
Chapter 3
Structure Morphology Flow of Polymer

The chemical composition, configuration and molecular arrangement determine
the structure of polymer. The physical structure of polymer is the morphology of
polymer. The nonpolar polyethylene chain can be folded into ordered structure to
have high crystallinity and exhibit good physical properties of toughness, strength,
etc. The polar polymers as shown in Fig. 3.1 exhibit intermolecular interactions
that result in high crystallinity and exhibits good physical properties as well. There
are some factors which affect polymer flow, such as temperature (kinetic energy),
molecular weight (molecular entanglement), and molecular structure. The high
crystalline polymer is usually difficult to process due to its high viscosity. The
liquid crystalline polymer is an exception. It exhibits both excellent physical
properties and low viscosity at liquid state (discuss later). The crosslinked polymer
is obtained either by chemically bonding or physically bonding. The polymer is
not crosslinked and is in liquid form for the ease of processing but it becomes
crosslinked to have good mechanical strength after processing.

3.1 Chemical and Molecular Structure of Polymer

The geometrical arrangement of the atoms in a polymer chain can be divided into
two categories. The first category is configurational arrangements which are fixed
by the chemical bonding in the molecule. The configuration of a polymer chain
cannot be altered unless chemical bonds are broken and reformed. The second
category is conformational arrangements which arise from the rotation of single
bonds. Examples involving conformations of polymer chains include trans versus
gauche arrangement of consecutive carbon–carbon single bonds and the helical
arrangements found in some polymer crystal structures. Polymer configurations
include head-to-head, tail-to-tail and head-to-tail arrangements in vinyl polymers,
several stereoregular arrangements of 1,2- and 1,4-addition cis or trans isomers, or
d and l forms, and arrangements around asymmetric carbon atoms.

Stereo-isomerism in polymers arises from different spatial arrangements
(configurations) of the atoms or substituents in a molecule. Tacticity is the regularity
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in the configurations of successive stereo centers that determines the order of the
polymer chain, such as (–CH2–C*HR–)n where * is stereo center. Figure 3.2 shows
the different examples of tacticity. Atactic is that the R group on successive stereo
centers are randomly distributed on the two sides of the planar zig–zag polymer
chain and thus the polymer chain does not have order. Isotactic is that the stereo
center in each repeating unit in the polymer chain has the same configuration. All the
R groups are located on one side of the plane of the carbon–carbon polymer chain
either all above or all below the plane of the chain. Syndiotactic is that the stereo
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Fig. 3.1 Intermolecular forces in polar polymers: a Dipole–dipole interaction in polyester.
b Hydrogen bonding in polyamide. c Ionic bonding in ionomer
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Fig. 3.2 Different polymer structures from a monosubstituted ethylene, –(CH2CHR)n–, Atactic
(top), Isotactic (center), Syndiotactic (bottom) [1]
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center alternates from one repeating unit to the next with the R groups located
alternately on the opposite sides of the plane of the polymer chain.

In addition to poly(alpha) olefin, polystyrene, poly(methyl methacrylate) and
1,2 addition of polybutadiene can also exhibit either isotactic or syndiotactic
structure. Whether a polymer is isotactic or syndiotactic usually determines its
crystal structure, and the assignment of an all-isotactic or all-syndiotactic structure
to a polymer can be made from its crystal structure. NMR spectroscopy is a
powerful technique to determine the stereospecificity of polymer (the principle of
NMR spectroscopy will be discussed in Chap. 5). It allows the determination of the
stereoregular configuration of successive monomers in sequences. For example,
the NMR spectrum of methylene protons in poly(methyl methacrylate) allows one
to distinguish between and determine the relative numbers of sequences of two
monomer units (dyads) that have syndiotactic (racemic, r) and isotactic (meso, m)
symmetry. The alpha-methyl proton resonance allows estimation of the numbers of
3-monomer sequences (triads) with configurations mm, mr, and rr. Figure 3.3
shows the configurations of mm, mr, rr of poly(methyl methacrylate).

The synthesized poly(3-(n-hexyl)thiophene) (P3HT) can have three configura-
tions: head-to-head, tail-to-tail and head-to-tail. Only the head-to-tail configuration
shows high crystallinity due to the presence of even spacing among the monomers
in the head-to-tail configuration as shown in Fig. 3.4. The stereospecificity of
P3HT can also be determined by the NMR as shown in Fig. 3.5. The chemical
shift of methylene proton of hexyl side chain of thiophene is different resulted
from their position, so it can be easily identified and calculated the stereospeci-
ficity of the polymer.

Many polymers are capable of rotating the plane of polarization of light and are
optical active such as poly(L-propylene oxide). The optical activity of low
molecular weight compound is associated with the presence of asymmetric carbon
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atoms. However, it is not universally true in polymers. The every second chain of
substituted vinyl polymer is theoretically asymmetric, yet such polymers are not
usually optically active, even when isotactic or syndiotactic, because of intramo-
lecular compensation.
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3.2 Crystal Structure of Homopolymer

The X-ray patterns of most crystalline polymers show both sharp features asso-
ciated with ordered regions and diffuse features with molecularly disordered
regions. Therefore both crystalline structure and amorphous structure coexist in the
crystalline polymer. Additional evidence indicates that the density of crystalline
polymer is in between the theoretical calculated value of complete crystalline
polymer and amorphous polymer as shown in Table 3.1.

The crystallinity of polymers is closely related to the chemically and geomet-
rically regular structure of polymer chain. However, atactic polymer can form
crystalline as long as the size of repeating unit can fit into the crystal lattices
despite of stereochemical irregularity. Polyethylene can exhibit highly ordered
arrangement with all of the carbon atoms in one plane when the C–C bonds form a
zig–zag. Figure 3.6a shows these zig–zag sections of chains which easily pack
together closely to form orthorhombic crystalline. Single crystal of linear poly-
ethylene has been fabricated from a solution in perchloroethylene as shown in
Fig. 3.6b. Irregularities such as branching in the polyethylene or copolymerization
with other different structure monomer will reduce crystallinity.

The crystal structure of poly(vinyl alcohol) is similar to that of polyethylene,
since the CH(OH) group is small enough to fit into the polyethylene structure in
place of a CH2 group. The unit cell is monoclinic. Pairs of chains are linked
together by hydrogen bonds and then linked into sheets, as long as the stereo-
chemical irregularity allows. Fully extended planar zig–zag is 3.3 kJ/mole of
molecular dynamic energy less than that of the gauche. Thus, the zig-zag con-
formation is favored to form crystalline structure unless substituents on the chains
cause steric hindrance. Syndiotactic polymers such as poly(vinyl chloride),
poly(1,2-butadiene), most polyamides and cellulose exhibit the similar crystalline
structure. In most aliphatic polyesters and in poly(ethylene terephthalate), the
polymer chains are shortened by rotation about the C–O bonds to allow close
packing. As a result, the main chains are no longer planar. However the tere-
phthalate unit in poly(ethylene terephthalate) remains planar as required by res-
onance. That results in higher packaging and thus higher crystallinity for
poly(ethylene terephthalate) as compared with aliphatic polyesters.

Table 3.1 Densities of polymers in bulk, crystalline and amorphous states [2]

Polymer Density (kg dm-3)

Typical bulk Crystalline Amorphous

Polyethylene (LDPE) 0.91-0.93 

0.93-0.94 

0.95-0.96 

0.90-0.91 

Polyethylene (LLDPE) 1.00 0.86
Polyethylene (HDPE)
Polyethylene (VLDPE)

Poly(ethylene terephthalate) 1.41 1.46 1.34
Poly(tetrafluoro ethylene) 2.19 2.30 2.00
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The substituted vinyl polymer –(CH2–CHR)– with large bulky R group usually
is in amorphous structure through free radical polymerization. For example,
poly(methyl methacrylate), polyacrylonitrile, rubber and polystyrene. Amorphous
polymers do not scatter light, so they are transparent in visible light. Thus, they can
be used as light weight glass such as poly(methyl methacrylate) with a trade name
of Flexglas.

The large size substituted polymer can be organized in isotactic structure
through coordination polymerization. For example, poly(methyl methacrylate),
polystyrene can crystallize with a helical conformation in which alternate chain
bonds take trans and gauche positions. For the gauche position, the rotation is
always in the direction that relieves steric hindrance by placing R and H groups in
juxtaposition, generating either a left-hand or a right-hand helix as shown in
Fig. 3.7. If the side group is not too bulky, the helix has exactly three units per turn
and the arrangement is similar to that in Fig. 3.7a. This form has been found in
isotactic polypropylene, poly(1-butene), polystyrene. More bulky side groups
require more space, resulting in the formation of looser helices as shown in
Fig. 3.7b–d. Isotactic poly(methyl methacrylate) forms a helix with five units in
two turns, while polyisobutylene forms a helix with eight units in five turns. The
poly(tetrafluoro ethylene) contains larger size of F atom than that of H atom. Two
helical conformations are existed. They are twist ribbons in which the fully

Fig. 3.6 a The arrangement of C–H in the crystallites of polyethylene. Reproduced by
permission of the Royal Society of Chemistry [3]. b Single crystal polyethylene shows platelet
like structure. Reproduced by permission of Journal of Applied Physics [4]
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extended planar form is distorted to have an 180o twist in 13 CF2 units in the more
stable form at low temperature. Above 19�C, this form is replaced by a slightly
untwisted conformation with 15 CF2 units per half-twist.

3.3 Crystal Structure of Copolymer

Crystallinity is not expected to find in alternating copolymer and random
copolymer. The repeating unit of alternating copolymer is too short to form
organized structure. If A and B unit in the alternating copolymer are in similar
molecular size, the crystallization behavior will be similar to that of homopolymer.

Fig. 3.7 Helical conformation of isotactic vinyl polymers. Reproduced from Wiley-Interscience
with permission [5]
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The random copolymer does not have regular and ordered sequence, so the
crystalline cannot be formed.

For the block copolymer, various crystalline structures can be formed according
to their chemical structure, chemical composition and interactions among blocks.
The crystalline behaviors of diblock copolymers have been extensively studied.
Figure 3.8a shows the varieties of crystalline structure in diblock copolymers with
different volume fractions. A phase diagram can be constructed for various diblock
copolymer compositions at different temperature as shown in Fig. 3.8b, c. The
formation of crystalline structure in diblock copolymer is due to the phase sepa-
ration between two blocks. It is called self assembly phenomena. The crystalline
domain is in the range of 10–20 nm depends on the size of each block. These
nanostructured copolymers have generated many interests in the nanodevice
applications, because they can be used as low cost nanolithographic resist defining
nanopitch circuits without using expensive electron beam exposure unit.

Factors that influence the phase diagram of diblock copolymers are determined
by: I (intrinsically immiscible interaction parameter), v (the degree of thermody-
namic incompatibility), N (degree of polymerization). The narrow molecular
weight distribution copolymers have to be used, so one can obtain a clear-cut
phase boundary. Therefore, the copolymer usually is synthesized using living
polymerization (will be discussed in Chaps. 8 and 10). Figure 3.9 shows poly(3-
hexyl thiophene)-b-poly(2-vinyl pyridine) can be synthesized by sequential
polymerization. The vinyl terminated poly(3-hexyl thiophene) was first

Fig. 3.8 Varieties of nanostructures and phase diagram of block copolymers. Reproduced from
Physics Today with permission [6]
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synthesized by Grignard metathesis polymerization with one end capped with
phenyl group then subsequently reacted with 2-vinyl pyridine to obtain the block
copolymer by anionic polymerization [7].

Various compositions of copolymers can be synthesized using anionic macro-
initiator of polythiophene to initiate 2-vinylpyridine monomer to obtain P3HT-b-
P2VP copolymers as summarized in Table 3.2. Their TEM microstructures are
shown in Fig. 3.10. The copolymer exhibits structures of nanofibrils, lamella,
cylinder and sphere by changing the volume fraction of P2VP from 20, 29, 68,
87 % respectively [8]. The P3HT segment is more rigid than P2VP segment, so at
lower volume fraction of P2VP, less curvature morphology is observed such as
fiber, lamella.

The TEM technique can only examine the morphology of copolymer locally.
We have to use small angle X-ray scattering (SAXS) technique to study long range
order behaviors of copolymers as shown in Fig. 3.11. The instrument set up is
described in Fig. 5.15. The long range order of different copolymers has been
observed for all the samples and it is in agreement with TEM observation.
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Fig. 3.9 Synthetic scheme of poly(3-hexyl thiophene)-b-poly(vinyl pyridine)

Table 3.2 Molecular parameters of P3HT-b-P2VP block copolymers

Sample FP2VP(%)* Mn, P3HT Mn, P2VP

P3HT 0 6,800 –
HTVP20 20 6,800 1,600
HTVP29 29 6,800 2,600
HTVP46 46 6,800 5,600
HTVP57 57 6,800 8,600
HTVP68 68 6,800 13,800
HTVP76 76 6,800 20,400
HTVP87 87 6,800 41,800

* Volume fraction of P2VP in copolymer
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Fig. 3.10 TEM photos of P3HT-b-P2VP microstructure morphology at four copolymer
compositions of 20, 29, 68 and 87 % volume of P2VP. a, c, e, g are solvent casted samples;
b, d, f, h are 130�C annealed samples [8]
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The phase diagram of P3HT-b-P2VP has also been constructed using temper-
ature varied TEM, SAXS and WAXS as shown in Figs. 3.12, 3.13 and 3.14
respectively.

The feature of phase diagram of the self assembly diblock copolymer depends
on the chemical structure of each block as shown in Fig. 3.14. Figure 3.15 shows
the phase diagrams of different diblock copolymers. The P3HT-b-P2VP is a rod-
coil system. The P3HT rod is not flexible enough to obtain gyroid structure easily
as observed in coil–coil system. The PPV-b-PI system exhibits simpler phase
diagram than the P3HT-b-P2VP system, because the PPV is more rigid (higher
aspect ratio of diameter versus length of molecule) as compared with P3HT.

3.4 Liquid Crystalline Polymer

Liquid crystals are neither true liquids nor true solids. Liquid crystallinity (LC)
occurs when molecules become aligned in a crystalline array while still in the
liquid state that exhibits anisotropic property. The ordered regions in the liquid are

Fig. 3.11 SAXS profiles of P3HT-b-P2VP block copolymers with different compositions.
HTVP20 is nanofibril structure; HTVP29, HTVP46, and HTVP57 are lamellar structure;
HTVP68 and HTVP76 are hexagonal cylinder structure and HTVP87 is spherical structure [8]
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called mesophases. Molecules exhibit LC behavior when their structures are rel-
atively rigid, elongated or disc like. The morphology of LC may be influenced by
external magnetic or electrical field, shear force, sometimes they change color with
temperature. They exhibit fluidity of liquids and the opaqueness of crystalline
solids. The LC polymers developed in late 1970. They contain rigid moiety in the
polymers. The rigid moiety is called mesogen which is responsible for the
mesophases.

There are two major classifications of liquid crystals: lyotropic type and ther-
motropic type. Lyotropic liquid crystals form under the influence of solvent. A
commercially available lyotropic liquid crystalline polymer is the aromatic poly-
amide (du Pont trade name Kevlar). The structure of Kevlar is shown in below.

C

O

C

O

NH NH

Thermotropic liquid crystals form in the melt (upon heating). Copolyesters
prepared from terephthalic acid, ethylene glycol, and p-hydroxybenzoic acid

Fig. 3.12 TEM photos of HTVP68 self assembled into a hexagonal closed-packed cylinders
after annealed at 130�C for 24 h plus liquid nitrogen quenching, b a gyroid phase after annealed
at 150�C for 24 h plus liquid nitrogen quenching, c disordered phase after annealed at 220�C for
24 h plus liquid nitrogen quenching and d hexagonal close-packed cylinders after cooling from
220�C and annealing at 130�C for 24 h then liquid nitrogen quenching [8]
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Fig. 3.13 Temperature varied SAXS profiles of P3HT-b-P2VP, a and b heating and cooling of
HTVP29; c and d heating and cooling of HTVP68 [8]

3.4 Liquid Crystalline Polymer 39



Fig. 3.14 WAXS profiles of P3HT-b-P2VP, a room temperature samples after thermal
annealing, b samples are under varied temperature condition [8]
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exhibit liquid crystalline behavior. The structures of monomers are shown in
below.

HO2C CO2H HOCH2CH2OH HO CO2H

The melt viscosity of copolyester was increased initially when the amount of p-
hydroxy benzoic acid was increased due to the incorporation of ‘‘rigid’’ p-hydroxy
benzoate unit [10]. At levels of about 30 mol %, however, the melt viscosity

Fig. 3.15 Phase diagrams of a P3HT-b-P2VP [8], b coil–coil block copolymer [6], and c rod-
coil DEH-PPV-b-PI [9]
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began to decrease, reaching a minimum at about 60–70 mol %. This is shown in
Fig. 3.16 at four different shear rates. The decrease in viscosity and increase in
opaqueness arises from the onset of LC polymers which is due to the increased
backbone rigidity. The increase in rigidity decreases the entanglement of polymer
chain which is an effective way to reduce viscosity.

Major drawbacks to liquid crystalline polymers are that they have a very high
melting point and are difficult to dissolve in the common organic solvents. One
approach to resolve these difficulties is to separate the rigid back bone groups with
flexible spacers such as ethylene units, ethylene oxide units, or silane units (their
structures are shown below). Another approach is to attach mesogens with flexible
spacers to the polymer backbone. Both types of liquid crystalline polymers are
illustrated schematically in Fig. 3.17.

CH2CH2OCH2CH2
Si

CH3

CH3

O

(b)

(a)Fig. 3.17 Representations of
mesogenic group (box) and
flexible spacers ( ) in a the
backbone and b the side chain
of liquid crystalline polymers
[11]

Fig. 3.16 Effect of p-
hydroxybenzoic acid
concentration on melt
viscosity of a terephthalic
acid/p-hydroxybenzoic acid/
ethylene glycol copolyester.
Reproduced from Journal of
Polymer Science with
permission [10]
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3.5 Crosslinked Polymer

The polymers discussed above are thermoplastics which will flow upon heating or
dissolving in solvent. Linking polymer chains through covalent or ionic bonds
forms a network that decreases molecular freedom, increases thermal resistance
and polymer rigidity but decreases the flow property. The crosslinked covalent
bonds are usually formed by chemical reaction upon heating. This class polymer is
called thermoset. The epoxy resin is one of the most common thermosets and used
widely in the electrical insulation of electrical equipment where heat will generate
during the operation of the equipment. The crosslinked polymers are no longer
dissolved but swell in solvent (except ionically crosslinked). The swollen cross-
linked polymer is called a gel. The 300–1,000 micron gelled particle of crosslinked
polystyrene is called microgels that are used in solid-phase synthesis and catalyst
immobilization.

The crosslink density C is determined by the number average molecular weight
between crosslinks ð �MnÞc dividing the number average molecular weight of un-
crosslinked polymer ð �MnÞo as shown below.

C ¼ ð
�MnÞc
ð �MnÞo

ð3:1Þ

Crosslink density is the number of crosslinked monomer units per main chain
(theoretical value). For example, as a polymer where one of every 20 molecules is
a trifunctional isocyanate, nine of every 20 molecules is a bifunctional isocyanate,
and 10 of every 20 molecules is a bifunctional alcohol, we could say the crosslink
density of this polymer is 0.05 [1/20]. In practice for actual value, the crosslinking
density is measured by swelling ratio and extract ratio test (ASTM D2765-95), and
their ratios are equal to:

Swell ratio ¼ Vol: of crosslinked polymer þ Vol: of absorbed solvent
Vol: of crosslinked polymer

ð3:2Þ

Extract ratio ¼ Weight of extract
Weight of crosslinked polymer

ð3:3Þ

By introducing strong secondary bonding attraction between polymer chains,
the polymer can exhibit properties of a thermosetting material while remaining
thermoplastic behavior. Crystalline polymers fit into this category. Because of the
very strong secondary forces arising from close chain packing, many of the
mechanical and solution properties of crystalline polymers are similar to those of
crosslinked amorphous polymers. For example, thermoplastic elastomer can be
crosslinked through hydrogen bonds. A common type of thermoplastic elastomers
(TPE) has polyurethane structures. This type of polyurethane can be prepared by
reacting excess amount of methylene 4,40-diphenyl diisocyanate with polyols
(hydroxyl terminated long chain aliphatic polyester or polyether) to form
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isocyanate terminated oligomer. Then the oligomer is reacted with ethylene dia-
mine to yield polyurethane with the structure shown in Fig. 3.18 [2]. The polymer
contains soft segment and hard segment from the polyols domain and urethane
urea domain respectively.

Polystyrene-polybutadiene-polystyrene (-ABA-copolymer, rigid-flexible-rigid)
is another example. A and B are immiscible, B block aggregates into microdomain
within the polymer matrix, as shown in Fig. 3.19 to have physical crosslinking
with improved mechanical properties.

3.6 Polymer Blend

Polymer blend is a mixture of two or more polymers without chemical bonding. It
is also called polymer alloy. Miscible blend is clear and exhibits one phase
transition, for instance, GE Noryl is a polymer blend of polystyrene and poly (oxy-
2,6-dimethyl-1,4-phenylene). Immiscible blend is opaque and exhibits more than
one phase transition, such as ABS (acrylonitrile–butadiene–styrene) plastics. It is
prepared by an amorphous styrene-butadiene copolymer dissolving in styrene and
acrylonitrile first and then undergoing further polymerization. Chain transfer
reactions may occur to graft one copolymer to the other [11].

The property (P) of miscible binary polymer blend can be quantified by the
semi empirical relationship,

P ¼ P1;1 þ P2;2 þ I;1;2 ð3:4Þ

where ; is the volume fraction in the blend and I is the interaction factor that may
be negative, zero, or positive. If the property is entirely additive, I = 0. If I is

N

H

(CH2)2 N

H

C N

O

H

CH2 N C

H

O

O

n

Fig. 3.18 Polyurethane type of thermoplastic elastomer

Fig. 3.19 Representation of
aggregation in an ABA block
thermoplastic elastomer (
represents end blocks, circle
represents microdomains)
[11]
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positive, every component has synergistic effect to each other which results in
better property than the weighted average. If I is negative, every component is
nonsynergistic, then the property is worse than the weighted average. Figure 3.20
shows these three possible phenomena in the plot of property versus concentration.

When the two polymers are not miscible, by incorporate compatibilizers into
the blend, the adhesion between phases can be improved. For example, an
incompatible blend of homopolymers of poly(A) and poly(B), by adding the block
copolymer made from A and B monomers, the natural affinities of the blocks for
their respective homopolymers will localize the copolymer at the phase boundary
and help ‘‘glue’’ the two immiscible phases together, as depicted in Fig. 3.21.

Fig. 3.20 Hypothetical
property-concentration
relationships for a binary
miscible polymer blend [11]

Fig. 3.21 Representation of
the use of an AB block
copolymer to improve
interfacial adhesion in an
immiscible polyblend [11]
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3.7 Polymer Flow Under Shear Force

The science of deformation and flow of material is called rheology. To cause a
polymer to deform or flow requires the application of a force. If a force is applied,
then withdraw quickly, the polymer molecules tend to revert to their previous,
undisturbed configuration, this process is called a relaxation–elastic property of
polymer. Because of chain entanglement and frictional effects, the flowing liquid
will be very viscous. The combination of elasticity and viscous flow is called
viscoelastic properties of polymer.

A variety of forces are applicable to polymer deformation, and the most
important one is shear force (or tangential stress). Shear is a force applied to one
side of a surface in a direction parallel to the surface. If a rectangle is subjected to
shear, for example, it becomes a parallelogram as illustrated in Fig. 3.22. Shear
stress ðsÞ is defined as the force ðFÞ in dynes (or newtons) per unit of surface area
ðAÞ in square centimeters (or square meters); that is,

s ¼ F=A ð3:5Þ

Shear causes polymer molecule to flow past one another, when a polymer is in the
liquid or molten state.

Viscosity is a measure of resistance to flow which has been used in the dis-
cussion of polymer solution in Chap. 2. In this chapter, we concentrate on the flow
properties of neat polymers. When the polymer is under the shear force s ¼ F=A;
shear strain, c is the amount of deformation can be expressed by

Fig. 3.22 Illustration of
shear force (tangential stress)
applied to an object [11]
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c ¼ X

Y
ð3:6Þ

The resistance to shear is the shear modulus, G, which is the ratio of stress to shear
strain and expressed by

G ¼ s
c

ð3:7Þ

Shear rate, ð_rÞ, also called the velocity gradient, is the rate at which the planes (see
Fig. 3.22) or molecules (in an amorphous liquid) flow relative to one another:

_r ¼ dc
dt

ð3:8Þ

If the shear stress increases in proportion to the shear rate, the liquid is called
Newtonian (or ideal) liquid. It follows the Newton’s law of viscosity:

s ¼ g_r ð3:9Þ

where the proportionality constant, g, is the viscosity. Units of viscosity are poises
(dyne s/cm2), or in the SI system, Pascal-seconds (Pa s = newton s/m2). Table 3.3
is the list of viscosity of different matters as compared to glycerine. The polymer
exhibits at least two orders higher viscosity than glycerine.

The viscosity of neat polymer can be described by the Williams-Landel-Ferry
(WLF) equation for temperature ranged from Tg to Tg þ 100 K as shown in
Eq. 3.10. Tg is the glass transition temperature of polymer which indicates the
transition temperature of polymer from rigid solid state to rubber state (the effect
of chemical structure on the Tg of polymer will be discussed in Sect. 3.8).

g ¼ A exp
B

T � T0

þ Em

RT

� �
ð3:10Þ

where A, B are adjustable constant, R is gas constant, Ev is apparent activation
energy for viscous flow which is related to free volume, T0 \ Tg (T0 is the tem-
perature of free volume being equal to zero). The Arrhenius equation (Arrhenius-
Frenkel-Eyring AFE formula) can be used for temperature above Tg þ 100 K

g ¼ A exp
Em

RT

� �
ð3:11Þ

Table 3.3 Viscosity values
of different matters

Matter Viscosity (Pa.s)

Gas 10-5

Water 10-3

Glycerine 1
Polymer 102–106
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The shear rate dependence of viscosity can be expressed by Carrean A model as
below which is not temperature dependent, so called compensation effects for
polymer melts.

g ¼ g0

½1þ ðk _rÞ2�s
ð3:12Þ

where g is the viscosity at a shear rate of _r; g0; k; and s are the model parameters.
This relation is known to fit most polymer viscosity data obtained from simple
shear flow experiment quite well [12]. The viscosity of the polymer depends on the
chemical structure of the polymer and temperature. At the same amount of
repeating unit of polymer, the bulky structured polymers from bulky branch or
substituent have higher Em than that of linear polymers. At a specific temperature
ðT1Þ, the polymer with more bulky chain branch or substituent exhibits higher
viscosity because the polymer has less free volume. When the temperature
increases from T1 to T2, its effect on the viscosity will be less for linear polymer
but more for bulky structured polymer. Table 3.4 shows the extent of temperature
effect on the polymer viscosity for different chain structures and different acti-
vation energy of polymer flow.

Deviations from ordinary Newtonian liquid behavior are common in polymer
flow. One type is called a Bingham Newtonian fluid which is defined as

Table 3.4 Temperature effect on polymer viscosity ln g ¼ ln Aþ Ev
RT

Polymer Activation energy Temperature at Viscosity

Linear Small T1 Low
Linear Small T2(T2 [ T1) Lowered with small extent
Bulky sub. Large T1 High
Bulky sub. Large T2(T2 [ T1) Lowered with large extent
Bulky sub. Large T2(T2 \ T1) Higher than linear polymer

Fig. 3.23 Types of shear
flow: a Newtonian;
b Bingham Newtonian;
c shear thinning; and d shear
thickening [11]
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s ¼ sc þ g_r ð3:13Þ

where sc is the critical shear stress, or threshold stress. It is the stress needed to
initiate flow. Other deviations are non-Newtonian. They occur where shear stress
does not increase in direct proportion to shear rate. The deviation may be in the
direction of thinning or thickening. These various possibilities are illustrated in
Fig. 3.23.

Thixotropic liquid has gel like high viscosity at low stress, but thin out at high
shear force such as stirring. The difference between shear thinning and thixotropic
is that the former dependent on shear rate, the later is independent of shear rate but
dependent on time at a fixed shear rate. Flow behavior may also be expressed by a
power law equation:

s ¼ A_rB ð3:14Þ

where A is a constant and B an index of flow. For a Newtonian fluid, the rela-
tionships of B ¼ 1 and A ¼ g s ¼ g_rð Þ are held. A plot of log s versus log _r is
linear with slope equal to B and intercept equal to log A (Fig. 3.24).

The viscosity of polymer usually decreases at high shear rate due to the
decrease in molecular entanglement as shown in Fig. 3.25. In the amorphous state
there is considerable entanglement of the chains, and while low shear rates may
disrupt this to a degree, the mass retains its entangled character. As shear rate
increases, disruption may occur faster than the chains can re-entangle, and the
resultant decreasing entanglement allows the molecules to flow with less resis-
tance, hence the decrease in viscosity.

Fig. 3.24 a Newtonian
(slope = 1); b shear thinning
(slope \ 1); c shear
thickening (slope [ 1) [11]

Fig. 3.25 Shear thinning
arising from disentanglement
[11]
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The molecular entanglement is increased as the molecular weight increases.
Therefore, molecular weight is a critical variable in rheology. Studies have shown
that there exists a critical molecular weight ð �McÞ for entanglement to begin for
flexible chain polymers as illustrated in Fig. 3.26. The slope of log of Newtonian
viscosity ðg0Þ against the log of weight average molecular weight ð �MwÞ becomes
steep (very large) after the �Mc. For most polymers, the critical molecular weight
falls in the range of 4,000–15,000. The critical molecular weight is a function of
chain length and equal to average DP of 600 (e.g. polyethylene –(CH2CH2)–,
600 9 14 = 8,400). A critical chain length, rather than a critical molecular weight
is necessary for entanglement.

Polymer viscosity is increasing logarithmically with molecular weight
(Fig. 3.26). The broader the molecular weight distribution, the lower the shear rate
at which shear thinning develops (Fig. 3.27). At a given molecular weight, shear
rate and temperature, the more highly branched polymer, the lower will be its
hydrodynamic volume and the lower its degree of entanglement. Although the

Fig. 3.26 Effect of
molecular weight on
Newtonian viscosity [11]

Fig. 3.27 Effect of
molecular weight distribution
on shear thinning [11]
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branched polymer has low viscosity for ease of processing, it is usually
mechanically weaker than the linear polymer due to lack of intermolecular sec-
ondary bond. The flow also depends on polymer conformation (shape), more rigid
polymers are significantly more viscous according to Mark-Houwink-Sakurada
(M–H–S) equation (Eq. 2.22) except liquid crystalline polymers as discussed
before. We observed that a varies from 0.5 for random coil to about one for more
rodlike extended shape.

Table 3.5 Typical Tg values of common thermoplastics (atactic forms) [2]

Polymer CRU structurea Tg (K)

Poly(oxymethylene) �CH2�O� 198
Polyethylene �CH2�CH2� 253
Poly(ethylene oxide) �CH2�CH2 � O� 206
Polypropylene �CH2�CH CH3ð Þ� 267
Poly(propylene oxide) �CH2�CH CH3ð Þ�O� 226
Polystyrene �CH2�CH C6H5ð Þ� 381
Poly(a-methylstyrene) �CH2�C CH3ð Þ C6H5ð Þ� 445
Poly(methylacrylate) �CH2�CH C ¼ Oð ÞOCH3ð Þ� 281
Poly(methylmethacrylate) �CH2�C(CH3ÞðC( ¼ O)OCH3Þ� 394
Poly(vinyl chloride) �CH2�CH Clð Þ� 354
Polyacrylonitrile �CH2�CHðC � N)� 378
Poly(ethylene terephthalate) �O� CH2�CH2 � O�C( ¼ O)�C6H4�C( ¼ O)� 340
Nylon 66 �C( ¼ O)�ðCH2Þ4�C( ¼ O)�NH�ðCH2Þ6�NH� 357

a CRU = constitutional repeating unit

Fig. 3.28 Segmental rotation
of a polymer chain into an
adjacent void volume under
stress, when internal rotation
takes place only about two
bonds (hooped arrows) [2]
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3.8 Polymer Flow Under Thermal Stress

The polymer starts to flow at a specific temperature which is called glass transition
temperature ðTgÞ. The solid polymer changes from a hard glassy solid to a rubbery
(elastomers) or flexible (for themoplastics) state which involves the translational
movements of the polymer main chains and the rotational movements of the
segments (Fig. 3.28).

The translational movements are related to the molecular weight of the mole-
cule and free volume of the polymers. High crystalline and high density polymers
exhibit high Tg due to less free volume. Any structural feature which hinders the
rotation of segments of the molecular chain should increase the value of Tg of the
polymer. Tables 3.5 and 3.6 list the Tg of some common thermoplastics and
elastomers respectively. For the purpose of comparison of thermoplastic with
general CRU formula –CH2–CH(X)–, the Tg of polyethylene is taken as a refer-
ence point. Any substituting for the hydrogen atom on the ethylene chain, the Tg

will be increased due to increased steric hinderance of large size substituent; the
larger the substituent, the higher the Tg becomes. For instance, the Tg of poly-
styrene (381 K) is higher than that of polypropylene (267 K) and polyethylene
(253 K). When the substituent is more polar, the Tg will increase as well, such as
poly(vinyl chloride) (354 K) and polyacrylonitrile (378 K). The –Cl and –CN are
also larger then –H. This point also can be observed in elastomers with general
CRU formula –CH–CH=C(X)–CH–. The –C–O– bond has more free volume than
–C–C– bond due to the divalent of –O–, so the Tg of polyoxymethylene is lower
than polyethylene (198 K vs. 253 K).

Table 3.6 Typical values of Tg of common elastomers (rubbers) [2]

Polymer x Tg(K)

Poly(cis-1,4-butadiene) H 165
Poly(cis-1,4-isoprene) CH3 206
Neoprene Cl 253

H CH3

C

H CH3

H H

0.154nm

112o

0.255nm

H3C

Si

CH3

Si

Si

H3C CH3

H3C CH3

0.326nm

130o

0.591nm

OO

Polypropylene             Poly (dimethyl siloxane)

Fig. 3.29 Comparison of the geometries of the planar zig–zag conformations of polypropylene
and poly(dimethyl siloxane) [2]
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Polysiloxanes are known commonly as ‘silicones’ and have remarkable prop-
erties, including chemical inertness and very low values of Tg. Figure 3.29 com-
pares the geometries of the extended chain structures of isotactic polypropylene
ðTg ¼ 255 KÞ and one of the common silicones, poly (dimethyl siloxane) with a Tg

of 155 K. It is the relatively large separation of the backbone silicon atoms and
their substituents which accounts for the ease of internal rotations and hence the
low Tg, which is even over 40 K lower than that of polyoxymethylene (198 K).

The Tm refers to a phase transition in which converts crystalline solid to liquid
polymer. The Tm can be expressed by the corresponding changes of enthalpy DHm

and entropy DSm. The corresponding Gibbs energy change DGmð Þ is zero when the
process is conducted under equilibrium conditions so that DHm ¼ TmDSm and
Tm ¼ DHm=DSm. Table 3.7 shows representative values of these parameters for
various common thermoplastics in which substantial fractions of bulk samples are
usually crystalline.

It is interest to observe that a large difference presents in the Tm between
polyethylene (–CH2–CH2–)n and poly(tetrafluoro ethylene) (PTFE) (–CF2CF2–)n.
As shown in Table 3.7, the DSm of PTFE is much lower than that of polyethylene
which is mainly responsible for the higher thermal stability of PTFE crystallites.
What is obvious is that the fluorine atoms, much larger than hydrogen atoms, form
an interlocking sheath along the PTFE chain. This difference is of particular sig-
nificance for the molten phases, in which PTFE chains will be much stiffer than
polyethylene chains, the latter being able to undergo almost free internal rotations
to explore a much larger range of conformations. Both Tg and Tm increase as
internal rotations in the bond and the backbones of polymer chains become more
hindered as shown in Table 3.8. In fact there is a useful approximate rule of thumb

Table 3.7 Values of Tm, 4Hm, and 4Sm of some common polymers [2]

Polymer Tm (K) DHm (KJ mol-1) DSm (JK-1 mol-1)

Polyethylene 414 8.0 19.0
Poly(tetrafluoro ethylene) 672 5.7 8.5
Poly(ethylene oxide) 342 8.7 25.0
Polystyrene (isotactic) 513 9.0 18.0
Polystyrene (syndiotactic) 542 8.6 16.0
Poly(cis-1,4-isoprene) 299 4.4 15.0
Poly(trans-1,4-isoprene) 347 13.0 37.0

Table 3.8 Comparison between Tm and Tg of diene polymers [11]

Polymer Isomer Tg (K) Tm (K)

1,4-polybutadiene cis 178 279
trans 190 418

1,4-polyisoprene cis 200 301
trans 215 347
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which states that TgðKÞ is approximately equal to two-thirds (0.67) of TmðKÞ. The
rule is present in the actual case of the common polymers as shown in Fig. 3.30.

For the polymer blends, one Tg is observed for miscible blends such as the
blends of polystyrene and poly(oxy-2,6-dimethyl-1,4-phylene) (GE Noryl poly-
mer). Immiscibe blends exhibit more than one Tg such as thermoplastic elastomer
of poly(styrene–butadiene–styrene). At room temperature, the polymer behaviors
as elastomer with low Tg but the polymer is physical interlocked at the end
terminated polymer styrene. At the Tg of polystyrene, the polymer can be soften
for ease of processing.

The values of Tm and Tg of copolymers depend on the type of copolymers. For
statistical copolymer, the crystallinity of statistical copolymer is lower than that of
either of the respective homopolymer because of the decrease in structural regu-
larity. The Tm of any crystalline material formed is usually lower than that of either
homopolymer. The Tg will be in between those for the two homopolymers. For
block copolymer, each type of block in block copolymer shows its corresponding
homopolymer as long as the block lengths are not too short ( �Mw [ 10,000). This
offers the ability to combine the properties of two different polymers into one
block copolymer. For alternating copolymer has a regular structure, their crys-
tallinity may not be affected significantly unless one of repeating unit containing
rigid, bulky or excessively flexible chain segment. The Tg and Tm of alternating
copolymer are in between the two corresponding homopolymers.

Fig. 3.30 Plot of Tm versus Tg with the points corresponding to several polymers and the line
corresponding to Tg (K) = 2/3 Tm (K) shown [2]
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Accurate Tg and Tm can be determined by the established methods of DSC,
DTA, etc. Their principles and instruments will be discussed in Chap. 5. Fig-
ure 3.31 shows typical DSC profiles which have been obtained for samples of poly
(ethylene terephthalate) (PET) treated in different ways. The top-most profile is for
a totally amorphous sample obtained by rapid quenching of melted PET by
dropping into liquid nitrogen at 77 K, which allows no time for the development of
microcrystallinity. The middle profile is for a PET sample which has been cooled

Fig. 3.31 Curves obtained
by differential scanning
calorimetry (DSC) on a
5.25 mg sample of poly
(ethylene terephthalate)
treated in different ways
before the measurements [2]

Fig. 3.32 P3HT-b-P2VP thermal properties (cooling slowly then heating) [8]
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at a moderate rate from the melt and hence has a substantial degree of crystallinity.
The bottom-most profile is for a PET sample which has been cooled so slowly that
it can be considered to have been annealed. The annealing process is the pro-
cessing temperature remained near to Tm long enough to develop the maximum
possible degree of crystallinity.

The phase transition of the block copolymer, P3HT-b-P2VP has been studied
by DSC and shown in Fig. 3.32. The Tg of copolymer is from P2VP homopolymer
which is decreased with decreasing the amount of P2VP due to the decreased
molecular weight of P2VP. The P3HT homopolymer shows a relative low Tg as
compared with the copolymer, but have a Tm at 200�C due to the crystallization of
P3HT. However, the crystallization is suppressed by incorporating P2VP segment
larger than 20 % by volume, no Tm is observed in copolymer. Figure 3.33 shows
the phase transition of pure P3HT at (100) plane using X-ray diffraction mea-
surement. At 425 K, the P3HT is fully crystalline, but the crystallinity decreases
with increasing temperature. At 468 K the P3HT is melted which is close to the Tm

of P3HT.

3.9 Problems

1. Write concise definitions of the following terms:

(a) annealing (j) nucleation
(b) atactic (k) polyblend
(c) crosslink density (l) rheology
(d) glass transition temperature (m) shear stress
(e) head-to-tail polymer (n) shear thinning
(f) isotactic (o) syndiotactic
(g) lyotropic liquid crystal (p) thermoplastic elastomer
(h) mesogen (q) thermotropic liquid crystal
(i) mesophase (r) viscoelasticity

Fig. 3.33 Study of P3HT
phase transition by wide
angle X-ray diffraction.
Reproduced from Ref. [13]
with permission
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2. Draw the configuration diagram of the following head-to-tail polymers (five to
six repeat units):

(a) syndiotactic poly(vinyl chloride)
(b) isotactic poly(a-methyl styrene)
(c) atactic 1,2-polybutadiene
(d) syndiotactic poly(1,2-difluoroethylene)
(e) cis-1,4-polychloroprene

3. State the equations relating the melt viscosity of a polymer to (a) molecular
weight and (b) temperature.

4. (a) Compare and explain the phase diagram difference between coil–coil
block copolymer and coil-rod block copolymer. (b) Compare and explain the
phase diagram between P3HT-b-P2VP and PPV-b-PMMA. (Ho [14])

5. Which of the following ‘‘isomeric’’ polymers would you expect to exhibit the
greater crystallinity? Explain.

CH2CH2CH

OH

or CH2CH

OCH3

(a)

CH2CF2
or CHFCHF

(c)

6. Speculate on why polyester clothing is more wrinkle resistant than cotton.
Why is a hot iron used to press out the wrinkles? The following figures show
their structures respectively.

O

OH

HO
OH

O
O

OH

HO
OH

O

n

cellulose

C

O

C

O

O CH2CH2 O
n

polyester

C(CH2)4COCH2CCH2O

O CH3

CH3

O

C(CH2)4COCH2CHCH2O

O

CH2CH3

O

or

(b)
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7. Which polymer in each of the following pairs would you expect to exhibit the
higher glass transition temperature? Explain your choice in each case.

(a) CH2CH

Cl

CH2CH

F

or

(c)
CH2CH2NH CH2CH2O

or

(d)

O C

O

O C

Oor

(e)
C COCH2CH2O

O O

CH2CH2CH3

C COCH2CH2O

O O

CH(CH3)2

or

8. Compare the difference in crystallinity and Tg among homopolymer, block-
copolymer, alternating copolymer, random copolymer.

9. Compare the differences between conventional polymer and liquid crystalline
polymer in terms of their chemical structure, thermal property and flow
property.

10. Discuss the differences of self assembly behaviors between diblock copolymer
and triblock copolymer. (Bates [15]).
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