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Step Polymerization - Outline

1. Understanding kinetics of step polymerization
Reactivity of functional groups
Polymerization mechanism

2. Controlling molecular weight and polydispersity
Stoichiometric imbalance
Chain termination („chain stoppers“)

3. Copolymerization

4. Industrial step polymerization



Step Polymerization

Step polymerization

Condensation Polymers

Ring-opening polymerization

Chemistry : esterification, amidation, urethane
formation, aromatic substitution etc.

Two strategies:

1. Reaction of two different bifunctional/polyfunctional monomers:

or, more general: n A-A + n B-B → -(-A-AB-B-)n-

2. Polymerization of a single monomer:

general: n A-B → -(-AB-)n-
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High molecular weight poly(lactic acid) (PLA) can be synthesized by step
polymerization of lactic acid. PLA has good mechanical properties and can be
processed into products such as cups, films and fibers, which can be used as
compostable materials. PLA is also widely used for biomaterials applications
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Example: Synthesis of Poly(Lactic acid)

An understanding of the polymerization mechanism and kinetics is important
to control the properties of PLA

How does the polymer molecular weight change with the reaction time ?

Further, recommended reading:
M. Ajioka, K. Enomoto, K. Suzuki, A. Yamaguchi,
J. Environm. Polym. Degrad. 1995, 3, 225



Some Definitions
• Conversion (p) The conversion is defined as:  p = [M]0 – [M]

[M]0

n HO-R‘-OH +  n HOOC-R‘‘-COOH → -[-O-R‘-O-(O=C)-R‘‘-(C=O)-]n-

structural/
monomer unit

structural/
monomer unit

repeating unit

n HO-R-COOH → -[-O-R-(C=O)-]n-

2. The AA + BB case:

1. The AB case:

Xn, P, DP =
Total number of molecules initially present/total number of molecules present at time t =
Average number of repeat units per chain (AB polymerization) or the average number of
structural units per chain (AA + BB polymerization):

• Number-average degree of polymerization (Xn, P, DP)

Carothers equation

repeating unit

[M] , [M]0: concentration of reacting groups, i.e. the concentration
of OH or COOH groups during polyester synthesis

Assumption: equimolar
quantities of reacting
groups A and B
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• Number-average molecular weight (Mn):
Total weight of a polymer sample/the total number of moles in it:

Example:

HO2C(CH2)4CO2H + HOCH2CH2OH   → -(-OCH2CH2OCO(CH2)4CO-)n-

M0 = 86, Meg = 18

Already at modest molecular weights, i.e. reasonable conversion, the contribution
of Meg becomes neglible and 

M0 =  molecular weight of the repeat unit (AB)
or mean molecular weight
of the structural units (AA + BB)

Meg = end group molecular weight

M = 146 M = 62

M0 = 146 + 62
2 - 18 = 86
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Reactivity of Functional Groups

monomer + monomer → dimer
dimer + monomer → trimer
dimer + dimer → tetramer
trimer + monomer → tetramer
trimer + dimer → pentamer
trimer + trimer → hexamer

in general terms:

n-mer + m-mer → (n + m)-mer

Step Polymerization Kinetics

• SP proceeds by a slow increase
in MW

• Monomer disappears early in
the reaction, far before the
production of any high MW
polymer

• The rate of a SP is the sum of 
the rates of reaction between
molecules of different sizes

To simplify kinetic analysis, assume that:
a) the reactivities of both functional groups of a

bifunctional monomer are the same
b) the reactivity of one functional group of a bifunctional

reactant is the same irrespective of whether the other
functional group has reacted

c) the reactivity of a functional group is independent
of the size of the molecule to which it is attached
(i.e. independent of n and m)

Concept of equal
reactivity of

functional groups
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Are these Assumptions Valid?

Generally, yes!

(alcohol = ethanol) ClCO(CH2)8COCl

Sebacoyl chloride: 
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Exceptions can occur when the reactivities of the groups are very high and/or the
molecular weights of the polymers are very high. In this case, the polymerization
becomes diffusion-controlled because mobility is too low to allow maintenance
of the equilibrium concentration of reactive pairs and of their collision frequencies.

Does this make Sense?

The observed reactivity of a functional group depends on the collision frequency
of that group and not on the diffusion rate of the whole molecule.

A terminal functional group attached to a growing polymer chain has a much
greater mobility than would be expected from the mobility of the polymer molecule
as a whole. The collision rate of such a functional group will be about the same as
for small molecules.

Reaction in step polymerization only occurs 1 out of ~ 1013 collisions, and this time
interval is usually sufficient to maintain the equilibrium concentration of collision
pairs of functional groups.

Yes!
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Kinetics of Step Polymerization
Polyesterification:

Mechanism:

To obtain high molecular weight polymer, reactions are carried out to
shift the equilibrium towards polymer formation; removal of water
from the reaction mixture



10

Under the usual conditions, k4 is vanishing small and k1, k2, and k5 > k3
and the rate of polymerization (R) is given by:

Polyesterification can be carried out both with and without the addition of an
acid catalyst, which leads to two different kinetic situations.
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I. Self-Catalyzed Polymerization

• The diacid acts as its own catalyst and [HA] is replaced by [COOH]

with k = k3 K

• Most polymerizations are carried out under stoichiometric conditions,
with [COOH] = [HA] = [M]

• Integration from t = 0 to t yields:

• Combination with the previous equation: 

• The extent, or fraction of reaction, or extent or fraction of conversion
p is defined as:
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Experimental Observations
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Evolution of Degree of Polymerization

Number-average degree of polymerization (Xn, P, DP):

⇒ Slow increase in degree of polymerization with reaction time

Carothers equation See slide 5

For a self-catalyzed step polymerization, this becomes:
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II. External Catalyzed Polymerization
• With external added acid (e.g. sulfuric acid or p-toluene

sulfonic acid), [HA] is the concentration of the catalyst,
which remains constant throughout the reaction

• Stoichiometric amounts of diol and diacid

with k‘ = k3K[HA]

Integration yields:

• Much greater increase in Xn with time compared to uncatalyzed process!
• Polymerization versus small molecule reactions: importance of high conversion!

and
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Equilibrium Considerations

Case I.: Closed system: none of the products of the forward reaction are removed

Most step polymerizations involve equilibrium reactions

External catalyzed
polyesterification:

Typical values for K:
● Polyesterification;    K = 1 – 10
● Transesterification;  K = 0.1 – 1
● Polyamidation;           K = 102 – 103

t = 0; [COOH] = [OH] = [M]0
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Case II.: Open, driven system: at least one of the products of the forward
reaction is removed to drive the equilibrium to high molecular weights

The ultimate goal in a polyesterification is not necessarily to
remove as much H2O as possible, but to control [H20] in order
to obtain the desired degree of polymerization!!

pe [M]0 [H2O]



Cyclization versus Linear Polymerization

Cyclization competes with polymerization

cyclization

backbiting



Cyclization: Thermodynamic stability of rings

Thermodynamic stability of cycloalkanes
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Ring strain:

1) Angle strain (n < 5): bond angle distortion
2) Conformational strain: (a) torsional strain (n = 5, 7): eclipsed conformations

(b) transannular strain (n ≥ 8)

n = 3, 4 << 5,7 – 13 < 6, 14 and larger



Eclipsed Conformations and Gauche Interactions

Conformational analysis of ethane

eclipsed

staggered



Conformational
analysis of butane

eclipsed
eclipsed

eclipsed

gauchegauche antianti



Cyclopropane

Angle strain



Cyclobutane Cyclopentane

Cyclododecane

Conformation is a compromise between angle strain and eclipsed interactions



Cyclization: Kinetic feasibility

The probability of two functional endgroups of the reactant molecules to
approach each other decreases with increasing ring size

Cyclization is governed by:

(1) The continuous decrease in kinetic feasibility with increasing ring size
(2) The thermodynamic stability of the rings 

Cyclization is especially a problem when 6-membered rings can be formed
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The molecular weight of a polymer such as
poly(lactic acid) affects its mechanical
properties, kinetics of biodegradation, etc..
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n

How can we control the molecular weight of
a polymer prepared by step polymerization ?

J. Control. Rel. 1994 30, 161-173

Influence of Molecular Weight on Polymer Properties



HOOC-R-COOH HO-R-OH

HOOC-R- -R-OH

HOOC-R- -R-COOH

-R-OHHO-R-

+Polymerization of an 
equimolar mixture of a 
diacid and diol 
monomer

What is the nature of 
the end groups of the 
polymers that are 
produced ?

What happens if the 
final product is heated 
again ? ?

The resulting product is
„unstable“ in that it contains
functional endgroups that are
capable of further reacting
leading to changes in
molecular weight

Controlling Polymer Molecular Weight



Molecular Weight Control in Linear Polymerization

Control of molecular weight:

(1) Control of [H2O](*)

(2) Control of reaction time; quenching the polymerization, e.g. by decreasing
temperature(*)

(*) The resulting product is „unstable“ in that it contains functional endgroups
that are capable of further reacting leading to changes in molecular weight

(3) Nonstoichiometry

(4) Addition of a monofunctional monomer (chain stopper)
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Effect of Stoichiometric Imbalance on Molecular Weight

CASE I: Polymerization of bifunctional monomers (A-A, B-B) with excess B-B

● NA = NB = number of functional groups A, resp., B (2 x the number of the
corresponding monomers)

● r = NA/NB = stoichiometric ratio/imbalance (r ≤ 1)

• p = extent of reaction = fraction of limiting groups that has reacted
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CASE II: Polymerization of equimolar amounts of A-A and B-B in the presence of
a monofunctional reactant B

Here:

and

NB‘ is the number of molecules B
and NA= NB

the monofunctional reagent has the same
effect on Xn as a bifunctional molecule with

2 B groups and therefore is doubly effective
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CASE III: Polymerization of A-B monomers in the presence of a monofunctional
reactant B

Here:

and

NB‘ is the number of molecules B and
NA = NB = the number of A-B molecules



32

Molecular Weight Distribution in Linear Polymerization

• A-B polymerization and stoichiometric A-A and B-B polymerization
• Equal reactivity of functional groups

Size Distributions

Number-distribution function

Weight-distribution function

„most probable“ / „Flory“ / „Flory-Schulz Distributions“
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Breadth of the Molecular Weight Distribution

Xw/Xn synonymous with Mw/Mn = polydispersity index (PDI)
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Pure homopolymers (one type of repeat
unit) sometimes do not have the desired
properties. For example, lactic acid can
be copolymerized with glycolic acid to
control the rate of degradation.

How can we synthesize such polymers?
How can we control the architecture of such polymers?
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Lactic acid Glycolic acid

Int. J. Pharm. 1994, 103, 37-45

Step Copolymerization
L / G
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Copolymer Structures

homopolymers

Copolymers (from 2 diacid and 2 diamine building blocks)

alternating copolymer

block copolymer amide-ester copolymer
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Copolymer Structures
Alternating copolymer:
Poly(A-alt-B)

Random copolymer:
Poly(A-ran-B) (Bernoullian statistics)
Statistical copolymer:
Poly(A-stat-B)

Block copolymer:
PolyA-block-PolyB
PolyA-block-PolyB-block-PolyC

Graft copolymer:
PolyA-graft-PolyB
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Copolymer Synthesis

Statistical copolymers

• Since reactions are carried to ~ 100 % conversion, the composition of the
copolymer will be the same as that of the monomer mixture

• A random microstructure results because there are no differences in reactivity
and/or since the polymerization proceeds under conditions where there is
extensive interchange
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Alternating copolymers

Block copolymers

Direct synthesis is not possible. Alternative: two-stage process

One-prepolymer & two-prepolymer method

• Two-prepolymer method
(α,ω-dihydroxypolyester macrodiol)

(α,ω-diisocyanatopolyurethane macrodiisocyanate)

excess
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• One-prepolymer method

Telechelic polymers contain functional groups that are capable of reacting
with other molecules

Alternative: reacting the macrodiol with excess diisocyanate,
followed by chain extension by reaction with a diol
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Step Polymerization: Process Conditions

High molar mass polymers via step polymerization:

• Absence/minimum of side-reactions that could limit high conversions
• Polymerizations carried out at high monomer concentrations to minimize

cyclization and maximize the rate of polymerization
• High purity reactants in stoichiometric quantities
• Control of molecular weight: chain stopper or excess of a bifunctional reagent
• Equilibrium considerations: removal of small molecule byproducts
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k  = rate constant
Ea = activation energy
∆ H = enthalpy of polymerization

Most step polymerizations are slow, even at high temperatures!

High polymerization temperatures can pose risks, including loss of one of the reactants
by degradation or volatilization, or oxidative degradation of the polymer (this can be
minimized by working under an inert atmosphere (e.g. N2))
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Interfacial Polymerization
Schotten-Baumann reactions:

Higher rate constants 
→ lower polymerization temperature

T = 0 – 50°C
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Special features of interfacial polymerization:

• Polymerization rate is usually diffusion controlled
• Monomers that diffuse to the interface will only react with polymer chain ends;

there is a higher tendency to form high molecular weight polymer
• Bulk stoichiometry is not required
• Overall conversion can be increased by stirring (i.e. increasing the reaction

interface area)

Important considerations:

• Inorganic base needs to be added to the aqueous phase to neutralize the HCl
byproduct

• Acid chloride hydrolysis (by diffusion into the aqueous phase): can be a problem
for slow polymerization rates (e.g. polyester formation)

• Organic solvent: polymerization occurs on the organic side of the interface.
Organic solvent should precipitate the high molar mass product, but not the
low molar mass.

• Organic solvent also affects the polymerization rates: the degree of swelling
of the precipitated polymer influences reactant diffusion

However:

• Interfacial polymerization is expensive: diacid chlorides, large amounts of solvents
• Mainly used for some polycarbonates, aliphatic polysulfides and aromatic polyamides
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Polyesters

Polyesterification, possible side reactions:

- Dehydration of the diol
- Scission of the polyester
- Dehydration between alcohol endgroups
- Decarboxylation of diacid monomer
- Dehydration between carboxyl endgroups
- Scission and polymerization of alkene endgroups

Carboxylic acid sources: hydroxy acids, diacids, acid anhydrides, diacid
dichlorides, dimethylesters
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Poly(ethylene terephthalate)
PET, Mylar, Dacron, Terylene

DMT (dimethylterephthalate) process: two-stage ester interchange process

Step I: ester interchange to produce bis(2-hydroxyethylterephthalate)

• Solution process
• T = 150  - 210 °C
• MeOH distilled off
• Cat.: acetates of Mn,
Zn, Ca, Co or Mg

Step II: 
• Melt polymerization
• T = 270 – 280 °C
• Vacuum to remove

ethylene glycol
• Cat.: Antimony(III)oxide

TA (terephthalic acid) process: similiar to DMT process

Advantage: no need for stoichiometric balance of reactants
at the beginning of the process!!
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The DMT process
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Polycarbonates
Polycarbonates are polyesters of carbonic acid. Mostly based on
2,2‘-bis(4-hydroxyphenyl)propane (Bisphenol A)

Synthesis:

1. Reaction of the dihydric phenol with phosgene
(stirred interfacial polymerization). Preferred process

2. Ester interchange with diphenyl carbonate (two stage melt polymerization,
see PET)

1.

2.
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Polyamides
Synthesis:

• Direct amidation of a diacid with a diamine
• Self-amidation of an amino acid (not as useful due to risk of cyclization)
• Ring opening polymerization of lactams

Synthesis of poly(hexamethylene adipamide) (Nylon 6,6)

- Stoichiometry warranted through the formation
of a preliminary 1:1 ammonium salt

- No acid catalysts needed
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Synthesis of aromatic polyamides (polyaramides)

• Difficult to carry out using diacids and diamines due to lower reactivity of the
aromatic diamines.

• Alternative: reaction of diamine with diacid chloride (solution process (DMAc, NMP),
T ~ 100°C, tertiary base)

Poly(m-phenylene isophthalamide)/Poly(imino-1,3-phenylene-iminoisophthaloyl)/Nomex

Poly(imino-1,4-phenyleneiminoterephthaloyl)/
Kevlar/Twaron

Poly(iminocarbonyl-1,4-phenylene)
Kevlar


	Slide Number 1
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Slide Number 5
	Slide Number 6
	Slide Number 7
	Slide Number 8
	Slide Number 9
	Slide Number 10
	Slide Number 11
	Slide Number 12
	Slide Number 13
	Slide Number 14
	Slide Number 15
	Slide Number 16
	Slide Number 17
	Slide Number 18
	Slide Number 19
	Slide Number 20
	Slide Number 21
	Slide Number 22
	Slide Number 23
	Slide Number 24
	Slide Number 25
	Slide Number 26
	Slide Number 27
	Slide Number 28
	Slide Number 29
	Slide Number 30
	Slide Number 31
	Slide Number 32
	Slide Number 33
	Slide Number 34
	Slide Number 35
	Slide Number 36
	Slide Number 37
	Slide Number 38
	Slide Number 39
	Slide Number 40
	Slide Number 41
	Slide Number 42
	Slide Number 43
	Slide Number 44
	Slide Number 45
	Slide Number 46
	Slide Number 47
	Slide Number 48
	Slide Number 49

