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3.1 INTRODUCTION

3.1.1 General Principles

A rational classification of polymers has been discussed
for several decades. The debate began when Carothers
proposed a classification according to the polymer reac-
tivity and considered mainly two types of polymers: poly-
mers prepared through condensation reactions (condensa-
tion polymers) and those prepared by addition reactions
(addition polymers). Chapter 1 of this handbook also dis-
cusses this topic, and although there are some overlaps in
the topics covered here and in Chapter 1, the two chapters
can be considered complementary.

Carothers defined addition polymers as those in which
the molecular formula of the monomer is identical to
that of the structural unit, so that the monomer can be
obtained back from the polymer by thermolysis and, vice
versa, the polymer can be synthesized from the monomer
by self-addition. Condensation polymers, according to
Carothers, are those where the molecular formula of
the monomer differs from that of the structural unit;
in this case, the monomer can be obtained from the
polymer by hydrolysis or an equivalent reaction, and the
polymer can be synthesized from the monomer by poly-
intermolecular condensation. In this type of polymerization,
the elimination of simpler molecules (H2O, HCl, NaC1,
etc.) is common [1].

In 1994, the IUPAC Commission on Macromolecular
Nomenclature redefined the polymerization types according
to the following rules [2].

1. Chain Polymerization. In this case, the polymer
is formed through a chain reaction in which the
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growth proceeds exclusively by reaction(s) between
monomer(s) and reactive site(s) on the polymer
chain, with regeneration of the reactive site(s) at the
end of each growth step. In this kind of reactions,
the polymerization is conducted by chain reaction
without the formation of any small molecules.

2. Polycondensation. In this polymerization process, the
polymers are formed through a condensation reac-
tion between molecules of all degrees of polymeriza-
tion. A condensation reaction is understood as the
chemical reaction in which two functional groups
(reactive groups with different chemical properties)
interact to form a different functional group with
the loss of a small molecule. The word “conden-
sation” suggests a process in which two or more
entities are brought “together” (from the Latin “con”)
to form a “dense” entity, such as in the conden-
sation of a gas into the liquid state; this does not
imply, however, that condensation reaction prod-
ucts have greater density than the reactants. When
the two functional groups reacting are in the same
molecule, the condensation is termed intramolecu-
lar ; on the other hand, when the functional groups
are in different molecules, it is termed intermolecular
condensation.

3. Polyaddition. It is a polymerization reaction in
which the growth of the polymer chains proceeds by
addition reactions between molecules of all degrees
of polymerization.

In addition to these definitions, there is another clas-
sification for the polymers that is based on the mecha-
nism involved during the formation of the polymer chain.
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44 STEP-GROWTH POLYMERIZATION

Step-growth and chain-growth polymerizations are defined
by virtue of this classification, [3].

In step-growth polymerization, only one kind of reaction
is involved in the formation of a polymer and the reaction
proceeds step by step. The main feature of this type
of reactions is that two monomers, which bear different
functionalities, can react with each other, or with a polymer
of any size, through the same kind of reactions. In this
case, the individual polymer molecules can grow over
the course of the whole process; each reaction step of
a polymer molecule implies that the reactive end of a
monomer or polymer encounters another species with
which it can form a link. The functional group at the
end of a monomer is usually assumed to have the same
reactivity as that on a polymer chain of any size. The
polymerizations proceed by the stepwise reaction between
the functional groups of reactants as in the reactions
described in Chapter 1, Section 1.2.2, of this handbook.
The size of the polymer molecules increases at a relatively
slow pace in polymerizations that proceed from monomer
to dimer, trimer, tetramer, pentamer, and so on.

As a consequence of this mechanism, it is expected that
the molecular weight grows in a slow manner at early stages
of the reaction, where the reactions of oligomerization
are the predominant ones. However, considering that the
reactivity of the functional groups is the same during
the formation of oligomers and during later stages of
the reaction to form high polymer, the evolution of the
average molecular weight with conversion follows the
behavior shown in Figure 3.1. For this reason, a reaction

with high conversion of functional groups is required to
produce polymers with high molecular weight. Therefore,
if polymers with high molecular weight are required, high
conversions must be reached and side reactions must be
avoided; in this case, the purity of the monomers plays an
important role.

Many step-growth polymerizations involve an equilib-
rium between reactants and products, the latter compris-
ing macromolecular species and (usually) eliminated small
molecules.

The course of these polymerizations and of the distri-
bution of the molecular weights is statistically controlled.
High polymers cannot coexist with much monomer in a
system in equilibrium. Step-growth polymerizations are
evidently reversible and also involve interchange reactions
in which terminal functional groups in a growing chain re-
act with linking units of other molecules producing changes
in the molecular weight distributions.

There are step-growth polymerization reactions in which
a small molecule is not produced (e.g., the reaction between
a diol and a diisocyanate); these reactions are considered
irreversible and are usually very fast, leading to high
degrees of polymerization.

3.1.2 Number-Average Degree of Polymerization

As mentioned before, the main characteristic of the
step-growth polymerization is that it proceeds stepwise,
according to the reactivity of the two functionalities
involved in the formation of the new linkage. The average
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Figure 3.1 Profile of molecular weight versus conversion in a step-growth polymerization.
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TABLE 3.1 Polyester Polymerization of 1,2-Ethanediol with Adipic Acid

Reagent Reagent Concentration (% w/w) Moles Functionality Equivalents

1,2-Ethanediol 99 0.99 2 1.98
Ethanol 1 (impurity in ethanediol) 0.0135 1 0.0135
1,6-Hexanedioic acid (adipic acid) 100 1 2 2

Total 2.0035 3.9935

functionality fav is the average number of functional groups
per monomer molecule and it is defined by Equation 3.1.

fav ≡
∑

Nifi∑
Ni

(3.1)

where Ni is the number of molecules of the species i and fi
is the functionality of monomeric species i . This equation
is valid when the opposite functionality is present in equal
concentration and in the absence of side reactions.

Consider a polymerization that forms AB links and in
which nA < nB, where ni is the number of equivalents of
the functional groups of type i . In this case, the number
of B equivalents that can react cannot exceed nA, and
Equation 3.1 adopts the form of Equation 3.2.

fav = 2nA∑
Ni

= 2nA

NA + NB
(3.2)

The number-average degree of polymerization in the
reaction mixture (Xn ) is defined as the average number of
structural units (or monomer units) per polymer molecule.
A structural unit equals a monomer unit, that is, the
residue of each monomer in the polymer. For an AB
polymerization, a repeating unit is made of two structural
units. This differs from what some authors term the average
degree of polymerization (Dp, i.e., the average number
of repeating units per polymer molecule). In the step-
growth polymerization of a single molecule that bears two
functionalities and can form a polymer, Xn = Dp , and when
two monomers are involved, Xn = 2Dp, and is defined as

Xn = N0

2N0 − N0pfav

2

= 2

2 − pfav

(3.3)

where N0 is the initial number of monomer molecules
and p is the extent of reaction, which is equal to
the fraction of functional groups that have reacted
0 ≤ p ≤ 1. An example of the use of the number-
average degree of polymerization concept is the reaction
between 1,2-ethanediol with 1,6-hexanedioic acid (adipic
acid). In this system, an esterification reaction takes
place through the two functionalities, alcohol and acid,
in the monomers and a polymer is formed. The re-
peating unit is [OCH2 –CH2 –O–C(O)–(CH2)4 –C(0)],

which has a molecular weight of 172 g/mol. If the
monomers are in equivalent concentrations, then
fav = 2 and Xn = 2/(2 − 2p). When the conversion
is 90%, the number-average degree of polymerization is
Xn = 2/(2 − 2 * 0.9) = 10 and the molecular weight
is 860 g/mol. On the other hand, when the conversion is
almost complete (99.5%), Xn = 2/(2 − 2 * 0.995) = 200
and the molecular weight is 17,200 g/mol. From this
concept, the effect of conversion on molecular weight in
step-growth polymerizations is clear.

Now consider the situation in which the 1,2-ethanediol
monomer has a 99% (w/w) purity and contains ethanol
in a concentration of 1% (w/w), as shown in Table 3.1.
When 146 g of adipic acid (1 mol) is reacted with
62 g of 1,2-ethanediol (0.99 mol, considering the
purity reported), at nearly complete (99.5%) conver-
sion, the number-average degree of polymerization is
Xn = 2/(2 − 0.995 * 1.9935) = 121 and the molecular
weight obtained is 10,440 g/mol. This result clearly
contrasts with the previous data found of Xn = 200 and
molecular weight of 17,200 g/mol for the same polymeriza-
tion and conversion, but with pure monomer. This example
also clarifies the enormous effect of the monomers’ purity
on the course of a step-growth polymerization.

3.1.3 Molecular Weight Distribution

The prediction of the molecular weight distribution for
a step-growth polymerization assumes that both the
probability of the reaction and the reaction rate of two
functional groups are independent of the sizes of the
involved molecules (monomers or growing chains), as
explained by Rudin [4].

For a polymerization system involving functional
groups, A, reacting with another functional group (say B),
the probability of finding by random selection a growing
molecule with i monomer units is given by the probabil-
ity that i − 1 A groups have reacted (pi − 1) multiplied by
the probability that the last functional group has not re-
acted, which is 1 − p (since the probabilities that a given
functional group has reacted or not must add up to 1). The
resulting probability is evidently pi − 1(1 − p). Then, the
probability that a randomly selected molecule will be an
i -mer equals the mole fraction xi of i -mers in the reaction
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mixture and is calculated as

xi = (1 –p) pi−1 (3.4)

On the other hand, the total number N of molecules
remaining at an extent of reaction p is

N = N0 (1–p) (3.5)

Therefore, the number Ni of i -mer molecules is given
by Nxi = N0(1 – p)2pi − 1, and the molecular weight of
an i -mer is iM0.

Since the total weight of all molecules equals N0M0
(neglecting unreacted ends), the weight fraction wi of
i -mers is

wi = N0iM0(1–p)2pi –1

N0M0

wi = i(1–p)2pi –1 (3.6)

Equation 3.6, together with Equation 3.4, describes a
random distribution of molecular sizes; this distribution is
also known as the Flory–Schulz distribution or the most
probable distribution [5]. Recently, Wutz and Kricheldorf
[6] proposed a model describing the frequency distribution
(fi ) and formulated the weight distribution (wi) of linear
chains in step-growth polymerizations considering the
cyclation reaction, which is one of the most important side
reactions in step-growth polymerization.

The number-average molecular weight Mn, defined as
the total weight of a polymer sample divided by the total
number of molecules, is given by

Mn = M0Xn = M0

1 − p
(3.7)

where M0 is the formula weight of the repeating unit.

3.1.4 Polymers Obtained by Step-Growth
Polymerization

Step-growth polymerization is a very important method for
the preparation of some of the most important engineering
and specialty polymers. Polymers such as polyamides
[7], poly(ethylene terephthalate) [8], polycarbonates [9],
polyurethanes [10], polysiloxanes [11], polyimides [12],
phenol polymers and resins, urea, and melamine-
formaldehyde polymers can be obtained by step-growth
polymerization through different types of reactions such
as esterification, polyamidation, formylation, substitution,
and hydrolysis. A detailed list of reaction types is shown
in Table 3.2.

3.2 POLYMERIZATION KINETICS

Step-growth polymerizations are condensation reactions
that usually occur in equilibrium, a fact that intrinsically
leads to a high degree of reversibility. From the kinetic
point of view, the most studied reactions are those
of polyester and polyamide formation [13]. In these
reactions, the value of the rate constant, k , can be
considered independent of the polymer chain length,
which is equivalent to assuming that the polymerization
mechanism is the same throughout the entire reaction. In
general, it is assumed that the polymerization is a first-
order reaction with respect to the active functional groups;
therefore,

−d[A]

dt
= k[A][B] (3.8)

This is the case of, for example, externally catalyzed
reactions. If the stoichiometric balance is exact, then
Equation 3.8 can be written as

−d[A]

dt
= k[A]2 (3.9)

On integration,

[A] = [A0]

1 + [A0]kt
(3.10)

If the reaction is acid self-catalyzed, as in the case
of polyesters, the reaction becomes a globally third-order
reaction that can be written as

−d[A]

dt
= k[A]2[B] (3.11)

Also, if [A] = [B] (stoichiometric concentrations), the
reaction equation can be reduced to

−d[A]

dt
= k[A]3 (3.12)

On integration,

[A]2 =
[
A0

]2

2kt
[
A0

]2 + 1
(3.13)

In general, the reactions for polyamide formation are
seldom catalyzed. The reactions to produce thermosets,
such as melamine-urea or phenol-formaldehyde, require a
basic or an acidic catalyst. Some polyurethane formation
reactions are catalyzed by basic reactants. Equation 3.11
applies when the rate constant of the externally catalyzed
reaction (k ′) is much larger than that of the self-catalyzed
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reaction (k ). If this is not the case, the rate of reaction
expression has to be written as

−d[A]

dt
= k[A]3 + k′[A]2 (3.14)

On integration,

k′t = k

k′ ln
[A] k

([
A0

] + k′)

(k [A] + k′) [A0]
+ 1

[A]
− 1

[A0]
(3.15)

This expression takes into account the values of the k ′
and k in the polymerization reaction.

3.3 POLYAMIDES

Polyamides are polymers containing recurring amide groups
(-CONH-) as integral parts of the main polymer chain.
Polyamides are among the first polycondensation polymers;
they were first prepared by Carothers at Dupont in 1938 [14]
and were an enormous success as a substitute of natural
fibers. They are prepared from hexamethylenediamine and
sebacoyl chloride. Nowadays, polyamides of different types
are highly appreciated due to their thermal resistance and
high mechanical strength.

Polyamides can be prepared with aliphatic or aromatic
monomers, either acids or amines. Aliphatic polyamides
are usually hygroscopic materials, and the introduction of
the aromatic ring in the monomer structure can reduce this
characteristic. Water in polyamides is an important impurity
when they are processed through injection molding.

Polyamides are commonly named as Nylon followed by
two numbers, in which the first one denotes the number
of carbon atoms in the diamine monomer and the second
one refers to the number of carbon atoms in the diacid
monomer. If a cycle is part of the polyamide, either in
the amine or the acid moiety, the first letter of the cycle
name must be used. In addition, if the polyamide is derived
from an amino acid, only one number has to be used that
describes the number of carbon atoms between the two
functionalities. These rules are shown in Table 3.3.

H2N R NH2 HO2C R′ CO2H C R′ C
O O

OHHNRHNH + 2n H2On + n
n

H2N R CO2H N R C
O

OH
H

H
n

+ (n – 1) H2On

Figure 3.2 Polyamidation of amino acids or diacids and diamines.

TABLE 3.3 Codes to be Used with the Different Polyamides
in the Nylon Nomenclature

Structure Code

Diamine

Hydrazine H2NNH2 0
Ethylenediamine H2N–CH2CH2·NH2 2
Hexamethylenediamine H2N–(CH2)6 –NH2 6
1,8-Octanediamine H2N–(CH2)8 –NH2 8
Piperazine

HN NH
Pip

Diacids

Carbonic acid

HO

O

OH

1

Oxalic HO2C–CO2H 2
Glutaric acid HO2C–(CH2)3 –CO2H 5
Adipic acid HO2C–(CH2)4 –CO2H 6
Suberic acid HO2C–(CH2)6 –CO2H 8
Isophthalic acid CO2HHO2C I

Terephthalic acid
HO2C CO2H

T

3.3.1 Polyamidation

Most polyamides are prepared by a direct amidation
reaction between diacids and diamines, and numerous
combinations of monomers are possible. This reaction is
accompanied by the elimination of water, and the amount
of water released can serve as a measure of the extent of
the reaction. In addition to this, the intramolecular reaction
of the amino acids can also produce a polyamide (Fig. 3.2).

The reaction path involves acid–base reaction between
the monomers or the amino acid, generating the carboxylic
ammonium salt, followed by loss of water, generating the
amide linkage. It has been reported that this reaction can be
accelerated by the use of microwave energy [15] (Fig. 3.3).

The amidation is also possible through the use of diesters
instead of diacids, generating polyamides and alcohols. The
use of diamides of low molecular weight in reaction with
a diacid monomer also produces polyamides and acid as a
by-product.
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H2N R NH2 HO2C R′ CO2H

C R′ C
O O

OHHNRHNH + 2n H2O

+

n

H3N R NH3 O2C R′ CO2

Figure 3.3 Reaction path of the amidation reaction.

OH2N NH2

CIOC COCI
+

0°C
NMP

Et3N
15 h

H2N N C

O

O COCl +

n

HCI
H

Figure 3.4 Interfacial polyamidation of terephthalic chloride.

The reaction of diamines with diacid chlorides produces
at least two types of polymerization. The first type is an
interfacial polymerization in which the diamine is dissolved
in water and the diacid chloride is in the organic phase. This
reaction can be improved by the addition of an inorganic
base to the aqueous solution or by the inclusion of a
surfactant; the reaction will take place in the interface.
The second type is a polymerization in solution in which
both diamine and diacid chloride are dissolved in an
organic solvent. With this method, a high molecular weight
polyamide can be prepared.

One example is the reaction between aromatic polyether
isophthalic amine and terephthalic chloride [16] at a low
temperature generating a polyamide, as discussed later
(Fig. 3.4).

The resulting polyamides also have high molecular
weight and the monomer reactants are carefully kept in
stoichiometric amounts.

The polyamides can be prepared by ring-opening
reaction of the correspondent lactam; according to its
mechanism, this reaction cannot be properly considered as
a step-growth polymerization.

3.3.2 Aromatic Polyamides

Aromatic polyamides totally built (or at least 85%) from
adjacent-to-aromatic-monomer links are called aramids . It
was long recognized that highly favorable properties might
be obtained with a polyamide that is made entirely of aro-
matic rings directly connected to the amide links. These

properties would result from the stiffness and stability of
the rings and the complete absence of aliphatic content.
Owing to the unique properties that aromatic rings impart
to a macromolecule of this kind, poly(p-phenylene tereph-
thalamide), better known as Kevlar , has become one of the
most famous of the specialty polymers. However, one of
the main problems in making such polymers is to maintain
them in a liquid state, necessary for forming. This and other
obstacles have been overcome by researchers who pro-
posed different polymerization processes for their synthesis.
Among the type of reactions that is commonly used for
their preparation, the first one was developed by Yamasaki
[17], and involves the use of triphenyl phosphate and pyri-
dine in an aprotic solvent, such as N-methylpyrrolidinone
(NMP) or dimethylformamide (DMF). A typical example
of this reaction would be the preparation of polyhexaflu-
oro isopropylidene isophthalamide or the preparation of
a poly(fluorenylidene) isophthalamide as described in the
scheme of Figure 3.5.

Using this method, a number of poly-isophthalamides
with trifunctional monomers [18] or poly-trimethyl and
tert-butylhydroquinone aromatic polyamides can be pre-
pared [19]. Another interesting example of the use of
Yamasaki’s reaction is the preparation of organosolu-
ble aromatic polyamides containing phosphorus [20] or
the preparation of polyamides with a diamantane moi-
ety embedded in the structure of the principal chain
[21].
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RH2N NH2

P(OC6H5)3 + COOHHOOC Py
N

P

C6H5O OC6H5

OC6H5

H OOC COOH

RHN NH2COHOOC + C6H5OH + HO P(OC6H5)2
n

R = C

CF3

CF3

; C

+

Figure 3.5 Preparation of polyaromatic amides.

3.4 POLYIMIDES

The progress of modern science and technology would not
have been possible without polyimide materials; polyimides
have had a significant impact on the development of various
fields of science and technology. Polyimides have found
applications as films, fibers, foams, membranes, plastics,
composites, glues, adhesives, and coatings and are widely
used for the fabrication and coating of various structures,
units, and parts operating under extreme temperature con-
ditions. One of the fields in which the use of polyamides is
crucial is membrane technology, specifically in applications
of gas processing technology and energy storage.

Polyimides can be prepared through several step-growth
processes. One of the most common methods used for
this purpose is the reaction of dianhydrides with diamines
(Fig. 3.6). The first product obtained is poly(amic acid),
which has the advantage of being soluble in organic
solvents (normally aprotic polar solvents are used, such as
dimethyl sulfoxide, DMF, dimethylacetamide, and NMP).
The solution of poly(amic acid) can easily be manipulated
or processed. The acid can then be cycled thermally,
generating the polyamide, which is insoluble in most of
the common organic solvents.

In addition, other preparation methods of polyimides
use bis(methylol imide) in reaction with diamines, diiso-
cyanates, or dinitrile compounds, according to the scheme
shown in Figure 3.7.

3.5 POLYESTERS

3.5.1 Polyesters from Diacids

The polycondensation of difunctional oligomers leads
to the preparation of well-defined polymer structures.
Monomers in this type of reactions must be soluble in the
reaction mixture and stable when the reaction is carried
out in the melt, which is the case for some aromatic
polymers prepared by polycondensation [22]. As previously
described, polycondensation can occur with monomers
bearing the same or a different functional group at both ends
of the molecule. When one of the reactive functional groups
is a hydroxyl moiety, several types of materials can be
prepared, such as polyethers, polyesters, and polyurethanes,
independently if they are used to form homopolymers,
copolymers, or hyperbranched polymers.

Block copolymers can be prepared by polycondensation
of difunctional oligomers (which are previously prepared
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O O

O

O

O

O

O

N
H

O

HO

O

OH
N
H

O

Ar

n

N N

O

O

O

O

Ar

H2N Ar NH2+

X

X = -O-, -S-, -SO2-

where Ar =

n

Figure 3.6 Synthesis of polyimides by the reaction of diacid anhydrides and diamines.

N

O

O

CH2OH

N

O

O

CH2NHC
O

R

N

O

O

CH2NH R

N

O

O

CH2O C
O H

N R

NC R CN

H2N R NH2

OCN R NCO

Figure 3.7 Preparation of polyimides with the use of bis(methylol imide).

by polycondensation or polyaddition reactions), reacting as
precursors of each block. They can also be prepared by
the coupling of different difunctional oligomers, usually no
more than two, since otherwise structures that are complex
and difficult to handle can be obtained.

Efforts aimed at the synthesis of highly branched
polymers have followed two major pathways: one directed
toward the synthesis of the desired structures by stepwise
growth polymerization and another one that uses one-pot
or “click” polymerization of difunctional monomers.

In addition, there has been an increasing interest in
new synthetic methods for the preparation of well-defined
polymers with controlled chain-end functional groups [23],
such as telechelic polymers, which are characterized by the
presence of reactive functional groups placed at both chain
ends. These materials can then be used as precursors in the
synthesis of block copolymers, as modifiers of the thermal
and mechanical properties of condensation polymers, as
precursors in the preparation of polymer networks, and as
compatibilizers in polymer blends [24].

3.5.2 Polyethers

The simplest method to prepare a polyether oligomer
by condensation reactions is by the use of hydroxyl
functionalized monomers, as described in Figure 3.8.

Polycondensation reactions have also been used to
develop an efficient and versatile “one-step” method for
the preparation of some polymers by “click processes,”
which has been applied for the synthesis of telechelic
polymers [25].

Alkene-functionalized linear polymers, such as the
polyether-thioether described in Figure 3.9, was prepared
by thiol-ene click step-growth polymerization using a
fast, efficient, and green approach for the synthesis of
macromonomers with a variety of functionalities.

Synthesis of polyethers by polycondensation of alcohols
can also be performed by the classical interfacial reaction
between functionalized monomers. By this procedure, an
organotin polyether was synthesized in a rapid (15 s) and
high yield reaction (>80%) [26].
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3.5.3 Polyesters

Polyesters are among the most widely used fibers in the
world today. Generally, they can also be prepared by step-
growth polymerization involving the condensation reaction
between diols and carboxylic acids or its derivatives,
which has been extensively studied. Functionalization
in polyesters is usually achieved using a prefunctional
monomer such as maleic acid, or any other monomer
bearing a double bond, thus providing a large amount
of possibilities for combinations between monomers and
polymerization techniques [27].

All polymerization reactions can be categorized into
two different types: chain- and step-growth polymerization,
which are incompatible in terms of monomer structure,
experimental conditions, reaction rates, etc. In the past
years, research concerning step-growth polymerization has
been oriented to the preparation of new polyester materials
by the combination of condensation and free radical
techniques [28], as shown in Figure 3.10.

Another example that uses the same synthetic strategy is
the synthesis of aliphatic polyesters bearing pendant alkyne
groups. These polyesters can be successfully prepared by

O X

O

HO
OH

Step-growth polymerization
polyester units

Chain-growth
polymerization vinyl units

Figure 3.10 Polymerization of bifunctional monomers by step-
growth and chain polymerizations.

step-growth polymerization of different building blocks,
such as adipic and succinic acid, in combination with
an acetylene-based diol, examples of which are 2-methyl-
2-propargyl-1,3-propanediol, 1,4-butanediol, and the most
common ethylene glycol. Alkyne groups can survive the
high reaction temperatures (200◦C) in the presence of
a radical inhibitor. Subsequently, the alkyne groups are
reacted by a “click” cycloaddition reaction to obtain a
functionalized polyester based on poly(ethylene succinate)
and poly(butylene adipate) [29].

On the other hand, owing to the rising demand for
specialty polymers with novel properties and characteristics
designed for specific applications, hyperbranched polymers
have attracted much investigation in the past decades [30].
The growing strategy uses the symmetrical nature of the
molecules to construct macromolecules functionalized at
each end [31].

Recently, the synthesis of seed oil-modified polyester
with a hyperbranched polyether core was reported [32].
This methodology involved the preparation of a carboxyl-
terminated prepolymer from the monoglyceride of the oil,
which was condensed with phthalic and maleic anhydrides.

Also, 10,11-undecanoic acid in the presence of a
quaternary ammonium or phosphonium bromide as initiator
undergoes polymerization via ring opening of the epoxide
group with the carboxylic acid moiety to yield a hydroxyl-
functionalized aliphatic polyester [33].

3.5.4 Polyurethanes

Polyurethanes are widely used in several important applica-
tions including foams, elastomers, coatings, and adhesives.
They result from the reaction between an alcohol and an
isocyanate, and from this reaction, hyperbranched poly-
mers can also be prepared from AB2 monomers having
both functional groups in the proper ratio. The high reac-
tivity of isocyanates, even in self-condensation, can lead
to the formation of dimer or carbamates by reaction with
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an alcohol molecule. This requires the protection of the
isocyanate moiety during storage.

Figure 3.11 shows the preparation of polyurethane by the
reaction between an isocyanate molecule and an aromatic
alcohol [34].

Hyperbranched polyurethanes have also been syn-
thesized by step-growth polymerization reactions such
as the reaction between 3,5-diaminobenzoic acid and
2-hydroxypropyl[3, 5-bis{(benzoxycarbonyl)imino}]benzyl
ether to prepare an AB2-type blocked isocyanate monomer
functionalized with an ester group [35]. Several years
earlier, Barmar et al. had reported the preparation of a
polyurethane-based thickener starting from an ethoxylated
urethane prepolymer that was reacted with polyethylene
glycol and dicyclohexylmethane diisocyanate [36].

3.6 INORGANIC CONDENSATION POLYMERS

3.6.1 Polysilanes

Polysilanes, which are only slightly different from
polysiloxanes, are a class of interesting inorganic polymers
that, depending on the molecular weight and lateral
substitutions on the silane atom, could be useful as

S
Si

Et

Et

Si

Et

Et

4
n

Figure 3.13 Structure of poly(disilanylene-oligothienylene).

photoinitiators or UV photoresists because of the presence
of a σ -bond along the chain [37]. The condensation
reaction commonly used for polysilane preparation is the
denominated Wurtz reaction that proceeds by the coupling
of organodichlorosilanes with sodium metal under toluene
reflux, as depicted schematically in Figure 3.12.

In a complete and extensive review by Miller and Milch
[38], it is indicated that sodium is favored over lithium
because Li tends to undergo oligomerization. Potassium
tends to promote degradation and cyclation instead of
the formation of linear polymers. Gauthier and Worsfold
[39] investigated the effect of phase-transfer catalyst,
crown ethers, quaternary ammonium salts, and cryptands
to increase the stability and repeatability of the final
polysilane (see also Chapter 30 in this handbook).They
found an increased reproducibility and better molecular
weight distribution of the polymer produced and a certain
dependence of the molecular weight upon the concentration
of the crown ether. The effect was attributed to the presence
of anionic species involved in the polymerization process.

In order to produce polysilanes with controlled optical
properties, the substituents have to be picked up properly;
thus, poly(alkyl(methoxyphenyl)silane) homo and copoly-
mers are reported by Nakashima and Fujiki [40], who found
that poly(alkyl(alkoxyphenyl)silane) with methyl, ethyl and
n-hexyl moieties showed a typical absorption peak around
340–360 nm attributed to the delocalized σ -conjugation.

Other combinations, such as doped poly(disilanylene-
oligothienylene)s, have been prepared [41] (Fig. 3.13), that
are photoconducting when irradiated with visible light at
480 nm.

There are also reports on the optical properties of
poly[(octamethyltetrasilylene)methylene] [42], a periodic
polycarbosilane, in the presence of crown ethers. A large
study on the effect of the substituents R1 and R2 in polysi-
lanes and their effect on the different UV radiation ab-
sorptions was carried out by Herzog and West [43], who
synthesized phenylalkyldicholorosilanes with n-propyl, n-
hexyl, n-octyl, and p-MeOC6H4SiHexCl2 using the Wurtz
reaction. They describe changes in the absorption of UV
radiation depending on the alkyl substitution, as well as
the presence of halogen atoms. More recently, Reuss and
Frey [44] described a strategy to obtain multihydroxy-
functional polysilanes using an acetal-protecting group that
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Figure 3.14 Preparation of copolysilane PHDS-co-GMS.

is achieved by the coupling of dichloro(3-(2,2-dimethyl
-1,3-dioxolane-4-yloxy)propyl)methylsilane and poly[di-
n-hexylsilane-co-(isopropylidene glyceryl propyl ether)
methylsilane] (P(DHS-co-IMS)), eliminating at the end
the dioxol moiety by protonation to form the hy-
droxyl groups, poly[di-n-hexylsilane-co-(glyceryl propyl
ether)methylsilane] (P(DHS-co-GMS) (Fig. 3.14).

3.6.2 Polyphosphazenes

Polyphosphazenes are inorganic polymers in which the
backbone consists of alternating P and N atoms with two
lateral groups. Polyphosphazene monomers are prepared by
a condensation reaction involving phosphorus pentachloride

2 PCl5 PCl4 PCl6
NH3

-HCl
-PCl5

Cl3P=NH
PCl4PCl6

PCl4PCl6

PCl4PCl6

Cl3P=N-PHCl3 PCl6

NH3

NH3
Cl3P=N-PCl2=N-PCl3
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Cl Cl
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Figure 3.15 Schematic of phosphazene monomer preparation.

and ammonia. The reaction takes place in a stepwise
process by elimination of the hydrogen chloride to form the
cyclic chlorophosphazene monomer that undergoes ring-
opening polymerization (Fig. 3.15).

Similar processes are followed for the preparation of
cyclic arylphosphazenes that have a similar tendency to
form cyclic phosphazenes [45].

On the other hand, Wisian-Neilson and Neilson [46–48]
report a condensation method that leads to the formation
of polyphosphazenes. In this route, NH−(Si−(CH3)3)2 is
reacted in the presence of n-butyllithium and PCl3 to form
the dichloride phosphazene using the Grignard reactant, as
depicted in Figure 3.16

It is reported that this polydimethyl phosphazene can
lead to exchange reactions with Li to produce anionic
species that could be reacted with organic or organometallic
halides to produce pending alkyl polyphosphazenes.

3.7 DENDRIMERS

The use of monomers with functionality larger than
two allows the formation of tridimensional structures
by step-growth polymerization. In particular, the use of
monomers with the general formula Ax By could generate
several architectures such as hyperbranched, dendrimers,
and star polymers. Each architecture will have different
physical and chemical properties. In particular, dendrimers
are regularly branched polymers that can be produced
by the divergent approach or the convergent approach
[49]. In the divergent approach, the dendrimer grows
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Figure 3.16 Preparation of polydimethyl phosphazene by a stepwise reaction.

from the center and spreads radially out in layers, each
of them built by a stepwise reaction. In the convergent
approach the dendrimer production starts at the end with
the so-called surface functional groups coupled to ABy
building blocks, which allows the preparation of a larger
dendron, and the process is repeated to increase the size
of the dendrons. At the end, the dendrons are attached to
a multifunctional core molecule to produce dendrimers
[50]. Examples of ABy monomer used, for example, in
polyesters, are those where A and B are -COOH and
-OH groups, respectively, or in some cases their deriva-
tives such as -COCl, -O–(CH2)2 –OH, -O–Si(CH3)3, or
CH3COO-. A recent example of a dendrimer formation
is the synthesis of 3,5-bis(hydroxymethyl)benzylbromide
dendrimer unit reported by Kathiresan et al. [51].
They described the divergent approach using a CB2
branching unit to form the dendrimer, as depicted in
Figure 3.17.

This approach is used in several instances to control the
arms, molecular weight, and crystallinity of the resulting
polymer [52]. The convergent approach is illustrated
elsewhere [53, 54]. This subject is not reviewed here
in detail because a whole chapter of this handbook
(Chapter 30) is dedicated to it.

3.8 THERMOSET POLYCONDENSATION
POLYMERS

This section focuses on polycondensation reactions to
synthesize thermoset polymers. Specific condensation
chemistries are studied here; a more extensive treatment
of the subject of thermoset polymers can be found in
Chapter 28 of this handbook.

The most common applications of these materials are
as paints and coatings. However, their uses are extremely
diversified and include boat and marine construction

materials, automotive and aircraft bodies, luggage, fur-
nishing, appliances, textiles, and packaging. Owing to
their industrial applications, these materials are commonly
known as resins . The resin industry is quite mature and
is predominantly characterized by well-known and estab-
lished products, applications, and processes [55, 56]. How-
ever, the synthesis of these resins requires a different ap-
proach because of their differences in chemical compo-
sition. Polyester, epoxy, alkydic, and phenolic resins are
among the crosslinking polymers that are more commonly
synthesized by a stepwise reaction.

3.8.1 Polyester Resins

In general, polyester resins are synthesized by the reaction
between carboxylic acids and alcohols, with three or
more reactive groups. Recently, unsaturated polyesters
were incorporated in various ways to produce terminal,
pendant, and internal double bonds [57–59]. In the
case of unsaturated polyesters, maleic anhydride is most
commonly used to produce internal unsaturation. The
double bond present on unsaturated polyester reacts with
a vinyl monomer, mainly styrene, resulting in a 3D
crosslinked structure. This structure acts as a thermoset.
The crosslinking is initiated through an exothermic reaction
involving an organic peroxide, such as methyl ethyl ketone
peroxide or benzoyl peroxide (Fig. 3.18).

3.8.2 Epoxy Resins

Epoxy resins are among the most important of the high
performance thermosetting polymers and have been widely
used as structural adhesives and matrix for fiber composites.
Epoxy resins are characterized by the presence of epoxide
groups before cure, and they may also contain aliphatic,
aromatic, or heterocyclic structures in the backbone. The
epoxy group can react with amines, phenols, mercaptans,
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Figure 3.17 Dendrimer prepared by the divergent approach.

isocyanates, anhydrides, or acids as the first step (Fig. 3.19).
Usually, aliphatic and aromatic diamines are widely used
as curing agents [60].

3.8.3 Alkyd Resins

Alkyd resins are based on polymeric resins developed in
the 1920s. The first alkyd resins sold commercially under
the name Glyptal were made by the General Electric
Company (Fig. 3.20). Alkyd resins are a class of polyesters
synthesized by condensation between an alcohol and an
acid or anhydride. Actually, the anhydride is modified with
a monofunctional acid, most commonly C18 fatty acid,
which can be obtained from vegetable oil (rubber seed oil
(RSO) or palm oil) [61–63]. The major advantage of the
alkyd resins is their components (fatty acids and triglyceride

derivatives), which are obtained from low cost renewable
resources.

The synthesis of alkyd resins using vegetable oils
proceeds in two stages. For example, pentaerythritol, the
tetraol of choice and mainly responsible for the degree of
branching of the alkyd [64], and a vegetable oil are reacted
to form an ester by transesterification. Then, a slight excess
of phthalic anhydride is added to obtain a crosslinked alkyd
resin (Fig. 3.21) [65]. Both reactions are monitored by
acidity and viscosity measurements [66].

3.8.4 Phenolic Resins

Phenolic resins are a generic name given to a wide
range of crosslinked polymers produced by phenol and
formaldehyde. There are two types of phenolic resins, Resol
and Novolac. The type of resin being made depends on the
pH of the catalyst and the ratio of phenol to formaldehyde.
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Novolac is made under acidic conditions, and the ratio of
phenol to formaldehyde used ranges from 1.49 to 1.72,
whereas Resol resins are synthesized in a basic medium
using a ratio of phenol to formaldehyde in the range of 1.0
to 0.33 [54, 67, 68]. A synthetic route for both resins is
shown in Figure 3.22.

3.9 CONTROLLED MOLECULAR WEIGHT
CONDENSATION POLYMERS

Traditionally, a nonstoichoimetric polycondensation
method is used to control the number-average molecular
weight of a condensation polymer [69–71]. This method
assumes that no side reactions take place and that the av-
erage degree of polycondensation Xn (number of monomer
units in the oligomer) at conversion p of the functional
groups A and B is given by Carother’s equation [72].
Generally, two dissimilar reactive difunctional monomers
are used to synthesize telechelic oligomers, which have
the same end-group functionality that the monomer used
in excess (Fig. 3.23).
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Recently, well-defined condensation polymers have
been synthesized via substituent effect-assisted chain-
growth condensation polymerization, in which the
polymer-propagating ends are more reactive than the
monomers because of resonance or inductive effects
between the functional groups of the terminal monomer
units. Figure 3.24 shows a schematic illustration of this
concept in the polymerization of AB-type monomers.
In this monomer, the substituent effect of the A site
diminishes the reactivity of the B site, suppressing un-
desired step-growth polymerization between monomers.
When the monomer reacts with an initiator that has a
reactive site, the substituent reactivity has a change. If
the substituent effect is to enhance the reactivity of the
formed bond of the polymer end group, the next monomer

will react selectively with the polymer-propagating
end [73].

3.9.1 Solid-Phase Synthesis

Solid-phase synthesis has been used in the preparation
of well-defined polymers enabling the convergence
between synthetic organic chemistry and polymer
chemistry. Solid-phase synthesis has the following
advantages over solution-phase methods: ease of pu-
rification, speed, and easier sequencing and control
of the monomers [74]. A more complete report on
techniques, supports, linkers, and reaction types on
solid-phase syntheses is given by Zaragoza-Dörwald
[75]. In general, this procedure can be realized using
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condensation monomers with different or equal functionali-
ties [76–79]. Figure 3.25 shows a representative example of
the synthesis of aromatic oligoamides using the solid-phase
synthesis on SynPhase Lanterns as supports. This proce-
dure shares most features of the key elements of solid-phase
peptide synthesis described by Merrifield [80].

3.9.2 Use of Macromonomers in Condensation
Reactions

Macromolecular monomers, called macromonomers or
macromers , are a relatively new category of functional-
ized polymer materials having a molecular weight range of
103 –104 and possessing one or more reactive polymeriz-
able end groups [81] of those described in Table 3.2. The

most intensively studied macromers consist of telechelic
polymers that can be used as crosslinkers, chain ex-
tenders, and precursors for block and graft copolymers,
and their synthesis and modifications have been stud-
ied in detail and covered by several authors [82, 83].
One of the most often used methods to synthesize
telechelic polymers is polycondensation using Carother’s
equation, described earlier. Figure 3.26 shows the synthe-
sis of HFATERT-b-DBFISO block copolyaramides using
different-size macromers [71, 84], via a condensation re-
action between diacid and diamino end groups on the
HFATERT and DBFISO oligomers. On the other hand, AB2
macromonomers can be used for the synthesis of polymer
with dendritic and hyperbranched structures, DendriMacs
and HyperMacs, respectively [85].
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34. Spindler R, Fréchet JM. Macromolecules 1993;26:4809.

35. Vanjinathan M, Shanavas A, Raghavan A, Sultan NA. J Polym
Sci A Polym Chem 2007;45:3877.

36. Barmar M, Barikani M, Kaffashi B. Iran Polym J
2001;10:331.



REFERENCES 63

37. Origuchi R, Onishi Y, Hayase S. Macromolecules
1988;21:304.

38. Miller RD, Milch J. Chem Rev 1989;89:1359.

39. Gauthier S, Worsfold DJ. Macromolecules 1989;22:2213.

40. Nakashima H, Fujiki M. Macromolecules 2001;34:7558.

41. Kakimoto M, Kashihara H, Kashiwagi T, Takiguchi T,
Ohshita J, Ishikawa M. Macromolecules 1997;30:7816.

42. Isaka H. Macromolecules 1997;30:344.

43. Herzog W, West R. Macromolecules 1999;32:2210.

44. Reuss VS, Frey H. Macromolecules 2010;43:8462.

45. Mark JE, Allcock HR, West R. Inorganic Polymers . Engle-
wood Cliffs, NJ: Prentice Hall Inc; 1992. p 75.

46. Wisian-Neilson P, Neilson RH. J Am Chem Soc
1980;102:2848.

47. Neilson RH, Wisian-Neilson P. Chem Rev 1988;88:541.

48. Weisian-Neilson P, Ford RR, Neilson RH, Ray AK. Macro-
molecules 1986;19:2089.

49. Inoue K. Prog Polym Sci 2000;25:453.

50. Rogers ME, Long TE. Synthetic Methods in Step-Growth
Polymers . Hoboken, NJ: John Wiley & Sons; 2003. p 8.

51. Kathiresan M, Walder L, Ye F, Reuter H. Tetrahedron Lett
2010;51:2188.

52. Zhao Y-L, Cai Q, Jiang J, Shuai X-T, Bei J-Z, Chen C-F, Xi
F. Polymer 2002;43:5819.

53. Endo K, Ito Y, Higashihara T, Ueda M. Eur Polym J
1994;2009:45.

54. Tractin AA. Coatings and Technology Handbook . 3rd ed.
Boca Raton: CRC Press; 2006.

55. Cook WD, Lau M, Mehrabi M, Dean K, Zipper M. Polym
Int 2001;50:129.

56. Zetterlund PB, Gosden RG, Weaver W, Johnson AF. Polym
Int 2003;52:149.

57. Vargas MA, Sachsenheimer K, Guthausen G. Polym Test
2012;31:127.

58. Pascualt JP, Williams RJJ. Epoxy Polymers: New Materials
and Innovations . Weinheim: Wiley-VCH; 2010.

59. Gan S-N, Tan BY. J Appl Polymer Sci 2001;80:2309.

60. Aigbodion AI, Pillai CKS. J Appl Polymer Sci 2001;79:
2431.

61. Ikhuoria EU, Okieimen FE, Obazee EO, Erhabor T. Afr J
Biotechnol 1913;2011:10.

62. Holmberg K. Alkyd resins. In: Tracton AA, editor. Coatings
and Technology Handbook . 3rd ed. Boca Raton: CRC Press;
2006. p 51.

63. Patel VC, Varughese J, Krishnamoorthy PA, Jain RC,
Singh AK, Ramamoorty M. J Appl Polymer Sci 2008;107:
1724.

64. Singh S. J Sci Ind Res 2009;68:807.

65. Bourlier K. Phenolic resins. In: Tracton AA, editor. Coatings
and Technology Handbook . 3rd ed. Boca Raton: CRC Press;
2006. p 53.

66. Pilato L. Resin chemistry. In: Pilatos L, editor. Phenolic
Resins: A Century of Progress . Berlin Heidelberg: Springer
Verlag; 2010. p 41.

67. Ogata S, Kakimoto M, Imai Y. Macromolecules 1985;18:
851.

68. Rogers ME, Long TE, Turner SR. Introduction to syn-
thetic methods in step-growth polymerization. In: Rogers ME,
Long TE, editors. Synthetic Methods in Step-Growth Poly-
mers . Hoboken, NJ: John Wiley and Sons, Inc; 2003. p 1.

69. Korematsu A, Furuzono T, Kishida A. Macromol Mater Eng
2005;290:66.

70. de Ruijter C, Jager WF, Groenewold J. Macromolecules
2006;39:3824.

71. Lorı́a-Bastarrachea MI, Aguilar-Vega M. J Membr Sci
2011;369:40.

72. Odian G. Principles of Polymerization . 4th ed. New York:
John Wiley & Sons, Inc; 2003.

73. Yokoyama A, Yokozawa T. Macromolecules 2007;40:4093.

74. Moore JS, Hill DJ, Mio MJ. Solid-phase synthesis of
sequence-specific phenylacetylene oligomers. In: Burgess K,
editor. Solid-Phase Organic Synthesis . New York: John Wiley
Sons, Inc.; 2000. p 119–147.

75. Zaragoza-Dörwald F. Organic Synthesis on Solid Phase:
Supports, Linkers, Reactions . 2nd ed. Weinheim: Wiley-VCG;
2002.

76. Nakata S, Brisson J. Eur Polym J 2000;36:831.

77. König HM, Abbel R, Schollmeyer D, Kilbinger AFM. Org
Lett 1819;2006:8.

78. Hartmann L, Krause E, Antonietti M, Börner HG. Biomacro-
molecules 2006;7:1239.

79. Santiago-Garcı́a JL, Aguilar-Vega M. Eur Polym J 2009;
45:3210.

80. Merrifield RB. J Am Chem Soc 1963;65:2149.

81. Ito K, Kawaguchi S. Adv Polym Sci 1999;142:129.

82. Yagci Y, Nuyken O, Graubner V-M. Telechelic polymers. In:
Kroschwitz JI, editor. Encyclopedia of Polymer Science and
Technology . 3rd ed. Volume 12. New York: Wiley and Sons;
2005. p 57–130.

83. Lee H-S, Roy A, Lane O, McGrath JE. Polymer 2008;
49:5387.

84. Hutchings LR, Dodds JM, Roberts-Bleming SJ. Macro-
molecules 2005;38:5970.

85. Hutchings LR, Roberts-Bleming SJ. Macromolecules
2006;39:2144.




