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Polymers:Polymers:
The Gentle Giants of theThe Gentle Giants of the

Molecular WorldMolecular World
An Introduction to Polymer ScienceAn Introduction to Polymer Science

Chemistry Chemistry --The study of the properties, composition,The study of the properties, composition,
and structure of matter, the physical and chemicaland structure of matter, the physical and chemical
changes it undergoes, and the energy liberated orchanges it undergoes, and the energy liberated or
absorbed during those changes.absorbed during those changes.
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absorbed during those changes.absorbed during those changes.

Polymer Chemistry Polymer Chemistry --The study of the properties,The study of the properties,
composition, and structure of polymeric materials, thecomposition, and structure of polymeric materials, the
physical and chemical changes they undergo, and thephysical and chemical changes they undergo, and the
energy liberated or absorbed during those changes.energy liberated or absorbed during those changes.



Polymer Science:Polymer Science:A marriage of Chemistry andA marriage of Chemistry and
Material Science!Material Science!

ChemistryChemistry
MaterialMaterial
ScienceScience
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Polymer SciencePolymer Science

MaterialsMaterialsChemical CompoundsChemical Compounds

MolecularMolecular
StructureStructure

Bulk PropertiesBulk Properties
PolymerPolymer
ScienceScience



Polymer Science uses Polymer Science uses ChemistryChemistry and and PhysicsPhysics
to develop to develop TechnologyTechnology..

What endWhat end--useuse
properties are properties are 
desired?desired?

What chemicalWhat chemical
structure is required?structure is required?
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How do you prepareHow do you prepare
that structure?that structure?



Understand the properties desired.Understand the properties desired.

Manipulate the chemical composition and structure.Manipulate the chemical composition and structure.

Relate the structure to observable properties.Relate the structure to observable properties.

Chemistry and Engineering Chemistry and Engineering (Marketing!)(Marketing!)

ChemistryChemistry
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Relate the structure to observable properties.Relate the structure to observable properties.

Make useful articles and materials on a commercialMake useful articles and materials on a commercial
scale.scale.

Chemistry and PhysicsChemistry and Physics

EngineeringEngineering



Polymer Chemistry in the Industrial Setting:Polymer Chemistry in the Industrial Setting:
What do Polymer Chemists Do??What do Polymer Chemists Do??

A.  Polymer Research A.  Polymer Research --Research ChemistResearch Chemist

1.1. Knowledge Building ActivitiesKnowledge Building Activities

2.2. Developing new concepts and approaches toDeveloping new concepts and approaches to
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2.2. Developing new concepts and approaches toDeveloping new concepts and approaches to
polymer technologypolymer technology

B.  Product Development B.  Product Development --Development ChemistDevelopment Chemist

1.1. Synthesis of New PolymersSynthesis of New Polymers

2.2. Polymer Characterization with endPolymer Characterization with end--use properuse proper--
ties in mindties in mind



3.3. Takes new concepts and technology fromTakes new concepts and technology from
ResearchResearchand develops commercially viable and develops commercially viable 
productsproducts

4.4. Works with Works with Applications DevelopmentApplications Developmentand and 
Technical ServiceTechnical Servicepeople to insure desiredpeople to insure desired
properties are understood and obtainedproperties are understood and obtained

C.  Applications Development C.  Applications Development -- Applications DevelopApplications Develop--
ment Chemistment Chemist
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C.  Applications Development C.  Applications Development -- Applications DevelopApplications Develop--
ment Chemistment Chemist

1.1. Evaluate new polymers from Evaluate new polymers from Product DevelopProduct Develop--
mentmentin specific endin specific end--use applicationsuse applications

2.2. Develop a full understanding of the endDevelop a full understanding of the end--useuse
property advantages and weaknesses of polymerproperty advantages and weaknesses of polymer
productsproducts



3.3. Find new applications for products alreadyFind new applications for products already
being used in established applicationsbeing used in established applications

4.4. Provide formulating expertise to Provide formulating expertise to ProductProduct
DevelopmentDevelopmentand and Technical ServiceTechnical Servicepeoplepeople

D.  Technical Service D.  Technical Service --Technical Service ChemistTechnical Service Chemist

1.1. Serve as Serve as liasonliason between the laboratory andbetween the laboratory and
Marketing and Sales people.Marketing and Sales people.
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Marketing and Sales people.Marketing and Sales people.

2.2. Serve as technical “expert” in helpingServe as technical “expert” in helping
customers use the products.customers use the products.

3.3. Develop detailed listings of properties ofDevelop detailed listings of properties of
polymer products for distribution topolymer products for distribution to
customers and Target Accounts.customers and Target Accounts.



4.  Carry out specific experiments requested 4.  Carry out specific experiments requested 
by by SalesSalesto assist customers with technical to assist customers with technical 
problems.problems.

E.  Process DevelopmentE.  Process Development--Process DevelopmentProcess Development
Engineer or ChemistEngineer or Chemist

1.1. Develop useful, economical processes for Develop useful, economical processes for 
making new polymer products from making new polymer products from 
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making new polymer products from making new polymer products from 
Product DevelopmentProduct Development..

2.2. Carry out initial phases of “scaleCarry out initial phases of “scale--up” up” 
operations for new products.operations for new products.

3.3. Assist Assist ProductionProductionpeople in streampeople in stream--lininglining
and “debottleand “debottle--necking” of current pronecking” of current pro--
duction procedures used in the plant.duction procedures used in the plant.



3.3. Assist Assist ProductionProductionpeople in streampeople in stream--lininglining
and “debottleand “debottle--necking” of current pronecking” of current pro--
duction procedures used in the plant.duction procedures used in the plant.

F.  Production F.  Production -- Production EngineerProduction Engineer
1.1. Work with Work with Process DevelopmentProcess Developmentto scaleto scale--upup

new products to production quantities in thenew products to production quantities in the
plant.plant.

2.2. StreamStream--line and “debottleline and “debottle--neck” currentneck” current
production processes in order to minimizeproduction processes in order to minimize
cost of production and maximize yield ofcost of production and maximize yield of
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production processes in order to minimizeproduction processes in order to minimize
cost of production and maximize yield ofcost of production and maximize yield of
products.products.

3.3. Supervise the production of polymer proSupervise the production of polymer pro--
ducts to insure safe handling of materialsducts to insure safe handling of materials
and that the product meets the requiredand that the product meets the required
specifications.specifications.

4.  Design new production equipment as 4.  Design new production equipment as 
necessary to produce new products and tonecessary to produce new products and to
minimize production costs.minimize production costs.



Macromolecules Macromolecules --Very large molecules made up ofVery large molecules made up of
simple repeating chemical units known assimple repeating chemical units known as“mers”“mers” ..

Polymers Polymers --Materials consisting of macromolecules:Materials consisting of macromolecules:
“many mers”“many mers” ..

Monomers Monomers --Individual small molecules consisting of aIndividual small molecules consisting of a
single chemical entity capable of combining with othersingle chemical entity capable of combining with other
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single chemical entity capable of combining with othersingle chemical entity capable of combining with other
monomers to form polymers.monomers to form polymers.

Examples:Examples: StyreneStyrene
Vinyl AcetateVinyl Acetate
Trimethylolpropane  TriacrylateTrimethylolpropane  Triacrylate
Lauryl AcrylateLauryl Acrylate
1,61,6--Hexanediol DiacrylateHexanediol Diacrylate
Vinyl ChlorideVinyl Chloride



Dimers Dimers --Molecules consisting ofMolecules consisting oftwo monomers that aremonomers that are
chemically bound together.chemically bound together.

What is this??What is this??
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Is this a “dimer”??Is this a “dimer”??



Trimers Trimers --Molecules consisting ofMolecules consisting ofthreethreemonomers thatmonomers that
are chemically bound together.are chemically bound together.

Oligomers Oligomers --Molecules consisting of Molecules consisting of “a few”“a few” oror “several”“several”
monomers boundmonomers bound together.together.

Since oligomers tend to have relatively high viscosities,Since oligomers tend to have relatively high viscosities,
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some materials which have high viscosities are calledsome materials which have high viscosities are called
“oligomers” even though they do“oligomers” even though they doNOTNOT consists ofconsists of“a“a
few mers”few mers”, e.g., e.g. Acrylate Acrylate ------DGEBADGEBA------AcrylateAcrylate

hhhhhhhh = 1.2 x 10= 1.2 x 1066 cpscps



CH2 CH C O CH2 CH CH2 O C

CH3

CH

O CH2 CH CH2 O C CH CH2

OOHOHO

hhhhhhhh ~ 12 000 cps~ 12 000 cps

DGEBADGEBA

pp. 8 and pp. 8 and 
122122
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CH3

hhhhhhhh ~ 1200 000 cps~ 1200 000 cps

HydrogenHydrogen--BondingBonding

Diglycidyl Ether of BisphenolDiglycidyl Ether of Bisphenol--AA DiacrylateDiacrylate



Which is more viscous, honey or mayonnaise?Which is more viscous, honey or mayonnaise?
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Polymers Polymers --Large molecules consisting of Large molecules consisting of manymanysimplesimple
repeat units;  from the Greek repeat units;  from the Greek “poly”“poly” meaning “many”meaning “many”
and and “mer”“mer” meaning “parts” or meaning “parts” or “units”:“units”:

PolymerPolymer-- “Many parts” or “Many units”“Many parts” or “Many units”

Examples:  Examples:  Poly(vinyl acetate) Poly(vinyl acetate) -- PVAPVA
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Polystyrene Polystyrene -- PSPS
Polycarbonate Polycarbonate -- PCPC
Poly(methyl methacrylate) Poly(methyl methacrylate) -- PMMAPMMA
Poly(ethylene terephthalate) Poly(ethylene terephthalate) -- PETEPETE
Poly(butyl acrylate)Poly(butyl acrylate)



Classification of Polymeric MaterialsClassification of Polymeric Materials

NaturalNatural SyntheticSynthetic

Joe MechadaJoe Mechada
Polymer Chemistry Class NotesPolymer Chemistry Class Notes
Spring 1990Spring 1990
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CelluloseCellulose

ProteinProtein

NaturalNatural
RubberRubber

CompositesComposites PlasticsPlastics

FibersFibers SyntheticSynthetic
RubberRubber

CoatingsCoatings AdhesivesAdhesives

InksInks Liq. CrystalLiq. CrystalNucleic AcidsNucleic Acids
OtherOther



Polymeric Materials vs. “Monomolecular” Materials.Polymeric Materials vs. “Monomolecular” Materials.

Examples of Each Type:Examples of Each Type:

“Monomolecular”“Monomolecular” PolymericPolymeric

HH22OO CelluloseCellulose
CClCCl44 RubberRubber
CHCH CHCH OHOH NylonNylon
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CHCH33CHCH22OHOH NylonNylon
SOSO22 SiliconesSilicones
GasolineGasoline Epoxy GlueEpoxy Glue
BFBF33 GelatinGelatin
HClHCl Plastic WrapPlastic Wrap
AirAir Guar GumGuar Gum



General Properties of “Monomolecular” Materials:General Properties of “Monomolecular” Materials:

A. Pure substances have distinct melting boiling points.A. Pure substances have distinct melting boiling points.

B. Liquids and solids are essentially incompressible.B. Liquids and solids are essentially incompressible.

C. Molecular solids tend to be inflexible.C. Molecular solids tend to be inflexible.
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D. For solids, physical properties such as hardness,D. For solids, physical properties such as hardness,
brittleness, and flexibilitybrittleness, and flexibility tend to be independent ofto be independent of
temperature.temperature.

E. Liquids and solutions tend to havenewtonian
rheology.rheology.



General Properties of Polymeric MaterialsGeneral Properties of Polymeric Materials

A. They do NOT have distinct melting pointsA. They do NOT have distinct melting pointsan indicaan indica--
tion that they really are a “tion that they really are a “mixture”mixture” ..

B. TheyB. They may bemay bequite compressible in the solid state.quite compressible in the solid state.
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C. Many polymeric solids are quite flexible.C. Many polymeric solids are quite flexible.

D. Their physical properties are quite dependent onD. Their physical properties are quite dependent on
temperature. temperature. 

E. Liquids and solutions involving polymers tend toE. Liquids and solutions involving polymers tend to
havehavenonnon--newtoniannewtonian rheology.rheology.
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Why such differences?Why such differences?

1.  Molecular Size and Composition Differences1.  Molecular Size and Composition Differences

A.A. MonomericMonomeric materials consist of relativelymaterials consist of relativelysmallsmall
molecules ofmolecules oflowlow molecular mass.molecular mass.PolymericPolymeric
materials consist primarily of relativelymaterials consist primarily of relatively large large 
molecules ofmolecules ofvery highvery highmolecular mass.molecular mass.
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molecules ofmolecules ofvery highvery highmolecular mass.molecular mass.

B. PureB. Puremonomericmonomeric materials of the same chemicalmaterials of the same chemical
composition contain molecules that are essentiallycomposition contain molecules that are essentially
identical to one another.identical to one another. PolymericPolymericmaterials of amaterials of a
specific composition contain molecules that arespecific composition contain molecules that are
significantly differentsignificantly different from one another.from one another.



2.  Intermolecular Forces of Attraction2.  Intermolecular Forces of Attraction

A.A. Primary Chemical Bonds Primary Chemical Bonds --Both monomolecularBoth monomolecular
and polymeric materials may contain ionic, pureand polymeric materials may contain ionic, pure
covalent, polar covalent, and/or coordinatecovalent, polar covalent, and/or coordinate
covalent bondscovalent bonds.  .  ~~[~~[--CHCH22--CHCH--]] nn~~~~

ClCl

2/5/2009 24

B.B. Secondary Bond Forces Secondary Bond Forces --Both monomolecularBoth monomolecular
and polymeric materials may involve dipoleand polymeric materials may involve dipole--
dipole, dipoledipole, dipole--induced dipole, hydrogen bonds,induced dipole, hydrogen bonds,
and/or induced dipoleand/or induced dipole--induced dipoleinduced dipole(London(London
DispersionDispersion Forces)Forces)interactions.interactions.



Overview of “Primary” Bonding TypesOverview of “Primary” Bonding Types

Ionic Bonding Ionic Bonding --An ionic bond is a chemical
bond that results from an electrostatic attraction
among oppositely charged ions in a compound.
They form when electrons are transferredtransferred from
one atom to another to form ions.

Na [Ne] 3s1 + Cl [Ne] 3s2 3p5
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Na [Ne] 3s1 + Cl [Ne] 3s2 3p5

Na [Ne]+ + Cl [Ar] -

Cl-Na+



Covalent Bonding Covalent Bonding --A covalent bond is a
chemical bond that results from a sharing of 
electrons among the atoms in a compound.

Overview of “Primary” Bonding TypesOverview of “Primary” Bonding Types

+ +e- e-
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+ +e- e-

+

H H

e-

e- H2+ +



Overview of “Primary” Bonding TypesOverview of “Primary” Bonding Types

Polar Covalent Bonding Polar Covalent Bonding --A covalent bond that
occurs when the atoms unequallyunequally share one or
more pairs of electrons.  This happens when the
atoms have differentdifferent electronegativities.

e- e-

e-
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H Fe- e-

e-

e- e-

e-

H F
e-

e-

e- e-

e- e-

e-

e- dddd-dddd+

+



Overview of “Primary” Bonding TypesOverview of “Primary” Bonding Types

Coordinate Covalent Bonding (Dative) Coordinate Covalent Bonding (Dative) --A dative
bond is a covalent bond that occurs when the two 
sharedsharedelectrons are donated to the bond bythethe
samesameatom.  The donating atom is the donordonor or 
Lewis BaseLewis Baseand the accepting atom is the acceptoracceptor
or Lewis AcidLewis Acid.

..

2/5/2009 28

or Lewis AcidLewis Acid.

F::: ..
.. :F:

B:F:
:F:

..

.. :F: B:F:
..
:F:

..

..

..
DonorDonor

AcceptorAcceptor
:F:

..

..

..
..

..

..

..

..

TetrafluoroborateTetrafluoroborate
ionion



2.  Intermolecular Forces of Attraction2.  Intermolecular Forces of Attraction

A.A. Primary Chemical Bonds Primary Chemical Bonds --Both monomolecularBoth monomolecular
and polymeric materials may contain ionic, pureand polymeric materials may contain ionic, pure
covalent, polar covalent, and/or coordinatecovalent, polar covalent, and/or coordinate
covalent bondscovalent bonds..

B.B. Secondary Bond Forces Secondary Bond Forces -- Both monomolecularBoth monomolecular
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B.B. Secondary Bond Forces Secondary Bond Forces -- Both monomolecularBoth monomolecular
and polymeric materials may involve dipoleand polymeric materials may involve dipole--
dipole, dipoledipole, dipole--induced dipole, hydrogen bonds,induced dipole, hydrogen bonds,
and/or induced dipoleand/or induced dipole--induced dipoleinduced dipole(London(London
DispersionDispersion Forces)Forces)interactions.interactions.



Intermolecular Attractive ForcesIntermolecular Attractive Forces
“Secondary” Bonding Types“Secondary” Bonding Types

Objective:  Objective:  To review how intermolecular interTo review how intermolecular inter--
actions actions effecteffect (create) the various states of matter,(create) the various states of matter,
particularly the liquid and solid states.particularly the liquid and solid states.

Learning Goal:  Learning Goal:  To become knowledgeable andTo become knowledgeable and
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Learning Goal:  Learning Goal:  To become knowledgeable andTo become knowledgeable and
conversant about the fundamental interactions thatconversant about the fundamental interactions that
occur among atoms, ions, and/or molecules and howoccur among atoms, ions, and/or molecules and how
these interactions determine the properties wethese interactions determine the properties we
observe for observe for liquids liquids and and solidssolids..



Intermolecular Attractive ForcesIntermolecular Attractive Forces
MinimalMinimal ModerateModerate StrongestStrongest
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GasGas LiquidLiquid SolidSolid



Intermolecular Attractive Forces vs.Intermolecular Attractive Forces vs.
Intramolecular Attractive ForcesIntramolecular Attractive Forces

(Covalent Chemical Bond)

“Primary Bond”“Primary Bond”
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(Covalent Chemical Bond)

“Secondary Bond”“Secondary Bond”



Types of Intermolecular Attractive Forces:Types of Intermolecular Attractive Forces:

�� Instantaneous DipoleInstantaneous Dipole--Induced Dipole AttractionsInduced Dipole Attractions
(London Dispersion Forces)(London Dispersion Forces)

�� DipoleDipole--Dipole AttractionsDipole Attractions
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�� Hydrogen BondingHydrogen Bonding

�� IonIon--Dipole AttractionsDipole Attractions

�� Others???Others???



Instantaneous DipoleInstantaneous Dipole--Induced Dipole InteractionsInduced Dipole Interactions
(London Dispersion Forces)(London Dispersion Forces)

SubstancesSubstances m.p. (K)m.p. (K) b.p. (K)b.p. (K) DDDDDDDDHH vapvap (kJ/mol)(kJ/mol)
Noble GasesNoble Gases

HeHe

NeNe

------

2424

4.24.2

2727

0.0810.081

1.761.76
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NeNe

ArAr

KrKr

XeXe

2424

8484

116116

160160

2727

8787

121121

166166

1.761.76

6.526.52

9.039.03

12.6312.63



Instantaneous DipoleInstantaneous Dipole--Induced Dipole InteractionsInduced Dipole Interactions
(London Dispersion Forces)(London Dispersion Forces)

SubstancesSubstances m.p. (K)m.p. (K) b.p. (K)b.p. (K) DDDDDDDDHH vapvap (kJ/mol)(kJ/mol)
HalogensHalogens

FF22

ClCl22

5050

172172

8585

239239

6.56.5

20.420.4
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ClCl22

BrBr 22

II 22

172172

266266

387387

239239

332332

458458

20.420.4

29.529.5

41.941.9



London Dispersion ForcesLondon Dispersion Forces

+ - + -

AttractionAttraction
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� Due to instantaneous separation of charge in anDue to instantaneous separation of charge in an
atom or molecule.atom or molecule.

� Effective only at very short range.Effective only at very short range.

�� Strength of force is dependent on the size of the atomStrength of force is dependent on the size of the atom
or molecule and the number of electronsor molecule and the number of electrons((Polarizability)Polarizability)



DipoleDipole--Dipole AttractionsDipole Attractions

SubstancesSubstances m.p. (K)m.p. (K) b.p. (K)b.p. (K) DDDDDDDDHH vapvap (kJ/mol)(kJ/mol)
HH22

ClCl22

CHCH44

CHCH ClCl

1414

170170

9090

176176

??

20.420.4

8.178.17

??

2020

239239

111111

249249

DD22 23.5  ?????23.5  ?????

mmmmmmmm

1.87 1.87 1.87 1.87 1.87 1.87 1.87 1.87 DD
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CHCH33ClCl

CHCH22CCll22

CHClCHCl33

CClCCl44

CFCF44

176176

177177

209209

250250

8989

??

28.128.1

29.229.2

29.829.8

12.012.0

249249

313313

335335

350350

145145

1.87 1.87 1.87 1.87 1.87 1.87 1.87 1.87 DD

1.60 1.60 1.60 1.60 1.60 1.60 1.60 1.60 DD

1.01 1.01 1.01 1.01 1.01 1.01 1.01 1.01 DD

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 DD



DipoleDipole--Dipole AttractionsDipole Attractions

ClCl HH
CC

ClCl HH

ClCl HH
CC

ClCl HH
d d d d d d d d -- d +d +d +d +d +d +d +d + d d d d d d d d -------- d +d +d +d +d +d +d +d +

AttractionAttraction

�� Due to a permanent charge separation in the molecule.Due to a permanent charge separation in the molecule.
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�� Due to a permanent charge separation in the molecule.Due to a permanent charge separation in the molecule.

� Effective only at short to moderate range.Effective only at short to moderate range.

�� Strength of force is dependent on the relative electroStrength of force is dependent on the relative electro--
negativities of the atoms and the molecular geometry.negativities of the atoms and the molecular geometry.



Hydrogen Bonding (HHydrogen Bonding (H--bonding)bonding)

Xe

Rn

SiH4

GeH4

SnH4
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Molecular MassMolecular Mass

He

Ne

Ar

Kr
CH4



Hydrogen Bonding (HHydrogen Bonding (H--bonding)bonding)
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SbH3

HF

H2S

H2Se

H2Te

H2O
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Molecular MassMolecular Mass

PH3

AsH3

SbH3

NH3
HCl

HBr

HI

H2S



Hydrogen BondingHydrogen Bonding

�� Special case of dipoleSpecial case of dipole--dipole attraction.dipole attraction.

H
H-N:
H

d +d +d +d + d d d d ----
H
H-N:
H

d +d +d +d + d d d d ----

AttractionAttraction
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�� Do to relatively large permanent charge separation inDo to relatively large permanent charge separation in
the molecule.the molecule.

�� Effective at relatively long range.Effective at relatively long range.

�� Occurs when hydrogen is bound to a very electroOccurs when hydrogen is bound to a very electro--
negative element (F, O, and N)negative element (F, O, and N)



22 . C.C. So why the differences?So why the differences?TheThe polymerpolymermolecules aremolecules are
much largermuch largerin general and the individual moleculesin general and the individual molecules
may be quite different in size and shape from theirmay be quite different in size and shape from their
neighbors.neighbors.

Because of this, theBecause of this, thetotaltotal forces of attraction are muchforces of attraction are much
larger and the molecules are capable of entanglinglarger and the molecules are capable of entangling
with one another.with one another.

2/5/2009 42

with one another.with one another.

This helps explain why ethylene monomer is a gasThis helps explain why ethylene monomer is a gas
under ambient conditions while polyethylene is aunder ambient conditions while polyethylene is a
solid.  They havesolid.  They haveidentical compositionsidentical compositionsbut theirbut their
structuresstructuresand and molecular massesmolecular massesare  completelyare  completely
different.  Thus, their physical and chemical properdifferent.  Thus, their physical and chemical proper--
ties are completely different.ties are completely different.



Variables Affecting the EndVariables Affecting the End--UseUse
Properties  of Polymeric MaterialsProperties  of Polymeric Materials

1.  Chemical Composition1.  Chemical Composition

Changing the monomers or their relative amounts willChanging the monomers or their relative amounts will
fundamentally change the endfundamentally change the end--use properties.use properties.

2.  Relative Order of the Monomers in the back bone of2.  Relative Order of the Monomers in the back bone of
the polymerthe polymer
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the polymerthe polymer

A. A. HomopolymersHomopolymers --Only one order is possible.Only one order is possible.

~~~~~~--AA--AA--AA--AA--AA--AA--AA--AA--AA--AA--AA--AA --AA--AA--AA--~~~~

B.  Copolymers B.  Copolymers --Several different arrangements areSeveral different arrangements are
possible.possible.



1)  Alternating Copolymer1)  Alternating Copolymer

~~~~--AA--BB--AA--BB--AA--BB--AA--BB--AA--BB--AA--BB--AA--BB--AA--BB--~~~~

2)  Random Copolymer2)  Random Copolymer

~~~~--AA--BB--BB--BB--AA--AA-- BB--BB--AA--BB--AA--BB--BB--AA--AA-- BB--~~~~

3)  Block Copolymer3)  Block Copolymer
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~~~~--BB--BB--BB--BB--BB--BB--AA--AA--AA--AA--AA--AA-- BB--BB--BB--BB--~~~~

3.  Spatial Arrangement of Atoms3.  Spatial Arrangement of Atoms

A. Conformation A. Conformation -- The arrangement of atoms that can The arrangement of atoms that can 
be changed simply by rotating groups of atoms be changed simply by rotating groups of atoms 
around a single bond.around a single bond.



HH HH

HH--C C ---- C C -- HH

Cl    Cl    ClCl

HH ClCl

HH--C C ---- C C -- HH

ClCl HH

1, 2 1, 2 -- DichloroethaneDichloroethane

Free

Rotation
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Because of relatively free rotation about the carbonBecause of relatively free rotation about the carbon--
carbon single bond, these are NOT isomers.carbon single bond, these are NOT isomers.

B.  Configuration B.  Configuration -- The arrangement of atoms that can The arrangement of atoms that can 
be changed only by breaking and reforming “primary”be changed only by breaking and reforming “primary”
chemical bonds.  chemical bonds.  ((ciscis-- and and transtrans--isomers and disomers and d-- and and 
ll--forms)forms)



~~CH~~CH22 CHCH22~~~~

C = CC = C

CHCH33 HH

~~CH~~CH22 HH

C = CC = C

CHCH33 CHCH22~~~~
ciscis--1,41,4--polypoly--
isopreneisoprene

transtrans--1,41,4--
polyisoprenepolyisoprene

4.  Macromolecular Structure4.  Macromolecular Structure
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4.  Macromolecular Structure4.  Macromolecular Structure

A.  Linear Chains A.  Linear Chains --

~~~A~~~A--AA--AA--AA--AA--AA--AA--AA--AA--A~~     A~~     oror

H   H   H   H    H   HH   H   H   H    H   H
~~~C ~~~C -- C C -- C C -- C C -- C C -- C ~~~C ~~~ or   or   ~~[CH~~[CH22--CHCH22]~~]~~

H   H   H   H    H   HH   H   H   H    H   H



B.  Branched Polymers B.  Branched Polymers --

~~A~~A--AA--BB--AA--AA--AA--AA--AA-- BB--AA--AA--AA--A~~A~~
AA AA
AA AA
AA AA
AA AA
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~~CH~~CH22--CHCH--CHCH 22--CHCH22--CHCH 22--CHCH 22--CHCH--CHCH 22--CHCH22~~~~
CHCH 22 CHCH 22
CHCH 22 CHCH 22
(CH(CH22))xx (CH(CH22))yy
CHCH 22 CHCH 22
CHCH 33 CHCH 33Low DensityLow Density

Polyethylene (LDPE)Polyethylene (LDPE)



C.  Graft Copolymers C.  Graft Copolymers --

~~A~~A--AA--BB--AA--AA--AA--AA--AA-- BB--AA--AA--AA--A~~A~~
CC CC
CC CC
CC CC
CC CC
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D.  Network (Crosslinked) Polymer D.  Network (Crosslinked) Polymer --

~~A~~A--AA--BB--AA--AA--AA--AA--AA-- BB--AA--AA--AA--A~~A~~
AA AA
AA AA

~A~A--AA--B B --AA--AA--AA--AA--AA-- B B --AA--AA--AA--AA--A~~A~~
AA AA
AA AA



In Network (Crosslinked) Polymer, the polymer chainsIn Network (Crosslinked) Polymer, the polymer chains
are held together with “primary” chemical bonds.are held together with “primary” chemical bonds.

5.  Morphology5.  Morphology

A.  Definition A.  Definition -- The overall structure of order of aThe overall structure of order of a
polymeric material; how the molecules are orientedpolymeric material; how the molecules are oriented
with respect to one another.with respect to one another.
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with respect to one another.with respect to one another.

B.  Amorphous Polymer B.  Amorphous Polymer --The molecules are randomlyThe molecules are randomly
oriented.  They tend to have lower overall interoriented.  They tend to have lower overall inter--
molecular attractive forces (lower cohesive energymolecular attractive forces (lower cohesive energy
densities) than polymers of similar chemical composidensities) than polymers of similar chemical composi--
tion but a more ordered structure.tion but a more ordered structure.



C.  Microcrystallinity C.  Microcrystallinity -- While most polymers have a ranWhile most polymers have a ran--
dom morphology, many have regions within the bulkdom morphology, many have regions within the bulk
structure that are highly ordered.  These are referredstructure that are highly ordered.  These are referred
to as to as “microcrystalline regions”“microcrystalline regions” oror “domains”“domains” ..
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As microcrystallinity increases, what properties change? As microcrystallinity increases, what properties change? 

1.  Opacity increases (transparency decreases).1.  Opacity increases (transparency decreases).
2.  Density increases.2.  Density increases.
3.  Glass transition increases (for amor3.  Glass transition increases (for amor--

phous polymers).phous polymers).
4.  Tensile strength increases.4.  Tensile strength increases.
5.  Modulus increases, etc., etc., etc.,….5.  Modulus increases, etc., etc., etc.,….



D.  “Crystalline” Polymers D.  “Crystalline” Polymers -- Some polymers are highlySome polymers are highly
ordered in their morphology although some randomordered in their morphology although some random
structure is always present.  structure is always present.  FibersFibersare a class ofare a class of
materials with a high degree of crystallinity.materials with a high degree of crystallinity.
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E.  Stereochemistry E.  Stereochemistry --In cases where different configuraIn cases where different configura--
tions are possible due either the presence of multipletions are possible due either the presence of multiple
bonds or significant steric hinderance, different morphbonds or significant steric hinderance, different morph--
ologies can be obtained.ologies can be obtained.

1.  Isotactic1.  Isotactic 2.  Syndiotactic2.  Syndiotactic 3. Atactic3. Atactic



TacticityTacticity
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ISOTACTICISOTACTIC



ISOTACTICISOTACTIC
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6.  Polymer Blends6.  Polymer Blends

Polymeric materials that consist of blends orPolymeric materials that consist of blends or
mixtures of polymers with different chemicalmixtures of polymers with different chemical
composition and/or structure will give propertiescomposition and/or structure will give properties
that are different from the individual polymersthat are different from the individual polymers
making up the blend.making up the blend.

7.  Molecular Mass and Molecular Mass Distribution7.  Molecular Mass and Molecular Mass Distribution

However, many polymersHowever, many polymers
are Incompatible with one another!are Incompatible with one another!
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7.  Molecular Mass and Molecular Mass Distribution7.  Molecular Mass and Molecular Mass Distribution
(MWD)(MWD)

Virtually all polymers consist of mixtures of macroVirtually all polymers consist of mixtures of macro--
molecules withmolecules withdifferentdifferent molecular masses.  The molecular masses.  The 
molecular mass is said to bemolecular mass is said to be“polydisperse”“polydisperse”

are Incompatible with one another!are Incompatible with one another!
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Molecular MassMolecular Mass

Weight Average Weight Average 
Molecular MassMolecular Mass

MM nn

MM ww
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MM nn

=  =  ³³³³³³³³ 11
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5050 6060 7070 8080 9090 100100 110110 120120

xx xx xx xx xx xx xx

Molar Mass x 10Molar Mass x 1033 uu

A.  Number Avg. Molecular Weight A.  Number Avg. Molecular Weight -- MMnn

1.1. Numerical Averages Numerical Averages ––12,  6,  8, 10, 18, 12, 11, 712,  6,  8, 10, 18, 12, 11, 7

77/8  =  9.677/8  =  9.6



2.  Mass Averages2.  Mass Averages

25 g25 g

27 g27 g

30 g30 g

27 g27 g

22 g22 g

29 g29 g

31 g31 g

30 g30 g

32 g32 g

Number Avg. Mass  =  253 g/9 balls  =  Number Avg. Mass  =  253 g/9 balls  =  28.1 g/ball28.1 g/ball

Heavier moleculesHeavier molecules
Have greatest effect onHave greatest effect on
MMww..
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Number Avg. Mass  =  253 g/9 balls  =  Number Avg. Mass  =  253 g/9 balls  =  28.1 g/ball28.1 g/ball

3.3. Number Average Molecular WeightNumber Average Molecular Weight

2(60) + 5(70) + 7(80) + 8(90) + 5(100) +  3(110) + 1(120)2(60) + 5(70) + 7(80) + 8(90) + 5(100) +  3(110) + 1(120)
2 + 5 + 7 + 8 + 5 + 3 + 12 + 5 + 7 + 8 + 5 + 3 + 1

=  2700 000 g/31 mol  =  =  2700 000 g/31 mol  =  87 100 g/mol87 100 g/mol



2(60)2(60)22 + 5(70)+ 5(70)22 + 7(80)+ 7(80)22 + 8(90)+ 8(90)22 + 5(100)+ 5(100)22 +  3(110)+  3(110)22 + 1(120)+ 1(120)22

B.  Weight Average Molecular WeightB.  Weight Average Molecular Weight

2(60) + 5(70) + 7(80) + 8(90) + 5(100) +  3(110) + 1(120)2(60) + 5(70) + 7(80) + 8(90) + 5(100) +  3(110) + 1(120)

=  242 000 000 000/2700 000  =  =  242 000 000 000/2700 000  =  89 600 g/mol89 600 g/mol
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C.  Polydispersity IndexC.  Polydispersity Index

89 600 g/mol89 600 g/mol
87 100 g/mol87 100 g/mol

d =d = =  1.03=  1.03



The Atomic Masses of Elements:The Atomic Masses of Elements:

The atomic masses shown on the Periodic Table areThe atomic masses shown on the Periodic Table are
average masses of naturally occurring samples of the average masses of naturally occurring samples of the 
elements.  These samples consist of mixtures of elements.  These samples consist of mixtures of isotopesisotopes
with different atomic masses.with different atomic masses.
IsotopeIsotope Mass (u)Mass (u) FractionalFractional Atomic MassAtomic Mass

AbundanceAbundance (u)(u)AbundanceAbundance (u)(u)
1616OO 15.994  915    15.994  915    xx 0.997  5870.997  587 = = 15.956  315.956  311

1717OO 16.999  133    16.999  133    xx 0.000  374    0.000  374    == 0.006  350.006  3588

1818OO 17.999  16      17.999  16      xx 0.002  0390.002  039 == 0.036  700.036  7000

Weighted Average  =  Weighted Average  =  15.9994 u15.9994 u



Practice Problem:  Practice Problem:  Given the following data fromGiven the following data from
the mass spectrometer, calculate the average the mass spectrometer, calculate the average 
atomic mass for the element, silicon (Si).atomic mass for the element, silicon (Si).

2828Si  Si  -- 92.23 %92.23 % (Atomic mass (Atomic mass -- 27.976  93 u)27.976  93 u)

2929Si  Si  -- 4.67 %4.67 % (Atomic mass (Atomic mass -- 28.976  49 u)28.976  49 u)

3030Si  Si  -- 3.10 %3.10 % (Atomic mass (Atomic mass -- 29.973  76 u)29.973  76 u)

(27.976  93 u)((27.976  93 u)(92.23 u92.23 u)     +     (28.976  49 u)()     +     (28.976  49 u)(4.67 u4.67 u))
(100 u)(100 u) (100 u)(100 u)

+  (29.973  76 u)(+  (29.973  76 u)(3.10 u3.10 u)    =)    =
(100 u)(100 u)

28.09 u28.09 u
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1.151.15 1.25 1.25 1.351.35 1.451.45 1.551.55 1.651.65 1.751.75 1.85   1.95   2.001.85   1.95   2.00

XX XX XX

Molar Mass x 10Molar Mass x 1066 uu

XX XX

Calculate the number average, weight average, and
z-average molecular masses for this polymer sample.



3.  Volatility and Molecular Mass3.  Volatility and Molecular Mass

A.  Larger molecules will tend to have higher interA.  Larger molecules will tend to have higher inter--
molecular attractive forces, higher cohesivemolecular attractive forces, higher cohesive
energy densities, and, thus, higher meltingenergy densities, and, thus, higher melting
points and boiling points.points and boiling points.
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B.  Most polymers will decompose before theirB.  Most polymers will decompose before their
cohesive energy densities can be overcomecohesive energy densities can be overcome
sufficiently to boil.sufficiently to boil.

C.  Some polymers decompose before they melt.C.  Some polymers decompose before they melt.



4.  Miscibility and Solubility4.  Miscibility and Solubility

DDDDDDDDG  = G  = DDDDDDDDH  H  -- T T DDDDDDDDSS

A.  For a substance to dissolve in another substance,A.  For a substance to dissolve in another substance,
the the DDDDDDDDGGsolnsoln must be negative.must be negative.

B.B. For a polymer to dissolve, the cohesive energyFor a polymer to dissolve, the cohesive energy
energy density must be overcome.energy density must be overcome.
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energy density must be overcome.energy density must be overcome.

C.C. To favor solution, the intermolecular attractiveTo favor solution, the intermolecular attractive
forces between the polymer and the solventforces between the polymer and the solvent
should be large.should be large.

D.D. Even if they are not as large as the cohesiveEven if they are not as large as the cohesive
energy density, solution energy density, solution maymayoccur if the temperaoccur if the tempera--
tureture and entropy factors are sufficiently high.and entropy factors are sufficiently high.



E.E. The “intermolecular attractive forces” in a The “intermolecular attractive forces” in a 
crosslinked polymer system are, in fact, crosslinked polymer system are, in fact, 
“primary”“primary” chemical bonds! Therefore, chemical bonds! Therefore, 
crosslinked, 3crosslinked, 3--dimensional network polymers dimensional network polymers 
are are NOTNOT “soluble” in solvents because for them “soluble” in solvents because for them 
to “dissolve” would require breaking chemicalto “dissolve” would require breaking chemical
bonds.  Thus, a chemical reaction would be bonds.  Thus, a chemical reaction would be 
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bonds.  Thus, a chemical reaction would be bonds.  Thus, a chemical reaction would be 
occurring, not a “dissolution”.occurring, not a “dissolution”.

Virtually ALL practical UV/EBVirtually ALL practical UV/EB--polymerizable system spolymerizable systems
are crosslinked systems.  Therefore, they are are crosslinked systems.  Therefore, they are NOTNOT
“soluble” in solvents.  “soluble” in solvents.  HOWEVERHOWEVER,, nonnon--crosslinkedcrosslinked
components may be soluble in specific solvents.components may be soluble in specific solvents.



F.  F.  Critical Chain Length, ZCritical Chain Length, Z cc -- The length of aThe length of a
polymer chain necessary to allow for polymer chain necessary to allow for ENTANGLEMENTENTANGLEMENT
of polymer chains.  Without entanglement useful polymerof polymer chains.  Without entanglement useful polymer
PROPERTIESPROPERTIESare not obtained.are not obtained.

For polymers with higher intermolecular attractiveFor polymers with higher intermolecular attractive
forces, lower Zforces, lower Zcc values are obtained:values are obtained:
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forces, lower Zforces, lower Zcc values are obtained:values are obtained:

PolymerPolymer ZZcc

PMMAPMMA 208208
PSPS 730730
PolyisobutylenePolyisobutylene 610610

hhhhhhhhmeltmelt a  a  a  a  a  a  a  a  ZZ cc
3.43.4

hhhhhhhhmeltmelt =  =  =  =  =  =  =  =  K ZK Z cc
3.43.4

K  =  f(T)K  =  f(T)



log log hhhhhhhhmeltmelt =  =  =  =  =  =  =  =  log K  +  log Zlog K  +  log Z3.4 3.4 

log log hhhhhhhhmeltmelt =  =  =  =  =  =  =  =  log K  +  3.4 log Zlog K  +  3.4 log Z

log log hhhhhhhhmeltmelt =  =  =  =  =  =  =  =  3.4 log Z  +  log K3.4 log Z  +  log K
YY =     m  X =     m  X +        b+        b
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Melt ViscosityMelt Viscosity

Impact ResistanceImpact Resistance

Tensile StrengthTensile Strength

Commercial Polymer RangeCommercial Polymer Range
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Molecular MassMolecular Mass

Different Polymers have different ZDifferent Polymers have different Zcc values.values.

Example Problem 3.2 in Text!Example Problem 3.2 in Text!



http://www.instron.com/products/universal_material/5500.asphttp://www.instron.com/products/universal_material/5500.asp

2/5/2009 70Instron Tensile TesterInstron Tensile Tester
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ee = D= D= D= D= D= D= D= Dll ////////ll

s = s = s = s = s = s = s = s = F/AF/A

EE = s/e= s/e= s/e= s/e= s/e= s/e= s/e= s/e
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s = s = s = s = s = s = s = s = F/AF/A

EE = s/e= s/e= s/e= s/e= s/e= s/e= s/e= s/e

UltimateUltimate

Elongation at BreakElongation at Break

Elongation at YieldElongation at Yield
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aemes.mae.ufl.edu/~uhk/STRESS-STRAIN.jpg



G.  FlexibilityG.  Flexibility-- The Glass Transition Temperature,The Glass Transition Temperature,
TTgg

A characteristic temperature at which glassyA characteristic temperature at which glassy
amorphous polymers become flexible or amorphous polymers become flexible or 
rubberrubber--like because of the like because of the “onset of segmental“onset of segmental
motion”motion” in the macromolecules.in the macromolecules.
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TTgg
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ThermosetThermoset

TTgg
Pg. 18Pg. 18
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TemperatureTemperature

FlowFlow
ThermoplasticThermoplastic



Differential Scanning Calorimeter (DSC)Differential Scanning Calorimeter (DSC)
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Differential Scanning Calorimetry (DSC)Differential Scanning Calorimetry (DSC)

TT gg

Heat of CrystallizationHeat of Crystallization

Crosslinked polymers don’t 
melt.  They “decompose”!
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TTmm

TemperatureTemperature



Dynamic Mechanical Analysis (DMA)Dynamic Mechanical Analysis (DMA)
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Dynamic Mechanical Analysis (DMA)Dynamic Mechanical Analysis (DMA)
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Dynamic Mechanical Analysis (DMA)Dynamic Mechanical Analysis (DMA)
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Representative DMA ThermogramRepresentative DMA Thermogram
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AmorphousAmorphous RubberyRubbery PolymerPolymer
SolidSolid TTgg ElasticElastic TTmm MeltMelt

TemperatureTemperature

At the TAt the T gg::

1.  Greater Rotational Freedom1.  Greater Rotational Freedom
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1.  Greater Rotational Freedom1.  Greater Rotational Freedom
2.  Increase in specific volume2.  Increase in specific volume
3.  Enthalpy change (3.  Enthalpy change ( endothermicendothermic ))
4.  Modulus (4.  Modulus ( stiffnessstiffness ) decreases) decreases
5.  Refractive index changes5.  Refractive index changes
6.  Thermal conductivity changes6.  Thermal conductivity changes



Factors that Influence the TFactors that Influence the Tgg::

1)  Method of measurement 1)  Method of measurement --Different methods giveDifferent methods give
different results.different results.

2)  Aging of the Polymer 2)  Aging of the Polymer --Changes occur with timeChanges occur with time
including oxidation, UV degradation, etc.including oxidation, UV degradation, etc.

3)  Molecular Mass 3)  Molecular Mass -- Results in lower concentration ofResults in lower concentration of
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3)  Molecular Mass 3)  Molecular Mass -- Results in lower concentration ofResults in lower concentration of
chain ends and lower free volume.chain ends and lower free volume.

Polystyrene w/MPolystyrene w/MNN = 3000 u/molecule   T= 3000 u/molecule   Tgg = 33= 33ooCC
Polystryene w/MPolystryene w/MNN = 300 000 u/molecule T= 300 000 u/molecule Tgg = 100= 100ooCC

100100ooC is a limiting value.  ChainC is a limiting value.  Chain--end effects on free volume end effects on free volume 
are negligible at this molecular mass.are negligible at this molecular mass.



4)  Chemical Structure 4)  Chemical Structure --By far the most important.By far the most important.

a.a. Given that the TGiven that the Tg g is a function of theis a function of the
rotational freedom, a restriction of this,rotational freedom, a restriction of this,
particularly in the backbone, should give aparticularly in the backbone, should give a
higher Thigher Tgg..

H
H

H HH
CHCH 33
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H
H

H

H

H H

HH

H

CHCH 33R RR R

R’ R’R’ R’

-- 120120ooCC -- 7070ooCC



b.b. Plasticizing Effect of Pendant Side GroupsPlasticizing Effect of Pendant Side Groups

Longer side groups reduce secondary bondLonger side groups reduce secondary bond
forces among the polymer chains but at a certainforces among the polymer chains but at a certain
size, molecular entanglements or sidesize, molecular entanglements or side--groupgroup
crystallization becomes important, causing ancrystallization becomes important, causing an
increase in Tincrease in Tgg.. ~~[CH~~[CH22--CH]~~CH]~~

RR
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RR
RR TTgg ((ooC)C)

CHCH 33 -- 55
CHCH 33CHCH 22 --2424
nn--CC33HH 77 --4040
nn--CC44HH 99 --5050
nn--CC55HH 1111 --3131
nn--CC1010HH 2121 -- 66

However!However!
nn--CC88HH 1717 -- 41!41!



c.c. Polarity of Pendant Side GroupsPolarity of Pendant Side Groups

More polar side groups tend to produce a higher TMore polar side groups tend to produce a higher Tgg..
~~[CH~~[CH22--CH]~~CH]~~

RR
RR TTgg ((ooC)C)

HH -- 120120
CHCH 33 -- 1010 However!However!
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CHCH 33 -- 1010
ClCl 8787
OHOH 8585
CNCN 103103
C(O)OC(O)O--CHCH 33 33
C(O)OHC(O)OH 106106

However!However!

FF 3535--45!45!

Fluorine is smaller than Cl!Fluorine is smaller than Cl!



d.d. Relative Size of Pendant Side GroupsRelative Size of Pendant Side Groups

Larger side groups tend to produce a higher TLarger side groups tend to produce a higher Tgg..

~~[CH~~[CH22--CH]~~CH]~~
RRRR TTgg ((ooC)C)

HH --120120
CHCH 33 -- 1010
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CHCH 33 -- 1010
CC66HH 55 100100 CC66HH 44CHCH 33(ortho)  =  119(ortho)  =  119
CC1212HH 77 135135 CC66HH 44CHCH 33(meta)  =     72(meta)  =     72

Poly(Poly(aaaaaaaa--vinyl naphthalene)vinyl naphthalene)



e.e. Branching of Pendant Side GroupsBranching of Pendant Side Groups

Bulkier side groups tend to produce a higher TBulkier side groups tend to produce a higher Tgg..
~~[CH~~[CH22--CH]~~CH]~~

RR
RR TTgg ((ooC)C)

CHCH 33 -- 55
nn--CC33HH 77 --4040
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nn--CC33HH 77 --4040
--CH(CHCH(CH 33))22 +50+50
nn--CC44HH 99 --5050
--CHCH 22CH(CHCH(CH 33))22 +29+29
--C(CHC(CH33))33 +64+64
nn--CC55HH 1111 --3131
--CHCH 22CHCH 22CH(CHCH(CH 33))22 ––1414
--CHCH 22C(CHC(CH33))33 +59+59



5)5) Copolymerization Copolymerization ––

a.a. Isomorphous Systems:  Isomorphous Systems:  The component monoThe component mono--
mers occupy similar volumes and are capable ofmers occupy similar volumes and are capable of
replacing each other in the crystal system.replacing each other in the crystal system.

TTgg = V= V11TTg 1g 1 +  V+  V22TTg 2g 2 V = Volume FractionV = Volume Fraction
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b.b. NonNon--isomorphous Systems:isomorphous Systems:

1/T1/Tgg = W= W11/Tg/Tg 11 +  W+  W22/T/Tg 2        g 2        W = Weight FractionW = Weight Fraction

This equation is for alternating or random copolymers This equation is for alternating or random copolymers 
that have monomers with nonthat have monomers with non--similar specific volumes similar specific volumes 
but are homogeneous.but are homogeneous.



6)  Crosslinking and Branching 6)  Crosslinking and Branching ––

a.a. Crosslinking:  Crosslinking:  The process of crosslinking linksThe process of crosslinking links
separate molecules together with primary bonds.separate molecules together with primary bonds.
This necessarily reduces chain mobility and,This necessarily reduces chain mobility and,
thus, tends to increase Tthus, tends to increase Tgg..
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b.b. Branching:  Branching:  This process increases the separaThis process increases the separa--
tion between polymer chains, thus, increasingtion between polymer chains, thus, increasing
free volume and lowering the Tfree volume and lowering the Tgg

TTgg --25 25 ooCC --120 120 ooCC

HDPEHDPE LDPELDPE



1.  The physical state of a polymer is affected by1.  The physical state of a polymer is affected by
the the temperaturetemperatureand the and the intermolecular intermolecular attracattrac--
tivetive forcesforces(Secondary bond forces).(Secondary bond forces).

2.  The 2.  The cohesive energy cohesive energy is the total energy is the total energy necesneces--

The Physical State of Polymers: Basic ConceptsThe Physical State of Polymers: Basic Concepts
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sarysary to remove a polymer macromoleculeto remove a polymer macromolecule
from a liquid or a solid.  The larger the interfrom a liquid or a solid.  The larger the inter--
molecular attractive forces, the higher themolecular attractive forces, the higher the
cohesive energy.cohesive energy.

CED = (CED = (DDDDDDDDHH vapvap–– RT)/VRT)/Vmolarmolar = = d d d d d d d d 22



Cohesive Energy Density of Linear PolymersCohesive Energy Density of Linear Polymers

PolyethylenePolyethylene ~~[CH~~[CH22--CHCH22]~~]~~ 259 J/cm259 J/cm33

PolyisobutylenePolyisobutylene ~~[CH~~[CH22 --C(CHC(CH33))22]~~]~~ 272 J/cm272 J/cm33

PolystyrenePolystyrene ~~[CH~~[CH22--CH(CCH(C66HH55)]~~)]~~ 310 J/cm310 J/cm33
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Poly(vinyl acetate) ~[CHPoly(vinyl acetate) ~[CH22--CH(OCCH(OC--CHCH 33)]~)]~ 368 J/cm368 J/cm33

||||
OO

Poly(vinyl chloride) ~~[CHPoly(vinyl chloride) ~~[CH22--CH(Cl)]~~CH(Cl)]~~ 381 J/cm381 J/cm33
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1.1. The Dissolving Process:The Dissolving Process:
A.  Physical Properties are related to:A.  Physical Properties are related to:

1)  Strength of Covalent Bonds1)  Strength of Covalent Bonds
2)  Stiffness of polymer backbone segments2)  Stiffness of polymer backbone segments
3)  Strength of Intermolecular Attractive forces3)  Strength of Intermolecular Attractive forces

CED = DDDDDDDDE/cmE/cm33

B.  The ProcessB.  The Process
1)  Swelling 1)  Swelling –– SlowSlow
2)  Dissolving 2)  Dissolving –– Only Linear and BranchedOnly Linear and Branched

2.2. The Thermodynamics of DissolvingThe Thermodynamics of Dissolving

CED = DDDDDDDDE/cmE/cm33

DDDDDDDDGGsolnsoln = = DDDDDDDDHH solnsoln -- T T DDDDDDDDSSsolnsoln
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1.1. The enthalpy change accompanying the dissolvingThe enthalpy change accompanying the dissolving
process can be thought of as the process can be thought of as the change in totalchange in total
energyenergy.  .  The total energy consists of theThe total energy consists of theenergyenergy
available for doing workavailable for doing work(Free Energy, (Free Energy, DDDDDDDDG)G) andand
the the eenergynergyNOTNOT available for doing workavailable for doing work(entropy,(entropy,
TTDDDDDDDDS)S)..

DDDDDDDDHH solutionsolution =  =  DDDDDDDDGGsolutionsolution +   T+   TDDDDDDDDSSsolutionsolution

For a change to take place spontaneously, For a change to take place spontaneously, DDDDDDDDG ofG of
the process must be the process must be lesslessthan 0than 0..



DDDDDDDDGGsolutionsolution =  =  DDDDDDDDHH solutionsolution -- TTDDDDDDDDSSsolutionsolution

DDDDDDDDHH solutionsolution =  =  DDDDDDDDGGsolutionsolution +   T+   TDDDDDDDDSSsolutionsolution

If If DDDDDDDDGGsolutionsolution > 0 at temperature T, the solute will > 0 at temperature T, the solute will NOTNOT
spontaneously dissolve.spontaneously dissolve.

The Thermodynamics ofThe Thermodynamics of
Polymer SolubilityPolymer Solubility

If If DDDDDDDDGGsolutionsolution < 0 at temperature T, the solute will< 0 at temperature T, the solute will
spontaneously dissolve.spontaneously dissolve.

Case 1:Case 1:
DDDDDDDDGGsolutionsolution =  =  DDDDDDDDHH solutionsolution -- TTDDDDDDDDSSsolutionsolution

((--)) (+)(+)((--))

exothermicexothermic more disordermore disorderSpontaneousSpontaneousatat
all temperaturesall temperatures
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DDDDDDDDGGsolutionsolution =  =  DDDDDDDDHH solutionsolution -- TTDDDDDDDDSSsolutionsolution

Case 2:Case 2: (+)(+) ((--))(+)(+)

Case 3:Case 3:
DDDDDDDDGG =  =  DDDDDDDDHH -- TTDDDDDDDDSS

((--)) ((--))

endothermicendothermic less disorderless disorderNonNon--spontaneousspontaneous
at all temperaturesat all temperatures

DDDDDDDDGGsolutionsolution =  =  DDDDDDDDHH solutionsolution -- TTDDDDDDDDSSsolutionsolution

At higher temperatures, the entropy termAt higher temperatures, the entropy term
dominates and the dissolving process is dominates and the dissolving process is nonnon--
spontaneousspontaneous.  At lower temperatures, the enthalpy.  At lower temperatures, the enthalpy
term dominates and the dissolving is term dominates and the dissolving is spontaneousspontaneous..
Thus, this type of system would have higher solubilityThus, this type of system would have higher solubility
at at lowerlower temperatures.temperatures.

exothermicexothermic less disorderless disorder



At higher temperatures, the entropy termAt higher temperatures, the entropy term
dominates and the dissolving process is dominates and the dissolving process is spontaneousspontaneous..
At lower temperatures, the enthalpy term dominatesAt lower temperatures, the enthalpy term dominates

The Thermodynamics ofThe Thermodynamics of
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endothermicendothermic more disordermore disorder

DDDDDDDDGGsolutionsolution =  =  DDDDDDDDHH solutionsolution -- TTDDDDDDDDSSsolutionsolution

(+)(+) (+)(+)Case 4:Case 4:

At lower temperatures, the enthalpy term dominatesAt lower temperatures, the enthalpy term dominates
and the dissolving is and the dissolving is nonnon--spontaneousspontaneous..

Enthalpy Changes:  DDDDH < 0   favorsdissolving!

DDDDHvap Polymer??  +  DDDDHvap Solvent  - DDDDHsolvation  =  DDDDHsolution
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DDDDDDDDHH vapvap Polymer??  Polymer??  +  +  DDDDDDDDHH vapvap Solvent  Solvent  -- DDDDDDDDHH solvation  solvation  =  =  DDDDDDDDHH solutionsolution

High cohesive energy density and/or high intermolecularHigh cohesive energy density and/or high intermolecular
attractive forces in the solvent make dissolvingattractive forces in the solvent make dissolvingmore difficult.more difficult.

For For DDDDDDDDHH solutionsolution to be exothermic, the to be exothermic, the DDDDDDDDHH solvationsolvationmust be must be For For DDDDDDDDHH solutionsolution to be exothermic, the to be exothermic, the DDDDDDDDHH solvationsolvationmust be must be 
higher than the total of the CED and the solventhigher than the total of the CED and the solvent
intermolecular attractive forces.intermolecular attractive forces.

HoweverHowever, it is possible for polymers to dissolve endo, it is possible for polymers to dissolve endo--
thermically and spontaneously if the thermically and spontaneously if the TTDDDDDDDDS S term is largeterm is large
enough.enough.
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Solubility Parameter, Solubility Parameter, dddddddd = = ((DDDDDDDDEEvapvap/V)/V)1/21/2

DDDDDDDDHH solnsoln =  [(=  [(DDDDDDDDEEvapvap/V/V11))1/21/2 -- ((DDDDDDDDEEvapvap/V/V22))1/21/2]] 22jjj jj jj j 11111111jjj jj jj j 22222222

DDDDDDDDHH solnsoln =  (=  (dddddddd11111111 -------- dddddddd22222222))))))))22222222 jjj jj jj j 11jjj jj jj j 22

http://palimpsest.stanford.edu/byauth/burke/solpar/http://palimpsest.stanford.edu/byauth/burke/solpar/

DDDDDDDDHH solnsoln =  (=  (dddddddd11111111 -------- dddddddd22222222)))))))) jjj jj jj j 11jjj jj jj j 22

jjj jj jj j 11jjj jj jj j 22 =  volume fractions of components=  volume fractions of components

For a polymer to dissolve, For a polymer to dissolve, dddddddd11 -- dddddddd2 2 should be very small!should be very small!

When When dddddddd11 = = dddddddd22 , DDDDDDDDH = 0 and dissolving is entropyH = 0 and dissolving is entropy
controlled.controlled.
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DDDDEvap = DDDDHvap – RT

dddddddd = (= (DDDDDDDDEEvapvap/V)/V)solventsolvent
1/21/2

Determining CED Determining CED --

d= [(DDDDHvap – RT)/V] solvent
1/2

d =  [d =  [d =  [d =  [d =  [d =  [d =  [d =  [d(d(DDDDDDDDHH vap vap –– RT)/mw]RT)/mw] solventsolvent
1/21/2

Polymers have negligible volatility.  So Small’s GroupPolymers have negligible volatility.  So Small’s Group
Molar Attraction Constants are more useful for calculatMolar Attraction Constants are more useful for calculat--
ing the ing the dddddddd for polymers.  for polymers.  Table 3.1 in textbook!Table 3.1 in textbook!
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dd======== ddSSSSSSSSGG
MM

Determine the solubility parameter for polystyrene andDetermine the solubility parameter for polystyrene and
Polypropylene using Small’s G values.  The density ofPolypropylene using Small’s G values.  The density of
polystyrene is polystyrene is 1.05 g/mL1.05 g/mL.  For PP it is 0.905..  For PP it is 0.905.polystyrene is polystyrene is 1.05 g/mL1.05 g/mL.  For PP it is 0.905..  For PP it is 0.905.

You can look up solubility parameters in tables.



StepStep--Growth PolymerizationGrowth Polymerization
“Joining Hands in Molecular Partnerships”“Joining Hands in Molecular Partnerships”

Important Terms and Definitions:Important Terms and Definitions:

1.1. Functional Group Functional Group ––A reactive moiety within aA reactive moiety within a
molecule that is capable of undergoing reactionsmolecule that is capable of undergoing reactions
with other appropriate functional groups.with other appropriate functional groups.
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with other appropriate functional groups.with other appropriate functional groups.

Examples:  Examples:  RR--OHOH AlcoholAlcohol
RR--COOHCOOH AcidAcid
RR--NHNH 22 AmineAmine
RR--N=C=ON=C=O IsocyanateIsocyanate
RR--CH=CHCH=CH22 VinylVinyl
RR--CHCH--(C=O)(C=O)--CH=CHCH=CH22 AcrylateAcrylate
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2.2. Functionality Functionality –– The number of reactive functional The number of reactive functional 
groups within a single molecule.groups within a single molecule.

Examples:  Examples:  

CHCH 33CHCH 22--OHOH MonoMonofunctionalfunctional
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HOHO--CHCH 22CHCH 22--OHOH DiDi functionalfunctional

HOHO--CC--CHCH 22CHCH22--OHOH BiBi functionalfunctional
||||
OO

HH 22NN--CHCH 22CHCHCHCH 22--NHNH22 TriTri functionalfunctional
||
NHNH 22
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3.3. StepStep--Growth Polymers Growth Polymers ––Polymers that are formed Polymers that are formed 
by a series of reactions between functional groups by a series of reactions between functional groups 
of adjacent multifunctional molecules, often with of adjacent multifunctional molecules, often with 
the loss of some small molecule such as Hthe loss of some small molecule such as H22O or O or 
CHCH33OH.OH.
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Linear StepLinear Step--Growth Polymers:  Growth Polymers:  Made from Made from 
didi functional monomers of the typefunctional monomers of the typeXX--RR--Y Y 
((bibi functional monomer) or functional monomer) or XX--RR--XX +  +  YY--RR�� --YYwhere where 
XX and and YYare the functional groups.  are the functional groups.  XX and and YYmust be must be 
capable of “condensing” with one another.capable of “condensing” with one another.
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HOOCHOOC--CHCH 22CHCH22CHCH 22CHCH 22--COOHCOOH Adipic AcidAdipic Acid
++

HH 22NN--CHCH 22CHCH 22CHCH 22CHCH22CHCH22CHCH 22--NHNH 22
1,61,6--HexamethylenediamineHexamethylenediamine
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~[C(CH~[C(CH22))44CC--NHNH--(CH(CH22))66--NH]NH]nn~   +  2n H~   +  2n H22OO
O           OO           O

Nylon 6,6 Nylon 6,6 ––a linear “polyamide”a linear “polyamide”
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Branched and/or Crosslinked StepBranched and/or Crosslinked Step--Growth Growth 
Polymers:  Polymers:  Made from Made from multimulti functional monomers, at functional monomers, at 
least one of which must be least one of which must be tritri-- or higher functionality.or higher functionality.

HOOCHOOC--RR--COOHCOOH +   +   HOHO--RR�� --OHOH
OHOH
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OHOH
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4.4. Monomers that Undergo StepMonomers that Undergo Step--Growth PolymerGrowth Polymer--
ization:ization:

�� GlycolsGlycols HOHO--CHCH22CHCH22--OHOH (EG)(EG)
�� Isocyanates  HIsocyanates  H33CC--(C(C66HH33))--(NCO)(NCO)22 (TDI)(TDI)
�� AcidsAcids HOOCHOOC--(CH(CH )) COOH  COOH  (Adipic Acid)(Adipic Acid)
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�� AcidsAcids HOOCHOOC--(CH(CH22))44COOH  COOH  (Adipic Acid)(Adipic Acid)
�� Amines        HAmines        H22NN--(CH(CH22))66--NHNH22 ((1,61,6--HMDA)HMDA)
�� EpoxiesEpoxies See BoardSee Board (DGEBA)(DGEBA)
�� SilanolsSilanols HOHO--Si(CHSi(CH33))22--OH  OH  (Dimethylsilanediol)(Dimethylsilanediol)
�� PhenolPhenol--aldehydes   aldehydes   See BoardSee Board (Phenolic Resins)(Phenolic Resins)
�� UreaUrea--aldehydes       aldehydes       See BoardSee Board (UF Resins)(UF Resins)
�� OthersOthers
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5.5. Types of StepTypes of Step--Growth PolymersGrowth Polymers

�� PolyestersPolyesters --RR--OO--(C=O)(C=O)--RR�� --(C=O)(C=O)--OO--

�� PolyamidesPolyamides --RR--NHNH--(C=O)(C=O)--RR�� --(C=O)(C=O)--NHNH--
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�� Polyurethanes   Polyurethanes   --RR--OO--(C=O)(C=O)--NHNH--RR�� --NHNH--(C=O)(C=O)--OO--

�� Polyureas Polyureas --RR--NHNH--(C=O)(C=O)--NHNH--RR�� --NHNH--(C=O)(C=O)

�� PolyepoxiesPolyepoxies See BoardSee Board

�� PhenolicsPhenolics See BoardSee Board
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6.6. Polyurethanes Polyurethanes ––Polymers containing multiple Polymers containing multiple 
urethane linkages in the backbone.urethane linkages in the backbone.

O=C=NO=C=N--RR--N=C=O   +   HON=C=O   +   HO--RR�� --OHOH

Versatility!Versatility!
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~~[~(C=O)~~[~(C=O)--NHNH--RR--NHNH--(C=O)(C=O)--OO--RR�� --O~]~~O~]~~

R & RR & R�� can be polyether, polyester, polysiloxane,can be polyether, polyester, polysiloxane,
hydrocarbon, aliphatic, aromatic, etc., etc.hydrocarbon, aliphatic, aromatic, etc., etc.

Versatility!Versatility!
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7.7. Kinetics Kinetics ––Review of General CharacteristicsReview of General Characteristics

A.A. LinearLinear polymers are synthesized either from polymers are synthesized either from 
monomers of the monomers of the AA--BB type or type or from a combinfrom a combin--
ation of ation of AA--AA and and BB--BB type type didifunctional monofunctional mono--
mers.mers.
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mers.mers.

B.B. NetworkNetwork polymers are formed from monomers polymers are formed from monomers 
having a functionality greater than two.having a functionality greater than two.

C.  Polymers retain their functionality as end C.  Polymers retain their functionality as end 
groups at the completion of polymerization.groups at the completion of polymerization.
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D.D. A single type of reaction (or reaction sequence) A single type of reaction (or reaction sequence) 
is responsible for all steps involved in stepis responsible for all steps involved in step--
growth polymer formation.growth polymer formation.

E.  Molecular weight increases E.  Molecular weight increases slowlyslowlyeven at high even at high 
levels of conversion.levels of conversion.
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levels of conversion.levels of conversion.

F.  High yield reactions and an F.  High yield reactions and an exactexactstoichiostoichio--
metric balance are necessary to obtain high metric balance are necessary to obtain high 
molecular weight linear polymers.molecular weight linear polymers.
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7.7. Kinetics Kinetics ––Kinetic ConsiderationsKinetic Considerations

A.A. Simplifying AssumptionsSimplifying Assumptions

1)  The rate constant for a reaction is independent 1)  The rate constant for a reaction is independent 
of the polymer chain length.of the polymer chain length.
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2)  The mechanism of the reaction remains constant 2)  The mechanism of the reaction remains constant 
throughout the polymerization.throughout the polymerization.

3)  The rate of diffusion is 3)  The rate of diffusion is usuallyusuallymuch higher much higher 
than the rate of functional group reaction. than the rate of functional group reaction. 
Thus, the reaction rate is NOT diffusion Thus, the reaction rate is NOT diffusion 
controlled.controlled.
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B.B. Catalyzed Linear PolymerizationCatalyzed Linear Polymerization

1)  First order with respect to A and B:1)  First order with respect to A and B:

-- d[A]d[A]
dtdt =  k[A][B]=  k[A][B]
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2)  For exact stoichiometry:2)  For exact stoichiometry:

-- d[A]d[A]

dtdt
=  k[A]=  k[A] 22
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3)  Rearrange and Integrate:3)  Rearrange and Integrate:

AA tt

�������� -- d[A]/[A]d[A]/[A] 22 =  =  �������� kdtkdt
AA 00 00

AA tt
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AA tt

-- �������� [A][A] --2 2 d[A]  =  d[A]  =  kk �������� dtdt
AA 00 00

11 11
[A][A] [A[A 00]]

-- = kt= kt
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4)  Extent of reaction, 4)  Extent of reaction, PP, is the fraction of functional , is the fraction of functional 
groups that has reacted at time, groups that has reacted at time, tt .  .  So the fraction So the fraction 
NOTNOT reacted = reacted = 11--PP= = [A][A] tt/[A/[A 00].].

[A][A] tt =  [A=  [A00] (1] (1--P)P)

1/[A]  =  kt  +  1/[A1/[A]  =  kt  +  1/[A00]  ]  (y  = mx  + b)(y  = mx  + b)
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[A][A] tt =  [A=  [A00] (1] (1--P)P)

5)  Substitute these into the integrated rate 5)  Substitute these into the integrated rate 
expression, getting everything in terms of [Aexpression, getting everything in terms of [A00]:]:

11 11
[A[A 00](1](1--P)P) [A[A00]]

-- =  kt=  kt
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6)  Average Degree of Polymerization6)  Average Degree of Polymerization

DP  =  [ADP  =  [A00]/[A]]/[A] tt

DP  =  1/(1DP  =  1/(1--P)P) (Carothers Equation)(Carothers Equation)
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DPDP 11
[A[A 00]] [A[A 00]]

\\\ \\ \\ \ DP  =  [ADP  =  [A00]kt  +  1]kt  +  1

-- =  kt=  kt


