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Synthetic Polymers
Introduction

In this laboratory you will prepare several synthetic polymers and observe their properties. This is an observation
laboratory, so be sure to record your observations in your laboratory notebook as you do the laboratory.

Polymers are probably the most familiar of all chemical products. Items made of Nylon, Rayon, Dacron, Gore-tex,
polyethylene, polyester, polystyrene, Lucite, Teflon, latex, and silicone are important in our homes, clothing, and
everyday activities. Almost everything we use other than the food we eat, the air we breathe, and the water we
drink is made of plastic, or at least comes wrapped in it. The word itself is derived from the Greek plastikos, "able
to be molded or shaped". Plastics currently make up about 7% of the total weight and 25% of the volume of solid
municipal wastes. About half of all industrial chemists are employed by the plastics industry. This industry
produced about 30 million tons of raw plastics in 1990 valued at more than $20 billion. Certainly, if we name an
era according to the material used by people to make the tools they use, the Stone, Bronze, and Iron Ages have
given way to our own Plastic Age. For these reasons it is important that during your study of chemistry you are
exposed to the preparation and properties of polymers.

Polymers (from the Greek, poly, "many" + meros, "parts") are large molecules (macromolecules). They are made
up of individual units or "parts" called monomers. All of today's plastics are polymers, but all polymers are not
plastic, that is they cannot be molded or shaped. Polymers can be formed from monomers by condensation
reactions (i.e., nylon, Dacron, Lexan, polyurethane) or addition reactions (i.e., polyethylene, polystyrene, Teflon,
Orlon, PVC).

In a condensation reaction, two molecules join to form a new molecule accompanied by the loss or formation
another small molecule, such as water. This new molecule is called a dimer (two units). Nylon 6-6, for instance, is
formed by the combination of adipic acid and 1,6-hexane diamine with the loss of water.

H2N(CH2)6NH2 + HOCO(CH2)4COOH → [NH(CH2)6NHCO(CH2)8CO] + 2H2O

The dimer grows by further reaction of its either its amine end with another adipic acid molecule or its acid end
with another diamine molecule. Because the polymer formed grows larger one monomer unit at a time,
condensation polymerization is also called step-growth polymerization. Condensation polymers are characterized
by slow formation of the polymer chain, sometimes requiring several hours or days, moderate molecular weight
(<104 g mol-1), often endothermicity, and no branching or cross-linking unless a monomer with more than two
functional groups is used.

Addition polymerization involves the direct addition of monomers. Polymers are formed by free-radical addition
reactions, that is, the addition reaction is initiated by a free radical (a species having one or more unpaired
electrons), usually formed from an organic peroxide. This species reacts with a monomer to give a new free
radical that can react with another monomer molecule to form another longer free radical (oligomer). This process
continues until a termination reaction, such as the combination of two free radicals, occurs. A few steps in this
process are shown below.

heat

ROOR  →  2 RΟ•

RΟ• + CH2=CH2 → RO-CH2-C2 •

RO-CH2-C2• +CH2=CH2 → RO-CH2-CH2-CH2-C2 •

etc.

RO-(CH2)n-C2 • + RO-(CH2)m-C2 • → RO-(CH2)n-C2-CH2-(CH2)m-OR

The last step shown is the termination step. Because addition polymerization forms larger polymers by the
combination of polymer chains, it is also called chain-growth polymerization. Addition polymerization is
characterized by rapid formation of the polymer chain (less than 0.1 s), a low concentration of free radicals (about
10-8 M), exothermicity, and the formation of high molecular weight polymers (104 to 107 g mol-1), which can
contain branched chains.

In addition to being classified by their method of production, polymers may be further classified as linear or cross-
linked. The polymer chains in a cross-linked polymer are coiled and intertangled with one another. When these
materials are stretched, the chains slowly untangle and elongate and the material appears to flow. When the
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stress is relieved, the polymer returns to its original tangled state. A cross-linked polymer is called an elastomer.
High elasticity is found in polymers composed of long linear chains joined by sparse cross-links (one every 1 to
1000 monomer units). Increasing the cross-links between chains creates more resistance to elasticity. Synthetic
Rubber, polybutadiene, and natural rubber, polyisoprene, are examples of elastomers.

Plastic polymers may also be classified as thermoplastic or thermoset. A thermoplastic softens when heated and
becomes firm again when cooled. They repeat this behavior as they are alternately heated and cooled. Nylon and
polyethylene are both thermoplastics. Thermoset plastics are soft enough to be molded when they are fist
prepared, but on heating they firm up permanently. Reheating will not resoften them.

The first synthetic polymer, Bakelite, was prepared by Leo H. Baekeland in 1909. Baekeland was a Belgian, who
emigrated to the United States and became a U. S. citizen. Bakelite is a thermoset condensation polymer made
up of phenol and formaldehyde. It is a hard, sturdy material, resistant to heat and electricity, and not easily burned
or scorched. It is still used for molding pot handles and for electrical insulation. Old phonograph records (78-rpm
records) were made of Bakelite.

Polymers have remarkable physical and chemical properties, which depend on their molecular weight and
chemical structure. The extent of the interactions between chains in a polymer depends on the nature of
intermolecular bonding forces, the molecular weight and the nature of the chain packing. The secondary bonding
forces in polymers are weak van der Waals forces, dipole-dipole interactions, and hydrogen bonding between
chains. For nonpolar polymers such as polyethylene, the very weak intermolecular forces are compensated by a
relatively high molecular weight and very close packing. The molecular weight of a polymer controls the polymer's
flow properties, but does not affect other properties such as color, hardness, density, and electrical properties.
The properties of a polymer are determined by the type and extent of interactions among its chains. Polymers
may be stiff and strong, soft and flexible, or incredibly stress-resistant. These properties are peculiar to the
polymer, not characteristic of the monomers from which it was formed.

Due to the size of polymer molecules, they exhibit unique properties if compared to smaller molecules.  The
chemical properties of macromolecules (another term for large molecules) are no different from the chemical
properties of smaller molecules.  This is because functional groups in organic molecules show the same
reactivities regardless of the size of the molecule.  However, the physical properties of macromolecules differ from
ordinary molecules.  For example, crystallinity will be different in a macromolecule than in an ordinary molecule.
In a non-ionic crystalline solid, the structural units are individual molecules and they are arranged in a very
regular, symmetrical pattern which repeats.  If a polymer is to fit into such a pattern, the large polymer molecule
would have to be fully extended lengthwise and not looped or coiled in a random conformation.  The larger the
molecule, the less likely that this highly ordered conformation will predominate.  As a result, polymers will show
regions of crystallinity rather than being completely crystalline.  Areas of random orientation are termed
amorphous and have different characteristics than crystalline regions.  In the first part of this experiment the
stress relaxation of an elastic polymer, from a rubber band, will be measured.

Elastic polymers are an interesting class of molecules.  The materials seem to have a memory which enables
them to return to their original shape after they have been deformed or stretched.  Our question for this course will
be: what is happening at the molecular level that can explain this behavior?  Many people’s first response when
asked to name an elastic material is rubber.  Actually, natural rubber is not a very elastic material.  We are able to
make it more elastic through chemical processing.  Natural rubber is a polymer of isoprene.  The polyisoprene
chain in natural rubber has a series of cis double bonds.  There is a second type of isoprene rubber, called gutta-
percha, which has all trans double bonds in the polymer chain.

Isoprene:
monomer for
natural rubbers

n

cis-Polyisoprene
 natural rubber

n

trans-Polyisoprene
   gutta-percha

A small structural difference such as whether the double bond in natural rubber is cis or trans has large
implications regarding the polymer’s physical properties.  Cis-Polyisoprene is much more elastic than trans-
polyisoprene.  Why is this so?  Think at the molecular level.  Trans-Polyisoprene molecules will be able to fit
closer together and be more ordered.  The more ordered a polymer is, the more it resembles a crystalline solid
and the less elastic it will be.  Cis-Polyisoprene is less able to attain an ordered structure and remains soft and
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pliant.  At the molecular level, all of the cis-polyisoprene molecules will be tangled up in a terrific mess.  This
amorphous structure can be stretched and molded to a new shape without untangling the polymer molecules.
Because the molecules have not separated, the material will not have broken.  However, stretching the material
does have some consequences.  The region which has been stretched will become more ordered.  Think of a
bowl of spaghetti.  The tangled noodles represent the tangled polymer molecules.  As you pull at a handful of
noodles, they still remain somewhat tangled but also start to line-up and become parallel (Figure 1 on next page).
The regions where the noodles (or polymer molecules) are lining up are becoming more ordered.  If the stretching
is continued, eventually, the polymer molecules being pulled will separate from the rest of the polymer molecules.
In other words, the material will break.  This explains what happens when polymeric material is stretched but how
can we explain the elasticity of materials?  Until now we have considered the polymer chains as all being
separate.  What would happen if we connected the polymer chains at different points?  This is termed polymer
crosslinking.

Amorphous More ordered

Stretch

Relax

Figure 1. Stretching polymeric material

A crosslink is a bond between different polymer chains.  This bond could be covalent, ionic or even a hydrogen
bond.  Crosslinking gives structural rigidity to the polymeric material.  In the case of natural rubber, the
crosslinking helps the material return to its original shape or length after it has been stretched.  Think about it at
the molecular level.  If the amorphous polymer shown in Figure 1 is crosslinked, the crosslinks will prevent the
polymer molecules from sliding past one another and make it harder to pull the material apart.  They will also help
reorient the polymer molecules after stretching to return the material to its original shape.  If the polymer material
is stretched too far, the crosslinks can be broken and the material will not return to its exact previous shape.  This
is what happens when a polymer loses its elasaticity.  In the first part of this experiment we will measure this
stress relaxation for rubber bands.

The development of super-absorbant polymers has inspired the creation of many different uses for these
molecules.  Agricultural uses include spreading these polymers on soil which does not hold moisture well (sandy
soils for example) to expand the acreage which can sustain crops.  Industrially, these super-absorbent polymers
are used to remove water from auto and jet fuels  Household uses have centered on disposable diapers.  The
super-absorbent polymers are composed of monomeric units which contain charged, ionic sites (Figure 2).  Each
of these charged sites is capable of binding several water molecules.  Therefore, each polymer molecule will have
thousands of charged sites and be able to bind large volumes of water.  In the second part of this experiment, we
will determine exactly how much water an ionic polymer can bind.
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Figure 2. Structure of a Super-Absorbent Polymer

In the final part of this experiment, we will use a modified biopolymer to sequester a metal ion.  The biopolymer
which forms crab shells is a type of carbohydrate named chitin.  The monomer is an acetylated amino sugar
shown in Figure 3 on the next page.  The polymer that we will use today has been deacetylated and has the
trade name Chitosan.
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Chitin, the biopolymer that forms crabshell

Figure 3. Chemical structure of Chitin and Chitosan

Chitosan has an amino group on the sugar ring of the monomer.  Due to the shape of the polymer, it is possible
for the polymer molecule to wrap around a metal ion of the right size (Figure 4).  It is possible for the chitosan
molecule to become oriented so that the adjacent amino and hydroxy groups are in a position to bind with a metal
ion having the right size and charge.  The amino and hydroxyl group on another, distant residue of the polymer
will be positioned to bind to the opposite side of the metal ion.  It is the lone pairs of electrons on the oxygens and
nitrogens which bind with the metal ion.  Since only metal ions that are capable of binding with chitosan will be
able to be sequestered by the polymer, this is one way to separate different ions from each other in solution.
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Figure 4. Chitosan Binding with a Metal Ion

Experimental Procedure:

As you perform this experiment, be sure to record your observations in your laboratory notebook. Answer the
questions following each polymer synthesis before moving to the next polymer.

Nylon 6-10

SAFETY PRECAUTIONS: 1,6-diaminohexane is irritating to the skin, eyes, and respiratory system. Sebacoyl
chloride is corrosive and irritating to the skin, eyes, and respiratory system. Wear plastic gloves to protect your
hands and goggles. Hexane is extremely flammable. Hexane vapor can irritate the respiratory tract and, in high
concentrations, can be narcotic. Avoid inhalation and open flames.
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WASTE DISPOSAL: Discard washed nylon in the wastebasket. Any remaining liquid should be placed in a
solvent waste bottle.

Nylon was first prepared by Wallace H. Carothers and coworkers at Dupont Corporation. The nylon they
synthesized was Nylon 6-6, first called polyamide 6-6. It was composed of 1,6- diaminohexane and adipic acid (a
six carbon linear dicarboxylic acid). The first introduction of this material to the public was the manufacture of
Nylon toothbrush bristles. In October 1939, the first nylon stockings were offered on a trial market basis. They
were an immediate success, but with the coming of World War II, the limited supplies of nylon were needed by the
war effort to make parachutes, ropes, and other military supplies. Nylon stockings were rationed until the end of
the war and they became a valuable item of barter in Europe, achieving the status of an informal currency.

The nylon you will synthesize is Nylon 6-10. Nylon 6-10 is a condensation polymer made up of a diamine, 1,6-
diaminohexane and an acid chloride, sebacoyl chloride. Nylon is a linear copolymer. The numbers following the
name "Nylon" refer to the number of carbon atoms in the monomers. Nylon 6-10 is made up of a six carbon (1,6-
diaminohexane) and a ten carbon (sebacoyl chloride) monomer. The condensation reaction that forms Nylon 6-10
is shown below.

H2N(CH2)6NH2 + ClCO(CH2)8COCl → [NH(CH2)6NHCO(CH2)8CO] + 2 HCl

The reaction takes place at the interface of two immiscible liquids, hexane, used to solubilize the sebacoyl
chloride, and water, used to solubilize the diamine. The nylon can only form where the two liquids come in
contact.

1. Wear plastic gloves to protect your hands.

2. Obtain the following materials:

10 mL of 1,6-diaminohexane (hexamethylenediamine) solution in a 50 mL beaker. You may add a drop of
food coloring if desired to enhance the visibility of the interface.

10 mL of sebacoyl chloride in hexane in a separate 50 mL beaker.

forceps

wooden splint, glass rod or spatula.

200 mL of water in a 250 mL beaker.

25 mL of ethanol (ethyl alcohol) in a 100 mL beaker.

paper towels

3. Slowly and carefully pour the sebacoyl chloride solution into the beaker containing the 1,6- diaminohexane.
Try to pour so that the two solutions do not mix.

4. Using the forceps, pick up the film of nylon that forms between the two solutions. Wind it onto the wooden
splint by rotating the splint to wind up the nylon thread. Continue until you run out of nylon.

5. Wash the lump of nylon in a beaker of water, then in a beaker of ethyl alcohol. Press it between paper towels
to dry.

6. Once dry, obtain a mass of your nylon thread.

7. Answer the following questions in your laboratory notebook.

♦  Write the reaction of the copolymer Nylon 6-8 from the appropriate acid chloride or carboxylic acid.

♦  Is Nylon an elastomer? Why or why not?

♦  Is Nylon a copolymer? Why or why not?

♦  from the mass of your thread, calculate the number of monomer units present in your synthetic nylon.
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The Gelation of Guar Gum and Elmer's Glue with Borax (Slime and Silly Putty)

WASTE DISPOSAL: The gels may be placed in garbage cans. Reagents should be separately poured down
drains with plenty of running water.

Cross-linking a linear polymer with covalent chemical bonds, as in polyurethane, produces a rigid three-
dimensional structure. If the cross-link bonds are not strong covalent bonds, but weaker hydrogen bonds, a less
rigid material, call a gel, is produced. For example, the water-soluble linear polymer called poly(vinylalcohol) or
PVA has a carbon atom backbone with a predominant pattern of OH groups on alternant carbon atoms.

When a solution of borate ion, B(OH)4 is added to an aqueous solution of poly(vinyl alcohol), the OH dipoles on
the borate ion are attracted to the OH dipoles on poly(vinyl alcohol).

This particular form of dipole-dipole interaction is called a hydrogen bond. It is considerably weaker than covalent
bonds, so that the bonds are easily broken and reformed. This allows the linear polymer chains to move past one
another, giving the gel liquid-like properties. However, if the gel is stirred very rapidly, it becomes more viscous,
the harder you stir, the more viscous it becomes, so that it does not behave like a normal liquid. In fact, it has
three distinct responses to shearing and stressing. With slow shearing it flows like a highly viscous fluid, such as
thick molasses. At somewhat faster shearing it behaves like a piece of rubber. Fast shearing causes it to fracture;
for example, if it is suddenly pulled apart.

Natural linear polysaccharide (polysugar) polymers form similar gels with borax. The substance called Slime
marketed by the Mattel Corporation is a gel formed by mixing a solution of the natural polysaccharide guar (from
guar gum) with borax. Guar is extracted from a leguminous plant native to India. Other natural linear
polysaccharides include agar (from algae), carageenan (from seaweed), and starch (from corn or potatoes) These
natural products are widely used to thicken and give a smooth texture to foods and cosmetics, and also find uses
a sizing for silk and paper, and in adhesives.
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Slime (guar gum and borax)

1. Obtain the following materials and equipment

stir rod

50 mL of water in a 150 mL beaker

0.5 g of guar gum

4-5 mL of saturated borax solution

2. Dissolve the guar gum in the water with vigorous stiring.  Make sure to get all the lumps out.

3. Add the 4-5 mL of borax solution to the 150 mL beaker containing the guar gum solution with rapid and
vigorous stirring, using the stir rod. Continue until the mixture has gelled.

The gel is safe to handle. Water can be used to clean any residue on you or the benchtop.

Observe the viscoelastic properties of the gel.

♦  Can you pour it slowly from one container to another?

♦  What happens when you roll it into a ball and place the ball on a clean watch glass?

♦  What happens if you suddenly try to pull the gel apart?

♦  Can you knead pieces of the gel together?

♦  What happens when a small amount of solid NaCl is added to the solid?

Play Dough (Elmer's Glue (Casein) and Borax)

1. Obtain the following materials and equipment

Stir rod

30 mL of a Elmer's Glueall™ in a small (approximately 150 mL) beaker

15 mL of 4% borax (Na2B4O7 • 10 H2O)

2. Add the 15 mL of borax to the 250 mL beaker containing the dye and Elmer's Glueall with rapid and
vigorous stirring, using the stir rod. Continue until the mixture has gelled.  After the initial mixing in complete,
you may continue the mixing by hand (kneading) until the desired constancy is reached. Squeeze out excess
water.

3. Try diluting the Elmer's Glueall™ with water on a 1 to 1 volume basis before adding the borax solution.

♦  Describe the properties of both polymers.

♦  Is the second more like Slime or more like the silly putty formed from the undiluted glue?

♦  Why do you think the two Casein/Borax polymers differ?

Latex

WASTE DISPOSAL: Solid materials may be placed in wastebaskets. Vinegar or acetic acid may be poured in
sinks with plenty of water.

Natural rubber latex is found in the inner bark of many trees, especially those grown in Brazil and the Far East.
The white sticky sap of the milkweed, dandelions, and golden rod, is also a latex. Latex will turn into a rubbery
mass within 12 hours of exposure to air. The latex protects the tree or plant after an injury by covering the would
with a rubbery material, like a bandage. Paints and polishes are examples of synthetic (man-made) latexes. A
latex is an emulsion which is a mixture of a solid polymer, such as polyisoprene, and water. The polymer is held in
the emulsion by emulsifying agents. Emulsifying agents are surface active agents (surfactants) like detergents.
The non-polar hydrocarbon end is soluble in the latex, while the polar (usually polyethylene oxide) end is soluble
in the water. The emulsifying agent holds the latex in the water as tiny droplets surrounded by emulsifier
molecules. When the latex dries (loses water), the droplets of latex join together to form a film or coating.
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To prevent the latex from solidifying in air, a stabilizer is added. This stabilizer is 0.5 to 1% ammonia. When the
ammonia is neutralized, the latex solidifies into rubber.

Natural latex is composed of cis-isoprene units with an average chain length of about 5000 units.

Some plants produce a polyisoprene with trans-1,4-isoprene units. This material, known as gutta-percha, is less
elastic than rubber. It is used as a covering for golf balls, in surgical equipment, and as and insulator for
underwater cables.

1. Obtain the following

30 mL of vinegar or acetic acid.

spatula

250 mL beaker

stirring rod

30 mL of latex in a small beaker.

2. Pour a few drops of latex onto the palm of your hand and spread it out with your finger. Keep mixing it.

3. Dip a spatula into the vinegar, then into the latex, then into the vinegar again. Remove the solidified latex. Try
stretching it. Record your observations.

4. Pour the remaining latex in the 250 mL beaker. Add 50 mL of water to the latex and stir the mixture.

5. Pour 30 mL of vinegar into the beaker of latex and stir.

6. Remove the mass from the beaker with your fingers. Carefully squeeze the mass while washing it under
running water. Drop it on the floor. What happens?

♦  Why does polyisoprene behave so differently than slime or silly putty?

Super-Absorbent Polymers1

In this part of the lab, the super-absorbent polymer used in diapers will be isolated in order to allow the
determination of the relative weight of water that the polymer can hold in a gel state.

1. Unfold a diaper to expose the porous liner.  Loosen the diaper from the liner on the two ends and one of the
long sides.  This allows you to unfold the diaper to make it lie open at roughly double the original area.  The
polymer that we want is in the cotton fluff on the inside.  Take the cotton fluff out of the diaper and place it in a
large (1 gal) ziplock bag.

                                                     
1 POLYED National Information Center for Polymer Education, University of Wisconsin-Stevens Point,
Department of Chemistry.

cis-Isoprene units

R R

cis-Polyisoprene

n

Shorthand notation for the polymer
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2. There is still a lot of polymer left on the plastic shell of the diaper (run your finger over the surface and it
should feel gritty).  Rub the sides of the plastic shell together to loosen the polymer.  Place this polymer
powder into a pre-weighed 250 mL beaker and pick out any cotton fragments.

3. There is still polymer in the cotton in the ziplock bag.  Close the bag, making sure that there is enough air
trapped inside to allow the cotton material to move.  Shake the bag vigorously for a minute or two.  Now, hold
the bag at one of the corners at the ziplock top.  Shake gently and the solid polymer will move to the bottom.
Open the bag and discard the cotton.  Combine the polymer left in the bag with that already in the beaker.  If
you have done a good job, there will be enough polymer material to cover the bottom of the beaker.  Weigh
the beaker with the polymer to determine the actual weight of the polymer.

4. Add water to the polymer in 10 mL increments, with stirring, until the polymer cannot absorb any more and
still retain a gel-like appearance.  Try to carefully determine the exact amount of water that the polymer can
absorb and still not become fluid.

5. Remembering that the density of water is 1 g/mL, determine the weight of water that the polymer was able to
absorb and then calculate the amount of water per gram of polymer that can be absorbed.

6. Add about one tablespoon of sodium chloride to the polymer gel and stir.  Note what happens and think about
why.  (This will come back to haunt you when answering the questions)

♦  A standard olympic sized swimming pool is 50 m X 20 m X 2 m.  What weight of absorbent polymer would be
needed to turn the water in the pool to gel?

♦  Why did the added salt cause the polymer gel to become a solution?  What is happening at the molecular
level?

♦  When water was added to the absorbent polymer, the solution quickly turned to gel.  Briefly explain what
happened to the water.  Why did a gel form and not a solution?  At the molecular level, what is the difference
between adding water to the absorbent polymer or an equal weight of some other ionic compound?

Sequestering Ions With Chitosan, A Modified Biopolymer2

1. Measure 20 mL of 0.05 M CoCl2 solution and note its color.  Measure 20 mL of 0.05 M CuCl2 solution and
record its color.

2. Mix 10 mL of both the Co2+ and Cu2+ solutions together and record the color of the resulting solution.

3. Add 1.0 gram of Chitosan to the mixed Co2+ and Cu2+ solution, place a magnetic stirbar into the flask and stir
on a stirplate for 30 minutes at medium speed.

4. Filter the solution after 30 minutes and record the color of both the filtrate and the Chitosan.  Compare the
color of the filtrate to the color of the original Co2+ and Cu2+ solutions.  Determine which metal ion was
removed by binding to the Chitosan?

♦  Which ion was bound to the Chitosan polymer?

♦  Would chitin (natural crabshell) be able to separate a mixture of Co and Cu ions? Why or why not.

                                                     
2 Young, J.; Baird, S.; Czysz, S.; Droske, J. P. POLYED National Information Center for Polymer Education,
University of Wisconsin-Stevens Point.


	Nylon 6-10
	Latex


