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1. Introduction

The block copolymers are an exceptional kind of macromolecules constituted by two or more
blocks of different homopolymer chains linked by covalent bonds. These polymeric materials
have received much attention over past few years due in large part to their ability to self-
assemble in the melted state or in a selective solvent inside a variety of ordered phases or well-
defined structures of high regularity in size and shape with characteristic dimensions between
100 and 500 nanometres. These ordered phases and their structural modification are the key to
many valuable physical properties which make block copolymers of great industrial and
technological interest. The molecular self-assemble and formation of periodic phases in the
block copolymers depend of the strength of interblock repulsion and composition, for
example, mesoscopic studies of the poly(styrene)-poly(isoprene) (PS-PI) diblock copolymer,
have demonstrated that this synthetic material, may generate a series of long-range ordered
microdomains when exist a weak repulsion between the unlike monomers isoprene and
styrene, as result, the PS-PI diblock copolymer chains tend to segregate below some critical
temperature, but, as they are linked by covalent bonds, the phase separation on a macroscopic
level is prevented, only a local microphase segregation occurs (Soto-Figueroa et al., 2005, Soto-
Figueroa et al., 2007). The phase transition from homogeneous state of polymeric chains to an
ordered state with periodic phases is called microphase separation transition (MST) or order-
disorder phase transition (ODT) (Leibler, 1980). The phase segregation and generation of
ordered structures in the microscopic level of a diblock copolymer via an order-disorder phase
transition is illustrated in Fig. 1.

As result of microphase segregation process, the block copolymers can display ordered
structures constituted by homopolymer domains that haves only mesoscopic dimensions
corresponding to the size of singles blocks. The microphase separation leads to different
classes of well-defined periodic structures in dependence on the ratio between the degrees of
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Diblock copolymer
in melted state

Lower temperature

Seprepation of microphase

Fig. 1. The microphase segregation process occurs when the PS-PI diblock copolymers in
melted state are transformed to a periodic inhomogeneous phase of ordered structures
when the temperature diminishes.

polymerization of the component blocks. Periodic phases with specific morphologies such as:
spherical, perforated layers, cylindrical, lamellar and Gyroid can be generated manipulating
the composition or length of the component blocks (Strobl, 1997; Bates & Fredrickson., 1990).

The order-disorder and order-order phase transitions play an important role in the design
and modification of new supramolecular materials and are the key to manipulate the
physical and mechanicals properties in these polymeric materials.

In this chapter, attention has been concentrated on the order-disorder and order-order phase
transitions that display the PS-PI diblock copolymers and in the mesoscopic simulations methods
employed to explore the kinetics transformation pathway of well-defined ordered phases.

1.1 Order-disorder phase transition (ODT)

The order-disorder phase transition is a thermodynamic process controlled by enthalpic and
entropic interactions, for example, when a diblock copolymer of type A-B are in a melted
state by temperature effect, exhibits a homogeneous phase where all different block
segments are completely miscible, in the reverse case when the different block segments are
immiscible due to decrease of the temperature displays an heterogeneous state of ordered
microphases: this conditions are describes by Gibbs free energy equation of mixing when
AGm < 0 and AGm > 0 respectively.

AG,, =Gpp — (G4 +Gp) (1)

where Ga, Gp and Gas, denote the Gibbs free energy of A and B segments in separate states
and the mixed state, respectively. Equation (1) in accordance with Flory-Huggins theory can
be expressed also as a sum of two thermodynamic contributions (Flory, 1953):

AG,, =-TAS_ +AH, )

In this equation, AH,, and TAS,, exhibits the enthalpic and entropic interactions of mixing at
temperature T. The entropic and enthalpic interactions of mixing of two component
segments of diblock copolymer are given by:
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ASTmZﬁA Ing, +npIngy €)
AH, = ETVXXq)A(I)B (4)
The equations 3 and 4 can be rewritten as:
AS,, =—K[n, Ing, —nglndg] ®)
AH_ =kTyNo, g (6)

where ¢, and ¢ are volume fraction of A and B components of diblock copolymer,
N=na+np denotes the total number of molecules or degree of polymerization and x is the
Flory-Huggins interaction parameter. The phase behaviour that exhibits the diblock
copolymers during an order-disorder phase transition (microphase segregation) is
controlled by both entropic and enthalpic interactions. The enthalpic interactions imply the
repulsion magnitude between different species via Flory-Huggin’s interaction parameter (),
which represent the chemical incompatibility between different repetitive units and its
magnitude is expressed by the type of monomers which integrate the diblock copolymer
and has a strong dependence with the temperature:

L~ )
the phase segregation behaviour is controlled by the value of y, in this way, positives
values of interaction parameter lead to incompatibility between different segments and
the entropic interactions (ASn) appears to be mostly positives, this generates a positive
heat of mixing and therefore a AG,, > 0. Negative values of x lead to homogeneous state
and therefore a AG,< 0.

Whereas the entropic interactions involve the configurational and translation displacement of
polymeric chains, and are regulated through the degree of polymerization N, architecture
constrains and blocks composition (Bates & Fredrickson., 1990, 1999; Hamley, 1998; Balta-
Calleja et al., 2000; Thomas et al., 1995). The microphase segregation degree in the diblock
copolymers depends of the enthalpic-entropic balance represented by the reduced parameter
N, the ODT occurs at a critical value of yN, the melt phase behaviour is thus governed by
composition and a reduced parameter (Leibler et al., 1980; Bates et al., 1990). Three segregation
regimes have been identified by Matsen and Bates and have been defined depending on the
extent of microphase segregation: the weak (yN =10), intermediate (yN >12-100) and strong
segregation regimes (yN >100) (Matsen & Bates, 1996; Bates & Fredrickson, 1990). In the weak
segregation regime, the volume fraction of one of the block varies sinusoidally about the
average value generating the formation of ordered microphases, this regime is characterized
by a diffuse interface between different components and is capable of to be modified by
composition effect or for temperature effect (Hamley, 1998; Bates, 1991). In the intermediate
segregation regime the composition profile becomes sharper generating ordered microphases
with a narrow interface between blocks. The strong segregation regime due to saturation of the
blocks composition contains essentially pure components; in this regime, the phase behaviour
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depends largely on the copolymer composition. Within these segregation regimes it is possible
to predict and modify the phase behaviour of block copolymers given y, N and the segment
length (block composition).

A general description of phase behaviour that exhibits the well-defined ordered structures
of the PS-PI diblock copolymer via order-disorder phase transitions have been explored by
mesoscopic simulation methods. When PS-PI diblock copolymer is in melted state, the
polymeric chains assume the lowest free energy configuration, if the diblock copolymer is
cooled, the repulsion magnitude expressed by reduced parameter xN increases, when the
value of this parameter exceeds a certain value specific (\N~10.5) for the system under
consideration, well-defined periodic structures evolves in the disordered state (Soto-
Figueroa et al., 2005).

When the PS-PI diblock copolymer has a symmetric composition (volume fraction of both
components are the same) display an ordered phase with lamellar morphology (LAM), Fig.
2(a), however, if the volume fraction of a component increases in relative to other
component (asymmetric copolymer), the interface tends to become curve. In this case, the
conformational entropy loss of the majority component is too high. Therefore, to gain the
conformational entropy, the chains of the majority component tend to expand along the
direction parallel to interface. As a result, the PS/PI interface becomes convex towards the
minority component. This interface curvature effect is more pronounced when the
composition of the diblock copolymer is more asymmetric, Fig. 2(b). The PS-PI diblock
copolymers with asymmetric compositions can generate a wide range of ordered structures
such as the body-centred-cubic (BCC), hexagonal packed cylinders (HPC), ordered
bicontinuous double diamond (OBDD or Gyroid) and lamellar (LAM) arrangement via an
order-disorder phase transition process, Fig. 2(c-f).

a)
FEg:

Flat interface of PS/PI Curved interface

Fig. 2. Schematic representation of composition effect in the phase behaviour of the PS-PI
diblock copolymer: a) lamellar phase (symmetric copolymer), b) curvature of PS/PI
interface by effect composition (asymmetric copolymer), c) spherical phase, d) cylindrical
phase, e) lamellar phase and f) OBDD phase.

The ordered phases with well-defined morphologies that shows the block copolymers are
usually describes by the volume fraction of one block (f), the overall degree of
polymerization (N), and Flory-Huggins interaction parameter (x) (Soto- Figueroa et al,,
2007). The periodic phases of type BCC, HPC, Gyroid and LAM explored by means of
mesoscopic simulations are described in the following sections.
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1.1.1 Body centred cubic phase

The body centred cubic (BCC) phase or spherical phase is a classic structure of great
thermodynamic stability that exhibits the diblock copolymers of type A-B. This ordered
structure shows two specific symmetries: a four-fold symmetry ([100] projection) and the
hexagonal symmetry ([111] projection) of cubic array respectively, see Fig. 3.

Fig. 3. Snapshots of BCC phase of PS-PI copolymer: a) ordered microdomains of PS and PI
chains (red and green regions represent the PS and PI microdomain respectively), b-c)
projections [100] and [111] of poly(styrene) microdomains (the poly(isoprene) matrix has
been removed for a better visualization).

The BCC phase of diblock copolymers have been studied extensively by both theoretical and
experimental methods. For example, the theoretical studies of PS-PI diblock copolymer with
linear architecture have demonstrated that this periodic phase can be generated in a
composition interval of 0.1 to 0.19 (volume fraction of poly(styrene)) with a stable four-fold
symmetry (Soto-Figueroa et al., 2005). The spherical phase of this diblock copolymer is
known as a stable phase, however, can be transformed on other ordered structure via an
order-order phase transition.

1.1.2 Hexagonal packed cylinders phase

The hexagonally packed cylinders (HPC) phase is also considered as a classic phase of great
thermodynamic stability due to its high packing. This ordered structure is characteristic of
PS-PI diblock copolymers with linear architecture and can be generated via an order-
disorder phase transition in a composition interval of 0.2 to 0.26 (volume fraction of
poly(styrene), see Fig. 4.

) 5

HPC plnar* \" 7 I ! | HPC '[1|J ase

Fig. 4. Snapshots of HPC phase of PS-PI diblock copolymer: a) cylindrical microphase
constituted by ordered microdomains of poly(styrene) and poly(isoprene), b) representation
of density isosurfaces of microdomains of poly(styrene) and c) poly(styrene) cylinders
arranged in a hexagonal lattice.

The HPC phase displays a tetrahedral arrangement of epitaxially cylinders arranged in a
hexagonal lattice. In this ordered phase, the cylindrical microdomains of poly(styrene)
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exhibits an hexagonal arrangement of undulated microdomains immersed in a
poly(isoprene) matrix.

1.1.3 Ordered bicontinuous double diamond phase

The ordered bicontinuous double diamond (OBDD) phase (or Gyroid phase) is the ordered
structures more complex that exhibits some diblock copolymers of type A-B. For example,
The PS-PI diblock copolymer can generate this ordered structure via an order-disorder
phase transition, see Fig. 5.

Gyroid phase

OBDD structure Ta3d symu l}éiﬁ'

Fig. 5. Snapshots of OBDD arrangement of PS-PI diblock copolymer obtained by mesoscopic
simulations: a) ordered microdomains of poly(styrene) and poly(isoprene) chains, and b)
representation of density isosurfaces of microdomains of poly(styrene) (Soto-Figueroa et al.,
2008).

The OBDD phase has a tetrahedral arrangement of epitaxially cylinders interconnected by
channels of Ia3d symmetry (Hajduk et al., 1995). The OBDD phase of PS-PI copolymer exists
only in a narrow interval of values (0.37 to 0.4 volume fraction of poly(styrene)) between the
regimes of the perforated layer and lamellar phases. The Gyroid arrangement is known as a
stable phase, however, can be transformed on other ordered structure via an order-order
phase transition.

1.1.4 Lamellar phase

Ordered phase with lamellar morphology are characteristics of block copolymers of
symmetric and asymmetric composition. This periodic phase is constituted of alternating
layers of different homopolymer microdomains separates by flat interfaces, see Fig 6. For the
case of PS-PI diblock copolymer with linear architecture, this displays the lamellar
arrangement in a specific predominance interval between 0.47 to 0.68 volume fraction of

poly(styrene).

Fig. 6. Snapshots of lamellar phase of PS-PI diblock copolymer, the lamellar structure
exhibits undulated microdomains of poly(styrene) and poly(isoprene): a) ordered
microdomains of poly(styrene) and poly(isoprene) and b) representation of density
isosurfaces of LAM phase.
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The lamellar phase can be generated in the three segregation regimes (yN ~10, yN >12-100
and yN >100) via order-disorder phase transitions and can displays flat and undulated
interfaces.

1.1.5 Phase diagram of PS-PI diblock copolymer

The ordered structures of PS-PI diblock copolymer represent under specific conditions the
states with the lowest Gibbs free energy, these equilibrium phases can be classified through
a phase diagram, Fig. 7. The diagram phase depicts the two regions associates constituted by
a homogeneous state and an ordered state of five ordered phases different. Each equilibrium
phase shows its predominance zone in terms of the volume fraction of poly(styrene) block
and reduced parameter yN.

2004

Reduced parameter (N )
[

10

L'II.] 02 UI..! 0.4 0.3 f.?fé 0.7 0 LR ].'i.'l

Volume fraction (poly{styrene))
Fig. 7. Phase diagram of PS-PI diblock copolymer, the continuous curve describes the points
of phase transition between the homogeneous state and the microphase-separated states.
The ordered states split into different classes (BCC, HPC, G, HPL and LAM); the dashed
lines show the predominance interval between the different types of ordered phases.

The segregation state in the phases diagram is controlled by the product xN, if xN is
mayor than a critical value (typically of the order of 10.5), entropic factors dominate and
the diblock copolymers exist in an ordered phases state. On the other hand, an order-to-
disorder transition takes place for large values of xN. The phase behaviour of each
ordered structures kind on the phase diagram of poly(styrene)-poly(isoprene) diblock
copolymer can be modified through order-order phase transitions, this will be tackled in
the following section.

2. Order-order phase transition in block copolymers

The diblock copolymers display a wide variety of classic phases with morphologies or
defined structures such as: body centred cubic, hexagonal packed cylinders, hexagonal
perforated layers, lamellar and the ordered bicontinuous double diamond phase, the
morphology of these periodic structures can be controlled and modified by two different
routes: 1) order-disorder phase transition and 2) thermotropic order-order phase transition.

In the order-disorder phase transition as was mentioned in the previous section, the phase
behaviour in the block copolymers is governed by three experimentally controllable factors
during the synthesis process: i) the overall degree of polymerization, ii) architecture of block
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copolymer, and iii) the interaction parameter between components blocks, of this
thermodynamic process can emerge periodic structures with well-defined morphologies
(Soto-Figueroa et al., 2005, Soto-Figueroa et al. 2007).

Other way to modify the phase behaviour in the block copolymers is through the
temperature; thermally induced phase transitions have the potential to promote the kinetic
control in these synthetic materials. Leibler was the first in predicting the phase transition
between different ordered structures by temperature effect (Leibler et al., 1980). The
thermally induced phase transformations are governed for anisotropic composition
fluctuation effects (Ryu et al., 1999), when an ordered phase of specific morphology is
subject to a thermal heating process, the homopolymer chains into the ordered
microdomains exhibit thermodynamic instability by temperature effect and become less
rigid, this entropic process promotes the polymeric chains movement (composition
fluctuations) into the homopolymer microdomains and modifies with the time the shape of
ordered phase.

Three segregation regimes have been defined to explain the extent of microphase
segregation and the thermodynamic stability in the classical phases that exhibits the diblock
copolymers, these segregation regimes are : weak regime (yN ~10), intermediate regime (yN
>10-100) and strong segregation regime (yN >100) (section 1.1).

Our interest is concentrated in the weak segregation regime, because in this predominance
zone, the diblock copolymers are characterized by a widened interface due to enhanced
phase mixing. In the vicinity to this regime, thermotropic phase transition between different
kinds of ordered phases can be generating (Bates et al., 1990; Matsen et al., 1996).

The transition from one ordered state to another is nowadays denominated as an order-
order phase transition (OOT) (Sakurai et al., 1993; Kim et al., 1998; Almadal et al., 1992;
Sakurai et al., 1996; Sakamato et al., 1997; Modi et al., 1999). In this way, the ordered phases
that exhibit the diblock copolymers inside weak segregation regime can exhibit order-order
phase transitions when are subjects to thermal heating cycles.

In the past decade the order-order phase transitions that display the classical phases of
diblock copolymers (BCC, HPC, Gyroid and Lamellar) have been investigated by both
experimental and theoretical studies. The order-order phase transition is thermoreversible
process that develops transient metastable states during phase transformation. The order-
order phase transition that exhibits the classical phases with specific morphology such as
Gyroid, cylindrical, and lamellar are described next.

2.1 Order-order phase transition of HPC structure

The ordered phase of hexagonal packed cylinders also known as cylindrical structure is
characteristic of diblock and triblock copolymers, for example, the poly(styrene)-
poly(isoprene) diblock copolymer with linear architecture can generate this ordered
arrangement in a specific composition of 0.2/0.8 (volume fraction ) of PS/PI via an order-
disorder phase transition. When the HPC phase of this diblock copolymer is subject to
thermal heating cycles, exhibits an order-order phase transition to body-centred-cubic (BCC)
structure (or spherical phase). The order-order transition pathway that exhibits the HPC to
BCC phase was recently reported (Modi et al, 1999; Krishnamoorti et al.,, 2000).
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Experimental and theoretical studies have confirmed that HPC phase develops transient
metastable phases during thermal heating process (Kimishima et al., 2000; Krishnamoorti et
al., 2000; Rodriguez-Hidalgo et al., 2009). The order-order transition pathway from HPC to
spherical phase is sketched schematically in Fig. 8.

Fig. 8. Snapshots of order-order phase transition process from HPC phase to spherical
arrangement monitored by means of mesoscopic simulations: a) cylindrical phase, b)
undulation process of poly(styrene) microdomains by temperature effects, c) breakdown of
cylindrical microdomains of poly(styrene) and d) formation and stabilization of body-
centred-cubic arrangement (BCC phase) (Soto-Figueroa et al., 2008).

Three transitory stages are typical of OOT process from HPC to cylindrical phase: (Stage 1)
undulation process of cylindrical microdomains of poly(styrene) in the poly(isoprene)
matrix. In this transitory stage the thermal heating induce the thermodynamic instability of
HPC phase, where the cylindrical microdomains and the PS/PI interface becomes less rigid
due to anisotropic composition fluctuations, this generates the undulation of the
poly(styrene) microdomain in the poly(isoprene) matrix. (Stage 2) breakdown of cylindrical
microdomains of poly(styrene) by temperature effects. When anisotropic composition
fluctuations reach a critical point of thermodynamic instability the cylindrical microdomains
become unstable and therefore they are broken in ellipsoids, (Stage 3) formation and
stabilization of BCC phase. In this thermally induced stage, the ellipsoids microdomains
generated by breakdown of cylindrical microdomains of poly(styrene) evolve to an
equilibrium state where the uniform spherical microdomains are stabilized into body-
centred-cubic arrangement. The order-order phase transition from HPC to spherical phase is
a thermoreversible process. The inverse process from BCC state to HPC arrangement
involves deformation and elongation of spheres into ellipsoids and coalescence of ellipsoids
into the cylindrical microdomains. This process is driven by thermodynamic instability of
the spherical interface caused by decrease of temperature.

2.2 Order-order phase transition of Gyroid structure

The Gyroid phase as was mentioned in the section 1.1.3 exhibits a tetrahedral arrangement
of epitaxially cylinders interconnected by channels of Ia3d symmetry and is capable of
suffering order-order phase transitions when it is submitted to thermal heating cycles. The
poly(styrene)-poly(isoprene) diblock copolymer displays this ordered phase in a narrow
interval of specific composition. The thermally-induced phase transition from Gyroid to
lamellar phase in PS-PI diblock copolymer was explored in detail by mesoscopic simulation
methods (Soto-Figueroa et al., 2008). The phase transformation during thermal annealed
proceed in several stages via the generation two metastable phases (HPL and cylindrical).
The order-order phase transition process from Gyroid to lamellar phase is sketched
schematically in Fig. 9.

www.intechopen.com



572 Advances in Chemical Engineering

Fig. 9. Transitory stages and metastable phases generated during the order-order phase
transition from Gyroid phase to lamellar arrangement: a) undulation of interconnected
microdomains of poly(styrene) into the poly(isoprene) matrix, due thermal heating, b)
breakdown of interconnected microdomains of Gyroid phase, c) formation of HPL
metastable phase, d) formation of cylindrical metastable phase and e) lamellar phase.

When the Gyroid phase of PS-PI copolymer is subject to thermal heating cycles, the
interconnected microdomains of poly(styrene) display an undulation process due to
anisotropic composition fluctuations, Fig 9(a), with the increase of temperature the anisotropic
composition fluctuations induce the breakdown of side interconnections in the Gyroid
arrangement, Fig. 9(b), generating the first metastable phase with HPL arrangement, Fig. 9(c).
The HPL metastable phase evolves later to cylindrical arrangement by temperature effect, in
this transient stage the interconnections of perforated layer microdomains diminish their
volume up to the breakdown of interconnections in the HPL arrangement and the formation of
cylindrical phase (second metastable phase), Fig 9(d). Finally, the cylindrical metastable phase
also changes over time due to anisotropic composition fluctuations. The cylindrical
microdomains in this metastable phase are thermodynamically unstable, in order to reach a
thermodynamic stability of minimal energy, the cylinders microdomains are joined together to
evolve into undulating lamellar phase, Fig. 9(e), the lamellar phase consisting of alternating
layers of PS and PI microdomains.

2.3 Order-order phase transition of lamellar structure

The lamellar phase is the ordered structure more simple that exhibit the multiblock
copolymers is considered a classical phase of great thermodynamic stability. The lamellar
phase consisting of alternating layers of different homopolymer microdomains. The PS-PS
diblock copolymer exhibits this ordered arrangement in a specific composition interval (see
section 1.1.4). When the lamellar phase of this diblock copolymer with an equivalent
composition between their constituent blocks (0.5 volume fraction of poly(styrene) and
poly(isoprene)) is subject to thermal heating cycles, it does not generate an order-order
phase transition, the lamellar arrangement in this case evolve to a homogeneous state
(melted), see Fig. 10.

Fig. 10. Snapshots of thermal heating of lamellar phase (diblock copolymer of symmetric
composition): a-b) equilibrium phase of lamellar structure (representation of diblock chains
and surface isodensities of PS and PI microdomains) and c-d) homogeneous state after of
thermal heating (melted phase).
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Nevertheless, the lamellar phase generated of block copolymers of asymmetric composition,
for example of 0.45/0.55 of PS/PI (volume fraction), it can exhibit a phase transformation to
HPL arrangement when is subject to thermal heating via an order-order phase transition
process (Mani et al., 2000). The order-order phase transition from lamellar to HPL phase is
showed in Fig. 11.

Fig. 11. Order-order phase transition stage from lamellar phase to HPL arrangement: a)
undulation process of lamellar microdomains, b) interconnection of parallel microdomains
of poly(styrene) and c) formation and stabilization of HPL arrangement.

The order-order phase transition process of this ordered arrangement is governed by the
thermodynamic instability between the components microdomains, generated by thermal
heating, where the anisotropic composition fluctuations play an important role in the phase
transformation. In the initial stage the lamellar microdomains exhibit an undulation process
due to thermal heating, Fig. 11(a), with the temperature increase, the lamellar phase
becomes thermodynamically unstable, in order to reach a thermodynamic stability of
minimal energy, the lamellar alternate microdomains of poly(styrene) are interconnected by
means of narrow microdomains (parallels to PS/PI interface), finally the HPL phase evolve
in an energetic equilibrium state (Soto-Figueroa et al., 2007), see Fig. 11(b-c).

3. Thermal study of double directionality of order-order phase transitions of
hexagonally perforated layers (HPL) phases by mesoscopic simulation

During the past two decades have been reported theoretical and experimental studies of
diblock copolymers, where the ODT and OOT transitions play a main role in the structure
control and consequently in the physical properties control of these polymeric materials
(Kimishima et al., 2000; Kim et al., 2006; Bodycomb et al., 2000; Krishanamoorti et al., 2000;
Court et al., 2006; Soto-Figueroa et al., 2008). It is well-known that the poly(styrene)-
poly(isoprene) diblock copolymer exhibits a wide variety of classical phases with specific
morphologies such as: BCC, HPC, OBDD, LAM and HPL. The order-order phase transitions
that exhibit this ordered structures with definite morphologies have been explored by Soto-
Figueroa and Rodriguez-Hidalgo, they have confirmed the OOT’s between HPC to BCC,
Gyroid to LAM microphase through mesoscopic simulations (Soto-Figueroa et al., 2007,
2008; Rodriguez-Hidalgo et al., 2009), although the OOT"s have been well investigated for
the majority of classical phases, the dynamic transformation of HPL phase has not been
investigated yet in detail. The HPL phase exhibits a double directionality of order-order
phase transition when is subject to thermal process. Experimental evidences suggest that
HPL phase of the PS-PI copolymer can evolve to a cylindrical structure and to a Gyroid
structure by temperature effect (Park et al., 2005; You et al., 2007).

The double directionality of order-order phase transitions that exhibits the classical phase
of PS-PI copolymer is a topic interesting to control the morphology and physical

www.intechopen.com



574 Advances in Chemical Engineering

properties of polymeric materials. The order-order phase transitions can be investigated
in more detail through mesoscopic simulations than through experimentation.
Mesoscopic simulations are efficient methods to investigate the physical processes of soft
matter and their interactions with chemical environments (Rodriguez-Hidalgo et al., 2011;
Ramos-Rodriguez et al., 2010). Offer a particularly useful way of exploring the matter
transfer process and to make predictions that may be of interest for understanding and
elucidating complex process such as the double directionality of order-order phase
transitions. In the mesoscopic simulations the atoms of each molecule are not directly
represented, but they are grouped together into beads (coarse-grained models), where a
springs force reproduce the typical nature of them, and therefore can exhibit a real
physical behaviour in multicomponent systems. In this section, we explored the double
directionality of phase transition of HPL structure of the PS-PI copolymer from a
mesoscopic point of view by mesoscopic simulations, where the phase evolution stages
and transient ordered states are analysed.

3.1 Model and simulation method

To explore the order-order phase transition of the HPL phase, we employed Dissipative
Particle Dynamics (DPD) simulations. The original DPD method was introduced by
Hoogerbrugge and Koelman and was later modified by Groot, R.D. (Hoogerbrugge &
Koelman, 1992; Koelman & Hoogerbrugge, 1993; Groot & Warren, 1997; Groot & Madden,
1998, 1999). The DPD method allows the study of high-molecular-weight systems as the
polymeric materials. The coarse-graine

f=m,— 8
= ®)

where r;, v;, m; and f; are the position, velocity, mass, and force, respectively, of bead i.
Dimensionless units are used in DPD simulations; usually, the mass of each bead is set to 1
DPD mass units, which results in an equation between the force acting on a bead and its
acceleration. Each particle is subject to soft interactions with its neighbours via three forces:

conservative (Flf ), dissipative (Fi}) ) and random (Fiﬁ-2 )- The total force acting on particle i is:

C
f= (B +F +F) 9)
j#i
The conservative force Fi]C is a soft repulsive force that acts between particles i and j. The

dissipative force Fi]-D corresponds to a frictional force that depends on both the positions

and relative velocities of the particles. The random fv; = d_lt orce Fi]-R is a random interaction

between a bead i and its neighbour bead j. All forces vanish beyond a cut-off radius r.,

which is usually chosen as the reduced unit of length, r. =1. The FijD and Fin forces act as a

thermostat that conserves momentum and gives the correct hydrodynamics at sufficiently
large time and length scales. These forces are given by:
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FijC _ aij(l I )f'ij (rij <1) (10)
(; >1

Fi]j3 = [‘Y‘DD (rij)(Vij-i'ij)f’ij] (11)

Fi? = [O' o" (rij)fijfij] (12)

where r; = ‘fi —%|,T=T%; /1;, v is the dissipation strength, o is the noise strength, P (r;) and
O)R(I'i]-) are weight functions of FijD and Fi]-R forces, respectively, and a; is the maximum
repulsive force between particle i and j. For the DPD system to have a well-defined
equilibrium state that obeys Boltzmann statistics, the equilibrium temperature is defined
askgT = 02/ (2y). This condition fixes the temperature of the system and relates with the
two DPD parameters y and o (kgT is usually chosen as the reduced unity of energy). The
parameter ajj (henceforth referred to as the bead-bead repulsion parameter or simply as the
DPD interaction parameter) depends on the underlying atomistic interactions and is related
to the parameter x through:

kBTXij (T)

b 11 0.306 ( )

In this way, a connection exists between the molecular character of the coarse-grained model
and the DPD parameter. The parameter a; is given in terms of kgT (DPD reduced units).
Equation (6) implies that, if the species are compatible, y; ~ 0 and therefore, a; = 25.
Established procedures for mapping between the DPD and physical scales and for choosing
the system temperature are not yet available. We therefore use Flory-Huggins theory
(through the x(T) dependence) to introduce the temperature into the DPD simulations. To
calculate the aj values of Equation (6), we use the Hildebrand relation:

V,

X= (81 -8 (14)
where V,, and 6 are the mean molar volume and solubility parameter, respectively. In the
DPD simulation, the dynamic behaviour of order-order phase transition of the HPL structure
is followed by integration of the equations of motion of each species using a modified version
of the Verlet algorithm (Verlet, 1967). The integration of the equations of motion for each
particle generates a trajectory through the system’s phase, from which thermodynamic
observables may be constructed by suitable averaging. Based on this information, the order-
order phase transition can be observed. In this algorithm, the forces are still updated once per
integration, thus there is virtually no increase in computational cost.

3.2 Coarse-grained models and parameterization

The molecular structure of PS-PI copolymer was built by means of the polymer builder
module of Accelrys (Accelrys, 2006). The polymeric molecule with linear architecture
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contains a total of 300 repetitive units in the main chain. The molecular weight of the PS-PI
copolymer presented an interval of 20798-25842 g/mol. The diblock copolymer molecule
was replaced by a coarse-grained model constituted by 30 beads, where each bead
represents a statistical segment (characteristic ratio, (Cy~ 10) (Soto-Figueroa, et al 2005)), see
Figure 12. The Equation (15) was used to map the real structure of diblock copolymer to
statistical model (mesoscopic model).

Mp

M, (SSL) 15)

CSGD Z

where Cscp, Mp, Mmand SSL are bead number with Gaussian distribution, the molar mass of
the block copolymer, molar mass of a repeat unit and means statistical segment level
(characteristic ratio (Cy), or persistence length (L;) or statistical Kuhn segment length (ax))
respectively (Soto-Figueroa et al., 2007).

i)

a)

‘ECH;J_G_IHH?:CH:H}CH;HV Q m
it

CH:

3 pEm=300 15 15

Fig. 12. Schematic representation of PS-PI copolymer: a) chemical structure of a PS-PI chain,
n and m represent the polymeric unit number of each block, b) coarse-grained model of PS-
PI system with linear architecture.

The chemical and physical nature of the coarse-grained model in mesoscopic simulation is
described by interaction parameters (xj). In order to study the order-order transition at
temperatures different with DPD simulations we take the temperature dependence x;(T) =
X(T), in this way the real temperature is introduced into the DPD simulation (Rodriguez-
Hidalgo et al., 2009). The interaction parameters for Equation (13) were evaluated from bulk
atomistic simulations using the Fan, F.C. model (Fan et al., 1992). In this way the parameter
interaction was expressed as:

(T)= AG(T) _ Z1pE15(T) + Zg1Epy (T) = Z11Eq1 (T) = ZppEpp (T)

RT 2RT 16)

where AG denotes the Gibbs free energy, x is interaction parameter, Z and AE;, are
coordination number and differential energy of interaction of an unlike pair respectively.
The Figure 13 show the interaction parameters x(T), the temperature interval analysed is
from 298 K to 500 K.

The tendencies that exhibit interaction parameters in temperature function are in agreement
with the Hildebrand relation and are adequate to explore the formation of HPL phases (via
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Fig. 13. Interaction parameters between styrene and isoprene molecules at temperatures
different obtained by Monte Carlo molecular simulation (Vicente et al. 2006).

order-disorder transition) to room temperature and the double directionality of the HPL
phase (via order-order transition) employing the coarse-grained model with predefined
architecture proposed in this mesoscopic study.

All DPD simulations were performed in a cubic box that measured 20x20x20 in size, which
contained a total of 2.4x104 representatives particles, a spring constant of C=4, and a density
of p=3. The interaction parameters between identical species were then chosen as asr.st= a pi-
pi= 25. Each bead was assigned a radius of 1. The coarse-grained number for each chemical
species was held constant during the DPD simulations.

3.3 Simulation results and discussion
3.3.1 Hexagonally perforated layers structures

The equilibrium phases formation of PS-PI copolymer is governed by the composition,
temperature and immiscibility between their components blocks, these factors were
considered in the coarse-grained model via the architecture and interaction parameters.

All simulations start from a disordered state, where the PS-PI chains are in a homogeneous
melted phase. First, we set the interactions parameters at T = 298 K. We then let the
simulation proceed for 5x105 steps and during the temperature relaxation; we observed the
microphase segregation process and the generation of equilibrium phases via ODT. Several
transient stages were detected in the ODT process; a) melt phase, where the copolymer
chains move freely; b) microphase segregation by temperature effect (temperature decrease),
c) generation of pure microdomains of poly(styrene) and poly(isoprene), in this stage the
ordered phases system attains an equilibrium temperature to room temperature.

To identify the composition region where the HPL structures are formed, we scanned the
composition interval from 0.1-0.5 (volume fraction of poly(styrene) with increments of 0.03)
at constant temperature of 298 K (i.e. constant yN). All DPD simulations generate a coarse-
grained system sufficiently large to observe the classical phases formation in the analysed
composition interval. The mesoscopic simulation of PS-PI copolymer exhibits a wide variety
of structures or equilibrium phases such as LAM, HPC, BCC, Gyroid and HPL. The
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equilibrium phases of PS-PI system depend primarily on three factors: (i) the volume
fraction of PS and PI blocks (f), (ii) the degree of polymerization (N), and (iii) the interaction
parameter (y). The results obtained by DPD simulations are in accordance with the mean-
field theory (Leibler, 1980).

The HPL phase was obtained into the composition intervals of 0.3 to 0.36 (volume fraction of
poly(styrene)), see Figure 14. The tendency of PS-PI chains to self-assemble into HPL
structures depends of the previous factors and is governed by thermodynamics interactions
(enthalpic and entropic) during the microphase segregation process.

Volume fraction of poly(styrene)

Fig. 14. Specific phases of PS-PI copolymer obtained as the blocks composition (PS/PI) is
modified: a) cylindrical, b) HPL and c¢) Gyroid.

The thermodynamic stability of HPL phase in the predominance region vary with the
relative chain length (poly(styrene) composition) of the component blocks. The
predominance region where the HPL phase is formed has two composition limits that are
contiguous with other equilibrium phases of different morphology. In the low composition
limit where the volume fraction of poly(styrene) is close to 0.3, the HPL structure has as
neighbour the cylindrical phase, whereas in the height composition limit (close to 0.36), the
HPL structure has as neighbour the Gyroid structure. These behaviours between different
phases are in accordance with the phase diagram reported by Khandpur (Khandpur et al.,
1995).

The order-order phase transitions that exhibits the HPL structures with specific
compositions of 0.3 and 0.36 (volume fraction of poly(styrene) are investigated. The HPL
structures are modified through temperature increase, keeping constant the PS-PI block
composition. The OOT of HPL structure for each specific composition shows a selective
directionality (from HPL to cylinders and from HPL to Gyroid) during thermal study.

3.3.2 Order-order phase transition of HPL to cylindrical phase

The HPL phase with a specific composition of 0.3 (volume fraction of poly(styrene) was put
at continuous cycles of thermal heating in the temperature interval from 298 to 500 K. A
total of 2.0 x 10> time steps with step size of At = 0.03 were allowed in the mesoscopic
simulation to reach the thermodynamic balance of PS-PI system in each temperature
increment. The thermally induced phase transition from HPL to cylindrical phase was
observed at the temperature of 432 K, this corresponds to the OOT, and this fact is in
accordance with theoretical and experimental evidences (You et al., 2007).
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The OOT process was visualized during mesoscopic simulation; the results show that the
transformation from HPL to cylindrical phase by temperature effect is generated in several
stages. When the HPL phase is annealed below the OOT temperature, we observed a slow
dynamic motion of the PS and PI microdomains, the thermodynamic stability between
microdomains different they are in an energetic barrier that maintain the HPL phase stable.

When the HPL phase is annealed to a higher temperature, T> 432 K, the energetic barrier
that maintain the HPL phase stable is exceeded, the thermodynamic interactions (enthalpic
and entropic) play an important role in the OOT process. The enthalpic interaction is
proportional to the Flory-Huggins interaction parameter (Fig. 13), which is found to be
inversely proportional to temperature.

During the temperature increase, the interaction parameter between the PS and PI
microdomains diminishes, generating the OOT from HPL arrangement to cylindrical phase,
the enthalpic interaction in the OOT is accompanied by an increase in entropy. At higher
temperatures the entropic interactions dominates and is cause of anisotropic composition
fluctuations into polymeric microdomains (Ryu, et al., 1999).

The HPL phase develops short-lived transient states during the OOT process, because of
interface instability (PS/PI), combined with fast molecular motion of PS and PI
microdomains. In Figure 15(a-d) are shown snapshots of the thermally induced phase
transition from HPL to cylindrical structure during the annealed process at temperature,
T=432 K.

TERTRIREY RN, Risises
AR D R =
AR T D D e B O
L3 HaL BaRA) NN S e S and 20l ee IS 2R IDED Pyt

a) b) c)

Fig. 15. Snapshots of the OOT pathway from HPL to cylindrical phase: a) undulation
process of HPL phase, b-c) instability of HPL phase and d) formation of cylindrical phase.

The snapshot of Figure 15(a) corresponds to the initial equilibrium state of HPL phase,
initially, the PS perforated microdomains display an undulation process induced by
thermodynamic instability, in this point the PS perforated microdomains and the PS/PI
interface become less rigid by temperature effect. The PS microdomains maintain their
shape an short-period of time, as time goes, the anisotropic composition fluctuations
(thermally-induced) increase quickly, the PI interconnections into PS perforated
microdomains enlarge their area, in this stage the PS microdomains are unstable see Figure
15(b-c). When the anisotropic composition fluctuations reach a critical point, the PS unstable
microdomains change their structure to a new cylindrical arrangement, see Figure 15(d), in
this thermally induced stage the uniform cylindrical microdomains are stabilized.

3.3.3 Order-order phase transition of HPL to Gyroid phase

The HPL phase with a volume fraction of PS, fps=0.36, (obtained within the first 5x105 time
steps) was now subject to a thermal heating process for another 5x105 time steps. The
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simulation outcome shows an OOT from HPL to Gyroid phase at the temperature of 438 K.
The composition increase of poly(styrene) in HPL microdomains modify the phase
transition directionality. The OOT from HPL to Gyroid phase obtained by DPD simulation
are consistent with experimental results reported by Insun Park. They have investigated the
phase transition behaviour from the hexagonally perforated layer (HPL) to the Gyroid phase
in supported thin film of a poly(styrene)-b-poly(isoprene) (PS-b-PI) diblock copolymer (OOT
occur at temperature of 443 K) (Park et al., 2005).

During the thermal heating process, the HPL phase undergoes the microdomains
modification of PS and PI, generating transient intermediate stages as are sketched
schematically in Figure 16(a-c). Three transient intermediate stages were detected during the
OOT: (i) undulation process of pure microdomains and PS/PI interface due to the
thermodynamic instability by temperature effect, see Figure 16(a), in this stage, the entropic
and enthalpic interactions govern the microphase stability and induce anisotropic
composition fluctuations into pure microdomains, (ii) increase of volume of poly(isoprene)
interconnections into PS perforates microdomain, Figure 16(b), in this stage the PS
perforated microdomains are instable, (iii) formation of parallel interconnections between
PS perforated layers, see Figure 16(c), in this stage, the Gyroid phase is formed.

Fig. 16. Snapshots of evolution process of the OOT from HPL to Gyroid phase: a) undulation
process of PS microdomains in the PI matrix by anisotropic composition fluctuations effect,
b) volume increase of PI interconnections into PS perforates microdomains, c) formation of
Gyroid phase by generation of parallel interconnections between PS perforated
microdomains.

The HPL phase of PS-PI diblock copolymer exhibits a double directionality of order-order
transition from HPL to cylindrical phase and from HPL to Gyroid phase. The anisotropic
composition fluctuations of PS and PI microdomains of HPL phase by thermal heating
process induce the order-order phase transitions, however the phase transition
directionality towards a specific phase (cylindrical or Gyroid) in the thermal process is
governed by small variations of poly(styrene) concentration in the poly(styrene)
microdomains of HPL phase. Variations of small composition into structured microdomains
according to Leibler’s mean-field theory greatly modify the phase thermodynamic
behaviour (separation, segregation and phase transformation).

4. Conclusion

The block copolymers are “smart” materials that have the ability to self-assemble inside a
variety of periodic phases of high regularity in size and shape. The phase behaviour (type of
structure and morphology) that exhibits these polymeric materials can be controlled by two
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different processes: order-disorder phase transition and thermotropic order-order phase
transition. In the order-disorder phase transition, the phase behaviour is governed by
entropic and enthalpic interactions, whereas the order-order phase transition are controlled
by anisotropic composition fluctuations of theses thermodynamic processes can emerge
supramolecular structures with well-defined morphologies and specific properties.

The ODT and OOT that exhibits of block copolymer can be explored in more detail through
mesoscopic simulations than through experimentation. The mesoscopic simulation methods,
offer a particularly useful way of exploring the phase behaviour pathway and to make
predictions that may be of interest for understanding and elucidating complex process such
as order-disorder of order-order phase transitions.

The DPD approach has been successfully applied to the investigation of phase transition
processes (ODT and OOT) of HPL structure. The mesoscopic simulation outcomes show
that the HPL phase of PS-PI diblock copolymer exhibits a double directionality of order-
order phase transition from HPL to cylindrical phase and from HPL to Gyroid phase. This
double directionality of OOT is controlled by small variations of poly(styrene) concentration
in the poly(styrene) microdomains of HPL phase. Finally, all the simulation outcomes are
qualitatively consistent with the experimental results, demonstrating that the DPD method
may provide a powerful tool for the investigation and analysis of soft matter transformation
process by thermal heating effects.
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