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• What are the basic classes of polymer synthesis?

• Which polymers are made which ways?

• Limitations and advantages of different synthetic methods.

P. J. Lutz, P. Rempp & E. W. Merrill, Polymer Synthesis (3rd ed.) 
Wiley-VCH, New York:  2004 

POLYMER SYNTHESIS

Polymer Types
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Polymer Types

How to Determine Microstructure?

13C NMR:   powerful method for determination of polymer microstructure. 

13C NMR shift is sensitive to the two 
stereocenters on either side on sptectrometers 
> 300 MHz.  This is called pentad resolution.

r mm rmr

mmrm pentad

m = meso (same orientation)
r = racemic (opposite orientation)

12 1 2

13C NMR spectrum of CH3
region of atactic polypropylene
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How to Determine Microstructure?

13C NMR:   powerful method for determination of polymer microstructure. 

13C NMR spectrum of CH3
region of atactic polypropylene

13C NMR shift is sensitive to the two
stereocenters on either side on spectrometers
> 300 MHz. This is called pentad resolution.

r mm rmr

mmrm pentad
m = meso (same orientation)
r = racemic (opposite orientation)

12 1 2

Why is this important?

 Tacticity affects the physical properties

Atactic polymers will generally be 
amorphous, soft, flexible materials.

Isotactic and syndiotactic polymers will be 
more crystalline, thus harder and less flexible.

 Polypropylene (PP) is a good example

Atactic PP is a low melting, gooey material.

Isoatactic PP is high melting (176º), crystalline, 
tough material that is industrially useful.

Syndiotactic PP has similar properties, 
but is harder to synthesize.
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Polymer Synthesis

• Initiation:  Formation of active site on some monomer.

•  Propagation:  Chain growth, the addition of an active 
site to a growing polymer chain, restoring the active site 
at the chain end.

•  Termination:  Destruction of the active growing site.

•  Transfer Reactions:  removal of the active site from 
one chain to another molecule, terminating the first and 
beginning propagation at the second.

Polymer Synthesis
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Condensation vs. Addition

 Addition:

Difficult to control molecular weight

Undesirable branching products

 Condensation:

Molecular weight closely controlled

Polydispersity ratios close to unity can be obtained

Step-Growth or Condensation Synthesis

networks:

linear: +  d
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Step-Growth Polymerization

Stage 1

Consumption
of monomer

n n

Stage 2

Combination
of small fragments

Stage 3

Reaction of 
oligomers to give 
high molecular 
weight polymer

Step-Growth Polymerization

 Because high polymer does not form until the end of the 
reaction, high molecular weight polymer is not obtained 
unless high conversion of monomer is achieved.

Xn 
1

1 p

Xn = Degree of polymerization
p = mole fraction monomer 
conversion
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Nylon-6,6
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Adipoyl chloride 1,6-Diaminohexane
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6 carbon
diacid

6 carbon
diamine

Nylon-6,6

Diamine, NaOH, in H2O

Adipoyl chloride
in chloroform

Nylon 6,6

Nylon-6,6
Since the reactants are in different 
phases, they can only react at the 
phase boundary.  Once a separating 
layer of polymer forms, the reaction 
stops.  Removing the polymer (e.g., 
pulling it up as a rope) allows the 
reaction to continue.

Diamine, NaOH, in H2O

Adipoyl chloride
in chloroform

Nylon 6,6
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Polymer Synthesis: Condensation

 phenol-formaldehyde: 
results in condensation of 
a water molecule

Types of Condensations Polymers
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Addition Polymerization

In*
A

Initiation
In A* A

Addition Polymerization
Propagation

In*
A

Initiation
In A A* A
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Addition Polymerization
Propagation

AIn*
A

Initiation
In A A A*

Addition Polymerization

Propagation

nA
In A A A A

n
A*

A A A A A
m

In A A A A
n
A

*A A A A A
m

Combination

*A A A A A
m

In A A A A
n
A

B A A A A
m

Disproportionation

Termination
Reactive site is consumed

A

In A A A A
n
A

A*

Chain Transfer
New reactive site
is produced

MW
kpropagation

kter mination

MW

% conversion
0 100

In*
A

Initiation
In A A A A*
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Types of Addition Polymerizations

Ph

Anionic

C3H7 Li C4H9

Ph

Li+ Ph
n

C4H9

Ph Ph

Li+

n

Ph

Radical

PhCO2• C4H9

Ph

Ph
n

C4H9

Ph Ph
n

Ph

Cationic

Cl3Al OH2
H

Ph
HOAlCl3

Ph
n

H

Ph Ph
n

HOAlCl3

Addition:  Radical Chain Polymerization

Initiators:

Radical
Formation:

Initiation:



12

Addition:  Radical Chain Polymerization

Termination:     

Recombination

Disproportionation

Chain Growth:

Polymers Synthesis: Addition

Termination may occur by:

•two radicalized polymers reacting

•another radicalized monomer

•one initiator (alkoxy radical, •OR, in this case)

Radical 
formation

Radical opens 
up the double 
bond of the 

monomer and 
radicalizes it

Radicalized 
monomer opens 

up the double 
bond of another 
monomer and 
bonds with it
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Free Radical Chain Polymerization

Transfers:

Addition:  Anionic Polymerization

Initiators:
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Addition:  Anionic Polymerization

Addition:  Anion Polymerization
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Addition:  Cation Polymerization

Monomers:

Insertion Polymerization

Insertion Mechanism:
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Insertion Polymerization:  Ziegler-Natta

Insertion Mechanism:

Insertion Polymerization:  Ziegler-Natta
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Insertion Polymerization:  ROMP

“Olefin Metathesis” R. H. Grubbs, Tetrahedron, 2004, 60, 7117-7140.
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ROMP

N N

Ru

PCy3

Cl

Cl

Ph

n

ADMET

Metathesis Transformations

Insertion Polymerization:  ROMP

2005 Nobel Prize in Chemistry: 
Yves Chauvin, Robert H. Grubbs, & Richard R. Schrock 

“for  the development of the metathesis method
in organic synthesis.”

In 1971, Yves Chauvin was able to explain in detail how metatheses reactions 
function and what types of metal compound  act as catalysts in the reactions.

In 1990, Richard Schrock was the first to produce an efficient metal-compound 
catalyst for metathesis.

Two years later Robert Grubbs developed an even better catalyst, stable in air, 
that has found many applications.
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Metathesis Mechanism:  Chauvin

Schrock’s catalyst and Grubbs’ catalyst



19

Ring-Opening Metathesis Polymerization

n

n

n

n

m

polyocteneamer

polynorbornene

polypenteneamer

polydicyclopentadiene

M

M

M

M

Relief of ring-strain drives the polymerization

Ruthenium-based metathesis catalysts

Ru

Ph

Ph

PPh3

PPh3

Cl

Cl Ph

Ph [Ru]

n

living polymerization

PI = 1.1

observable propagating species. 
stable in the presence of protic solvents.

block copolymers.

Functional group tolerance
&

Controlled polymerizations

Ring-opening metathesis polymerization (ROMP) of norbornene in protic media
SonBinh T. Nguyen, Lynda K. Johnson, Robert H. Grubbs, Joseph W. Ziller; 
J. Am. Chem. Soc.; 1992;  114(10); 3974-3975
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Insertion Polymerization:  ROMP

a composite wood-ROMP polymer 
bat that is now commercialized by 

Easton Sports:

Phases during Polymerization
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Phases during Polymerization
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