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Fundamentals of Polymer

1.1 What Is Polymer?

The “poly” in polymer means “many,” and polymers are also known as “macromol-
ecules.” As the name suggests, they are substances with high molecular weights.
Due to this high molecular weight, polymers exhibit quite unique properties which
are completely different from other materials, such as inorganic materials, metallic
materials, and organic low-molecular-weight materials. Thermal expansion, which
will be explained in Chapter 2 and beyond, is one of these properties. Some readers
may not be familiar with polymers, so we would like to briefly review the fundamen-
tals of polymers in this chapter. However, there are some parts that are explained
from our own perspective, which may cause some readers to feel confused. Thus, we
ask you for your understanding.

This chapter is intended for readers who are not very familiar with polymers.
If you have a good knowledge of polymers, you can skip this chapter and start from
the next chapter, Chapter 2.

1.1.1 What Molecular Weight Should a Substance Be Defined as
“Polymer”?

What molecular weight should a substance be defined as a polymer? To tell the
truth, there is no clear definition. Here, we will introduce one of the generally
accepted definitions. As the molecular weight increases, the size and length of the
molecules also increase. When they reach a certain length, entanglement between
molecules begins. The molecular weight at which this entanglement begins is called
a molecular weight between entanglements, M,.

So how can M, be obtained? In principle, there are two methods to obtain M,. One
is to track the time, frequency, or temperature changes in the viscoelastic functions
of a concentrated polymer solution or a polymer melt. Figure 1.1 shows the time
dependence of storage modulus for typical amorphous polymer. Depending upon
the state of the polymer, the viscoelastic function (in this case, storage modulus) can
be divided into four regions: glassy, transition, rubbery plateau, and flow regions.
In the rubbery-plateau region, the viscoelastic function loses its time (temperature)
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Figure 1.1 Typical viscoelastic function behavior on time for an amorphous polymer.

dependency and becomes flat. The reason for the loss of time dependency is inter-
preted to be that some kind of network due to the molecular entanglements is
formed, which leads to elimination of relaxation and thus causes the system to
become elastic.

The height of this rubbery-plateau region is called the pseudo-equilibrium mod-

ulus Gy, and has the following relationship with the M,.

pRT
Gp="—"- 1.1)
ME
or
pRT
Gy

where p, R, and T are density, gas constant, and absolute temperature, respectively.

As seen from those formulas, M, and Gy, are inversely proportional, and the mol-
ecule with a lower M,, in other words, more entanglements is supposed to have
higher Gy. By determining Gy, from viscoelasticity measurements, we can obtain M,
by using the formula (1.1) or (1.2).

We will now introduce another method. This is a method for determining M,
from a plot of viscosity and molecular weight. Please take a look at Figure 1.2 [1].
This is a plot of the relationship between zero-shear melt viscosity measured at
217°C and weight-average molecular weight for polystyrene (PS). When plotted
on a logarithmic scale, the relationship between the two becomes linear. Hence,
a viscosity # and molecular weight M have a power relationship as shown in the
formula (1.3).

n o< M* (1.3)
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Figure 1.2 Relationship between weight-
average molecular weight and zero-shear melt 6
viscosity at 217°C for PS [1].
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However, we can see that the slope of the line changes at a certain molecular
weight. This molecular weight is defined as M,. When the length of the mole-
cules exceeds the one corresponding to a certain limit M,, the molecules begin
to entangle. When M < M,, a = 1.0 ~ 2.0, while when M > M,, a = 3.0 ~ 4.0. In
other words, the molecular entanglements increase the sensitivity of viscosity to
molecular weight.

This method is time-consuming because it requires measuring the viscosity of
polymers with multiple molecular weights, but unlike the method by viscoelastic
measurement, it has the advantage of being able to directly obtain M, without using
a conversion formula such as the formulas (1.1) and/or (1.2).

Now let us investigate the relationship between M, and the molecular structure
of a polymer. In fact, M, varies greatly depending on the molecular structure of
a polymer. Table 1.1 summarizes the M, and C of various polymers, where C
is a parameter that indicates the flexibility of the molecular chain, called the
characteristic ratio, and is defined by the formula (1.4).

Coo = Jim { ff;ﬁ; } a4

where (R,”) is the root mean square of the end-to-end distance of a molecular

chain, n is the bendable bond unit, and (I?) is the root mean square length of the
bendable bond unit. Here, the bendable bond unit refers to the C—C bond in the
main chain. The bending of the main chain containing bulky functional groups,
double bonds, and aromatic rings are restricted, thus its {I*) becomes small. In
other words, its C,, becomes higher.

Furthermore, the relationship between M, and C,, is expressed by the formula
(1.5) [2]. Here, M, is the molecular weight of the repeating unit.

M, =3M,C, > 1.5)
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Table 1.1 M, and characteristic ratio C, of various polymers [3].

Types of polymer M, C.
Polyethylene (PE) 1,390 6.8
Polybutadiene (PBD) 1,740 5.4
Polymethylmethacrylate (PMMA) 9,200 8.6
Polyethylmethacrylate (PEMA) 8,590 7.7
Poly n-butylmethacrylate (P n-Bu MA) 12,200 8.0
Poly n-hexylmethacrylate (P n-Hex MA) 33,800 11.2
Poly n-octylmethacrylate (P n-Oct MA) 47,500 10.0
Poly n-dodecylmethacrylate (P n-Doc MA) 155,000 13.4
Polystyrene (PS) 18,700 10.8

As can be seen from this formula (1.5), M, is closely associated with the flexibility
of the molecule. The molecules having higher C_, in other words, the molecules
with poor flexibility, are supposed to have a higher M,.

Let us take a look at Table 1.1. Polyethylene (PE), which has the simplest structure
and no functional groups, has a lower C_, and thus a lower M, of 1,390. The molec-
ular entanglements begin and become a polymer at a molecular weight of even as
low as 1,300. On the other hand, Pn-DocMA, which has a very bulky functional
group, has a higher C_ and thus quite high M, of 150,000. It is surprisingly seen
that even at molecular weights above 100,000, the molecular entanglements do not
begin and thus this molecule does not become a polymer yet.

Therefore, the answer to the question of at what molecular weight does a mole-
cule become a polymer depends on the molecular structure, particularly the flexi-
bility of the molecule.

1.1.2 Primary, Secondary, and Higher-ordered Structures

Polymers are linear molecules formed by the connection of one or more types of
repeating units. Their properties are largely determined not only by the chemical
structure of the monomers, but also by the bonding pattern and degree of polymer-
ization as a result of the reaction of the monomers. The structure determined by
these chemical bonds is called the primary structure of the polymer. As an example,
let us consider the addition polymerization of vinyl monomers. The polymerization
of monomers having conjugated double or triple bonds can also result in geometric
isomerism related to the unsaturated bonds in the main chain, such as cis-trans iso-
mers. Furthermore, in addition to these linear polymers, highly branched and/or
three-dimensional network polymers also exist, which exhibit physical properties
different from linear polymers composed of the same repeating units. Copolymers
can also be obtained by the copolymerization of two or more types of mono-
mers. Monomers in the case of copolymers are called comonomers. In this case,
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depending on the comonomer sequence, the properties of the resulting copolymers
can be varied completely.

Like this, even a single polymer can have a surprising variety of primary struc-
tures, and this primary structure has a great influence on the formation of struc-
tures on a larger scale. The spatial form of a single polymer chain in solution is
called the secondary structure, which corresponds to the helical structure and
p structure seen in polypeptides and proteins as examples. Furthermore, the struc-
ture of an aggregate of polymer chains is called a higher-order structure or tertiary
structure. Slight differences in primary structure are reflected in higher-order struc-
tures such as the polymer crystal morphology, crystallinity, and microphase separa-
tion structures.

The primary structure of a polymer is determined by chemical bonds and is
formed by chemical reactions such as addition polymerization, condensation, and
polyaddition. Though the primary structure is extremely important when discuss-
ing the subsequent secondary and higher-order structures, we will skip this topic in
this book. There are many excellent textbooks available [4-10]. If you want to study
it in more detail, please refer to the references. In this book, we will start with the
secondary structure and higher-order structure.

1.1.3 Secondary Structure

Many polymers contain C—C single bonds in their main chains. These C—C single
bonds are capable of internal rotation. Because polymers have many rotatable
bonds, the molecular chain can take on a variety of shapes as a result of the internal
rotation, and the shape can be determined so as torsional potential to be minimized.
This is one of the factors to determine the secondary structure of a polymer chain.
Molecular chains that have different shapes due to internal rotation are called rota-
tional isomers. The relative spatial arrangement of each atom or atomic group that
arises from internal rotation is called a conformation.

Let us consider the rotation of the bond between C, and C; in n-butane,
C,H,—C;H,—C,H,—C,H,. Figure 1.3 shows the Newman projection in which the
C,—C; axis is perpendicular to the paper.

The trans (T) form is the case where the bulkiest atomic groups attached to the
adjacent rotating carbons are at the most far positions. T is the most stable in terms
of energy. Based on this state, the internal rotation potential energy is set to 0, and

CH, CH, CH,
H H H CH, H,C H
H H H H H H
CH, H -
Trans (7) Gauche (G) Gauche (G)

Figure 1.3 Rotational isomer of n-butane, trans as T and gauche as G or G.
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Figure 1.4 Internal rotation angle
¢ and corresponding internal
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the rotation angle is also set to be 0°. The gauche configuration (G or G) is the state
where the bulkiest groups are rotated 120° clockwise or counterclockwise. This state
is energetically the second most stable after the T form. Figure 1.4 shows the rela-
tionship between the internal rotation angle and the corresponding potential energy
V(g) in n-butane.

In Figure 1.4, the potential energy difference T and G or G is approximately
3.3 kJ/mol, while the potential barrier for overlapping two methyl groups (eclipsed)
is 14.6 kJ/mol. Based on those values, let us estimate the conformation of n-butane
at 27°C. The thermal energy at 27°C is RT = 2.5 kJ/mol, and the rotational fre-
quency is in the infrared region, which is v = 10'*/s. We can calculate the frequency
N using the following formula (1.6) when G < G transformation which needs to
overcome the highest potential barrier.

N=v exp (—AU/RT) (1.6)

Inserting 14.6 kJ/mol as AU, 10*3/s as v and 2.5 kJ/mol as RT in this formula yields
3 x 10'%s. It means that even with this level of potential barrier, the C—C bonds
rotate freely.

In the case of polymers, it is assumed that larger atomic groups are joined around
the rotating bonds, and thus the rotation is supposed to be, to some extent, restricted
due to steric hindrance and increased mass of such larger atomic groups. However,
NMR and viscoelasticity measurements reveal that fairly fast internal rotation still
occurs in polymer solution or molten state.

Let us explain the pentane effect. As the molecular weight of a polymer increases
and thus its molecular chain becomes longer, it becomes clear that not all the rota-
tions are permitted. We will explain this using n-pentane as an example. A n-pentane
should originally have 3* = 81 rotational isomers. Yet, when C,—C; bond and C;—C,
bond rotate, they correspond to GG and G G conformation, respectively. In this case,
the hydrogen atoms bonded to C; get very close to each other, as shown in Figure 1.5.
A strong repulsive force works, which causes an increase in the potential energy, thus
making the probabilities of those conformations extremely low. This effect is called
the short-range interaction, the four-bond interaction, or the pentane effect.
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Figure 1.5 Four-bond interaction of
n-pentane.

When considering longer molecular chains, parts of the molecular chain spa-
tially expanding due to repeated internal rotations may return and overlap each
other. In this case, parts of the molecules that are quite far apart along the molec-
ular chain interact with each other, which is called the long-range interaction or
the excluded volume effect. This effect becomes more pronounced as the molecular
chain becomes longer.

Like these effects, in the secondary structure of a polymer with such long chains,
there is a certain restriction on the degree of structural flexibility.

In addition to structural control through the internal rotation, other interactions
related to the determination of secondary structure include electrostatic interac-
tions between ionic polymers or between ionic polymers and their counter ions,
which are prominent in polymer electrolytes, hydrogen bonds that play an impor-
tant role in biopolymers and polyamides, and dipole-dipole interactions when polar
groups are included in the polymer chain.

1.1.4 Higher-order Structure

Higher-order structure or tertiary structure is defined as the structure of an assem-
bly of molecular chains formed as a result of their intermolecular interactions.
For example, polymer crystals, amorphous structures, and liquid crystal struc-
tures correspond to this category. Spherulite structures formed by the assembly of
polymer crystals, and the microphase separation seen in block copolymers by the
combination of secondary and tertiary structures are included in this category.

First, let us explain the higher-order structure of semi-crystalline polymers. Even
crystalline polymers do not have 100% crystallinity, and thus always contain some
portion of amorphous parts, which greatly affect their physical, mechanical, and
thermal properties. In terms of thermal properties, the thermal expansion, the
main theme of this book, is also greatly influenced by the thermal expansion of the
amorphous portion. The thermal expansion phenomenon of the amorphous por-
tion of semicrystalline polymers and amorphous polymers is explained in detail in
Chapter 2 using the free volume theory.

Figure 1.6 is a schematic diagram of an amorphous region sandwiched between
stacks of polymer crystals (called lamellae). When a polymer crystallizes from a
melt, polymer chains are packed into a crystal lattice, but the entanglements
of polymer chains present in the melt are excluded from the crystal. Hence, the
amorphous region sandwiched between stacked lamellar crystals is thought to

7
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Figure 1.6 Amorphous region sandwiched between lamellar crystals.
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have more entanglements than the bulk amorphous state. However, due to the fact
that the length of a single polymer chain is significantly longer than the thickness
of the lamellar crystals, the polymer chains protrude from the lamellar crystals into
the amorphous phase. Right after the protrusion, the polymer chains retain their
orientation in the crystal and thus are oriented perpendicular to the lamellar layers.
This is thought to have a different structure from the amorphous phase in the bulk.
This oriented amorphous phase, which is neither crystalline nor completely amor-
phous, is sometimes called an interlayer.

Polymers are processed into final products by injection molding, extrusion
molding, etc. During these processes, the molecular chains become oriented along
the flow direction. In this process, polymer molecules are oriented in the flow
direction and solidify within the mold. In crystalline polymers, amorphous mole-
cules also become oriented as crystalline lamellae are formed. The amorphous mol-
ecules that connect the lamellae are highly oriented, and some of them are called tie
molecules. The presence of tie molecules has a significant effect on the mechanical
and thermal properties of the product. A morphology model of oriented PE is shown
in Figure 1.7 [11].

From here, we will explain the crystal structures of some representative crystalline
polymers that are frequently cited in this book, but before that, we would like to
briefly review the fundamentals of polymer crystal lattice. The crystal lattice of
polymers is no different from that of small molecules or metals. A unit called a unit
cell exists in a crystal, and the entire crystal is formed by its translational displace-
ment. Generally, a unit cell is a parallelepiped, and is defined by the lengths of its
three axes (a, b, ¢) and the angles (a, f, y) between them (Figure 1.8).

The unit cell is classified into seven crystal systems: triclinic, monoclinic, ortho-
rhombic, trigonal, tetragonal, hexagonal, and cubic. Table 1.2 shows the details of
those seven crystal systems. The c-axis is often used as the molecular growth axis.

Such crystalline structures are greatly influenced by the primary and secondary
structures of a polymer. Whether or not a polymer will crystallize depends on its
primary structure, that is, the molecular chain must first have stereoregularity,
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Figure 1.7 Schematic diagram of different types of order and disorder in an oriented
semicrystalline polymer [11].

and a short side chain and good symmetry also have an
influence on high crystallinity. With regard to the actual
crystalline structure, the secondary structure determines
the periodicity in the molecular chain direction, while van
der Waals forces between molecules determine the inter-
molecular distance. In polymers that have hydroxyl groups
in the molecular chain, such as nylon and polyvinyl alcohol
(PVA), hydrogen bonds also affect the crystalline structure.

The theoretical potential energy of a crystal is calculated
taking into account internal rotational potentials, non-
bonded atomic interactions, electrostatic interactions, and
in some cases hydrogen bonding. Figure 1.8  Definition

The internal rotational potential V(¢) is expressed as of each axis and angle
in a unit cell.

Vip) = %Vo(l — cos 3¢) 1.7)

where ¢ is internal rotational angle and V, is the height of the potential barrier of

internal rotational potential. The V}, is expressed as the formula (1.8) using force
constant f, bond length [, and bond angle 6.

Vy = %lzfsinzﬁ (1.8)

The nonbonded atomic interaction V;; is expressed as the formula (1.9) using the
Lennard-Jones 6-12 potential.

oo\ 12 NG
rj I
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Table 1.2 Crystal system.

Crystal System Axis Angle
Triclinic a#b#c a#tpP#y
Monoclinic a#b#c a=y=90°# f

Orthorhombic a#b#c a=p=y=90°

Trigonal a=b=c a=p=y<120°(# 90°)
Tetragonal a=b#c a=pf=y=90°
Hexagonal a=b#c a=[=90°%y=120°
Cubic a=b=c a=p=y=90°

where ¢; and oy are the parameters determined by the type of atom, where ¢;; is the
depth of the potential well and o;; is one of the values of the interatomic distance r;;
at which V; = 0.

The electrostatic interaction V.., iS generated by the interactions between
dipoles. If we assume that formal charges are placed at the positions of each atom
relative to the dipole moment and use a point charge model to represent electrostatic
interactions with their Coulomb potentials, the electrostatic interaction is expressed
as the formula (1.10)

Velectro = ﬂ (1.10)
i
where g; and g; are the i-th and j-th formal charges, and y is the dielectric constant.

Now, let us consider a crystal consisting of N molecular chains. The entire crystal
energy V. i expressed as the sum of the intramolecular and intermolecular
interactions, as follows:

N-1 N
Vcrystal = NVinira + Z 2 Vinter(n; I’l/) (1.11)

n=1 n'>n

where V., is the intramolecular interaction of one polymer chain, and Vj.(n;n’)
is the intermolecular interaction between the n-th and n’-th molecules.

The V., is considered as the sum of the potential energy due to intramolecular
rotation and the potential energy due to the u-th and u’-th dipoles of a single chain
and van der Waals interactions. If a chain is assumed to be composed of M atoms
and the number of bonds in the main chain that can be internally rotated is P, the
following formula is obtained:

1 M M
intra — PVrot + E Z ZVinLra(u; ul) (1-12)

Vi
u=0 u'=0
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The minimum value of V, is determined using r; as a variable. The resulting r;
and V, are the theoretically determined values of the crystal. Calculations using the
formula (1.11) are applied to many crystalline polymers, such as PE, polyvinylidene
fluoride, and polypropylene (PP), by which the shape of the molecular chain in the
crystal lattice and the setting angle between the crystal axis and the molecular chain
are determined.

The above-mentioned concepts can be used to explain the crystalline structures of
polymers. Next, we will introduce the crystalline structures of some representative
polymers that appear in this book.

1.1.4.1 Polyethylene
The crystal structure of PE is shown in Figure 1.9. PE is most stable as a single
molecular chain when each bond is in the trans position. This conformation is flat,
so it is called a planar zigzag structure. The crystal has an orthorhombic crystalline
form with a-axis of 7.40 A, b-axis of 4.93 A, and c-axis of 2.53 A. The molecular axis
is oriented along the c-axis. There are two molecular chains in the unit cell, and the
setting angle o between the planar zigzag chain of the central molecular chain and
the g-axis is approximately 45°.

Let us calculate the crystalline density p, of PE using these lattice constants. If the
molecular weight of the repeating unit is M, then there are two PE molecular chains
in this unit cell, thus p, can be obtained as

p, = 2XM _ 2 X (28.054)
© abex 107 x A, 7.40 X 4.93 x 2.534 x 1072 x (6.025 x 107)
= 1.007 g/cm’

where A, is Avogadro’s number.
The actual density of PE is around 0.940 g/cm?, which is lower than the p.. This
means that crystallization does not perfectly occur.

Figure 1.9 Crystal
structure of PE.
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1.1.4.2 Isotactic Polypropylene

There are three types of PP, namely isotactic PP (iPP), syndiotactic PP (sPP), and
amorphous PP, which differ in the conformation of the methyl groups in the main
chain. Here we will introduce the crystal structure of iPP, which is industrially
important.

When the main chain conformation of iPP is changed to trans, the hydrogen
atoms of the methyl groups in adjacent side chains come abnormally close to each
other, resulting in a high-energy state known as the pentane effect. This results
in TGTG conformation, with alternating trans and gauche conformations. The
molecular chain forms a helix structure with three monomers, completing one
full rotation. This structure is designated 3,. The iPP is known to have four types
of crystal structures, o, B, v, and liquid crystal, depending on the crystallization
conditions.

The a-type is the most stable, and its crystal and molecular chain configuration
are shown in Figure 1.10 [12]. The a-type has a monoclinic crystal form, with lattice
constants of a = 0.665, b = 2.096, ¢ = 0.650 nm, and = 99.2°. The fiber period along
the c-axis is 0.11 nm shorter than the period of the planar zigzag chain, 0.2534 nm,
due to its helix structure. Furthermore, due to this helix structure, the diameter of
the crystalline molecular axis is larger than that in the planar zigzag chain as shown
in Figure 1.10(b). As a result, the a and b-axes are longer and the crystalline density
p. of 0.936 g/cm? than those of PE.

b=2.096 nm

O

=0.656 nm -

--asinf

(@) (b)

Figure 1.10 Crystal structure (a) of isotactic polypropylene (b) and conformation of
molecular chain [12].



1.2 Polymer ABC, Alloy, Blend, and Composite

1.1.4.3 Nylon 6,6

Crystalline polymers in which intermolec-
ular hydrogen bonds play an important role
in the crystalline structure include polyam-
ides, cellulose, PVA, and polyamino acids.
Figure 1.11 shows the crystal structure of
nylon 6,6, which is one of the industrially
important polyamides [13].

The methylene chains rotate intramolec-
ularly to form a trans-type planar structure.
Therefore, nylon molecular chains have
a planar zigzag conformation. Hydrogen
bonds C=O----H—N are formed between
molecules on the same plane in the a-axis
direction, as shown by the dashed lines
in Figure 1.11. In order to form hydrogen
bonds, the molecular chains must shift one
by one. In other words, the heights of the
C=0----H—N bonds increase one by one.
As the a, b, c-axes are not perpendicular to
each other, the crystal system is a triclinic
system. The lattice constants are a = 0.49,
b=0.54,c=1.72nm, a = 48.5, f = 76.5, and
y=63.5°. In this crystal, hydrogen bonds Figure1.11 Crystal structure of
exist in the a-axis direction within the ac  "Yon 6,6 [13].
plane, and bonds along the b-axis direction are formed by van der Waals forces.
Thus, nylon molecular chains form a layered structure through hydrogen bonding.
The overlapping of these layers creates a crystalline structure. The difference in the
types of bond forces between a and b-axes causes anisotropy in the intermolecular
direction, and the non-hydrogen-bonded interlayer direction (b-axis direction) is
weak, so it can easily peel off when subjected to external force.

1.2 Polymer ABC, Alloy, Blend, and Composite

So far, we have introduced the basics of the structure of a single polymer. There
are various methods for controlling the thermal expansion of polymer materials,
the subject of this book. One of these is control by mixing with other materials.
Specifically, this includes composites, which are mixed with fillers, and blends and
alloys, which are mixed with other polymers. Specific methods are described in
detail in Chapters 5 and 6 of this book. Here, we will briefly touch on the basics of
polymer blends, alloys, and composites.

Let us explain polymer alloy and blend. To tell the truth, there is no clear border-
line between polymer alloy and blend. If we would define polymer alloys as only

13
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completely miscible systems in which the two polymers are mutually soluble at
their molecular level at any compositions and at any temperatures, then there are
almost few systems that can be called “polymer alloy” (polyphenylene ether (PPE)/
PS alloy, called “Noryl™ resin” is known as one of such perfectly homogeneous
alloys, but it is quite rare example [14]). This is because even in completely miscible
system, most such systems have a so-called phase diagram in which phase separa-
tion occurs depending upon temperatures and compositions. Thus, in this book, we
will ask readers for understanding that we will use the terms “polymer alloy” and
“polymer blend” without making a distinction.

1.2.1 Interfaces in Polymer Alloy and Blend

Firstly, let us explain a polymer-polymer interface. When two types of polymers are
mixed, unless they are a completely miscible alloy, phase separation occurs, and
therefore an interface is inevitably generated.

At the interface of such a phase-separated polymer blend, the effect of different
polymer chains mixing together to increase entropy and the effect of those repelling
each other compete with each other, resulting in the generation of a certain thick-
ness at the interface. It is shown in Figure 1.12 [15].

Cahn-Hilliard theory [16] is used to express the free energy of such an inho-
mogeneous concentration system. When the concentration changes slowly, the
Helmbholtz free energy of the system AF is given by

AF = /{Afm(¢) +x(Ve)?}dViv, (1.13)
4
A B Figure 1.12 Polymer chains and
L a concentration profile image at

the interface [15].

{

Polymer A Interface Polymer B

Concentration
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where Af,,(¢) is a term that depends on the local concentration ¢, the term of
k(V¢)?* is the excess free energy due to the presence of the concentration gra-
dient V¢, K‘(>O) is a coefficient when the second-order expansion term is taken,
and v, is the lattice volume. If the free energy when there is no interface is
Afy and Af = Af,, — Af;, the interfacial tension  is given by

v 2
7= / {Af((/}) + K<%> }dz/v0 (1.14)
0z

—00

The condition for equilibrium is that the interfacial tension 7 is minimized, which
gives the formula (1.15) based on Euler’s theorem.

oz

Aﬂ¢)=K<a¢>2 (1.15)

Inserting the formula (1.15) into the formula (1.14) yields the formula (1.16).

(o]

”
r= (VEO) / Af($)dz = <v30> / (cAf()) "dep (1.16)
J

—00

where ¢’ and ¢” are the coexisting concentration (¢” > ¢’).
The thickness of the interface L is given by

(qﬁ” — d)/) K /s
I _A 1.17
(dp/d2) may ’ <Af(¢)>max e

It is noteworthy here that the equilibrium of the interface is determined by the
balance between the free energy term and the energy gradient term.

If Af(¢p) and « are given as a function of ¢, 7, and L can be numerically deter-
mined. As for Af,,(¢), the following formula (1.18) obtained from the Flory-Huggins
mean field approximation can be utilized:

Afm ¢A

)
EZN_AIH ¢A+len dp + xDads (1.18)

where N; is the degree of polymerization, and y is the interaction parameter between
polymers A and B, and it decreases as the interaction between polymers increases.
The Flory-Huggins equation will be explained in more detail in the next section (C).

In the case of a polymer-polymer system, since N; is large, the first and second
terms can be almost ignored, and only the third term needs to be considered.

In terms of «, it is necessary to consider the x separately as the contribution of
enthalpy (x,) and the contribution of entropy (k). Nose derived the following for-
mula [17, 18]:

1 a’  ag
K=KE+KS=)(—+ 44 B (1.19)
2 \36¢, 360,
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where [ is the interaction distance (e.g., Debye distance), and a; is the segment
length.

The k, corresponds to the change in contact energy due to the energy gradient. On
the other hand, when there is a concentration gradient, the entropy of the polymer
chain configuration cannot be expressed in the form of the Flory-Huggins equation.
This is reflected in «,.

Based on these, 7 and L have been calculated using various approximations. Here,
we introduce the results obtained using a statistical mechanical method based on
the self-independent field theory by Helfand and Tagami [19, 20].

(g)” (gf)a (1.20)

L= (%) ay (1.21)

For this calculation, a, = ag=aand N, = Ny = N.
Looking at the formula (1.21), it is found that the interfacial thickness L is pro-

portional to ;(_l/ ’. In other words, as the interaction between polymers becomes
stronger, thus its y decreases, the interfacial thickness L increases.

The density distribution of polymers A and B at the distance z from the interface,
with the interface as the origin, is also calculated.

PA(Z)= 1 (1.22)
pp(z) 1

= (1.23)
e (35

Let us use the formulas (1.20) and (1.23) to calculate 7, L, and density distribution
for actual polymer system. Let us consider PS/polymethylmethacrylate (PMMA) at
T =140 °C. In this blend, each segment length is 0.66 nm of a,g and 0.64 nm of
apyvias Tespectively. We will take the average of them, which is 0.65 nm as a. The
density of each is 0.0102 mol/cm? as ppg and 0.0116 mol/cm? as ppyya, T€SPECtively,
and we will take the average of them, which is 0.109 mol/cm? as p,- For this blend
system, its y was obtained as y = 1.0 x 10~ Inserting those values into the formulas
(1.20) and (1.23) yields L = 5.3 nm and 7 = 1.0 dyn/cm = 1.0 X 10> N/m. The value
of this 7 is close to the value experimentally obtained by Wu, 1.7 dyn/cm [21].

The result of the density distribution by the formulas (1.22) and (1.23) is shown
in Figure 1.13.

At the end of this section, we will introduce the relationship between the dispersed
particle size of a minor component in a phase-separated polymer blend and its inter-
face. In phase-separated polymer blends, the particle size of the minor component
has a significant effect on the physical properties of the final product. In particular, to
control impact resistance, it is common to add a rubber component as a minor com-
ponent and finely disperse it in the matrix polymer to improve impact resistance.
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Figure 1.13 Density distribution a(A)
profile of PS/PMMA at 140 °C. \ . : L .
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Figure 1.14 Particle size and Izod impact strength of rubber-toughened nylon [22].

Figure 1.14 shows the relationship between rubber particle size and Izod impact
strength for rubber-toughened nylon [22].

It can be seen that at any rubber content, a rapid transition from brittle to duc-
tile fracture occurs below a certain rubber particle size. Like this, impact resistance
is thus extremely sensitive to the particle size of dispersed rubber, and therefore
requires precise control of it.

Here, let’s look at the relationship between dispersed particle size and the inter-
face. Eliminating y from the formulas (1.20) and (1.21) gives the formula (1.24).

r= <k§11)6:)2> (%) <L (1.24)

When a polymer blend is prepared by melt blending with an extruder, the
minimum dispersed particle size d of the resulting dispersed component is expressed
by the following formula (1.25):

d= <ﬁ> f<ﬂ> (1.25)
Mm? M
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where C, n4 1,,, and y are a constant, melt viscosity of the minor component, melt
viscosity of the major component, and shear rate in an extruder, respectively.
Based on the formulas (1.24) and (1.25), we can obtain:

dxtx L™ (1.26)

It can be seen that the dispersed particle size is proportional to the interfacial
tension 7, and thus inversely proportional to the thickness of the interface L. This
means that the thicker the interface, the finer the dispersed particle size can be. We
hope you now understand how important the control of the interface is to control
the interface.

1.2.2 Phase Diagram and Flory-Huggins Theory

As mentioned in (A), when two or more polymers are arbitrarily selected and mixed,
in most cases they will be phase-separated. However, to date, several hundred mis-
cible systems have been discovered. Of those miscible polymer systems, there are
very few so-called completely miscible systems that are miscible at all compositions
and temperatures (as introduced in (A), Noryl™ resin consisting of PPE/PS alloy is
one of such systems), and in most cases, the phase diagram shows that the materials
are miscible or phase-separated depending on the conditions.

Here we will introduce some examples of typical phase diagrams. Figure 1.15
shows the phase diagram for a PS/polybutadiene (PBD) mixture, which is an
example of an upper critical solution temperature (UCST) type phase diagram,
where phase separation occurs at low temperatures and the mixture becomes mis-
cible as the temperature increases [23]. Both PS and PB are oligomers with molec-
ular weights of several thousand. The UCST-type phase diagrams are often seen in
blend systems where oligomers are contained.

Figure 1.16 shows the phase diagram of the PS/polyvinyl methyl ether (PVME)
mixture [24]. In this type of phase diagram, when the temperature is lowered, the

250 mixture becomes miscible, and when the tem-
One phase PS/PB perature is raised, the mixture separates. Since
there is a lower limit temperature for phase sep-
200 | 3,500/2,350 aration, it is called a lower critical solution tem-

g perature (LCST) type phase diagram. Although
£ it may be difficult to accept this phenomenon
g 150 intuitively, in fact, the majority of phase dia-
2. 2,220/2,300 .

E grams discovered to date are LCST-type phase
= 100 diagrams. LCST-type phase diagrams are

often seen in blends of high molecular weight
polymers.
Furthermore, there are some blends in which

0 02 04 06 08 both LCST and UCST-phase diagrams coexist,
Volume fraction of PS

Two phases

50

and when a blend of a given composition is
Figure 1.15 USCT-type phase heated, it changes from a phase-separated ~ a
diagram of PS/PB mixture [23]. miscible ~ phase-separated systems. The phase
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Two phases
2501 200F -, Two phases o
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& 51,000 % e
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Weight fraction of PS 0 0.5 1.0
Volume fraction of SBR
Figure 1.16 Phase diagram of PS/PVME
mixture as an example of LCST-type phase Figure 1.17 Phase diagram of
diagram [24]. PS/SBR [25].

diagram of the PS/polystyrene-polybutadiene copol-
ymer (SBR) blend as one of such examples is shown
in Figure 1.17 [25].

Many studies are being conducted into the theo-
retical systematization of polymer-polymer misci-
bility, including the interpretation of these phase
diagrams. Basically, it is sufficient to deal with the
state of a system at a constant temperature 7 and
constant pressure P. If the free energy of mixing
AG,,;,, that is, the change in free energy before and
after mixing, is described as a function of the param-
eters to express polymer systems, such as mixture
composition, temperature, and molecular weight, it  Figure 1.18 AG,,, of
becomes possible to quantitatively discuss whether —polymer-polymer mixture as a
different molecules will dissolve in each other, and function of volume fraction ¢.
even the shape of the phase diagram.

When there is no change in volume (AV,;, = 0), the AG,,;, associated with mixing
can be expressed as follows using the enthalpy change AH,; and entropy change

AGmix

¢

AS,;x associated with mixing:
AGi = AH,yy — TAS, (1.27)

AG,,;, <0 is the condition that two polymers are miscible. This will be explained
using Figure 1.18. Let’s assume the AG,;, — ¢ (¢: volume fraction) curve is as shown in
Figure 1.18. When composition ¢ = a separates into two phases, b and c, the free energy
change AG,;,(d) is larger than AG,;,(a) when there is only one phase. This holds
true for all compositions. Therefore, this system will not undergo phase separation.

19
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In other words, the condition for miscibility
AG, <0 is equivalent to satisfying the fol-
lowing equation:

0*AG

mix
op*

We introduce the Flory-Huggins lattice
model, which is the simplest and most rep-
resentative theory for calculating AG,;,
[26, 27]. We will introduce the Flory-
Huggins theory, one of the simplest and
most representative theories for calculating
AGpx In this theory, AS,;, is calculated  Figure 1.19 Polymer-polymer mixture
using a lattice model like the one shown in  in a lattice.

Figure 1.19.

It assumes that a polymer chain consists of m; segments, each arranged in a single
lattice, and calculates the number of ways that polymer molecule 1 with a degree of
polymerization of m,; and polymer molecule 2 with a degree of polymerization of
m, can be arranged on the lattice in N; and N, rows, respectively. Although details

of the calculation of AS,;, are skipped here, the AS,;, can be obtained as follows:

AS,ix = —k(Njln ¢ + NyIn ¢,) (1.29)

(1.28)

Olerere | 01010 O
O1Q|QTO1010 | 61
OO |O10 |@[|OT0| @
OTOTO10 |0 | @ | o1e

9@ | O10T0|0Te e
0|8 |O10| 918|010

éfefe[ololol0T®
9910010010 (@

where ¢, and ¢, are volume fraction of polymer 1 and 2, respectively. ¢, and ¢, can
be rewritten using N; and m; (i = 1,2) as follows:

_ Nymy _Nimy
¢, = = (1.30)
Nm; + N,m, N,
Nym, Nym,
®, = (1.31)

- Nym, +N,m, N,

where Nj is the total number of segments, and thus N, = N;m, + N,m,,.
When N is the number of moles of the segment, and A, is Avogadro’s number, the
formulas (1.30) and (1.31) are rewritten as

Nym;  Nym,

= = 1.32

¢ N, NA, (1.32)
N,m, N,m

, = 21702 — 21702 (1.33)
N, NA,

Using the formulas (1.32) and (1.33), N; and N, are rewritten as follows:

NA,
Ny=—Yg, (1.34)
my
NA,
Ny=—2"gp, (1.35)
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Inserting the formulas (1.34) and (1.35) into the formula (1.29) yields

ASix = —k(N;In ¢, + N, In ¢,) = —k<NNA% In ¢, + NA% In ¢2>
1

2 (1.36)

= —NR<ﬂ In ¢, + ﬂln ¢2>
m m,
where R is the gas constant.
Moreover, let us consider AH,;,. In the lattice model, if the energy involved in
contact is w (per molecule) and the coordination number is z, the number of two
polymers that can approach each other is

Ny N,m m,(z — 2)

(1.37)
Nym, + N,m,
Thus, AH,;, is
N,N,mim,(z2 — 2)w
AHp = ——2— e=2) (1.38)
Nym, + Nm,
Here, we define the interaction parameter of y as
®
=&—-2)— 1.39
2=@=2)= (1.39)

Inserting the formulas (1.34), (1.35), and (1.39) into the formula (1.38) yields
AH,n = kTAyNy ¢, = NRTyp ¢, (1.40)

If the molar volume of the segment in the system is V,,

v
N=2- 1.41
" (1.41)

r

Inserting the formulas (1.36) and (1.40) into the formula (1.27), we can obtain the
final form of AG,;, as

AGy = NRTyhby + NRT(ﬂ n gy + 210 ¢2>
my m,
(1.42)
_RTV( (2

7<_ In ¢, +—1n ¢, +X¢1¢2>
my m,

r

g is defined as below formula (1.43), and the compatibility and phase separation
of polymers 1 and 2 can be discussed based on the behavior of g.

8= 2o = ﬁln h+ ﬁln Dy + X1, (1.43)
NRT m, m,

Here, we will explain why the two typical phase diagram types, USCT and LCST,
shown in Figures 1.15 and 1.16, occur. The condition for the mixture of polymer 1, 2
to be stable without phase separation is that the second derivative of g should be
positive (see the formula (1.28)).
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2<AGmix>

0

g=—MR__ 1 1 550 (1.44)
o0, mpy myp,

x is approximated by the following formula using the solubility parameters 6, and 6,
of corresponding polymers 1 and 2. From here, to emphasize that y is the interaction
parameter between polymers 1 and 2, we will rewrite it as y,,.

X2 = é(él -5, (1.45)

The first two terms on the left side of the formula (1.44) are always positive, and
in the formula (1.45), y;, > 0. If the temperature change of the formula (1.44) is
shown in Figure 1.20(a), g” becomes positive above a certain temperature T, and as
m, and m, increase, Ty, shifts to higher temperatures. This explains the behavior
of the UCST-type in Figure 1.15. However, this idea cannot explain the LCST-type
phase diagram shown in Figure 1.16.

One of the theories to explain the LCST-type phase diagram is the equation of
state theory [28-30]. Several theories have been proposed depending on the types
of models constructed. For example, if the new Flory theory is extended to polymer
systems by incorporating the free volume effect, y;, becomes as follows [28]:

oy 2
~ (_UI)XIZ +% <1 Tl)

2= "pr pr TR

T; (1.46)

where Uj is the energy due to the configuration of polymer 1, Cp; is the specific
heat at constant pressure of polymer 1, and Xj, is the interaction energy, expressed
as follows:

q:
X, = —*(611 + ey = 2¢15) (1.47)

2m1vSeg

where vy, is the occupied volume per unit segment, €;(i,j = 1,2) is the interaction

potential energy between segments i and j, q, is the surface area of polymer 1, and

€)] (b)

Figure 1.20 Change in temperature of the second derivative of g: UCST (a) and LCST (b)
type phase diagrams.
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P} and T} are the characteristic pressure and characteristic temperature of polymer
i(i = 1,2), respectively.

The first term in the formula (1.46) corresponds to a refinement of the formula
(1.45), and this time it can take a negative value depending on whether X, is positive
or negative. The second term is always positive and is zero for polymers where
Tyand T are equal. In addition, when the molecular motion of the polymer suffi-
ciently occurs, Cp; has little temperature dependence, thus the second term can be
considered to be approximately a constant. Thus, it can be simplified as

B
~—+A 1.48
X12 RT (1.48)
where A > 0 and B can take either a positive or negative value.
This is illustrated in Figure 1.20(b). When B < 0, g” becomes positive below a
certain temperature T}, and becomes negative above that temperature. As m; and
m, increase, Ty, shifts to the lower temperature side.

1.2.3 Polymer Composite

At the end of this chapter, we will touch on polymer composites. The polymer com-
posites are the mixtures of polymers and inorganic or organic fillers. The size of
the fillers used varies from millimeters (mm) down to nanometers (nm). The com-
posites containing millimeter-sized fibers are, in particular, fiber-reinforced com-
posites. The size of fillers that is commonly used is a few micrometers (um). The
composites with nanometer-sized fillers are called nanocomposites, and the unique
surface effect from nano-dispersed fillers brings unique properties. One of such
unique properties is the thermal expansion behavior, which is the subject of this
book. This will be explained in Chapter 6.

In addition to the particle size of filler, the shape of it is also one of the factors to
have significant influence on the final performance of the composite. The shapes
can be roughly divided into spherical, fibrous, and flaky. Representative fillers
belonging to each shape are shown in Figure 1.21.

The expected performance of composites by the addition of fillers is summarized
in Figure 1.22. As seen in this chart, you can see that a wide variety of performance
improvements can be expected to be brought. The thermal expansion control, which
is the theme of this book, is also a performance affected by the filler addition. The
relationship between filler shape, filler particle size, and thermal expansion is
described in detail in Chapter 5.

Usually, the relationship between the performance of the composite and param-
eters of filler is described by the composite models, representing the Takayanagi
model. Of course, we will introduce various types of the composite models let alone
in Chapter 5 in this book as well. We will avoid the duplication of the introduction
of such composite models here. Instead, in this chapter, we will explain polymer
composites from a completely different perspective, which is the interaction bet-
ween a polymer chain and filler surface.

23
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Figure 1.21 Classification of fillers for polymer composites.
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Figure 1.22 Expected performance of composite materials by the addition of fillers.

We consider a model where a polymer chain is adsorbed onto the filler surface.
The filler surface actually has a complex shape, but here we assume it is a smooth
plane. The polymer chain is assumed to be a single chain in a dilute solution, and
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Figure 1.23 Adsorption model of a polymer chain onto the plane filler surface: loop-train-
tail model.

it is adsorbed onto the plane filler surface. The ultimate goal is to determine the
thickness ¢ and density distribution ¢(z) of the polymer chains on the filler surface.

In this case, some parts of the polymer chain are adsorbed onto the surface as
a result of strong interaction with the surface, while other parts are able to move
freely. This is shown schematically in Figure 1.23. This model is called the “loop-
train-tail” model, where the train is segments of a chain adsorbed on the surface,
the loop is segments of a chain that is bound at both ends by the trains but is
located away from the surface, and the tail is segments of a chain with ends moving
freely [31].

Now, let’s consider a single polymer chain whose occupancy is restricted by an
interface (wall). In this case, no segments are located on the other side of the wall, so
its conformational entropy is reduced compared to the random coil state. Therefore,
for spontaneous adsorption of the single chain to occur, the enthalpy term in the
Gibbs free energy of the system must be negative (i.e., adsorption must be an exo-
thermic reaction). In other words, the interaction parameter y, with the surface
must be larger than the interaction parameter y between the polymer segment and
the solvent. Due to the stronger attractive interaction, the segment must displace the
solvent molecules and adsorb to the wall.

It is important to understand the significant differences in the adsorption
behavior of small molecules and polymers. Whether small molecules or polymers,
adsorption behavior is determined by the balance between the loss of entropy due
to adsorption and the adsorption energy. However, for small molecules with the
mole fraction x, the adsorption energy is approximately kT1n (x). If the adsorption

energy is approximately kT, the adsorption occurs when x > l. In contrast, for poly-
e

mers, it is sufficient for only a few segments out of a total of n segments to adsorb. If
fn segments are involved in adsorption on a time average, the adsorption energy is

fn
fnkT, and adsorption occurs on the order of x > <l> . fis the fraction of adsorbed
e

segments among all polymer segments. For typical polymers, n is approximately
1,000. It means that the adsorption is supposed to occur at extremely low concen-
trations [32].

Regarding the theory construction of this loop-train-tail model, various theories
have been proposed so far based on the Flory-Huggins theory [33-37]. Here, we will
introduce one of the theories proposed by de Gennes using the scaling law [37].
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The interfacial tension I" can be divided into two contributions as shown below:

T'=Ty(b) + by ) (1.49)

where ¢, and ¢, are the volume fraction of polymer directly contacted with the wall
and the volume fraction of the bulk, respectively, and I'y(¢,) is the short-range interac-
tion in the first layer of the adsorption layer, and I(¢,, ¢, ) is the long-range interaction.
¢, is the extrapolated value of ¢(z) at z = 0, and is associated with the value ¢(a) as

$(a) = éqﬁs (1.50)

where ¢(a) is the value of ¢(z) at z=a in a lattice model with a lattice size of a,
and [ is the train length.
Expanding I'y(¢,) in ¢, and taking the first-order terms yields

Cy(y) =T+ Ty (1.51)

The terms above ¢,” are related to the interaction between segments within the
first layer and can be ignored under the condition of ¢, <« 1 which we consider here.
This condition is easily realized for repulsive walls I'; > 0 and also for attractive
walls I'; < 0 with the weak coupling limit as

IT,| < kTa™ (1.52)

Furthermore, the fact that strong adsorption is realized even under the situation
where the interfacial energy per unit volume is smaller than thermal energy is one
of the characteristics of polymers. In other words, if fn segments are adsorbed out
of all segments, the adsorption energy is expressed as

|, |a?> kT (1.53)

Before considering many terms of ¢(z), let us consider a single polymer chain
in a good solvent which is about to be adsorbed on an attractive wall. The chain is
slightly attached to the wall, and the loop part extends to an average distance D from
the wall. In this case, the free energy per chain F is

Rp\3 2
F=kT o —fm|ly|a (1.54)
3
where Ry is the Flory diameter and is defined as R = n’a.

Since the polymer chain is spread over a thickness D, f can be scaled as in the
formula (1.55).

=l (1.55)

Substituting the formula (1.55) into (1.54) and minimizing the resulting (1.54)
with respect to D, we get

3
a |F1|a2 :
> 1.56
f D < T > (1.56)
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3

. ~ 2 |F1|a2 :

Thatis, D=z a | —— (1.57)
kT

Now let us consider a semi-dilute solution. According to the well-known scaling

law, the correlation function &, becomes more significant than the Flory radius Ry at
4

the volume fraction ¢, greater than the overlap threshold volume fraction ¢* = n °
Here, &, is the mesh size of entangled polymer chains, which is &, < R;. Under the
two conditions that &, is independent of n under ¢, < ¢* and &, ~ Ry when ¢, ~ ¢*,

&(dp) = ay *=ag’ (1.58)
s

Therefore, g = ¢, ¢

where g is the number of segments per blob.
In this case, the size of the chain is

1

R¥(¢y) = Esz = "az%_z (1.59)
g
In the case of z > &, the profile of ¢(z) get closer to the bulk value, thus
7) —
by S

The profile ¢(z)in D < z < & ismore interesting. In thisregion, ¢(z) is independent

from ¢,. The formula (1.58) has now z dependence due to the presence of the wall.
3

Therefore, it is necessary to replace ¢, by ¢(z) and set it as &(¢) = a¢ * However,
in order to consider the scaling law with respect to £ in this region, the only physical
parameter with the dimension of length is supposed to be z itself, thus in the end,
we have no choice but to set & [¢(z)] =~ z. In other words, the mesh size has self-

similarity that is scaled in the same way as z. From these discussions, we obtain
4

P(z) = <g> 3. Considering the connectivity with the region of z ~ a < D,
Z

1dg
¢ dz

-1
-1 (1.61)

z—0

In the end, we can obtain the final form of ¢(z)
4

¢(z)~< a3 >§ (1.62)

Z+ZD

Based on this,

b= p(z=0)= (%>§ (1.63)

where D in the formulas (1.62) and (1.63) is defined in the formula (1.57).
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As for the thickness of the adsorption layer ¢,

Ry

t~/ 2p(2)dz~R:* ~n’ (1.64)

0

It is found that the molecular weight dependence exponent of 2/5 (=0.4) is in sur-
prising agreement with the exponent of 0.4 obtained experimentally by ellipsometry.

We will complete the introduction of the fundamentals of polymers. For readers
unfamiliar with polymers, the contents in this chapter may be too advanced to be
called “fundamentals.” This is because we focus on the topics not described in other
general textbooks on polymers. There are many polymer textbooks that cover more
general basics of polymers. Thus, you should refer to such general polymer text-
books as well. In the next chapters, we will introduce the thermal expansion of
polymers.
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