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Polymers:
The Gentle Giants of the
Molecular World

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

Polymer Chemistry The study of the properties,
composition, and structure of polymeric materialsthe
physical and chemical changes they undergo, and the
energy liberated or absorbed during those changes.
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Polymer Science: A marriage of Chemistry and
Material Science!

l
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Chemical Compounds Materials
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Molecular < " Bulk Properties
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Polymer Science uses

to develop

What end-us
properties are
desired?
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What chemical
structure Is required?

|

How do you prepare
that structure?




Understand the properties desired.

Manipulate the chemical composition and structure

Relate the structure to observable propertie:

Make useful articles and materials on a commercia
scale.
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Polymer Chemistry in the Industrial Setting:
What do Polymer Chemists Do??

A. Polymer Research -

1. Knowledge Buildimy Adiivities

2. Developing new concepts and approaches
polymer technology

B. Product Development -

1. Symimess aff NEw Pallymens

2. Pallymer Chvanactienzztiiom wiilh emdhuse proper-
52000 L1I€S 1IN MINd )




3. Takes mew comoepis amdl techmolog
Researchand develops commercial
products

4. Whontks walth Applications Developmerdnd
Technical Servicepeople to insure desired
properties are understood and obtained

C. Applications Development-

1. Bvallumzte me pollymens fimmProduct Develop-
mentin specific enduseeapicHioss

. Develop a full umdenstizamdimg of tihe end- uss

oroperty advantages and weaknesses of polym
oroducts
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3. Himdl mew @ppicaions for prodwcts alhemdly
peing used in established applications

4. Providie flommuiEztmg expentise toProduct
Developmentand Technical Servicepeople

D. Technical Service -

1. Senve adihasorbetween the lalboratony and
Marketing and Sales people

2. Senve as tecimicall “expent” im helipima)
customers use the products.

3. Devalop dietmaied Istimgs of properties of
polymer products for distribution to
customers and Target Accounts.
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4. Carry out specific experiments requested
by Salesto assist customers with technical
problems.

E. Process Development-

1. Devalop usefiul, coomomical prooesses flor

making new polymer products from
Product Development

2. Camy owit imtisl phases of “Scalewy”

operations for new products.

3. AssisttProductionpeople in streamHiming
and “debottle-necking” of current pro-
duction procedures used Iin the plant.
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3. AssistProductior people in strean-lining
and “debottle-necking” of current pro-
duction procedures used Iin the plant.

F. Production -

1. Wik wwith Process Developmem_scal_e-uR
nlewtproducts {0 production quantities in the
plant.

. Sirezmmine and “delbotifle-neck” current
roduction processes In order.to m|r||m|z

oSt 0 pro uction and maximize yield o
products.

' %@%ﬁgpﬁe safe éhggl?ﬁ%gmmate%q}s

and that the pro uct meets the require

specification

: Design new production e UiP ent as
necessary to produce ne oducts and to
minimize production costs.
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Macromolecules Very large molecules made up of
simple repeating chemical units known as

Polymers -Materials consisting of macromolecules:

Monomers -Individual small molecules consisting of a
single chemical entity capable of combining with dter
monomers to form polymers.
Examples: Styrene

Vinyl Acetate

Trimethylolpropane Triacrylate

Lauryl Acrylate

1,6 Hiecaarestiad | ey

Vinyl Chloride
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Dimers -Molecules consisting of monomers that are
chemically bound together.

What Is thiS??O H O

0-H-0

Is this a “dim
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Trimers - Molecules consisting of monomers that
are chemically bound together.

Oligomers -Molecules consisting ofa few” or
monomers boundtompptiiesr.

Since oligomers tend to have relatively high viscaes,

some materials which have high viscosities are cadl
“oligomers” even though they do consists oi
, €.9g. Acrylate ---DGEBA---Acrylate
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CHy CHy
cﬂzcucuzn—@-c—@-n{cuzcncuzuﬂ—c—@-n}cngucuﬂ
n

OH 0
Il |
CH,=CH—C—0—CH,—CH-CH,— CH—CHy—0—C—CH=CH,

Diacrylate

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

- “Many parts” or “Many units”

Examples: Poly(vinyl acetate) -HRXAA
Polystyrene - PS
ycarbonate - PC
y(methyl methacrylate) -
y(ethylene terephthalate)
y(butyl acrylate)

2/5/2009




Classification of Polymeric Materials

Joe Mechada
Polymer Chemistry Class Notes
Spring 1990

y

Natural
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— Cellulose

— Protein

— Natural

Rubber

!
Synthetic

Composites RRCGENT IS

Fibers Synthetic

Coatings

Inks




Polymeric Materials vs. “Monomolecular” Materials.
Examples of Each Type:

“Monomolecular” Polymeric

H.,O Cellulose
CCl, Rubber

CHCH.OH Nylon

SO, Silicones
Gasoline Gl
BF, Gelatin

HCI Plastic Wrap
Alr Quer @um
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General Properties of “Monomolecular’ Materials:
A. Pure substances have distinct melting boiling pots.
. Liquids and solids are essentially incompressibél

. Molecular solids tend to be inflexible.

. For solids, physical properties such as hardness
brittleness, and flexibility to be independent of
temperature.

E. Liquids and solutions tend to have:
rheology.
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General Properties of Polymeric Materials

A. They do NOT have distinct melting points

B. They guite compressible in the solid state.

C. Many polymeric solids are quite flexible.

D. Their physical properties are quite dependent on
temperature.

E. Liquids and solutions involving polymers tend to
have rheology.

2/5/2009




2/5/2009




Why such differences? -

1. Molecular Size and Composition Differences

A.

materials consist of relatively
molecules of  molecular mass. Polymeric
materials consist primarily of relatively large

molecules o very higlk molecular mass

B. Pure materials of the same chemical

2/5/2009

composition contain molecules that are essentiall
identical to one another. Polymericmaterials of a
specific composition contain molecules that are
significantly differentfrom one anothetr.




2. Intermolecular Forces of Attraction

A. Primary Chemical Bonds -Both monomolecular
and polymeric materials may contain ionic, pure
covalent, polar covalent, and/or coordinate
covalent bonds ~~[-CH,CH-] ,—

Cl

B. Secondary Bond Forces Both monomolecular
and polymeric materials may involve dipole-

dipole, dipole-imdiuced dijpolke, ydiogen bhomds,
and/or induced dlpolemdimmﬂdmmm(London

DispersionHarmes)nteractions.
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Overview of “Primary” Bonding Types

lonic 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 ardransferred from
one atom to another to form ions.

N Cl [N@p5

Na [Ne] 3¢ +

NERINE] Cl [Ar] -

@ Cl-
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Overview of “Primary” Bonding Types

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

Polar Covalent Bonding -A covalent bond that
occurs when the atomsinequally share one or
more pairs of electrons. This happens when the
~ atoms havedifferent electronegativities.

€ e
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Overview of “Primary” Bonding Types

Coordinate Covalent Bonding (Dative) A dative
bond Is a covalent bond that occurs when the two
sharedelectrons are donated to the bond bthe
sameatom. The donating atom is thelonor or
Lewis Baseand the accepting atom Is th@cceptor
or Lewis Acid.

F:
:_E: B:F:
F:

Acceptor

Tet?aﬂuoro bo;ate
lon



2. Intermolecular Forces of Attraction

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

B. Secondary Bond Force- Both monomoleculal
and polymeric materials may involve dipole-
dipole, dipoleimdiuced dipalie, nydiogen bomnds,
and/or induced dipole+mubluresa] dipalkLondon
DispersionHares)nteractions.
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Intermolecular Attractive Forces
“Secondary” Bonding Types

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

Learning Goal: To become knowledgeable ar
conversant about the fundamental interactions that
occur among atoms, ions, and/or molecules and ho
these interactions determine the properties we

observe for and Gnﬂ,ﬂ ¢ ', 3
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Intermolecular Attractive Forces

Minimal
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Intermolecular Attractive Forces vs.
Intramolecular Attractive Forces
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Types of Intermolecular Attractive Forces:

Instantaneous DipolehhthoeedMnmbdeAdit eatkborss
(London Dispersion Forces)

Dipole-Dipole Attractions

Hydrogen Bonding

lon-Dipole Atiractions
Others???
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Instantaneous Dipoldriddueddipptadriteéesatoons
(London Dispersion Forces)

Substances mmp(KK) b.p. (K) DH,,, (kd/mol)
Noble Gases

He 4.2 0.081
N 21 1.7¢€
AT 87 6.52
K 9.03

Xe 12.63
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Instantaneous Dipoldriddueddipptadriteesatonons
(London Dispersion Forces)

Substances mmpp(KK) b.p. (K) H,,, (kd/mol)
Halogens

F, 50 6.5

Cl, 172
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London Dispersion Forces

Attraction

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

Effective only at very short range.

Strength of force Iis dependent on the size of théam

or molecule and the number of electrongolarizability)
2/5/2009 36




Dipole-Dipole Attractions

M Substances mmpp(KK) b.p. (K) DH,,, (kd/mol)
H, 14 20 2

cl,

CH,

1.87D CH.CI

1.60D CH.CI,
1.01D CHCI,

0.00D CCl,

2/5/2009 C F4




Dipole-Dipole Attractions

Cl H

Attraction

Due to a permanent charge separation in the moleca!

Effective only at short to moderate range.

Strength of force Is dependent on the relative el&o-
negativities of the atoms and the molecular geomeatr
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Hydrogen Bonding (H-bomndling)

SnH,
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Hydrogen Bonding (H-bomdimg)
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Hydrogen Bonding

H-N:

Attraction

Special case of dipolelpiplelattactcdion.

Do to relatively large permanent charge separatiom
the molecule.

Effective at relatively long range.

Occurs when hydrogen is bound to a very electro-

negative element (F, O, and N)
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2 . C. So why the differences?The polymermolecules are
much largerin general and the individual molecules
may be quite different in size and shape from their
neighbors.

Because of this, the  forces of attraction are much
larger and the molecules are capable of entangling
with one another

This helps explain why ethylene monomer is a gas
under ambient conditions while polyethylene is a
solid. They have but their

and are completely
different. Thus, their physical and chemical prope
ties are completely different.
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Variables Affecting the EndUse
Properties of Polymeric Materials

1. Chemical Composition

Changing the monomers or their relative amounts wil
fundamentally change the endigasgprpperass.

2. Relative Order of the Monomers In the back bonef
the polymer

A. Homopolymers -Only one order is possible.
~~~-A-A-A-A-A-A-A-A-A-A-A-A  -A-A-A-—

B. Copolymers -Several different arrangements are

possible. Chaptem ¥
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|
. Spatial Arrangement of Atoms H[@llﬂ

2/5/2009

1) Alternating Copolymer
— A A A A A A A A —
2) Random Copolymer Chapte” 1

—-A- AA A A -AA —

3) Block Copolymer

-A-A-A-A-A-A- : u[ll?'

d[o

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

around a single bond.
44



H H H
\ \
H-C--C-H H- -H

/ \ Rotation /C ) C\

H

1, 2 - [Dicii onostieame

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

B. Configuration - The arrangement of atoms that can

be changed only by breaking and reforming “primary”
chemical bonds. (cis and trans4somers and d-aantd

I-ionms))
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N/

C=C

CH, CH,—
| 4Lﬂmw trans-1,41-

Isoprene polyisoprene
4. Macromolecular Structure

A. Linear Chains -
~~~A-A-A-A-A-A-A-A-A-AA~~ oOr \ J/

H HHH HH
~~~C-C-C-C-C-@C——— or ~~[CH,CH}—
HHHH HH
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B. Branched Polymers -
~~A-A- -A-A-A-A-A- -AAA-HA—

~~CH,, -CH,CH,CH,CH, -CH,CH,—
CH, CH,
CH, CH,
(CH), (CHy),
CH, CH,
CH, Low Density CH,

Polyethylene (LDPE)
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C. Graft Copolymers - f\—\/

~—~AA- -AAAAA  -AAAH—

D. Network (Crosslinked) Polymer -
~~A-A- -A-A-A-A-A- -AAA-AA—

A
A
~A-A- -A-A-A-A-A- -A-A-A-A-AA—
A
2/5/2009 A 48




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

5. Morphology mmﬂl'ﬂm

A. Definition - The overall structure of order of a
polymeric material; how the molecules are oriented

with respect to one anothe

B. Amorphous Polymer -The molecules are randomly
oriented. They tend to have lower overall inter-
molecular attractive forces (lower cohesive energy
densities) than polymers of similar chemical compos
tion but a more ordered structure,
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C. Microcrystallinity - While most polymers have a ran-

dom morphology, many have regions within the bulk
structure that are highly ordered. These are ratex

2/5/2009

As microcrystallinity increases, what propertiesarige?

1. Opacity increases (transparency decreases).
2. Density increases.
3. Glass transition increases (for amor-
phous polymers).
4. Tenslile strength increases.
5. Modulus increases, etc., etc., etc.,....



D. “Crystalline” Polymers - Some polymers are highl
ordered in their morphology although some rando
structure Is always present:-ibers are a class of

materials with a high degree of crystallinity.
==

E. Stereochemistry 4n cases where different configura
tions are possible due either the presence of nmlgti
bonds or significant steric hinderance, differentarph
ologies can be obtained.

2/5/2009




ISOTACTIC
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6. Polymer Blends

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

. Molecular Mass and Molecular Mass Distributior
(MWD)

Virtually all polymers consist of mixtures of macro
molecules with molecular masses. The
molecular mass Is said to be
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Number Average
Molecular Mass

Weight Average
Molecular Mass

Polydispersity Index

Molecular Mass




# Molecules

X
X
X X X

60 70 80 90 1000011 12P0
Molar Mass x 13 u

X

X X X X X X X X

A. Number Avg. Molecular Weight - M,
1. Numencall Avenages—12, 6, 8, 10, 18, 12, 11,
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2. Mass Averages

Number Avg. Mass = 253 g/9 balls -

3. Numiber Avenage Miolkeowi i WWieigyhit

2(60) + 5(70) + 7(80) + 8(90) + 5(100) + 3(1101#H.20)
2+5+7+8+5+3+1
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B. Weight Average Molecular Weight

2(60f + 5(70P + 7(80P + 8(90F + 5(100% + 3(110%+ 1(120%
2(60) + 5(70) + 7(80) + 8(90) + 5(100) + 3(110)#20)

C. Polydispersity Index

= 1.03
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The Atomic Masses of Elements:

The atomic masses shown on the Periodic Table are
average masses of naturally occurring samples oféh
elements. These samples consist of mixtures oi
with different atomic masses.

Isotope WMass () HFiactiomesl Atomic Mass
Abundance (u)

160 15.994 915 « 0.997 587 15.956 3
110 16.999 133 « 0.000 374 0.006 33

180 17.999 16 0.002 039 0.036 70
Weighted Average =5.9994 u




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

85| - 92.23% (Atomic mass -2/ i TBw))

S| - 467%  (Atomic inass -ZBBYH 4Du))

30Si - 318%  (Atomic mass—ZRIB 7Hu))

(27.976 95 ug2R33I)u + 83.976 4< ui(8.60u
(100 ¥ (1O wu)

+ (29.973 76 ug3AQQU =
(100 u)




Bimodal Molecular Mass Distribution
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Trimodal Molecular Mass Distribution
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Molecular Mass




# Molecules

1.15 125 135 145 15 L1a@ L1755 L8 19 20

Molar Mass x 1P u
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3. Volatility and Molecular Mass

A. Larger molecules will tend to have higher inter
molecular attractive forces, higher cohesive
energy densities, and, thus, higher melting
points and boiling points.

B. Most polymers will decompose before their
cohesive energy densities can be overcome
sufficiently to boil.

C. Some polymers decompose before they melt.

2/5/2009 64




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

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

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

D. Even Iif they are not as large as the cohesive
energy density, solution occur If the tempera-
252000 tUre and entropy factors are sufficiently high. s




E. The “intermolecular attractive forces” in a

crosslinked polymer system are, in fact,
chemical bonds! Therefore,

crosslinked, 3-aimesrsara | mettivarik goiymesss
are NOT “soluble” in solvents because for them
to “dissolve” would require breaking chemical
bonds. Thus, a chemical reaction would b
occurring, not a “dissolution”.

Virtually ALL practical UV/EB-pplyiyraezable e pyisiens:
are crosslinked systems. Therefore, they are
“soluble” in solvents. , hon-crosslinked
components may be soluble in specific solvents.
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F. Critical Chain Length, Z .- The length of a
polymer chain necessary to allow for
of polymer chains. Without entanglement useful goier
are not obtained.

For polymers with higher intermolecular attractive
forces, lower 4 values are obtaine

3.4
h melt a Zc

hmelt =K ZCEMr

PMMA 208
S 71380
Polyisobutylene 6600 K = 1(T)
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logh.. =log K + log Z34

logh,.. = logK + 3.4log Z

logh,.. = 3.4logZ + log K
Y = m X + ()

m (often 3.4)

log K

log Z
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Commercial Polymer Range

> L4
<
L4
*L
L4
L

—[Tensile Strength

o
4
*
.
o
*

— Impact Resistance

Property

Melt Viscosity

Molecular Mass

Different Polymers have different Z, values.
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Elastomer

Strain e
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Elongation at Yield

Ultimate

St th
Yield Stress 'eng

Strain e
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aemes.mae.ufl.edu/~uhk/STRESS-STRAIN.jpg




G. Flexibility- The Glass Transition Temperature,

A characteristic temperature at which glassy
amorphous polymers become flexible or

rubber-ike because of thhkonset of segmental
motion” In the macromolecules.

Wﬂmﬂlm n

v
=
-
G
>
=
=
3)
)
=¥
N
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Rubbery

Thermoplastic

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

i

Heat of Crystallization

/

Crosslinked polymers don't
melt. They “decompose”!

Temperature




Dynamic Mechanical Analysis (DMA)
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Dynamic Mechanical Analysis (DMA)

79
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Dynamic Mechanical Analysis (DMA)

80
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Representative DMA Thermogram
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1) Method of measurement -

2) Aging of the Polymer -

3) Molecular Mass-

100°C is a limiting value. Chain-amil effiscts am fiee wallume
are negligible at this molecular mass.






- 4]



354H!






+29
+64

—14
+59



The component mono-
mers occupy similar volumes and are capable of
replacing each other in the crystal system.

V = Volume Fraction

W = Weight Fraction



The process of crosslinking links
separate molecules together with primary bonds.
This necessarily reduces chain mobility and,
thus, tends to increasegl

This process increases the separa-
tion between polymer chains, thus, increasing
free volume and lowering the I

HDPE LDPE



temperature intermolecular athac:
tive forces

cohesive energy

CED = (M ygp— RTW)p o, =




Cohesive Energy Density of Linear Polymers



1. Tihe Dssaving Prooess:
A. Physical Properties are related to:
1) Strength of Covalent Bonds
2) Stiffness of polymer backbone segments
3) Strength of Intermolecular Attractive forces

B. The Process
1) Swelling —Shaw
2) Dissolving —(iiyl imeeasacidEBaamctieeld

2. Tine Tihermmodymamics of Dissoliimg)



change In total
energy

€ NOT



Spontaneous:



Non-spontaneous

non-
spontaneous
spontaneous



spontaneous

non-spontaneous

Enthalpy Changes: favors



High cohesive energy density and/or high intermolecular
attractive forces in the solvent make dissolvingnore difficult.

For LH ¢ yi0n 1O DE exothermic, thelH gy atior MUSt be
higher than the total of the CED and the solvent
Intermolecular attractive forces.

However it is possible for polymers to dissolve endo-
thermically and spontaneously if theT O5term is large
enough.



(DE, V)12

For a polymer to dissolve: should be very small!

When H = 0 and dissolving is entropy
controlled.



Determining CED -
d= (IDEvap/ V) solvent v

Polymers have negligible volatility. So Small’s @up
Molar Attraction Constants are more useful for caltat-
ng the dfor polymers. Table 3.1 in textbook!



Determine the solubility parameter for polystyreaad
Polypropylene using Small’s G values. The density
polystyrene 1€1.05 g/ml. For PP it is 0.90¢




-OH

-COOH

NH,

‘N=C=0

-CH=CH,
-CH-(C=0)-CH=CH,




HO-

HO-C-
|

HzN'

Lk



di
bi

X- -Y
X- -X Y- -Y
X Y



Step&mwith FRoymesTzzadton

Adipic Acid

1,6 Hiecaamet thyaresisamime

Nylon 6,6 —



multi
tit

HOOC COOH HO OH
OH



Step&mwith

See Board

yerrzzdiam

(EG)
(TDI)
(Adipic Acid)
(1,&6-HMDA)
(DGEBA)
(Dimethylsilanediol)

See Board (Phenolic Resins)
See Board (UF Resins)



-R-O-(C=0)-R -(C=0)-O-
-R-NH-(C=0)-R -(C=0)-NH-
-R-O-(C=0)-NH-R -NH-(C=0)-O-

-R-NH-(C=0)-NH-R -NH-(C=0)



Versatility!



Step&mwith FRoymesTzzadton




exact




Step&mwith FRoymesTezdton
Kinetic Considerations

1) The rate constant for a reaction is independent
of the polymer chain length.

2) The mechanism of the reaction remains constant
throughout the polymerization.

3) The rate of diffusion isusually much higher
than the rate of functional group reaction.
Thus, the reaction rate is NOT diffusion
controlled.




Step&mwith FRoymesTzzadton

1) First order with respect to A and B:

e )

2) For exact stoichiometry:
- d[A]

g - A



Step&mwith FRoymesTzzadton
3) Rearrange and Integrate:

A t
_d[AJ[A] 2 =  kdt
A, 0
A t
- [A]-2d[A] = k dt
A, 0

1 1
Al [Ag T«



Step&mwith FRoymesTzzadton
1[A] = kt + 1/[A]] (y =mx +b)

4) Extent of reaction,P, is the fraction of functional
groups that has reacted at timet . So the fraction
NOT reacted =1-P=[A] JJA .

[Al = [Ad (1-P)

5) Substitute these into the integrated rate
expression, getting everything in terms of [4g:

1 1 kt

[AJ(1-P) nd




(Carothers Equation)



