
Step-growth polymerization forms polymers in a manner that is quite different from chain-

growth polymerization.  The mechanism requires that at least two different monomers participate 

in the reaction.1  Before we consider the specific steps in step-growth polymerization, we’ll first 

consider the necessary functional groups required in the monomers for the reaction(s) to occur. 

 

Each stage in step-growth polymerization involves a reaction between dissimilar chemical 

groups which are part of the monomer molecules.2  The chemical groups are termed “functional 

groups” due to the fact they provide a specific attribute (functionality) that allows them to react 

together in a specific way to give the desired resin properties.   

 

The most common type of reaction in forming resin via step-growth polymerization involves the 

formation of a new bond (covalent bond) between the two functional groups.   Simultaneously, a 

by-product is produced from the reaction (sometimes water – which is why this polymerization is 

sometimes termed condensation polymerization).  Let’s illustrate this by looking at a generic 

alcohol and acid: 

 

 

(alcohol)   (acid)     (ester)       (water) 

-C-O-H + H-O-C-    -C-O-C- + H2O 

    || 

 O                           New bond 

 

Two other types of monomers that combine via step-growth polymerization are an amine and an 

acid to form an amide: 

 

(amine)  (acid)    (amide)   (water) 

-N-H + H-O-C-   -N-C- + H2O 

  |                   ||      |    ||  

 H                 O                                      H  O    

 

     New bond 

 

Water is not the only by-product that might be produced, however.  Here’s an example of a step-

growth polymerization where an alcohol by-product is produced: 

 

(terephthalate)    (alcohol)   (PET)           (alcohol) 

          H        

           | 

-C-O-C-H + H-O-C-     -C-C-O-H + H-O-C-H 

           | 

          H 

 

A particular step-growth polymerization reaction of great historical and commercial significance 

is the polymerization of nylon.  This reaction uses two symmetric bifunctional monomers 

(hexamethylene diamine and adipic acid).  The resulting material is a polyamide, commonly 

known as nylon 6,6; the numerical designation in the name represents the number of carbons in 

each monomer.   

 



Typical resins polymerized via step-growth include: acetals, nylons, polycarbonate, and 

polyesters.   

 

Our next discussions will involve specific resins and how they perform both physically and 

mechanically.  The resins to be presented have all been formed via the step-growth or chain-

growth polymerization method; which in turn will have an effect on its strengths and 

weaknesses. 

 

                                                 
1 Askeland, Donald R., The Science and Engineering of Materials, PWS Publishing Company, 1994. 
2 Strong, A. Brent, Plastics: Materials and Processing, Prentice Hall, 2000. 
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Figure 1: Processing and molecular structure of a polymer determines its  

function, structure, and morphology, which in turn determines its final properties 
 

Diversity of Polymer Chains (two types): 

A) Low molar mass (small) molecules 
 
 Example: 

   

OHH

H

CH3  
 
 Synthesis determines molecular structure 
 One goal of synthesis is to avoid side reactions and achieve a pure product 

B) Polymer 
 

• Control molecular structure 
• Control regularity of backbone 

 
o Ex: stereochemistry 

  

R R RH H H
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o Ex: sequencing in copolymers 
 

These three polymers are different even though they have the 
same number of monomers: 

 
abababab    regular copolymer 
abbaaaba   random copolymer 
aaaabbbb   block copolymer 
 

• Control molecular weight 
 

o Impacts polydiversity: 
 

    
Polydisperse      vs.  Monodisperse 

 
o Overall molecular weight (MW) or mass 

 If a polymer has low MW, it acts like a fluid above Tg 
 If a polymer has high MW, it acts like a rubber above Tg 
 MW also determines mechanical properties, viscosity, 

rheology 
 

• Control architecture 
 

  linear chain polymer 
 

  lightly branched polymer 
 

  “combed” polymer 
 

   “star polymer” 
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Course Goals 

Goal 1: Structural and architectural control 
 

• To gain a sense of rational design and synthesis 
• To develop an intuition about the impact of a structure on property 
• The following two examples demonstrate how structure determines the 

polymer’s physical and chemical properties: 
 

o Ex 1: polyamides (Kevlar® by DuPont) 
 

   

HHO O

N N
n  

 
• Kevlar®’s very low flexibility makes it a rigid structure 
• The hydrogen bonding enhances rigidity and makes it solvent-

resistent 
• The long backbone gives it high mechanical strength 
• In fact, Kevlar® has a liquid crystalline structure 

 
o Ex 2: polydimethylsiloxane (PDMS) 
 

Si O  

CH3

CH3

n

 
 

• The longer Si—O bond makes PDMS very flexible 
• CH3 makes the polymer hydrophobic 
• Tg ≈ -100°C 

Goal 2: Apply knowledge to processes in industrial and commercial 
settings 
 

• Determine which process is best for certain applications (Ex: there are ways 
to synthesize PDMS) 

• There are variables in polymer approach, synthetic route, starting materials 
and/or catalysts, and solvent conditions 

Goal 3: Awareness of new tools and approaches to materials design 
 

• Less traditional approaches 
• Functionalization of polymers 
• Self-assembly approaches 
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Description of Molecular Weight in Polymers 
 

Each MW can be represented as Mi 

 
 Ni = number of molecules of MW=Mi 

 

 wi = weight fraction of given system of chains with MW=Mi 

 

  i i
i

i i

N M
w

N M
=
∑

 

  

 nM = number average MW = 
sample in molecules # total

weight total
 = i i

i

N M

N
∑
∑

 

 

 wM = weight average MW = 
( )
( )

( )2i i i i i

i i i i

N M M N M

N M N M
=∑ ∑

∑ ∑
 

 
 The following graph shows the relationship between wi and mi: 
 

    

wi

Mi

M n

M w

 
 

 Polydispersity can be measured by PDI (polydispersity index): 1.0w

n

M
z

M
= ≥ . 

z = 1.03 or 1.05 is considered close to monodisperse 
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Types of Polymerization 

A) Chain growth 
 

• In chain growth, a monomer is activated and polymerization 
propagates by activating neighboring monomers. The process is very 
rapid and high MW polymers are achieved quickly. 

• The following describes the chain growth reaction in which * 
represents the activated monomer M. This can be a free radical, 
negative charge, or positive charge: 

 
 

1. R*  +  M    RM* 
2. RM*  +  M    RMM* 

… 
RMn*  + M  RMn+1* 

3. Event that terminates 

B) Step growth 
 

• In chain growth, bifunctional monomers are added systematically to 
form covalent bonds. It generally involves 2 (or more) functional 
groups: “a” and “b.” Molecular weight increases “slowly” as dimers 
become trimers, which in turn become tetramers. 

• Examples of polymers formed by chain growth: nylons, polyesters, 
polypeptides (proteins) 

• [Handout] These are typical a and b groups: 
 

a + b  c + d   where  c = covalent link 
     d = byproduct 
 

1. a—a + b—b  a—c—b + d 
 

O

COH R C

O

OH  +  OH R
1

OH   
            (dialcohol) 
 

O

COH R C

O

O R
1

OH  +   OH2

 
  ester link 

 
2. a—c—b + a—a  a—c—c—a 
 
3. a—c—c—a + b—c—c—c—a  a(c)6a + d 
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Effects on Processing and Product, Application Example: Common Polyesters 
 
 

Step Growth Polymerization 
 
2 functional groups: a,b → form new link c, may be a side product d 
 
  a—a + b—b → a—c—b +d 
 
 For example, if a—a is a diacid and b—b is a diol: 
 

from diacid from diol

   
 
Degree of polymerization ≡ number of monomer units or structural units   
    incorporated in polymer chain 
    = np  
 

2
un

n
Mp

M
⋅

=  where Mu = molecular weight (MW) of individual repeat units 

 
Can also have a—b monomers: 
 e.g.   

 

HO CH2 C OH

O

OR” C

O

n

HO CH2 C OH

O

OR” C

O

n
  

In this case: 
 • R” = CH2

 • The repeat unit is the structural unit 
  n n uM= ⋅M p  
 
 

C O  R’

O 

R C

O

O

n

Polyester  
(one repeat unit consists of 2 structural units)
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Determining MW as a Function of Conversion 
How do you determine MW as a function of conversion? 
 

total  initial # of monomer  units
total # of molecules remaining

o
n

total

N
p

N
= =  

 
 
Simple thought experiment: 

25  a—a  
50 monomer units 

 
25  b—b  
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react for
time t

react for
time t

 
 
If have 50% conversion   ⇒  25 a+b reactions 
    ⇒  lose molecule w/each reaction (2 molecules become 
1) 

  2
2550

50
=

−
=np  

 
So π (conversion) can be related to np . 
 
(Na)o = initial # of a reactive group = 2 (# of a-a monomers) 
(Nb)o = initial # of b reactive group = 2 (# of b-b monomers) 
 

( )
1a

o

Na
Na

π = −   
( )

1b

o

Nb
Nb

π = −  

 

Define 
( )
( )

1o

o

Na
r

Nb
≡ ≤     Define: a is minority functional group 

  
 Stoichiometric ratio 
 
 
Total # of functional groups initially present  

 ( ) ( ) ( ) 1
1o o o o

N Na Nb Na
r

⎡ ⎤= + = +⎢ ⎥⎣ ⎦
 

At a given time t, have conversion πa

  = # of functional groups at time t =tN ( ) ( ) ( ) ( ) 1 a ao o
Na Nb Na

o
− π + − π  

 

           Na     Nb 



 ( ) 1
 1 2t ao

N Na
r

⎛ ⎞= − π⎜ ⎟
⎝ ⎠

+  

 

 ∴  

1
1 12

1 1 21 2
2

o

o
n

t t
a

N
N rrp

N N r
r

+ +
= = = =

r− π +− π +
 

 
   πa = π  (assume referring to minority) 
 
Simple case:  r = 1.0  (perfect stoichiometry) 
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At π = 0.995*  → 200np =  

 π = 0.99 → 100np =  

 π = 0.98 → 50np =  
np  drops fast

 π = 0.90 → 10np =  oligomer  

 
*Can take a long time.  First 95% takes same time as last 2-3%. 
  

1
1np =
− π npMust ↑ π to get high MW    As π ↑,  explodes. 

But, there is a problem: 

Control of MW 
How to control MW? 
 a) Control π (conversion) 
  Issue: 

HO C OH

O

HO OH

HO C OH

O

HO C OH

O

HO OH

HO C OH

O

HO C OH

O

HO C OH

O

HO OHHO OH

HO C OH

O

HO C OH

O

MW changes when you 
ship it or store it. T↑   

 
 
 
 b) Control stoichiometry: 
  Assume: e.g. π = 1.0 

r
r

r

rpn −
+

=
−

+
=

1
1

11

11
  ⇒  

 Add excess of b—b  
 End up “capping” chains w/b groups 
   



b b
b b
b b

b b
b b
b b

b groups cannot react 
w/each other 
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  e.g. 1% excess of b-b 

199np =  ⇒ max  
 Can intentionally cap w/alcohol or ester for certain applications. 
 Can use π, r to predict MW outcome of rxn. 
 

1.0   0.99   0.98  0.97

1000

100

10

π = 1.0 decreasing π

r

pn

1.0   0.99   0.98  0.97

1000

100

10

π = 1.0 decreasing π

r

pn

  
Can also use monofunctional unit as an end capping agent: 
\ a—a  
 b—b  
 b—x    where x is a desired final group that can’t react w/a or b 
  e.g. phenol 

• polyurethanes: longer chain 
molecules 

x x
x x
x x

x x
x x
x x • surface groups 

 
 
Here we redefine the ratio r: 
 

( )
( ) 2

o

xo

Na
r

Nb N
=

+

Assume 
a—a 
b—b 

 

are in equal 
quantity  

where Nx = # of b-x molecules
 

Caveat: (Na)o = (Nb)o 
             a—a       b—b 

for this to work. 
 

 
 Same expression if you’re using a—b monomers. 

MW Distribution as a Function of Conversion: 
 Assumptions: 1. Equal reactivities for all a,b functional groups. 
   Reactivities are the same for short a—a and long polymer  
   (length independence) in viscous fluid. 
   2. Perfect stoichiometry: r = 1 
   3. For ease of explanation, use a-b monomer (π  = πa b). 
 
At a given time t, have conversion π 
 Probability that an a group has reacted: p = π 



 (will use p, π interchangeably) 
 Probability that a molecule has x structural units = ℘x
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x structural units ⇒ (x-1) 
= 

# of a groups reacted 

 1 a group unreacted 
Prob of this combination 

  
 Prob of x-1 a groups reacted: px-1

 Prob of unreacted a: (1-π) or (1-p) 
 
 
 
So, ℘x = px-1(1-p) 
 
℘  = number fraction of chains with degree of polymerization x x

 

( )
# of x-length chains

total # of chains 1
x x x

total o o o

N N N
N N p N N

= = =
− −

℘x = 
p

 

            
             Every time a molecule  
          reacts lose N p. o

 
 = ℘N Nx x o(1-p)     

x

π↑

x

℘x =
Nx

Ntotal

x

π↑

x

℘x =
Nx

Ntotal

   
  increase conversion → narrower and broader 

Flory-Shulz Distribution: Some Monomer Always Present 
 

( )1 1
x

xx
n x

x
x

xN
p x xp

N
−= = ℘ = −

∑
∑ ∑∑

p  

1 1
1

xp
p

− =
−∑  

 

( )
1

2

1

1
xxp

p
− =

−
∑  

 
 

( )
1

1np
p

⇒
−

 



 
 

( )2 11 xx
x

o

xN
w x p

N
p −= = −  Weight fraction: 

 
1 1

 or 
1 1w

p
p

p
+ +

=
− −

π
π

  

           
wp      Result of using  

 expression and summations 
 
 

1 1w

n

p
p

p
= + = + πPDI = z =  

 
 As  1.0π →
   2.0z →
 

x

wx

increasing π

x

wx

increasing π
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Lecture 7: Crosslinking and Branching, Network Formation and Gelation,

Carothers Equation, Pn Approach 


Polyimides 

O O O O 

C C C C 

H2N R  NH2 + O R' O R N R' N 
C C C C 

O O O O 

Staged formation of Polyimides 

Stage 1: Formation of polyamic acid 

H2N O NH2 
+ HO 

C 

C 

C 

C 

O 

O 

O 

O 

O 

ring strain 

O 

O O 

more reactive 

H2N O 
H
N C 

O 

O 
H
N C 

O 

HOC 

C 

COH 

O 
H
N 

HOC 

C 

C 

O 

O 

O 

O 

n 
Polyamic 

Acid 

• T ∼ 30oC – 50oC 
b/c anhydride is 
reactive 
• No side product  

I 
O O • Can CAST polyamic acid or 

SPIN into final form 
• Relatively soluble in many 
solvents 



III 

Stage 2: Cyclization 
• reaction takes place in solid state or near solid state 
• H2O removal 

OO 

I 
- H2O 

Δ 
N 

C 

C 

C 

N O 

n 

C 

O O 

rigid rigid 

T > 150oC Kapton® 
Low P (vacuum) Pyralin® 
Final product is intractable Vespel® 

Aromatic Polyamides 
 “Wholly” aromatic 

O O


H H

N Ar N C Ar C 

O Ar = 
H 
N Ar C p-phenylene 

O O O

H H
 H 
N Ar N C Ar' C N Ar" C m-phenylene 

• very high stiffness, modulus 
• high mechanical strength biphenyl 
• solvent resistance 
• “performance” polymers 

or• hydrogen bonding + regular    
  structure 
⇒ very stable crystallites 

“aramids” 

(http://ocw.mit.edu/index.html)


C 

OO 
H H H-bondingC C N N 

β sheets 
⇒ semicrystalline O O  very high melting points H H 

N N C C rigid backbones 
⇒ liquid crystal phases in soln 

Example: fibrils   

O O 
H H 

C Kevlar®  (Dupont) N N C 

Compare to: high tensile steel 

 Ultimate TS ε at break Energy at break Weakness: 
Low compressive 

strength. 
(analogy: broom 

straws) 

Kevlar 49 3.6 GPa 2.7% 25 MJ/m3 

High tensile 
steel 

1.5 GPa 0.8% 6 MJ/m3 

How to react? (making aramids) 

• Bulk melt: Tm way too high! 

• Interfacial polymerization: possible 

Get product as precipitate at interface 
Works for partially aromatic polyamides 

NotSolvent: solvate low + mod MW’s 
possibleRemain phase separated from H2O 

• Solution polymerization: 
O 

+ H2N 
reactive

groups


Cl 

highly reactive – allows dilution 

Reaction conditions:
 T ∼ 25oC – 50oC or lower 
 Add Li2CO3, Na2CO3, CaOH 
Solvents: must be very polar, H-binding groups 

Advantageous if also sol basic 
⇒ neutralize HCl 

(http://ocw.mit.edu/index.html)


Often add LiCl or other Li salts to solvent 
⇒ aid in H-bond break-up 

Common Solvents: CHCl3 Less polar 
CH2Cl2

 CH3CN 
Cl-CH2-Br 

DMAc H3C C  

O 

N 

NMP N 

CH3 

O 

DMSO More polar 

Kevlar®: 	 Tm = 570oC 
Tg = ? 
Tdeg = 550oC in N2

 Eo = 6000 – 8000 kg/mm2 

Slight Change: go from p (para) to m (meta) linkages 

NH HN C C 

O O 
Tm = 435oC 
Tg = 272oC 
Eo =2000 kg/mm2 

Stretches out more 

Branching and Network Formation 
So far: difunctional monomers: f = 2 
When monomer functionality f ≥ 3 ⇒ 

+ 

can form branches 

networks 

• crosslinks are 

+

can form branches

networks

• crosslinks are
individual junctionsindividual junctions

• networks are• networks are
infinitely largeinfinitely large

Examples: 

1. a—b + a—a 	 → branches 
a 

2. a—b + af + b—b → branches, then crosslinks 

(http://ocw.mit.edu/index.html)


3. a—a + b—b + bf → branches, then crosslinks 

4. af + bf → branches, crosslinked networks 

(http://ocw.mit.edu/index.html)
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