquid that is a completely homogeneous mixture of substances

3 sall e dalie uilaia Jslae

= The solvent is the dissolving agent of a solution sl sl

= The solute is the substance that is dissolved 412l 3Ll

= An aqueous solution is one in which water is the solvent duiall saldl sa el 48 (5 Jslaa

= Water is a versatile solvent due to its polarity 4iukl | kil s dude 3aS elall pladin)

= When an ionic compound is dissolved in water, each ion is surrounded by a sphere of

water molecules called a hydration shell, negative ions are surrounded by partially positive

water’s hydrogen, while nnsitive ions are surrounded by partially negative water’'s oxygen
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= Water can also dissolve compounds made of nonionic polar molecules (if they are polar) by
formation of hydrogen bonds with them
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= Even large polar molecules such as proteins can dissolve in water if they have ionic and
polar regions
= A hydrophilic substance is one that has an affinity for water slll cxss
= A hydrophobic substance is one that does not have an affinity for water sl » s
= Oil molecules are hydrophobic because they have relatively nonpolar bonds
= Hydrophobic molecules related to oils are the major ingredients of cell membranes
» Human lysozyme is a protein found in tears and saliva that has antibacterial action. This
model shows the lysozyme molecule (purple) in an aqueous environment. lonic and polar
regions on the protein’s surface attract the partially charged regions on water molecules.

Solute Concentration in Aqueous Solutions

» Most chemical reactions in organisms involve solutes dissolved in water

= When carrying out experiments, we use mass to calculate the number of solute molecules
in an agueous solution

= Molecular mass is the sum of all masses of all atoms in a molecule

* Numbers of molecules are usually measured in moles, where 1 mole (mol) = 6.02 x
1023molecules

= Avogadro’s number and the unit dalton were defined such that 6.02 x 1023 daltons =1 g
= Molarity (M) is the number of moles of solute per liter of solution




ASSIGMENT

Among the many threats to water quality posed by human activities is the burning of fossil
fuels, which releases CO2 into the atmosphere. The resulting increase in atmospheric CO2
levels has caused global warming and other aspects of climate change. In addition, about
25% of human-generated CO2 is absorbed by the oceans. In spite of the huge volume of
water in the oceans, scientists worry that the absorption of so much CO2 will harm marine
ecosystems.
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Recent data have shown that such fears are well founded. When CO2 dissolves in
seawater, it reacts with water to form carbonic acid, which lowers ocean pH. This
process, known as ocean acidification, alters the delicate balance of conditions for
life in the oceans Based on measurements of CO2 levels in air bubbles trapped in ice
over thousands of years, scientists calculate that the pH of the oceans is 0.1 pH unit
lower now than at any time in the past 420,000 years. Recent studies predict that it will
drop another 0.3-0.5 pH unit by the end of this century.
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As seawater acidifies, the extra hydrogen ions com bine with carbonate ions (CO3 2-)
to form bicarbonate ions (HCO3-), thereby reducing the carbonate ion concentration
(see Figure 3.12). Scientists predict that ocean acidification will cause the carbonate
ion concentration to decrease by 40% by the year 2100. This is of great concern
because carbonate ions are required for calcification, the production of calcium
carbonate (CaCO3) by many marine organisms, including reef-building corals and
animals that build shells.
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