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Polymer Chemistry and Polymer Physics in the Relation 
to Synthetic Fibers 

1 • Introduction 

Fibers are characterized by fineness, flexibility, and 
high ratio of length to thickness. 

Fibers consist of partially crystalline, partially ori­
entei linear polymer materials. In order to be useful 
Fibers have to meet certain physical and chemical require­
ments. 

These are 

~echanical properties: tensile strength, torsion- bending, 
resistance to deformation, recovery 
after deformation, intermedi~tc 
elastic extensibility 

thermal properties: 

moisture absorption: 

heat absorption, heat conductio~, 

transition, melting, decomposition 

swelling, extent of weight change, 
change of properties, comfort 
(moisture absorption from body -

moisture acts as heat reservoir, 
prevents sudd~n shock to body) 

frictional properties: smooth but not slippery 

chemical stability: 

dyeabili t;y 

laundering, dry cleaning 

These properties are determined by the chemistry and the 
fine structur~ of the fib~r. 
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2. Structure of Polymers 

In order to arrive at fiber forming polymers severai 
structural prerequisits are necessary. These will be dis­
cussed in the following. 

2.1. Definitions 

Polymers are composed of covalent structures many times 
greater in extent than those occurin~ in simple compo•.inds. 
This feature alone accounts for their characteristic 
properties which set them apart from other form of matt~r. 

They are synthesized out of monomers by polymerization, 
polycondensation or polyaddition. 

monomer - one unit 
oligomer - few units 
polymer - many units 

Structural units are groups having a valency of two or 
more. The termtnal units possess a v&lency of one. 

The structural units are connected to one another in any 
conceivable pattern. 

2.1.1. Linear Polymers 

The structural units are connected in linear zequence 

x s degree of polymerization, expresses tne number of 
~tructural units in a given polymer molecule. 
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The structural units must be bivalent except the terminal 
units M' and M''. The group M' may or may not be identical 

with M'' but neither may be identical with M. In many cases 

the terminal units have the same composition as the prin­
cipal u.:.1i ts, but their structures must differ inasmuch as 
the former are monovalent. 

A polymer containing a single repeating unit is a homo­
polymer. A polymer composed of two different kinds of bi­
functional units is refered to as copolymer. According to 
the arrangement of the different units within the polymer 

chain one can distinguish: 

Random c<"'rolymers - A - B - B - A - A - A - B -
Alternating copolymers - A - B - A - B - A - B - .A 

Block copolymers - A - A - A - A - B - B - B 
Graft copolymers - A - A - A - A - _6, - A - A 

I 
B 
I 
B 

2.1.2. Nonlinear Poly~ers (branched structures) 

Some of the structural units must have a valency greater 
than two 

- y - •••• 
I 
M 
t 

M'- M - M - M - Y - M - M - M - Y - M - M ••••••.• M'' 

f~va~ 
~ IC'/ 

••• M - M - Y - M - M 

-
-
-
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The branching units are polyfunctional. A network structure 
is build up which can be a planar network or a space net­
work. 

The distinction between linear and nonlinear polj'Iller~ based 
on the absPnce or presence of polyfunctional units would 
relegate the term "linear polymer" to the status of an 
ideal which may be approac~ed but never realized. The trace 
of a spurious polyfunctional unit would disqualify an 
otherwise linear polymer. In practice, polymers prepared 
overwhelmingly through bifunctional interlinking, branching 
of any sort being limited to unknown side reactions, are 
regarded as linear polymers unless their properties give 
definite evidence for the occurence of nonlinearity. 

~elatively small fract~on of polyfunctional units are of 
little consequence. They bring profound changes in certain 
physical properties when they alter the structural plan 
of the polymer frol!l a "finite" linear chain to the "infinite" 

space network. 

An example of a nonlinear polyme:~ formed by crosslinking 
of an initially linear polymer is vulcanized natural rubber. 

• • • 

CH~ I CH3 CH3 i "' I I I I I 
- CH2 - C = CH - CH2 - 1 CH2 - c - CH .., CH -

1 
CH2 - c ; . . . 

I I 
CH3 / 

_,,,..-- sx I CH3 I I I I I 
- CH2 - C = CH - CH2 -1 CH2 - C - CH .. CH - 1 CH2 - c L 

' I I I 
• • • 

i 
I CH3 I I 

I 

I 

"' one in hundred structural units 
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2.2. Structure and Properties 

Fiber substances cousist of polymer molecules characterized 
by shape, length, flexibili~y and attractive forces. 

The most important classes of substances for the production 
of synthetic fibers are polyamide, polyester, polyacrylo­
nitrile, polypropylene. 

2.2.1. Molecular Mobility 

In spite of their c~emical differences all of these substan­
ces consist of unbranched flexible polymer chains. The 

backbone of the polymer chain consists mainly of C-atoms, 
in some substances also N or O. The bonds between the back­
bone atoms are not in opposite directior. but in an angle 

of about 110° (tetrahedral angle). A bond rotation causes 
a change in shape. 

With a free polymP.r chain rotations can occur within the 
whole molecule. Therefore not only a zig-zag form is 
possible but a.i<:>o a c 1.<..lster like spaghetis. 
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Bond rotation can be restricted by 

steric interference 
polar interactions 
electronic structure 

Steric interference is due to certain energy barriers. 
Even the so called "free rotations" postulated in organic 
chemistry have to overcome energy barriers. The energetic 
situation of groups which rotate about a carbon-carbon 
bond is not the same with each position, e.g. e~hane 

H 

H 

H 
H 

staggered 

H 
H 

HH 
ecJ..lpsed 

The staggered arrangement is more stable. Eclipsing leads 
to strain because of ~epulsion between the H - atoms due 
to their shorter interatomic distence. However, the passage 
of two hydrogens through their eclipsing position contributes 
little to a barrier ( 8kJ ~ 2 kcal). Already at room 
temperature rotations can be realized. The barrier becomes 

more pronounced with bigger groups. 

Groups with dipoles increase the barrier by polar inter­

actions. 

The energy barrier tv rotation about a carbon-carbon 
double bond is high enough to hold the four attached 
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substituents in a rigid configuration except at high 
temperatures. Thell molP.cular orbital has ~o be destroyed. 

Wi~h the long p~lymer molecules which do have substituents, 
steric and polar interactions are frequently encountered. 
In practice it is found th~t rotations of the bonds in 
the backbones of linear polymers almost always sets in 
sharply at some te~perature which corresponds to energy 
barriers of about 40 to 80 kJ (10 to 20 kcal). These sharp 
transitions are accompanied by a marked change in physical 
properties. This change is called "second order transition!' 
or "glass transition". Below this temperature the polymer 
is in a glassy state where segmental rotations are frozen. 

2.2.2. The Mechanism of FJow and Deformation 

The easy deformation of low molecular weight liquids 
known as flow is possible because of the ease with which 

their small molecules can slide past each other. The higher 
viscous glycerol has restricted sliding properties because 
of intermolecular hydrogen bonds, with sodium silicate 
there are ionic bonds between the molecules. 

The deformation of polyners is much more difficult be­
cause of tbe ~trong covalent bonds which tie the monomers 
together forming long chains. Deformation can occur only 
by local motion of a small chain segment at a time. 
Segments of neighbouring chains are situated closely 
together. Therefore macroscopic deformation can occur 
only by a number of segmental motions. Flexibility of 
chain segments is essential for such motions, and it is 

precisely the rotability of their backbone bonds that 
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confer flexibility on the segments. 

In amorphous polymers the degree of order in the arrange­
ment of the polymer chains is low. This facilates segmental 
motions because a "free volume:· is present in the form of 
holes. 

hale 

Such a hol~ can move through the structure of a chain 

polymer. By such segmental rotation jumps, the holes normally 
diffuse ra~domly through the structure in all directions. 
If a stress is applied, certain directions will be pre-
fered and the segments will lead to macroscopic and visible 
deformation of the polymer sample. 

Among the deformations depending on segmental rotation 
jumps, the following are important: 

a) mechanical stretching and relaxing (forces applied 

externally) 

b) swelling in solvents (deformation under osmotic 
forces) 

c) shrinking due to crystallization (deformation due to 

lattice fo.:ces) 

d) volume chan81.ng with temperature (deformation under 

creation of new holes). 
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The average frequency ~t which rotationa:_ jumps of molecular 

chain segments occur is referred to as sebmental relaxation 
rate. ~he average time occupjed by a single jump is called 
relaxation tim-:J. 

In rubbery polymers the segmental relaxation rates tend 

to zero as the specimen is cooled down to the glass tempera­
ture, where rotations are frozen. 

2.2.3. States of Aggregation and Their Interconversion 

viscous flow long rar.ge disord.(:r 

liquid 

0 

0 
rubber 

~~~~~~~~~--:---=? 

relax .5tr~tch 0 
(r~slal 

ela5tic flow Long an~ sher{. rans2 l)rd~.- j 

The interconversion of crystal to liquid is determined by I 
a sharp and reversible melting p0int. This melting point 
is an example for a first order transition temperature (T~) 
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with which the primary thermodynamic variables like 

speciiic volume, heat content, undergo a jump (discontinuity). 

The shar~ness of the melting point suffers somewhat with 

larger molecules. Of ccurse a normal crystal-liquid trans­

forill&tion is also possible at constant tempera·~~e below 
melting point by additioL or removal of solvent. 

The interconversion cf a liquid to rubber is always gra­

dual and normally reversible. Three ways canbe used: 

a) a rubbery polymer can be gradually-transfor~ed to a 

liquid by heating over a large teoperature range. This 

process should not be called "melting", since this term 

is reserved for crystals. During the tr~nsformaticn the 
rubbe~ passes grad~ally through the state of viscoelnstic 

liquid which shows both, slow liquid flow and weak rubbery 
elasticity to a liqujd which is highly viscous but without 

- · - rubber elasticity, unti:. finally the viscosity is reduced 

to the range of an orii~ary liquid. With cooling the trans­

formation takes place in the opposit~ direction. 

-,) ) The same b~quence ca be obtained with addition or re­

moval of solvent at constaLt temperature. 

c) The same sequence can also be obtained by polymerization 
(or depolymerization) of a liquid. 

Conversely, when rubber is liquefien all three effecc can 

contribute. 

Interconver~ion of crystal to rubber: typical natural or 

synthetic rubbers are microrrystalline, i.?. minute 
crystals are embedded in a matrix of amorphous ( nonc1·ystal line) 

polymer. Melting er freezir.g of this small crystallites 
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can be obtained by changing two variables: temperature 
or degree of mechanical stretching. 

Transformations involving the glassy state of polymers: 

The transformation of a glassy polymer to a cryst~lline 

state is so slow as to be of negligible importance. 
The change of a crystalline polymer to a gl:.ssy polymer 

is not observed. 

All non-crystalline polymers at sufficiently low tempera­
ture are relatively h&rd, glass-like solids. As the 
temperature is increased, at a high enough temperature 
they become soft, flexible end ~ubberlike. 

At the glass temperature Tg (or second order transition) 
the noncrystelline polymer changes from a rubbery liquid 

to a glassy solid. It is the point at which the segmental 
motions depending on rotation become frozen. 

The glass temperature is a very important feature for fibers. 

Tg above room temperature: 

Tg below room temperature: 

fibers, plastics 

rubbers 

Methods for locat~ng Tg: thermal expansion (s~ecific volume) 
refractive index 

specific heat 
othe~ physical variables 

1.'he rate of expansion ~~ with temperature is always higher 
in the rubbery state than in the glassy state because ex­

pansion forces can expand the structure by creating holes 

when the chains become flexible. The Tg is therefore marked 
by a kink in the V/T curve. 
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dilafome-ler 
therrnQl expa.nsicn 

specific 

volume 

T9 temperature 

2.2.4. Requirements for Crystallinity 

In fiber substances the polymer chains are not free to 
move, they are frozen. The properties of fibers are deter­
mined by the variety of possible arrangements of the poly­
mer chains. Within the molecular chain strong chemical 
bonds are effective which cause the stability of this 
molecule. Between the molecular chains, however, there 
are only weak inte~molecular forces. These forces are 
u~lding the chains together and off er resistance to chain 
siippage. In most cases intermolecular forces are addidive 
but effective only over short distances. Thus, the attrac­
tion between the molecular chai~s becomes strong~r, when 
the chains are aligned n~ral 1 el to eac~ other forming 

crystals. 

Actually fibers exhibit a two phase system. They are 
partially crystalline and partially amorphous. The most 
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important contribution of the crystalline portion is 

tensile strength, that of the amorphous portion is 
flexibility, dyeability etc. The percent crystallinity 
cnaracterizes a polymer. 

For polymer crystallinity 2 factors are of impcrtance: 

a) Regularity of the structure 
b) Chemical nature of the chain 

Polymer chains should be linear, e.g. a polyester made 
with terephthalic acid and ethyleneglycol is high~y 
crystalline 

whereas a polyester made with 
glycol is not crystallizable 

()~ 
~c-0-(Hz.-Cl-li.-O-J-o 

highly ~rystalline 

phthalic acid an ethylene-

not crystallizable 

Bulky side groups or chain branches should be avoided 
otherwise there is no crystallization or a decreased 
tendency 

-CH -CH-
2. I 

(s0 

I 
OR 

R = -- CM~ 

l d.ecrea.sed 
tendency 

-C12. H~s 
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The chemical nature of groups in the chain is of importance. 
Polar groups or groupn which are capable of fcrming 
hydrogen bonds favor crystallization. 

Polymer molecules can pack with three-dimensional regu­
larity onl~ when the molecules exhibit a high degree of 
configurational and conformational regularity. 

With polyPrcpylene the stereoregularity (tacticity) is 
important. 

d d d d d d 

1 1 1 1 1 1 

d 1 d 1 d 1 

d 1 1 d 1 1 

isotactic 1 
syndiotactic r 
a tactic 

Considering polypropylene conformations: 

trans gauche 

crystalline 

amorphous 

H 

gauche 

The preferred conformation is the one with the lowent 

potential or free energy. 
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For isotactic polypropylene the helical form has the 
least cr0wding in the ~ethyl groups. 

trans - gauche - trans 

... 20° 3 monomers necessary 
to make the turn 

crystals are known to have 
srew s_xis 

Isotactic polypropylene is successfully used in the fiber 

field. 

Syndiotact5c polypropylene is trans - trans - trans 

glide plans 

Polyethylene terephthalate has helical conformation. 
successive ester groups are trans. 

Polyamides have Pxtended chains (zig zag) 

e.g. Nylon 6 ' 
' I C Hz. ~2 c, C = O---

H,_(( )=o----M--/ 
C = 0 - - -H --N \( tfz 

I \ I 
----U-N CM2 H1C: 

'\ / \. 
CUz Mz( CU2 
I \ I 

all conditions for 
crystallinity are 

present 

' I • 
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3. Preparation 

Polymers can be classified according to the chemistry 
of their preparation. There are three broad categories: 
polymers made by polycondensatioa, by polymerization and 

by polyadditton. 

3.1. Condensation Polymers 

Polymers prepared by condensatjon reaction whereby a 

simple molecule (in most cases water) is eliminated. 

The structural units are joined by interunit functio1~al 
groups (ester or amide), thus th~y possess po:ar groups 
at regularly spaced intervals which arc responsible for 

characteristic chemical and physic&! properties. 

Polyamides and polyesters are the most important fiber 

forming condensation polymers, e.g. 

Polyamide resulting from condensation of hexamethylene 

diamine and adipinic acid 

polyamide 66 
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Polyester formed by condensation of terephthalic acid 
and ethylene glycol 

polyethylene terephthalate 

3.1.1. Formatio~ 

Characteristic features of condensation polymerization: 

a) Proceeds by stepwise intermolecular condensation of 
functional groups. 

b) Monomer disappears almost completely during initial 
phase of polymerization. 

c) Degree of polymerization (DP) changes consi~erably 
during reaction. Reaction must be carried essentially 
to completion in order to obtain a high molecular 
weight. Purpose of increasing reaction time is in­
creasing the molecular weight. 

The primary requisite is a monomer, or a pair cf mono­
mers bearing two condensable groups. Eacp step is actually 
a simple condensation reaction. 
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Polyesterific~tion -OH + HOOC-

Polyamidation 

0 0 
II II 

HO-R-COOH + HO-R-COOH ----- HO-R-C-0-R-C-OH 

monomer 
dimer 

trimer 
x-mer 

monomer 
monomer 

moromer 
y-mer 

dimer 

trimer 
tetramer 
(x ..... y)-mer 

The various steps in the process need not to be diff eren­
tia ted. All involve the same process, e.g. esterification, 
each step can be discribed by the same bimolecular rate 
constant. The entire process can be regarded as a reaction 
L~tween functional groups, e.g. OH and COOH which leads 
to products of finite mo 1 ~cular weight. 

The influence of molecular size on the chemical reactivity 
of the functional groups may be disregarded. 

Flory's concept: 

The intrinsic reactivity of a functional group remains 
independend of molecular size except when the molecule 
is quite small. Ordinarily the reactivity of a given 
functional group in a polyfunctional molecule can be 
assigned a definite value that does net change during 
the course of reaction. 

According to the principle of equal reactivity, at every 
stage of the polymerization process an equal opp0rtunity 
for reaction is available to each functional group of a 
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given chemical type, irrespective of the size of the 
molecule to which it is attached. 

That does not mean that the chemical rea~tivity has to 
remain constant throughout the course of the polymeri­
zation. Reason: large molecules diffuse slowly, but 
diffusion rate must not be confused with the collision 
rate. The longer diffusion period of the large molecule 
is compensatei by the longer collision. period. The 
collision rate for functional groups on large molecules 
is approximately the ~ame as for functional groups on 
small mvlecules. 

The average degree of polymerization and hence th~ 
average molecular weight of a linear condensation polymer 
depends: 

a) on the degree of completion achieved in the conden­
sation reaction 

b) reaction must be reasonable free of sjde reactions 

c) monomers must be pure 

d) in polymerizations of the A-A + B-B type the reactants 

must be used in precise as possible stoichiometrically 
equivalents 

e) reaction should be one which may be carried very nearly 
+;o completion. 

Under optimum conditions, average molecular weights 
exceeding 25 000 may be obtained. 
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3.1.2. ~inetics of Condensation Polymerization 

The basic data necessary for a kinetic st11dy can b~ 
obtained by measurements of the progress of the reaction 
in predetermined intervals of time. With e.g. polyester­
forming reactions between glycols and dibasic acids this 
can be done by titratiag the unreacted carboxyl groups. 

The number of unreacted carboxyl groups must equal the 
nt£mber of molecules present in the system if the hydr~xyl 

and carboxyl groups being present in equal numbers. 

Simple esterification reactions are known to be acid 

catalizP-d. 

Rate of disappearence: 

k .. specific rate constant 

rate 
k .. 

cone. of reactants 
= characteristic of a specific 

reaction 

Rate changes during the course of reaction as a result 

of changing concentration of the reactants 

cone. 
_ ~ .. lim (_ L1 c) 

dt t~o\ .6t 

At . 
Ac,!':>-_ 

At, ------

time 

I 



...... 

- 21 -

In presence of a strong acid [ H+] :: constant 

d[COOfi] 2nd order reaction 
= k' [ COOH] [OH] in presence of strong acid 

k's k[H+] dt 

The concenT.rations are expressed as equivalents. 

Overall ratP. of consumption of COOH groups is the sum of 

rates of each step in the process. 

Since c = [oH] equals c = [cooH J the rate equation ca be 
rewritten 

Co t 
de ( de 

, 
2 

k' J z: k' c \_ dt 
) c2 

= 
dt 

( to 

co s initial concentra;:ion 
c a:: concentration at any time 

1 1 
z:; k't 

In the absence of an added strong acid a second carboxylic 

acid acts as a catalyst 

3rd order reaction 

de 
- .tt1 c3 integrated 

dt 

/ 
1 1 

;2 - - 2 & 2 k1t 
co 
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However, it is more convenient to express the results 
in terms of extent of the reaction rather than in terms 
of concentration The extent of the reaction p is the 
fraction of functional groups whi~h have reacted at time t. 

p z: P • co c c c 0 -

Introducing this expression into the rate equation for 
catalized condensation: 

1 1 
k"t ::: 

c 

1 
k't = 

~---. /1'"· 
; c 0 k .;.t 
\...__/ '-

; " r::1 
::: ' -·, 

hi 

·~' 

b 

1 

a straight line equation is obtained: y = mx ~ b 

D.Y 
m = slope --

6 x 

b c: y-intercept 

The data for catalized esterification of a glycol with 
adipic acid plotted in a diagram show that the system 
follows the second order kinetics, following the above 
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equation up to high molecular weight, confirming the 
hypothesis of independence of reactivity on molecular 
size. 

The catalized formation of polyamides also follo~s 
second order law. 

x 

I 

r - p 

or 

DP 

'-----------.y 
time 

catalized condensation polymerization 

Uncatalized systems: 

1 1 
2 k1t = ~2 2 

co 

1 1 
2 k1t = 

c 2 c1 - p)2 
- 2 

0 co 

2 1 
2 co k1t = 

- p)2 
- 1 

(1 

The graph with data for uncatalized esterification of 
a glycol with adipic acid shows straight lines after 
the reaction has proceeded a certain time. 



...... -

- 24 

in th ·,s r-eq.1011 
J 

e'l.ual ion i~ n'}t 
obe~ect. 

time 

uncatalized condensation polymerization 

The number of molecules in moles per unit volume is equal 

c : c
0

(1 - p) 

Total number of structural units = c0 = t~t~l number of 
bifunctional molecules ini ti."3.lly employ~d. 

-The number average degree of pclymerization v~ 

number of units 
i~ = 

number of molecules 

1 
= 

1 - p 

With the 2nd order reaction: 

xn • (1 -+ c 0k't) 

xno<. t 

The number average DP is proportional to reaction time. 
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With the 3rd order reaction: 

1 
----- - 1 
(1 - p)2 

i o( t)i 
n 

The number average DP is proportional to >;he square root 
of reaction time 

3.2. Molecular Weight 

The molecules of a polymer have different molecuJar weights. 
Polymers are heterogeneous, they consist of mixtures of 
chain molecules having different chain le~5th. Accordingly 
the molecular weight of any polymer is an average molecular 
weight. Also the degrees of polymerization (DP) are average 
values. 

There are two kinds of average molecular weights, the 
"number average molecular weight" and the "weight average 

molecular weight" 

3.2.1. Numb£;r Average Molecular Weight Mn 

This average ~s based on the number of molecules. 

The average DP is given by the total number of molecules 
at the beginning ·)f the reaction N0 divided by the number 
at time t. N0 ,l!L 
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The number of molecules can ce obtained by t~trating the 
unreacted end groups. 

In terms of p: 

1 
x c ---n 

1 - p 

1 - p 

M0 = molecular weight of a structural unit. 

g c 
n 

total weight of polymer 

total number of molecules 

Considering the individual molecules: 

The polymer contains molecules of various DP 

n = 1, 2, 3, •....... i 

Total number of molecules= N1 T N2 T N3 T ••• Ni= ~Ni 

Total weight of polyme~ = total number of molecules times 

molecular weight of molecules 

.. LN1M1 

.. ~N·M· L.:. 1 1 

- IN1 

x1 • mole fraction of species i 
number of molecules of spP.cies 1 

total number of molecules in polymer 
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The distrioution of molecular weights canvary widely. 
Mechanical properties of the resulting polymer depend on 

this distri~ution. 

Number distribution curve: 

Mole fraction distribution 
for several extents of reaction p 

Number average molecular weight is obtained by end-group 
analysis and by methods involving depression of freezing 
point, elevation of boiling point, osmotic pressure. 

3.2.2. Weight Average Molecular Weight Mw 

This can be computed by summing up the contributions on 
a weight basis of each molecular s,ecies i and its mole­

cular weight Mi: 
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This can al-::o be described in terms of weight fracti0n Wi 

then 

total weight of species i 
wi = 

total weight of polymer 

Weight distribution curve: 

O.O'I 

o.ooa 
p: 0.99 

--·-------
100 200 n 

Weight fraction distribution 
for several extents of reaction p 

D,, is sensitiv to high molecular weight material. 

Weight average molecular weight is obtained by light 

scattering techniques. 

Mettods involving viscosity depend on the size of the 
solute molecules relative to the solvent molecules. 
Thus the viscosity average molecular weight iv is a 
special one. 

/ 

-
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3.3. Polymerization Polymers 

Unsaturated monomers a~ :onverted to polymers of high 
molecular weight. The molecular formula of the structural 
unit(s) is identical with that of the mono~er. 

-----;,) -CH2-?Jf CH2-?H}cn2-?P.-
X X n X 

e.g. 

{cH2-yHtn 
CN 

J.CH2-CH~ \ I In 
CH3 

{cH2-CH2}n 

Polyacrylonitrile 

Polypropylene 

Polyethylene 

t•o1ymerizat.ion polymers do not possess functional groups within 

.. --· the polymer chain, they :nay be present in side groups. 

The backbone usually consist ex~Iusivel)' of carbon atoms. 

3.3.1. Formation 

Characteristic features of ,,.,1 polymeri.zation: 

a) Proceeds by chain mechanism involving active centers 
of some sort. 

~) Only a small number of actively growing chains present 
at any instant. Reaction mixture of any given time 
consists of unreacted mo~omer and polymer. 

c) Polymer molecule is sy~thesized in few seconds. The 
overall conversion of monomer to polymer may require 
hours. 
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d) As p·~rcentage conversion of monomer to polymer in­

creases, average DP of polymerized por~ion remains 
almost unchanged. Purpose of increasing reactio'l time 
is to increase the yield an.l not the molecular weight. 

The primary activation (initiation) of a monomer is 
followed by the addition of other monomers in rapid 
succession until the growing chain is desactivated. 

Initiation: 

ROOR ----+ 2 RO• 

Propagation: 

RO-CH2-yii· ~ n H2c=9H 
x x 

Termination: 

a) by combination 

-CH2~H• -t •yHCH2-
X X 

b) by disproportionation 

-CH29H• .. •yHCH2-
x x 

c) by chain transfer 

-CH29H• -t H2c:9H 
x x 

) -CH2yH-yH-CH2-
X X 

(transfer of hydrogen 

-CH2?H2 -t CH=CH-
I x x 

~ -CH=CH -t CH3yH• 
I x x 

atom) 
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The polymerization is initiated through the presence of 
an activated molecule introduced into the system by 

thermal means 
free radical initiation 
light 
ionic catalysts 

The free radical initiation is the most impor~ nt. Compounds 
which generate free radicals are e.g. 

benzoyl peroxide 

aliphatic azo compounds 

yH3 yH3 
H3C-y-N=N-y-CH3 

CN CN 

3.3.2. Kinetics 

yH3 
2 H3C-y• + N2 

CN 

The kinetics of polymerization depends on the chemical 
character of the monomer as well as on the conditions of 
polymerization. Polymerization can be performed under 
heterogeneous conditions as it is with bulk polymerization 
or in emulsion polymerization. These systems are more 
complicatet than polymerization under homogeneous con­
ditions. Here, the latter one is considered only. 
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3.3.2.1. Initiation 

First step: decomposition of the initiator I to yield a 
pair of f~ee radicals R• 

I~ 2 R• 

The rate of generation of free radicals: 

The factor 2 takes care that the radicals 
must be produced in pairs. 

Second step: addition of a monomer M to a primary radical 
R• to yield a chain radical 

Under normal cunditions each R• starts a chain 

radical. 

Rate of initiation of chain radicals E rate of formation 

of growing polymer chains: 

3.3.2.2. ~agation 

The growth of polymer molecules by successive addition 
of monomers to the radicals 

M• + M --+ M2• 
Mn• E chain carrier of 

M2•+ M ~ M3• n units 
M ,. + n M ---4 un .. 1· 
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The disappearence of m~nomer is a measure of the rate 
of :propagation: 

[M] c monomer concentration 
in mole/l 

[M~ s radical concentration 
in mole/l 

Assumption: radical reactivity is independent of chain 
length. 

3.3.2.3. Termination 

The loss of radicals is a measure of the rate of termina­
tion by combination: 

s -

d(M•l 
__::! = 2 k rM•] 2 
dt t L: 

The rate of termination is independent of molecular weight 
when the viscosity is low. 

With higher viscosity, i.e. higher molecular weight, a 
point is reached when termination is diffusion controlled. 
The rate of termination is decreas~d but rate of initia­
tion and propagation is not cut down. This can happen by 
using a high initial monomer concentration. A marked 
acceleration in r~te can oc~ur at an advanced state of 
the polymerization. Simultaneously the average molecular 
weight of the polymer being formed increases sharply. 
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3.3.2.4. ~teady State 

The steady state condition is reached when 

Chain radicals are created and destroyed at equa1 rates. 

"" 0 

steady state cone. 
of chain radicals 

Substituted in 11>-expression: ~ "" [MJ~M~ 

Thus the rate of polymerization is dependend upon 

kp "" rate constant of propagation 

ki 
• ratio of rate constants of initiat. and termin. 

[M] • monomer concentration 

[1] • initiator concentration 

At a given monomer concentration the rate of polymerization 
is proportional to the square root of initiator concentration 

~ • const. [rf~ 
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Rate of polymerization against initiator cone. 

3.3.2.5. Degree of Polymerization 

The kinetic chain length v represents the average number 
of monomers reacting with a gi~en active center from its 

- .. - initiation to its termination. Thts quantity is given 

by the ratio of the rate of propagation RP to the rate 
of initiation Ri. Under steady state conditions Ri must 
equal Rt. 

\> .. ~ = F"P 
Ri Rt 

~[M]wJ. - ~[M] 
2 kt ·M·}2. - 2 kt[M•] 

The radical conc~l"tration may be eliminated in terms of 
rate of propagation 
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The kinetic chain length is calculable from a knowledge 
of the constants, monomer concentration and rate of 
propagation. 

in versus V: 

When the termination step is by combination 

xn s 2 -v 

With disproportionation 

x s v n 

3.3.2.6. Inhibition and Retardation 

The degree of polymerization can be reduced by a retarder. 
These substances lower the ability ~f chain radicals to 
react with the monomer. If the substance suppresses the 
reaction completely it is referred to as inhibitor. 

3.LJ. Copolymers 

Although there are examples of condensation copolymers, 
the most important ones are made by free radical poly­
merization. 

Fibers made from acrylonitrile as a homopolymer are lacking 
solubility in common solvents and dyeability. To overcome 
these difficulties a certain amount of comonomers are 
used in the polymerization. For lowering crystallinity 
and thus for increasing diffusion rate, nonionic comonomers 
are used. For introducing dyeability ionic ~omonomers are 
used. The properties of copolymers depend not only on the 

chemical nature of the comonomer but also on their relative 
proportions in the product. 
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Ar.rylics contain at least 85% acrylonitrile and a maximum 
of 15% comonomers. Fibers with less than 85% but at least 
35% acrylonitrile are called modacrylics. 

e.g. Acrylan 

+ CH2=9H 
0 
I 
co 
I 
CH3 

vinylacetate 

The composition of the copolymer and the arrangement of 

Wlits along t~1e chain are determined by the relative rates 
of the various chain propagation reactions. The rate of 
polymerization depends also on the rates of termination 
reactions. 

With two monomers M1 and M2 the following chain propa­
- gation reaction occur: 

'V'\./VVV 111 • + M1 
k11 

'VVVVVM1• + M2 
k12 

'VV\./vv'- M2• -t M1 
k21 

'\.JV\.l"VV\,M 2• -t M2 
k22 

> 

Radicals of type M1•are formed 

'VVV'\./M1• 

""'JVVVV M 2 • 

~M1• 

'VVV'vvM2• 

by primary initiation 
by reaction 21 

M(. are destroyed by reaction 12 

b~ termination reactions 
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At steady state, the rates of generation and of dis­
appearence of these radicals are equal. Considering 

long chains the state ~onditions approximate 

The rates of consumption of monomers M1 and M2 at steady 
state are 

Dividing these two equations and eliillinating the concen­
tration of radicals by the former expression, the 
copolymerisation equation is obtained • 

This equation gives the composition of the copolymer 
formed at any instant. 

r1 & r 2 = monomer reactivity ratios 

1 
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d[M1] E mole fraction of M1 in copolymer 

d(M2] E mole fraction of M2 in copolymer 

[141] = mole fraction of M1 in monomer feed 

[142] E mole fraction of 142 in monomer feed 

The composition of the copolymer depends on: 

a) composition of the monomer feed 
b) reactivity of the chain terminal unit 
c) relative reactivity of the monomers with this terminal 

unit. 

With "ideal copolymerization" the two radicals have the 
same preference for one of the monomers over the other 

k11 
M, 

M• 1 
M2 k12 

k21 
M1 ' M2• 

l 

k22 M2 

e.g. M1 is prefered 

k11 k21 
-c -
k12 k22 

In this case the copolymerization equation reduces to 
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d[M,]:; [ M,1 
d[M2]~ [MJ 

mole f rad ion 
O.b 

M, 
. o.~ 
Ir\ copolytoef 

01 

' i O.Y 0.6 0.8 1.0 

mole fradion M, in monomer rniJCture 

Llcremental polymer composition 
against monomer composi~ion 

If r 1 ) 1 (r2 ( ~) Monomer M1 is more reactive than 

monomer M2 with both growing free radicals 

80 

tnole perc.enl {.O 

o~ M, in 
~o 

copolymer 
20 

inslo.nleneovs value~ 
I r," 2 r2 s o.s 

Ml. homopolymer 
I 

2.0 ltD M> 80 100 

extent of readion 

If r 1 ( 1 (r2 ) 1) monomer M2 is more reactive than M2 

. . , 
f! 

., 

JI 
I~ 

il 
r 
! 

I 
I 

l 
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Non-ideal copolymerization is the usual case. 

r 1 • r 2 I 1, the two radicals display different selecti­
vities ~n their choice of monomer. 

In most cases r 1 • r2<1 

k11 k22 
-·---(1 

~~ 
pref ered 

The cross monomer addition dominate additions of a like 
monomer to a radical. 

If both r 1 & r 2 have very small values approaching zero, 
a copolymer is obtained in which the monomers alternate 
with near perfect regularity along the chain M1M2M1M2M1etc. 

If one of the monomers is very much more reactive than 
the other, the two monomers tend to polymerize consecutively. 

?.). Addition Polymers 

Polymers prepared by addition polymerization proceed 
without elimination of simple molecules but with a trans­
fer of H-atoms. 

Polyurethane is formed by polyaddition of a dihydric alcohol 
and a diisocyanate 

Polyurethans are used in the fiber field as a stiff fiber 

for brushes etc., but also to produce elastomeric fibers. 
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4. Orientation and Crystallinity 

Not only crystallinity is a very important factor for 
succesful fiber performance but also the orientation of 
chain molecules. 

One can distinquish the following patterns: 

minimum order 
zero orientation 

high order 
zero orientation 

low order 
high orientation 

perfect order 
perfect orientation 

Since a fiber has to be strong in the length direction 
and flexible in the width direction, the chain molec~l~s 
must be oriented in length direction. 

With the spinning process the molten or dissolved poly­
mer becomes extruded through a spinneret (jet) and soli­
dified by cooling or by running through a coagulation bath. 
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The filament emerging from the spinneret orifice has 
no orientation. So far it does not exhibit fiber properties 

yet. 

The orientation of the chain molecules in the direction 
of the fiber axis is accomplished by stretching or drawing. 

Drawing is carried out on a machine with which the yarn 
is wrapped around two rollers, one running fa~r than the 

other. 

Wi"t;h drawing the filament on extension necks down at one 
position to a smaller cross-section, the length of the 

filament increases. 
nec:k;f"ll_) _____ ./ . ' orienteo. 

~ , ,, .... , ? ~ . . '" t - - - - - . ~,, 
,: .. ';\~ ( ,~'r { :: = =• = ~ :d---> 
'- - . -- : . r"lllll rl 

vndra\.fn 

unori€nted ab~ ... e belo\.J Ts 
T'i 

The drawing orients the crystallites as well as the 

amorphou& material. 

The load extension curve gives some information about 

what is going on: 

loo.d 

yield point 

cJ Plo.tenu 

linear 

(Hook's ,·EgiJn) 

e<ten~ion 

I 
.I 
I 
I 
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From a to b the load is proportional to extension, it 
is completey recoverable. This elastic range is due to 
a change in va:ence angle e 

< 

From b to c is still elastic range, but some set is 
introduced. This is due to rotation of ·chain segments 
which is not reversible 

At the yield point necking occurs. The shape of the 
yield point region reflects the crystallinity of th~ 
drawn polymer 

highly crystalline more amorphous amorphous 

From c to d almost no increased load is needed. Chain 
slippage occurs which is highly ti.me dependent. 

From d to e there is an increased resistance to elon­
gation ~robably because of occurring crystAllization. 
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The load-extension curve of a drawn fiber: 

/ 
loo.d 

e~!ensron 

The influence of major structural parameters on physical 
properties of fibers are as follows: 

a higher degree of crystallinity 
increases strength, dimensional stability, initial 

modulus, density, stiffness, 

decreases flexibility, extensibility, toughness, 

a higher degree of orientation 
stiffens the material in preferred direction, in­
creases strength, 

a larger size of units 
weakens the structure, 

a larger molecular extent 
strengthens ttle structure. 

Properties depending on amorphous regions are moisture 
regain, swelling, heat absorption, dyeing. 
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The existence of the two phase structure of fibrous 
polymers has been proven by several means. The detailed 

picture is still a matter of discussion. X-ray experi­
ments show that the crystalline regions vary in size 

and perfection. 

A very useful model is the fringe micelle theory. In this 

the micelles as regions of high order are statistically 

distributed in regions of lower order. The transiti0n 
from regions of high order to regions of low order is 
gradual. One chain passes through several crystallites. 

unoriented specimen 

oriented specimen 
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The arrangemeut of chains is also dependent upon anealing. 

Many other theories have bee& put forward, e.g. shish kebab 
from Bill Statton 

~ib.-i t nudeus 

- - - - -

~old ed- c.hqin 
lamellQ. 
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