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Chapter 12

Organic Compounds
THE MAIN IDEA

Carbon can form a limitless number  
of chemical structures.
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12.8 Polymer Chemistry

Polymers are exceedingly long molecules that consist of 
repeating molecular units called monomers, as Figure 12.29 
illustrates. Monomers have relatively simple structures, con-
sisting of anywhere from 4 to 100 atoms per molecule. When 
monomers are chained together, they can form polymers 
consisting of hundreds of thousands of atoms per molecule. 
These large molecules are still too small to be seen with the 
unaided eye. They are, however, giants in the sub- micro-
scopic world—if a typical polymer molecule were as thick as 
a kite string, it would be 1 kilometer long.

Human-made polymers, also known as synthetic 
polymers, make up the class of materials commonly known 
as plastics. Two major types of synthetic polymers are used 
today—addition polymers and condensation polymers.

As shown in Table 12.6, addition and condensation 
polymers have a wide variety of uses. Solely the product 
of human design, these polymers pervade modern living. 
In the United States, for example, synthetic polymers have 
surpassed steel as the most widely used material.

  Figure 12.29
A polymer is a long molecule 
consisting of many smaller 
monomer molecules linked 
together.

^
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Addition Polymers
Addition polymers form simply by the joining together of 
monomer units. For this to happen, each monomer must contain 
at least one double bond. As shown in Figure 12.30, polym-
erization occurs when two of the electrons from each double 
bond split away from each other to form new covalent bonds 
with neighboring monomer molecules. During this process, no 
atoms are lost; so the total mass of an addition polymer is equal 
to the sum of the masses of all its monomers.

Which has more mass: an 
addition polymer or the 
monomers that combined 
to make that addition 
polymer?

READING CHECK

TABLE 12. 6 Addition and Condensation Polymers

Figure 12.30 > 
The addition polymer 
polyethylene is formed as 
electrons from the double 
bonds of ethylene monomer 
molecules split away and 
become unpaired valence 
electrons. Each unpaired 
electron then joins with an 
unpaired electron of a neigh-
boring carbon atom to form a 
new covalent bond that links 
two monomer units together.
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Over 22 million tons of polyethylene are produced annually 
in the United States; that’s about 130 pounds per U.S. citizen. The 
monomer from which it is synthesized, ethylene, is an unsaturated 
hydrocarbon produced in large quantities from petroleum.

High-density polyethylene (HDPE), shown schematically in 
Figure 12.31a, consists of long strands of straight-chain molecules 
packed closely together. The tight alignment of neighboring strands 
makes HDPE a relatively rigid, tough plastic useful for such things 
as bottles and milk jugs. Low-density polyethylene (LDPE), shown 
in Figure 12.31b, is made of strands with many branched chains, a 
pattern that prevents the strands from packing closely together. This 
makes LDPE more bendable than HDPE and gives it a lower melting 
point. While HDPE holds its shape in boiling water, LDPE deforms. 
It is most useful for such items as plastic bags, photographic film, 
and insulation for electric wire.

Addition polymers are also created by using other mono-
mers. The only requirement is that the monomer must contain 
a double (or triple) bond. The monomer propylene, for example, 
yields polypropylene, as shown in Figure 12.32. Polypropylene is 
a tough plastic material useful for pipes, hard-shell suitcases, and 
appliance parts. Fibers of polypropylene are used for upholstery, 
indoor-outdoor carpet, and even thermal underwear.

Figure 12.33 shows that using styrene as the monomer 
yields polystyrene. Transparent plastic cups are made of polysty-
rene, as are thousands of other household items. Blowing air into 
liquid polystyrene generates StyrofoamTM, which is widely used for 
coffee cups, packing material, and insulation.

<  Figure  12.31
The polyethylene strands of HDPE 
are able to pack closely together, 
much like strands of uncooked spa-
ghetti. The polyethylene strands of 
LDPE are branched, which prevents 
the strands from packing well. 

<  Figure  12.32
Propylene monomers polymerize 
to form polypropylene.
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Figure 12.33 > 
Styrene monomers polymerize 
to form polystyrene.

<  Figure  12.34
PVC is tough and 
easily molded, which 
is why it often is used 
to fabricate many 
household items.

Another important addition polymer is polyvinyl chlo-
ride (PVC), which is tough and easily molded. Floor tiles, shower 
curtains, and pipes are most often made of PVC, shown in Figure 
12.34.

Rigid polymers such as PVC can be made soft by incorpo-
rating small molecules called plasticizers. Pure PVC, for example, 
is a tough material great for making pipes. Mixed with a plas-
ticizer, the PVC becomes soft and flexible and thus useful for 
making shower curtains, toys, and many other products now 
found in most households. One of the more commonly used 
types of plasticizers is the phthalates, some of which have been 
shown to disrupt the development of reproductive organs, 
especially in fetuses and in growing children. Governments 
and manufacturers are now working to phase out these plasti-
cizers. But some phthalates, such as DINP, have been shown to 
be much less dangerous. Should all phthalates be banned or 
just the ones proven to be harmful? This is a social and political 
question that has yet to be resolved.
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The addition polymer polyvinylidene chloride (trade name 
SaranTM), shown in Figure 12.35, was once used to make plastic 
wrap for food. The large chlorine atoms in this polymer help it stick 
to such surfaces as glass by dipole-induced dipole attractions, as 
discussed in Section 7.1. Because of environmental concerns, how-
ever, SaranTM Wrap brand food wrap is now made from polyethylene. 
The original polyvinylidene chloride polymer contains twice the 
number of chlorine atoms as PVC and thus readily transforms into 
harmful dioxins upon burning. (See the Chapter 11 Essay)

The addition polymer polytetrafluoroethylene, shown in 
Figure 12.36, is what you know as Teflon®. In contrast to the chlo-
rine-containing Saran, fluorine-containing Teflon has a nonstick 
surface, because the fluorine atoms tend not to experience any 
molecular attractions. In addition, because carbon– fluorine bonds 
are unusually strong, Teflon can be heated to high temperatures 
before decomposing. These properties make Teflon an ideal coating 
for cooking surfaces. It is also relatively inert, which is why many 
corrosive chemicals are shipped or stored in Teflon containers.

C O N C E P T   C H E C K
What do all monomers that are used to make addition polymers have in common?

CHECK  YOUR  ANSWER   A multiple covalent bond between two carbon atoms.

<  Figure 12.35
The many large chlorine atoms 
in polyvinylidene chloride make 
this addition polymer sticky.

<  Figure  12.36
The fluorine atoms in 
polytetrafluoroethylene 
tend not to experience 
molecular attractions, 
which is why this addition 
polymer is used as a non-
stick coating and lubricant.
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Condensation Polymers
A condensation polymer is formed when the joining of mono-
mer units is accompanied by the loss of a small molecule, such as 
water or hydrochloric acid. Any monomer capable of becoming 
part of a condensation polymer must have a functional group on 
each end. When two such monomers come together to form a 
condensation polymer, one functional group of the first mono-
mer links up with one functional group of the other monomer. 
The result is a two-monomer unit that has two terminal func-
tional groups, one from each of the two original monomers. 
Each of these terminal functional groups in the two-monomer 
unit is now free to link with one of the functional groups of a 
third monomer, then a fourth, and so on. In this way, a polymer 
chain is built.

Figure 12.37 shows this process for the condensation 
polymer called nylon. This polymer is composed of two different 
monomers, as shown in Figure 12.37. One monomer is adipic 
acid, which contains two reactive end groups, both carboxyl 
groups. The second monomer is hexamethylenediamine, in 
which two amine groups are the reactive end groups. One end 
of an adipic acid molecule and one end of a hexamethylamine 
molecule can be made to react with each other, splitting off a 
water molecule in the process. After two monomers have joined, 
reactive ends still remain for further reactions, which leads to a 
growing polymer chain. Aside from its use in hosiery, nylon also 
finds important uses in the manufacture of ropes, parachutes, 
clothing, and carpets.

Another widely used condensation polymer is polyeth-
ylene terephthalate (PET or PETE), which is formed from the 
polymerization of ethylene glycol and terephthalic acid, as 
shown in Figure 12.38. Plastic soda bottles are made from this 

C O N C E P T   C H E C K
The structure of 6-aminohexanoic acid is the following:

Is this compound a suitable monomer for forming a condensation polymer?

CHECK  YOUR  ANSWER    Yes, because the molecule has two reactive ends. You know both ends 
are reactive because they are the ends shown in Figure 12.37. The only difference here is that both 
types of reactive ends are on the same molecule. Monomers of 6-aminohexanoic acid combine by 
splitting off water molecules to form the polymer known as nylon-6.
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polymer. Also, PETE fibers are sold as Dacron™ polyester, a product 
used in clothing and stuffing for pillows and sleeping bags. Thin 
films of PETE, which are called Mylar®, can be coated with metal 
particles to make magnetic recording tape or those metallic-look-
ing balloons you see for sale at grocery store checkout counters.

Monomers that contain three reactive functional groups 
can also form polymer chains. These chains become interlocked 
in a rigid 3-dimensional network that lends considerable strength 
and durability to the polymer. Once formed, these condensation 

^  Figure 12.37
Adipic acid and hexamethylene-
diamine polymerize to form the 
condensation polymer nylon.

 Figure 12.38
Terephthalic acid and ethylene glycol 
polymerize to form the condensation 
polymer polyethylene terephthalate.

^
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polymers cannot be remelted or reshaped, which makes them 
hard-set, or thermoset, polymers. Hard plastic dishes (MelmacTM) 
and countertops (FormicaTM) are made of this material. A simi-
lar polymer, BakeliteTM, made from formaldehyde and phenols 
containing multiple oxygen atoms, is used to bind plywood 
and particleboard. As discussed later in this chapter, Bakelite 
was synthesized in the early 1900s, and it was the first widely 
used polymer.

Biodegradable Plastics
All of the polymers discussed so far are created from petrochem-
icals, which are organic compounds isolated from fossil fuels. 
With the exception of PETE, you’ll note the polymer chain con-
sists of repeated carbon-carbon bonds. This gives the polymer 
a great structural integrity, which means that materials built 
from the polymer hold up well for various uses. But this same 
structural integrity means that the polymer does not readily 
break down. Rather, after being discarded, it can persist in the 
environment for centuries. This is problematic given the growing 
quantities of plastics we discard every year.

An important solution is to recycle these plastics. But 
despite public education efforts, less than 10% of all plastics get 
recycled. The bulk still end up within the landfill. Furthermore, 
plastics, once recycled, do not hold up as well as fresh plastic. 
It’s a problem.

A solution is to create biodegradable plastics from nat-
ural sources, such as lactic acid, which can be obtained from 
the fermentation of sugars. Examples include polylactic acid 
(PLA) and poly-(R)-3-hydroxybutyrate (P3HB) as shown in Figure 
12.39.

^  Figure 12.39
PLA and P3HB are two examples of polymers produced from natural sources through fermen-
tation. Though they lack much of the structural integrity of petrochemical plastics, they readily 
bio-degrade. 
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The structural integrity of these bio-based plastics is not 
as strong. Ideally the environmentally-aware consumer can come 
to appreciate this as an advantage rather than disadvantage. The 
chemistry-aware consumer will recognize that the monomers of 
these polymers are held together by ester linkages, which are rel-
atively easy to break apart. How so? By hydrolysis, which happens 
when the ester is attacked by a water molecule as shown in Figure 
12.40.

Now look back to the chemical structure of PETE, which is 
perhaps the most successful of all petrochemically-based plastics 
for its strength, versatility, and recyclability. You’ll see that it too 
consists of ester linkages. Might it then also be biodegradable? 
Unfortunately, the answer is no. Alongside those ester functional 
groups are multiple benzene rings. Because these benzene rings 
are most nonpolar they effectively repel water molecules, which 
greatly inhibits any hydrolysis.

A solution to this problem is to build a polymer with ester 
linkages that looks much like PETE, but has fewer benzene rings, as 
shown in Figure 12.41. This is exactly what we have with polybu-
tylene adipate co-terephthalate (PBAT). First developed in the early 
1990s, this polymer is now rapidly gaining in popularity as public 
awareness has risen and governmental regulations have been put 
into place. Consider the one example of laying down a mulch film 
to prevent the growing of weeds within an agricultural field. The 

^  Figure 12.40
The ester functional group is sus-
ceptible to hydrolysis, which is a 
process whereby a water molecule 
inserts itself in between the car-
bon-oxygen single bond. The end 
products are a carboxylic acid and 
an alcohol.

^  Figure 12.41
The PBAT polymer works well for the formulation of plastics with sufficient structural 
integrity. It can be produced from petrochemicals, and thereby readily generated in mass 
quantities. Importantly, because of the fewer benzene rings, this ester readily biodegrades.
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bio-based polymer will fall apart too quickly. A traditional pet-
rochemical polymer would have to be pulled-up and landfilled 
after use. The PBAT based film, by contrast, can be mulched into 
the soil where it degrades in a timely manner.

The synthetic polymer industry has grown remarkably. 
Annual production of polymers in the United States alone has 
grown from 3 billion pounds in 1950 to more than 100 billion 
pounds in 2020. Today, it is a challenge to find any consumer 
item that does not contain a plastic of one sort or another.

In the near future, watch for new kinds of polymers 
having a wide range of remarkable properties. One interesting 
application is shown in Figure 12.42. We already have poly-
mers that conduct electricity, others that emit light, others that 
replace body parts, and still others that are stronger but much 
lighter than steel. Imagine synthetic polymers that mimic pho-
tosynthesis by transforming solar energy to chemical energy or 
that efficiently separate fresh water from ocean water. These are 
not dreams. They are realities that chemists have already been 
demonstrating in the laboratory. Polymers hold a clear promise 
for the future.

Figure 12.42 > 
Flexible and flat video dis-
plays known as OLEDs (organic 
light-emitting diodes) are now 
fabricated from polymers.


