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POLYMER SCIENCE : PAST, PRESENT AND
FUTURE

What are polymers?
Its origins and history
What are the new frontiers in polymer science ?

How relevant is polymer science today ?

How will this science address some of the most pre ssing
problems of our society ?

The transition from visible to invisible : The futu re of polymer
science




THE AGES OF HUMAN KIND

Human Civilization has been marked by several
ages, which are all material based:

- Stone Age
- Bronze Age

- Iron Age ( Steel. Aluminum)

- Polymer Materials Age ( Carbon based materials)
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POIymer (< Gk pOIy “many” + meros upartsn)

e A substance composed of molecules characterized by the

multiple repetition of one or more species of atoms or groups of
atoms linked to each other in amounts sufficient to provide a set of
properties that do not vary markedly with the addition or removal of
one or a few constitutional unit. Source: IUPAC (International
Union of Pure & Applied Chemistry)

o Itis solid in its finished state in most cases and can be shaped by
flow into a finished article.

* “Plastic” and “resin” are often used synonomously with “polymer”,

— “Plastic” & “resin” refers to polymers with various

additives (such as pigments and stabilizers) that t urn the
polymer into a practical product



What are Polymers?
FPoly mers aremadeupofmany Mono mers
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Small Molecules and Monomers:
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Macromolecules (Polymers):
£ Polyethylene
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What is polymerization ?
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How Big is Big?
The most important feature of a polymer is its “lemth” or molecular weight.

Repeat Unit Molecular Weight M  Number of repeat %nits =n

1
| S
(M = number of atoms x weight of each atom) u\ 3
'V\ 10 ’\
9
Molecular weight Mw = nM
M > M, =>

Each polymer has a minimum molecular weight
M . necessary for entanglements polymer bends and forms

knots with itself and other
polymers



Example: Polyethylene

Monomer: Ethylene
— Molecular Weight = 28 g/mol

— Colorless, Flammable Gas at room Temperature

Polymer: Polyethylene

— Composed of hundreds to thousands of ethylene units
— Molecular Weight = 1,500 - 100,000 g/mole
— Milky white plastic solid that “melts” at 85T to 100C

Polymers consist of large number of repeat units
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Length + Flexibility Make it Happen...

Short Molecules Long Molecules

 Completely entangled
e Can separate easily « Molecules do not easily move

« Too short to entangle Independently
 Behave independently

Bowl of Rice Bowl of Spaghetti
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Thermoplastic Polymers S

THERMOPLASTIC (*THERMO” = HEAT + “PLASTIC”
= FORMABLE)

« Are large, linear, unconnected molecules

« Undergo no chemical reaction during molding

* Properties:

soften with heat to a high viscosity melt
hard at room temperature

can be re-melted and re-processed
(recyclable)

molecules are entangled but not bonded to
one another

resist breaking but can be attacked by
solvents

Examples:

Polyethylene, Polystyrene, Polycarbonate




Polymers : Family Tree
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Thermoplastic Polymers
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THERMOPLASTIC (“THERMO” = HEAT +
“PLASTIC” = FORMABLE)

« Are large, linear, unconnected molecules

 Undergo no chemical reaction during molding
* Properties:
— soften with heat to a high viscosity melt
— hard at room temperature
— can be re-melted and re-processed (recyclable)
— molecules are entangled but not bonded to one
another
— resist breaking but can be attacked by solvents

Examples: Polyethylene,

Polystyrene, Polycarbonate




Have a glass transition temperature (TQ) - the
temperature at which the polymer transforms from
glassy state (hard) to rubbery state(soft).
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« Have both crystalline (ordered) and amerphous
regions
* Have an amorphous phase Tg; Crystalline phases
characterized by melting temperature Tm > Tqg.

_____________________________________

Characteristics:

Random Entanglement of Chains
*Chemical Susceptibility
Moderate Heat Resistance
sImpact Resistance

sLow Shrinkage

*Wide Softening Range

*Typically transparent in thicker
sections.

Characteristics:

*Chemical Resistance
*High Heat Resistance
*Notch Sensitivity

*High Shrinkage

*Fatigue Endurance

*\Wear Resistance
*Typically opaque in thicker
sections



Thermosets THERMOSET (“THERMO” = HEAT +
, ' , “SET” = HARDEN)
Glassy Elastomer

iqi - Begin mall molecules (low viscosity liquid
» Rigid at room « Flexible at egin as small molecules ( y liquid)

temperature room temperature _ _
 React (“cures”) by heat, catalysis, or other chemical

means to form an infinite molecular network

* Properties of Glassy Thermosets
— rigid at room temperature
— network is permanent, so it is not re-processable

— tend to break more easily than thermoplastics
(“brittle”)

— solvent resistant

Example: Epoxy, Phenolics




* Thermosets that are soft at room temperature (above the glass
transition temperature)

« Stretchy and recover when applied stress is release  d.

« “Stretchiness” is due to the fact that polymers exte nd upon
deformation but are prevented from permanent flow b y Cross-
links.

SEREs

Examples: “Rubbers”, Silicones
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PAI = TORLON® polyamide-imide

PK = KADEL® polyketone

PPSU= RADEL® R polyphenylsulfone
LCP = XYDAR® Liquid Crystal Polymer
PES= RADEL® A polyethersulfone
PSU= UDEL® polysulfone

PPS= PRIMEF® polyphenylene sulfide
PPA = AMODEL® polyphthalamide

PA MXD6 = IXEF® polyarylamide

Acronyms for high-performance
plastics from Solvay Advanced
Polymers are shown in black












CHEMISTRY OF MATERIALS

CHEMISTRY

CHEMISTRY OF LIFE

CHEMISTRY OF

CHEMISTRY OF ENERGY ENVIRONMENT







Bertholet gave the first general discussion on poly merism, that is,

materials which have the same chemical composition, but differ only in
their molecular weights













Mark presents his results in a meeting of the
Society of German Natural Scientists at
Dusseldorf in 1926 ; He says that important
information can be obtained from unit cells and

space groups, even if detailed molecular
structures are not known; He proposes that in
polymers “lattice forces are comparable to
intramolecular forces and the entire crystallite
behaves like a large molecule”










A young man joins
Carothers at DuPont in 1934
who will go on to make history



ALIPHATIC POLYESTERS : PIONEERING CHEMISTRY OF
WALLACE HUME CAROTHERS

1896-1937

54
papers
400
pages

Enough for
one lifetime

Published 1940

STUDIES ON POLYMERIZATION AND RING
FORMATION

Twenty eight papers from 1929 to 1935
Carothers addressed one important question:

(a) If two bifunctional molecules, e. g., one
dibasic acid and one glycol or diamide, react,
two possibilities occur. The reaction can result
(1) in a chain polymer of lower or higher
molecular weight, which still bears either
hydroxyl or carboxyl terminal groups or (2) in a
smaller or larger ring, which does not contain
the reactive group.

Under what conditions does either of these two
possibilities take place and what is the
molecular weight of the resulting compound?



IX. Polymerization *
TABLE OF CONTENTS

|. Definitions
1. Current definitions
2. Proposed definitions
3. Linear and non-linear polymers
4. Types of compounds capable of polymerizing
5. Types of polymerization
6. Condensation polymerizations and bi functional r eactions
lI. Condensation polymerization
1. Polyesters
a. The self- esterification of hydroxy acids 86
b. Polyesters from dibasic acids and glycols 90

* Wallace H. Carothers; Chemical Reviews 8, 353-426 (1931); Communication No. 55 from

the Experimental Station of the E. |. du Pont de Nemours and Company.
Received March 21, 1931. Published June 1931.






When asked why he chose to work in

the field of synthetic resins, he replied,
“to make money”







Tacticity in Polymers: eg., Polypropylene

HN\ H\ H _
\>\>\>\/ Isotactic
\5\>\HB\/ Syndiotactic
w\/ Atactic



Polymerization with stereo-specificity/ regio-specificity:

Stereoisomerism in polymers arises from different spatial
arrangements or configuration of the atoms or substituents
which can be inter-converted only by the breakage and
reformation of the chemical bond

Regularity in configuration of successive chiral, asymmetric
or pseudochiral carbon (C*) determines the tacticity of the
polymer chain



POLYPROPYLENE

CH2=CH-CH3 "PROCHIRAL" L
H—T—CH
H CHzp CH3H cHzH CH3W CH3y CH3 Rk
/ h - ; / / H—T CH3
H—— CH3

ISOTACTIC NN
H——CH3
H——CH3

H3C——H
H——CH3

H3C——H

FISCHER PROJECTIONS

ATACTIC
Tm°C % X
ISOTACTIC 165-170 55-65
SYNDIOTACTIC 125-131  50-70

ATACTIC - 0



Tacticity in Polymers

|sotactic and syndiotactic polymers have ordered
arrangements of groups. Hence, the chains can pack
closely together and develop high crystallinity.

Atactic polymers cannot and, therefore, are generally
amorphous in nature.






Polymer Demand Outlook

Country 2000 Country 2010 2010/

(MMT) (MMT) 2000
USA 27.3 USA 38.9 3.6%
China 16.6 China 38.8 8.1%

141% )
]

Japan 9.1

Germany 6.4 2.3%
S. Korea 4.7 9.4 3.9%
ltaly 4.7 S. Korea 6.8 4.8%
France ] ltaly 6.8 3.8%
UK 5 Brazil 6.7 7.0%
Brazil CIS 6.2 9.1%

France 6.1 4.1%
Taiw an UK 5.2 4.0%

POTENTIAL TO BE THE 3RP, LARGEST MARKET BY 2010



NEW TO THE WORLD POLYMERS : THE GOLDEN ERA IN
POLYMER SCIENCE

(1927)
(1930)
(1931)
1935)
(1936)
(1938)
(1941)
(1940-45):
(1943):
(1946)

1947)



Precursor 19 ™ Century
Semi Synthetics

: Natural Rubber

: Vulcanite / Gutta Percha
: Shellac / Bois Durci

: Parkesine

: Celluloid

. Viscose Rayon

: Poly Carbonate

Natural Polymers

Semi Synthetics

1908 :
1909 :
1926 :
1927 :
1933 :
1935:

1900 — 1950
Thermoplastics

Cellophane

Bakelite

Vinyl or PVC

Cellulose Acetate
Polyvinylidene chloride
Low density

polyethylene

1936 :
1937 :
1938 :
1938 :
1939:
1941 :
1942 :
1942 :

Polymethyl Methacrylate
Polyurethane
Polystyrene

Teflon

Nylon and Neoprene
PET

LDPE

Unsaturated Polyester

1950 onwards
Growth Phase

- PP

: Styrofoam

: PC, PPO

: Polyamide

: Thermoplastic Polyester
: LLDPE

: Liquid Crystal Polymers

Plastics in Packaging

High Performance Plastics






MATERIALS -
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INCREASINGLY POLYMER SCIENCE WILL BE AN ENABLING SC IENCE ; TO

CREATE ADVANCED MATERIALS WITH USEFUL FUNCTIONS IN
COMBINATION WITH OTHER MATERIALS




STRUCTURAL FUNCTIONAL
MATERIALS MATERIALS

MACROCOMPOSITES
*Shear
swetting
*Orientation

BIOCOMPOSITES
*Molecular self assembly
*Hydrogen bonding

*Hydrophobic interaction

NANOCOMPOSITES
Intercalation and exfoliation

eIn-situ polymerization
*Polymerization in constrained spaces
*Nanofibers and nanotubes




Research driven by emerging developments in electro nics,
photonics, information technology and medicine. Al | new

discoveries likely to occur at the interface of pol ymer science with
chemistry, biology and physics













Research driven by emerging developments in electro nics,
photonics, information technology and medicine. Al | new

discoveries likely to occur at the interface of pol ymer science
with chemistry, molecular biology and physics




New Polymers will emerge, not from new monomers, bu  thy

creating new structures from existing inexpensive m onomers
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Poly( ethylene terephthalate ) Every second

we throw away
about 1500
bottles

Over 30 r\

billion
liters of
bottle_d What is the
water IS solution ?
consumed

annuall y



FROM HYDROCARBONS TO CARBOHYDRATES : FROM NON
RENEWABLES TO RENEWABLES

Carbon
dioxide Biomass
Water

Chemicals
Materials

Can a part of the chemicals / materials manufactur  ing
progressively shift to renewable carbohydrate resou rces

Is such a virtuous cycle just a dream ?



Biorefinery



Feed-stocks for polymers will slowly , but certainl y, shift to renewable

and sustainable resources during the next two deca des




POLYMERS FROM RENEWABLE RESOURCES

Biodegradable Bio-derived monomers
polymers and polymers
P0|yesters PET/PTT / PBS
Nylon-11
Starch

Ethylene from
ethanol and
polyethylene

*Environmental sustainability
*CO, mitigation — closing
the carbon cycle
*Food Vs material

*Reduce cost of feedstock
*Reduce dependence on fossil fuel



selectively introducing

selectively removing functionality






PET MANUFACTURE: PETRO- AND BIO- BASED
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( Polyethylene terephthalate (PET) )

(Bio-Polyethylene terephthalate (Bio-PET)

Polymerisation Polymerisation
[ | \ |
OH 0 OH OH
HO' Ethylene HO C o) HO " Bio-ethylene
glycol Terephthalic acid glycol |
Oxidation H,0 Catalytic ]\ O Oxidation | H20
Oxidation
0]
A { >; A
Ethylene Bio-ethylene
oxide Xylene oxide

Oxidation T\ Oy

Oxidationf\

Livestock Feed

Ethylene Petroleum Refinery Bio-ethylene Ener
(petro) H-0O Combustion
Dehydration [~ '2
Bagasse
OH (leftover
[Natural Gas Refinery ] biomass)
Ethanol
( HO N\ O\:““OH A
HO\"Y"/OH
OH Fermentation

I
Sugarcane Molasses | — 5
rom Farm

Adapted from Environ. Sci. Technol., 44, 8264 (2010)

Glucose

PlantBottle™
Packaging

» Uses Coca-Cola’s "
innovative technology

» Up to 30% of the bottle
material comes from plants

i1: AantBotlle and PlaniBafis loqy ars bradimarks of
The Cocz-Cola Lorreany, used undsr lcenss,



BIOMASS DERIVED DICARBOXYLIC ACIDS FOR PET

Biomass Biomass
Cellulose Glycerides
Bioethanol Tran_sesteri- ::Baitgéiaezi:l)methylester
fresten Cé-Based Carbohydrat
o -base arponydarates
o HO OH
HO™ ()" H “&n (Glucose or fructose)
5-(Hydroxymethyl)furfural Glycerol
Hydrogenation -2H,0 Acid-catalyzed
dehydration
(o)
RV Mo
2,5-Dimethylfuran Acrolein
| | HO\/[B\
Diels-Alder reaction O CHO
5-Hydroxymethyl furfural
OHC
1a(endo) + 1b(exo) Oxidation with air over
[O],-H,0, -CO, l J different catalysts
p-Xylene HOOC/Q\COOH

Oxidation

F -2 - - I- -
HOOC@COOH uran-2,5 ?FIB%"Ab;)Xy ic acid

Terephthalic acid



Sustainability in the chemical industry: Grand Challenges,
The National Academy of Sciences, USA, 2005






Determines .......

Control of chain length

Challenge.....



Determines .......

Copolymer sequence

Challenge.....



Determines .......

Polymer stereochemistry

Challenge.....



Determines .......

Diversity of polymer architectures

Challenge.....









STRUCTURES ACCESSIBLE VIA TECHNIQUES OF
CONTROLLED POLYMER SYNTHESIS

Topology
:?{‘C T m
Linear —_— Comb Polymers

Multi-Armed Networks (Hyper) Branched

Functionality

XXXX
Homo / Hetero

X (Y)
Telechelic

Macromonomers Star/ Side Functional Hyperbranched /

Multi- Armed Groups Multifunctional



Concepts and goals of
material science

Techniques of controlled
polymer synthesis

Molecular scale
phenomena

Macroscopic functions







In the future, functions will be more important tha n molecules.
Molecules are no longer enough (they never really w  ere)
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