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MSE 160 – Polymer synthesis and characterization

MSE 160 Laboratory Safety Rules form posted on class page (bowmanlab.eng.uci.edu/class)

Lab Manager Steve Weinstock will give a safety 

introduction during your first lab session
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Labs this week

bowmanlab.eng.uci.edu/class

Labs this week

bowmanlab.eng.uci.edu/class
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From last lecture…

Quizzes will happen on your first lab session of 

each module; they are 5 questions, will take 10 

mins.

I added a document on Error Analysis to the 

Class page. Measurements are uncertain, and 

errors arise from propagating these 

uncertainties through calculations.

Everyone has 2.5 weeks to write the lab report, 

appendix is not required.

Outline

• Synthesis

• Thermoplastics and thermosets

• Epoxy cross-linking

• Polymer structure

• Polymerization mechanisms

• Characterization

Lecture outline
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Organic-based materials are generally 

associated with “soft” characteristics

relatively low-melting and facile plastic 

deformation

numerous polymer classes exhibit hardness and 

thermal stabilities that rival inorganic ceramics

No other material is as heavily utilized in our society as organic-based polymers

Organic-based materials are generally 

associated with “soft” characteristics

relatively low-melting and facile plastic 

deformation

numerous polymer classes exhibit hardness and 

thermal stabilities that rival inorganic ceramics

No other material is as heavily utilized in our society as organic-based polymers
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Polymers are made of multiple monomers

Polymers are made of multiple monomers
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The most fundamental classification of polymers is 
whether they are synthetic or naturally-occurring

Let’s name some naturally-occurring polymers

The most fundamental classification of polymers is 
whether they are synthetic or naturally-occurring
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The most fundamental classification of polymers is 
whether they are synthetic or naturally-occurring

Thermoplastics and thermosets
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Synthetic polymers may be classified under two general umbrellas:
thermoplastics and thermosets

Thermoplastics comprise long molecules with 

side chains or groups that are not connected to 

neighboring molecules (i.e., not crosslinked).

Thermosets are initially liquids and become

hardened by a thermally induced crosslinking 

process known as curing.

What do the names suggest about their higher 
T behavior?

Synthetic polymers may be classified under two general umbrellas:
thermoplastics and thermosets

Thermoplastics comprise long molecules with 

side chains or groups that are not connected to 

neighboring molecules (i.e., not crosslinked).
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hardened by a thermally induced crosslinking 

process known as curing.

What do the names suggest about their higher 
T behavior?
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Synthetic polymers may be classified under two general umbrellas:
thermoplastics and thermosets

Thermoplastics comprise long molecules with 

side chains or groups that are not connected to 

neighboring molecules (i.e., not crosslinked).

Thermosets are initially liquids and become

hardened by a thermally induced crosslinking 

process known as curing.

What do the names suggest about their higher 
T behavior?

Thermoplastics comprise long molecules with side chains or groups 
that are not connected to neighboring molecules (i.e., not crosslinked).

They transform to a rubbery elastomer or 

flexible plastic at an elevated temperature.
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The glass-transition temperature (Tg) 
is the most important property of polymers

Tg and volume depend on the cooling rate, 

conformations will vary

Glass transition is “kinetically limited”, so volume 

will spontaneously decrease with time

Polymers can also crystallize during cooling

Discontinuous volume change at crystallization 

temperature, Tf
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Polymers can also crystallize during cooling

System is in equilibrium at Tm

Polymers can also crystallize during cooling

System is in equilibrium at Tm
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Polymers can also crystallize during cooling

System is in equilibrium at Tm

Polymers can also crystallize during cooling

High cooling rate can yield a glass

Seed nucleation is favored by low temperature

Nuclei growth is favored by high temperature
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Thermosets are initially liquids and become hardened 
by a thermally induced crosslinking process known as curing.

Unlike thermoplastics, thermosets may not be 

re-melted/re-processed.

The crosslinking process yields a stable 3D 

network

Usually synthesized in a mold to yield a desired 

shape/part

Once the polymer cures, the only way to 

reshape it is through machining processes

Most common type of thermosetting polymer is 

epoxy resin (adhesives and paints/coatings)
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Epoxy cross-linking

Epoxy cross-linking
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Epoxy resin harden through crosslinking reactions
with a curing agent called polyamine

Primary and secondary polyamines 

contain reactive —NH2 groups

Epoxy resin harden through crosslinking reactions
with a curing agent called polyamine

Primary and secondary polyamines

contain reactive —NH2 groups

Epoxy resin monomer
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Epoxy resin harden through crosslinking reactions
with a curing agent called polyamine

Primary and secondary polyamines

contain reactive —NH2 groups

Reaction with primary amine

Epoxy resin harden through crosslinking reactions
with a curing agent called polyamine

Primary and secondary polyamines

contain reactive —NH2 groups

Forms reactive secondary amine
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Epoxy resin harden through crosslinking reactions
with a curing agent called polyamine

Primary and secondary polyamines

contain reactive —NH2 groups

Reactive ternary amine formed

Epoxy resin harden through crosslinking reactions
with a curing agent called polyamine

Primary and secondary polyamines

contain reactive —NH2 groups

Crosslinking reaction at –OH
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Epoxy resin harden through crosslinking reactions
with a curing agent called polyamine

Primary and secondary polyamines

contain reactive —NH2 groups

Polymer structure
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There are five classes of macromolecular architectures

There are five classes of macromolecular architectures

Linear chains are best able to pack into a 

regular crystalline array

As the degree of chain branching increases, 

only amorphous phases are formed

Crystalline regions generally form where the 

polymer chains are regularly organized, 

while others remain disordered
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Linear chains are best able to pack into a 

regular crystalline array

As the degree of chain branching increases, 

only amorphous phases are formed
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polymer chains are regularly organized, 
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There are five classes of macromolecular architectures

Structure directly affects physical properties 

of the polymer, e.g. tensile strength, 

flexibility, and opaqueness

A “homopolymer” is synthesized from only 

one type of monomer

A “copolymer” polymer is synthesized from > 

1 type of monomer

There are five classes of macromolecular architectures

Structure directly affects physical properties 

of the polymer, e.g. tensile strength, 

flexibility, and opaqueness

A “homopolymer” is synthesized from only 

one type of monomer

A “copolymer” polymer is synthesized from > 

1 type of monomer
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Crystallinity forms where polymer chains are regularly organized

Crystallinity forms where polymer chains are regularly organized
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Crystallinity forms where polymer chains are regularly organized

There are four types of copolymers

Block copolymers contain long adjacent 

sequences of A and B monomers

Alternating copolymers comprise sequence 

(— A — B —)n

Random copolymer has random linkages, 

e.g. — AAABBABBAABB —

Graft copolymers have monomer chain with 

offshoots

Structure, length, and placement of 

copolymer units affects properties, e.g. 

crystallinity, density, strength, brittleness, 

melting point, and electrical conductivity
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There are four types of copolymers

Block copolymers contain long adjacent 

sequences of A and B monomers

Alternating copolymers comprise sequence 

(— A — B —)n

Random copolymer has random linkages, 

e.g. — AAABBABBAABB —

Graft copolymers have monomer chain with 

offshoots

Structure, length, and placement of 

copolymer units affects properties, e.g. 

crystallinity, density, strength, brittleness, 

melting point, and electrical conductivity

Properties are strongly affected by intermolecular forces 
between individual polymer chains

The main polymer chain made of covalently 

bonded neighboring carbons

Crosslinking via covalent bond formation is 

responsible for vulcanization of rubber

Flexibility of nylon is due to relatively weaker 

interchain hydrogen bonding interactions

Other types of inter- or intrachain interactions 

are dipole-dipole ...

…and van der Waals forces (induced dipole)
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Crosslinking via covalent bond formation is 

responsible for vulcanization of rubber
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Polymerization mechanisms

Polymers may be synthesized by two general mechanisms

Step-growth (condensation) polymerization 

relies on reactions of functionalized

monomers to build up polymer chains

Chain (addition) polymerization involves the 

activation/addition of unsaturated

monomers
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Step-growth relies on reactions of functionalized monomers
to build up polymer chains

Builds up polymer chains through dimers, 

trimers, etc., to form oligomers and polymers

Proceeds through reaction of neighboring 

complementary functional groups

Small molecular byproducts such as HX, 

H2O, etc. are generated

E.g. acid/base-catalyzed synthesis of SiO2

networks by sol–gel

Step-growth relies on reactions of functionalized monomers
to build up polymer chains

Builds up polymer chains through dimers, 

trimers, etc., to form oligomers and polymers

Proceeds through reaction of neighboring 

complementary functional groups

Small molecular byproducts such as HX, 

H2O, etc. are generated

E.g. acid/base-catalyzed synthesis of SiO2

networks by sol–gel
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complementary functional groups

Small molecular byproducts such as HX, 

H2O, etc. are generated

E.g. acid/base-catalyzed synthesis of SiO2

networks by sol–gel

Polydispersivity index (PDI) values of ~2 - 3

Step-growth relies on reactions of functionalized monomers
to build up polymer chains

Builds up polymer chains through dimers, 

trimers, etc., to form oligomers and polymers

Proceeds through reaction of neighboring 

complementary functional groups

Small molecular byproducts such as HX, 

H2O, etc. are generated

E.g. acid/base-catalyzed synthesis of SiO2

networks by sol–gel

Polydispersivity index (PDI) values of ~2 - 3
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Step-growth relies on reactions of functionalized monomers
to build up polymer chains

Builds up polymer chains through dimers, 

trimers, etc., to form oligomers and polymers

Proceeds through reaction of neighboring 

complementary functional groups

Small molecular byproducts such as HX, 

H2O, etc. are generated

E.g. acid/base-catalyzed synthesis of SiO2

networks by sol–gel

PDI values of ca. 2 - 3

Addition polymerization involves the activation/addition of unsaturated monomers

Yields a much higher MW polymer in a 

relatively short period of time

Small molecular byproducts are not 

generated

PDI values of ca. 10–20
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Addition polymerization involves the activation/addition of unsaturated monomers

Involves three steps: initiation, propagation, 

and termination

During initiation, radicals or ionic species are 

made from controlled decomposition of 

initiator molecule.

Intermediates are added to the C ═ C bonds 

of monomers to propagate growth

facile chain-transfer may occur, where the 

radical end of the growing chain abstracts an

atom from another molecule/chain, stopping 

primary chain growth.

Termination of polymer growth occurs 

through either combination or 

disproportionation (simultaneous redox)
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disproportionation (simultaneous redox)
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Addition polymerization involves the activation/addition of unsaturated monomers

Involves three steps: initiation, propagation, 

and termination

During initiation, radicals or ionic species are 

made from controlled decomposition of 

initiator molecule.

Intermediates are added to the C ═ C bonds 

of monomers to propagate growth

facile chain-transfer may occur, where the 

radical end of the growing chain abstracts an

atom from another molecule/chain, stopping 

primary chain growth.

Termination of polymer growth occurs 

through either combination or 

disproportionation (simultaneous redox)
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Molecular weight (MW) of a polymer is MW of the monomer(s) 
multiplied by the degree of polymerization

Degree of polymerization (DoP)

where Mr = relative molar mass of the 

polymer, and MR = relative molar mass of

the monomer
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Polydispersity is the range of the molecular weight distribution

The polydispersity index (PDI)

where MW is the weight average molecular 

weight, Mn is the number average molecular 

weight

The PDI for synthetic polymers is always 

>1.0; as chains approach a uniform length, 

the PDI will approach unity

Biopolymers (e.g., polypeptides) have PDI 

values ≈ or = 1, indicating that only one 

length of polymer is present

Fahlman (2011) Polymeric Materials chapter in Materials Chemistry, Springer

References (see Class page)
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