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Summary 
 
Polymers are modern materials produced in megaton quantities. The raw materials for 
their synthesis or biosynthesis are low-molecular-weight substances. In the synthesis, 
hundreds to many thousands of small monomer molecules undergo a polymerization 
reaction resulting in large molecules, termed macromolecules, mostly of chain-like 
structure. Polymers are substances consisting of macromolecules and the high molecular 
weight and chain-like structure of the macromolecules are responsible for the unique 
properties of polymers. The spectrum of applications of polymers is immense. For each 
application, the requirements for properties are specific and there are a number of ways 
to meet the requirements, such as mixing polymers with various types of additives, 
blending two or more polymers, combining polymers with particulate or fibrous 
materials, developing a new type of monomer, polymerizing two or more monomers 
together, or modifying chemically existing polymers. Mechanical properties of 
polymers can be varied over very broad ranges from hard to soft and from brittle to 
tough. To fabricate polymers into useful articles, the most frequently used techniques 
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are molding, blowing, calendering, casting, extrusion, foaming, spinning of fibers, etc. 
Polymer waste is a serious burden for the environment because common organisms 
existing in nature are incapable of metabolizing them. Specialty polymers are materials 
having useful properties which cannot be found with any other material, produced in 
small quantities and applied in cases when the price is not too important. Main fields of 
application of those polymers are special electronics, space technology and medicine. 
 
1. Macromolecules and Polymers 
 
Macromolecules, i.e., big molecules, are molecules with large or very large molecular 
mass. Molecules of common low-molecular-weight substances, such as water - H2O, 
oxygen - O2, carbon dioxide - CO2, toluene - C6H5CH3, etc., have relative molecular 
masses of the order of magnitude of tens or hundreds. Macromolecules have masses 
hundred up to million times larger. High molecular mass and corresponding structural 
complexity of macromolecules are the causes of their specific properties. 
 
For instance, a molecule of polyethylene, one of the most common synthetic plastics, a 
small section of which is described by the structure formula shown in Figure 1 
comprises thousands up to hundreds of thousands of carbon atoms and its relative 
molecular mass can range from tens of thousands to millions. 
 

 
 

Figure 1. Formula of a small section of a molecule of polyethylene. 
 
A polymer is a material which is composed of macromolecules of the same kind. Thus, 
polyethylene consists of a large number of polyethylene molecules. A material is 
classified as a polymer if an addition or subtraction of a few basic structural units to or 
from its macromolecules, i.e., in the case of polyethylene of a few −CH2− units, does 
not change its properties perceivably. 
 
Substances composed of molecules containing a few up to tens of basic structural units, 
i.e., −CH2− groups in polyethylene, are called oligomers. Oligomers are a transition 
between low-molecular-weight substances and polymers. A change in the number of 
basic structural units in oligomer molecules results in an observable change of some 
properties of the substance. 
 
According to their origin, polymers are divided into two basic groups, viz., natural 
polymers and synthetic polymers. The most important classes of natural polymers are 
polysaccharides - basic structural materials of plants, proteins - fundamental structural 
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materials of animals, and nucleic acids - carriers of genetic information. Synthetic 
polymers are modern materials surrounding us in everyday life as construction, 
insulation or packaging materials, synthetic fibers, coatings, etc. 
 
The reactions by which all synthetic polymers and many natural polymers are formed 
from low-molecular-weight substances are controlled by laws of statistics and the 
resulting polymers comprise macromolecules with different molecular masses. The 
relative amount of molecules with specific values of molecular masses in a polymer is 
described by a distribution function of relative molecular mass. The distribution 
function affects significantly many properties of polymers and is one of their important 
characteristics. 
 
2. Synthesis of Polymers 
 
The mechanism of synthesis of natural polymers in living organisms, the biosynthesis, 
is extremely complex and is one of the most important topics in biochemistry. The 
chemistry of formation of macromolecules can more easily be described with synthetic 
polymers. 
 
Low-molecular-weight substances used for synthesis of polymers are called monomers. 
Because of their specific structure and reactivity, monomers can undergo a reaction, 
called polymerization, which converts monomers to macromolecular substances, that is 
polymers. As examples, two basic and relatively simple types of polymerization 
reactions will be described, namely, radical polymerization and polycondensation. 
 

 
 

Figure 2. Scheme of radical polymerization. 
 
The ability of monomers to polymerize radically is most frequently conditioned by the 
presence of a double bond between two adjacent carbon atoms in the molecule. Each of 
the two bonds is formed by two electrons shared by both carbon atoms. Through the 
action of substances called initiators, one of the bonds - figuratively speaking - 
disconnects in such a way that one of its electrons forms a bond with the initiator 
molecule and the second electron remains free, unpaired, for a short period of time. The 
structures with unpaired electrons are called free radicals, or just radicals, and hence the 
term radical polymerization. The radical resulting from the reaction of an initiator 
molecule with a monomer molecule has the potential to disconnect one of the two bonds 
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of the double bond of another monomer molecule and so to attach to the other molecule 
giving two joined monomer units with a free radical. This addition reaction repeats 
several hundred up to several thousand times and in this way a polymer molecule builds 
up. 
 
The process of radical polymerization can be represented by the scheme shown in 
Figure 2. 
 
As an illustration, the structures of three simple, but industrially extremely important 
monomers and polymers formed from them are given in Figures 3 and 4. 
 

 
 

Figure 3. Structures of two important monomers and corresponding polymers 
 
The name vinyl chloride derives from the combination of the name of vinyl group 
(−CH=CH2) and the name of salts with chloride anions, i.e., chloride. The name is not 
quite rigorous, because the bond between vinyl and chlorine is a covalent, not ionic 
bond, which means that vinyl chloride is not a salt. A molecule of styrene consists of 
vinyl group −CH=CH2 and a benzene ring −C6H5. Thus, an alternative name of styrene 
could be vinylbenzene (Figure 4). 
 

 
 

Figure 4. Structure of styrene and polystyrene. 
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As far as the volume of production is concerned, the above three polymers are basic 
products of the huge industry of synthetic polymers, the world production of which 
amounts to tens of millions of metric tons. 
 
Condensation in organic chemistry means reactions in which two molecules join giving 
rise to a larger molecule while a small molecule, often a molecule of water, is 
eliminated. For instance, a carboxylic acid, the characteristic group of which is −COOH, 
reacts with an alcohol, the characteristic group of alcohols being −OH, with the 
elimination of molecule of water to form a molecule of ester (Figure 5). 
 

 
 

Figure 5. Condensation of acetic acid with ethyl alcohol. 
 
To utilize the principle of condensation for synthesis of macromolecules, we must start 
with a monomer, or more than one type of monomers the molecules of which have two 
or more functional groups capable of condensation. Thus, for example, suitable 
monomers for polycondensation are hydroxy acids, with the general formula 
HORCOOH, each molecule of which contains both one carboxylic-acid and one 
hydroxy group. By a multiplicity of condensation steps, i.e., by a polycondensation 
reaction, a polyester macromolecule forms (Figure 6). 
 

 
 

Figure 6. Formula of a section of a polyester molecule formed by polycondensation 
of a hydroxy acid. 

 
An alternative way to synthesize polyesters is to start from two monomers, viz., a 
dicarboxylic acid, general formula HOOCR1COOH, and a dialcohol, i.e., diol, general 
formula HOR2OH. The reaction of these two monomers yields a polyester with a 
somewhat different structure (Figure 7). 
 

 
 

Figure 7. Formula of a section of a polyester molecule formed by polycondensation 
of a dicarboxylic acid and a dialcohol 

 
In addition to radical polymerization and polycondensation, there exist a large number 
of other important mechanisms of polymerization. Also the number of monomers and 
corresponding polymers is extremely large, in fact unlimited. Out of the vast amount of 
polymers described in the literature, only a minute fraction are produced industrially. 
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If more than one monomer is used in a polymerization reaction, the process is called 
copolymerization and the resulting polymer is a copolymer. Using various combinations 
of monomers and varying their ratios in the copolymerization, a literally infinite number 
of copolymers can be prepared. The sequential distribution of the monomeric units in 
the copolymer molecules plays the major role in determining the properties of the 
copolymer. The most important types of copolymers are statistical copolymers and 
block copolymers. In a binary statistical copolymer of monomers A and B, the 
sequential order of monomeric units is controlled by some type of statistics and the 
structure of a segment of a copolymer molecule can be represented schematically as 
…AAABABBBAABBABB…. In a block copolymer, identical monomeric units form 
long sequences, thus A..AAA..AB..BB..BA..AAA..A would be a schematic 
representation of a triblock copolymer. 
 
3. Structure of Macromolecules 
 
By the reactions described in Section 2, essentially linear, chain-like macromolecules 
are formed. Parts of a molecule adjacent to a single bond rotate about this bond. In a 
typical macromolecule, there are a large number of single, mostly C−C bonds. An 
isolated macromolecule, e.g., in highly dilute solution, assumes - due to the fast rotation 
of its parts about all single bonds - in time a large, virtually infinite number of 
conformations from densely coiled to extended ones. By far the most frequent 
conformations are those called statistical or random coil (Figure 8). In the domain 
occupied by a macromolecule with random-coil conformation, the segments of the 
macromolecule occupy just a small volume fraction of the volume of the domain, 
typically a few per cent or even less, most of the space being occupied by solvent 
molecules or segments of other macromolecules. The concept of statistical coil is of 
prime importance for the understanding of the relations between structure and properties 
of polymers. 
 

 
 

Figure 8. Sketch of a statistical coil conformation of a macromolecule. 
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If some or all monomer molecules in a polymerizing system have two double bonds, or 
more than two groups capable of undergoing a polycondensation reaction, the resulting 
macromolecules are not linear but branched (Figure 9). For instance, when a monomer 
molecule with three functional groups capable of condensation is incorporated in a 
macromolecule, it can become a trifunctional branch point because three chains can 
emanate from it. Similarly, a monomer molecule containing two double bonds or four 
functional groups capable of condensation can give rise to a tetrafunctional branch point 
in a forming macromolecule because four chains can meet at this point. Branch points 
can also be generated in existing macromolecules by irradiation, heat treatment, aging 
and some other processes. There are several types of reactions that result in branched 
macromolecules with trifunctional branch points in which the macromolecular side 
chains are attached to the main chain, the backbone; macromolecules of this type are 
called graft macromolecules. 
 

 
 

Figure 9. Sketches of branched macromolecules. a) Trifunctional branch points;  
b) tetrafunctional branch points; c) graft macromolecule 
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