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Summary

The change in the microphase separation transition temperature (Tws) of a
diblock copolymer (AB), induced by the addition of homopolymer (HA), is theoretically
studied.  The calculations based on the modified Meier's theory show that T is
dependent on both the volume fraction of added homopolymer and the molecular volume
ratio of HA to AB, which is the same as the previous theoretical results and
qualitatively in agreement with the experimental results. This theory also predicts that
the molecular weight ratio at the crossover of Tme from elevation to depression is
affected by the molecular weight of AB.

Introduction

In a block copolymer having two types of blocks mutually immiscible, the
blocks segregate out into their own microdomains forming an ordered macrolattice.
When the temperature is raised, such an ordered phase may be transformed into a
disordered phase which is a single homogeneous phase lacking any long range order.
This order-disorder transition is often called the microphase separation transition (MST).
The thermodynamic stability of the microdomains and hence Tmy may be affected by the
addition of homopolymer. The purpose here is to explore the microphase separation
behaviors in binary mixtures containing a block copolymer and a homopolymer.

Using the scattering theories (1-5), first developed by Leibler (1) who has used
the random phase approximation (RPA) method, Nojima and Roe (6) have studied the
molecular size effect of homopolymer on the change in the spinodal temperature (T) of
the microphase separation in mixtures of a block copolymer and a homopolymer. They
show that for a symmetrical copolymer if the molecular volume of homopolymer is
larger than a quarter of that of copolymer, T, goes up as the volume fraction of
homopolymer @, increases, and the magnitude of the increment of T, is larger with
increasing the molecular volume of homopolymer. Of course, if the molecular volume
ratio of HA to AB is below a quarter, T, goes down with increasing ®y,. The
scattering theory also predicts that the molecular volume ratio of HA to AB, which is at
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the crossover from depression to elevation of T,, depends on the composition fo of the
block copolymer. The other approach investigating the change in T, is developed by
Whitmore and Noolandi (7). The result of this approach is qualitatively in agreement
with that of the scattering theory.

Several experimental studies (6,8-11) for binary mixtures containing a block
copolymer have shown that as @y increases, Tumx (or T,) decreases or increases
depending on the molecular weight ratio of HA to AB, which were qualitatively in
agreement with the above theoretical results (6,7).

In the previous work (12), we have developed a method of predicting phase
separation behaviors in binary mixtures of a homopolymer and a biock copolymer by
modifying Meier's theory (13) and thus calculated complete concentration-temperature
phase diagrams of the mixtures. In this study, we focus our attention on a particular
boundary line in the phase diagrams dividing the ordered phase and the disordered one
of the mixtures only to examine the change in the MST temperature induced by added
homopolymer.

Free energy of Mixing of a Block Copolymer with a Homopolymer

The order-disorder transition (or the MST) of a block copolymer should be of
"first order" according to the theory of Leibler (1), but experimentally its character has
not yet been established clearly. It is assumed in this study that the MST is a first
order phase transition.

A binary mixture of a block copolymer and a homopolymer is thus divided into
two distinct states, i.e., an ordered state and a disordered one. The ordered state is the
so-called "mesophase”, where the ordered microdomains of the block copolymer are
swollen with the homopolymer. The disordered state is a "liquid phase” in which the
disordered block copolymer is randomly mixed with the homopolymer. In trying to
determine the change in the MST temperature, we now compare the chemical potential
of the block copolymer in the mesophase against that in the liquid phase.

Free Energy change of the Liquid phase First, we consider the free energy of mixing
of a homopolymer HA with a block copolymer AB in the disordered state. On the
assumption that the block copolymer in the disordered state acts as a random copolymer,
the free energy change on mixing per unit volume in the liquid phase (4G, can be

given by
AG 1= 4G yungom+ AGomss * P an O
with
4G yonaom™= RT{(Opa/ Vi) I @pa+ (G 45/ Vap)In @ 4} + Braas® s an @)

where R is the gas constant, ¢, and @, are the volume fractions of HA and AB in
the mixture, Vi, and V4, are the molar volumes of the two polymers, and By sp is

the energy interaction density between HA and AB. The free energy change per unit
volume associated with microdomain dissolution, i.e., a transformation from the ordered
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state to the disordered state of pure block copolymer, 4G, can be calculated by
Meier's theory (13).

Free energy change of the mesophase WNo general theory is yet available that gives the
free energy change on mixing of a homopolymer and a block copolymer in the ordered
state having a segregated microdomain structure. However, it is possible to estimate the
free energy change by using a simple model based on reasonable assumptions.

When HA is added to AB block copolymer, HA may be dissolved only into the
A-domains and any contributions from the B-domains or the interfacial region between
the two coexisting domains can be ignored, which results in the free energy change on
mixing per unit volume in the mesophase formulated by

AG eso = AH oss = TAS e )
with
Asm=dsm+dsmanB+AsooanA+ ASw,+ASﬂm (4)

In eq. (3), 4H,., is the heat of mixing per unit volume of HA with the A-block,
which is equal to zero for AB/HA (or HA/AB) blend systems. In eq. (4), the total
entropy change in the mesophase (4S,,.,) is composed of five contributions. The first
term is the combinatorial entropy of mixing. The second and third terms are the
conformational entropy losses due to extension of the A-block and compression of the
homopolymer molecules, respectively, which arise from a constraint to maintain a
uniform density of the A-domain. The forth and fifth terms denote the elasticity entropy
change reflecting the chain deformation from its random-coil state and the placement
entropy change induced by the addition of homopolymer.

In trying to evaluate the contributions to the free energy change in the
mesophase, we use in this study a simple model of describing the localized solubilization
of added homopolymer, which is a modification of the confined-chain model originated
by Meier (12). The density distribution profile of polymeric segments is shown in Figure
1 where ds indicates the thickness of the domain which contains both the HA and
A-block segments without the B segments, and dc the thickness of the domain to which
the A-block segments is confined. The horizontal axis denoted by x indicates the
distance across the domains and the vertical one denoted by P,(x) the segmental density
of the A-block in the domains. The total density, P,(x), normalized to one, is consisted
of the A-block, B-block, and HA segments as shown in Figure 1 ;
Px)=Pus(x) + Py(x) + Pya(x)=1. The combinatorial entropy change per unit volume
for the homopolymer is obtained by

oDt oalx)

BSems=—E [“oma()1n 17 01 045 (2 )

where pp4(x) is the reduced density of the HA segments defined as
D
fu ona(x)dx= 0y, and p,4(x) the reduced density of the A-block segments defined
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Figure 1. Normalized density distribution profile of AB/HA blend.

similarly, and D is the interdomain distance.
The conformational entropy change per unit volume of the AB chain in the
mesophase associated with the addition of HA can be obtained by

o o
AS cont 5= R—Vf—‘j InPax(da, d5d) —R—I;{Aj InPax(d%, dsdp (©)

where Psp(ds, dgdp) is the probability of AB chain with A-block confined within the
domain of thickness d, and B-block confined within the domain of thickness 4z and the
superscript 0 over P% denotes the reference state without homopolymers. The interfacial
thickness is denoted by d,.

The conformational entropy change per unit volume of the homopolymer
confined within the A-domain is given by

Seommr Pl % 5 L[ F b)) @

where d, is the domain thickness and 7y, is the number of the link of length /y,.
The elasticity entropy change can be formulated as follows;

AS = —lRip-A—B(W—l—zmw;)
2 Vs @

1,948,052
+2RVAB(W() 1-2In W)

where W, and W} are the ratios of perturbed to unperturbed A-block's end-to-end distance
of mixed state with HA and non-mixed state, respectively.

The placement entropy change is equal to zero because the AB junction has not
been influenced by the added HA at all and therefore the volume occupied by the

junctions can not be changed, which excludes the contribution of the placement entropy
change from obtaining AG -
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Results and Discussion

The procedure in obtaining the MST temperature of the blends is as follows;
first to calculate the complete phase diagram and then to examine the specific part of
the phase diagram suitable for our purpose. In trying to construct phase diagrams of
AB/HA mixtures, the free energy change of the mesophase should be compared with that
of the liquid phase at various temperatures. Once a temperature is given, the phase
having lower energy than that of the other phase is determined to be the real phase.
For the coexisting phases, they are determined graphically by constructing the common
tangent line. In this way, one can obtain the complete composition-temperature phase
diagram of AB/HA mixtures.

Since the change in Tye induced by added homopolymer can go upward or
downward, which was shown by experimental results (9-11) and predicted by theoretical
ones (6,7), Figures 2«(a) and (b) are drawn to demonstrate the two situations. These
diagrams are small parts of schematic phase diagrams constructed by the previous work
(12). In these diagrams, M and L denote the mesophase and the liquid phase
respectively. As one can see from Figure 2-(a), the MST temperature is located on the
boundary line (which is highlighted by thick line) dividing the phase regions of MI+L1
and L. In the region denoted by MI1+L1, the mesophase and the liquid phase coexist.
One of the end points of the boundary line is linked with the binodal line of the liquid
phase(L — L1+L2) at the pseudoeutectic temperature denoted as T,,. On cooling a
mixture @, from the single liquid phase denoted as L1, the MST (i.e, the microdomain
formation) commences with the separation of the mesophase M from the liquid phase L1
at temperature T,. On the other hand, when &4, > @,,, such as @,, the MST occurs at
the pseudoeutectic temperature (T..). At higher temperature than Te.. there exist
macroscopically separated liquid phases (Li+L;) without any microdomain structure. In
Figure 2-(a), the MST temperature decreases with increasing @, while in Figure 2-(b),
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Figure 2-(a), (b). Parts of schematic phase diagrams of AB/HA blend.
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the MST temperature increases with increasing @,,, and as it will be seen later,
whether the MST temperature increases or decreases depends on the molecular weight
ratio of the two polymers. The smaller molecular weight homopolymer has a more
tendency to decrease the MST temperature compared to the higher molecular weight one.

In trying to investigate the effect of homopolymer molecular weight on the MST
temperature, we construct the MST temperature lines of mixtures of a block copolymer
(AB) with a homopolymer (HA) of varicus molecular wexghts For simplicity, the
densities of A and B segments are assumed to be lg/om’, and thus the molecular
volume and the molecular weight will be used interchangeably in this paper, that is,
Muaasy=Vuaas).

The results calculated by the modified Meier's theory are shown in Figure 3
where the molecular weight of copolymer is 25K and the volume fraction of A-block is
0.5, that is, the copolymer is symmetric. The x-axis is the volume fraction of
homopolymer in the blend, ®y4, and the y-axis the temperature, and the interaction
energy density of A and B blocks is assumed to be 0.8 cal/em’, which is a comparable
value with that for PS/PBd blend (11). As seen in Figure 3, the addition of .small
homopolymer molecules decreases T, while the addition of large homopolymer
molecules increases Tny, and the molecular weight ratioc Mga/Mas at the crossover from
depression to elevation of T is about 0.25, which is in agreement with the results of
the other theories (6,7), although they have studied the change in the spinodal rather than
the binodal. Experimental works (6,8-11) show that the change in Tme or T, is greatly
dependent on Mpua/Map, which is qualitatively in agreement with this theoretical work.
Our theory in the present form assumes lamellar microdomain structure for the block
copolymer as well as its mixtures with a homopolymer. Thus, this theory is valid in a

o] o ek M,5=25K _{, 25K 128K M,g=50K
10K
700
_ N 8K
g g
e e
3 2"
s s
[+ D 6404
a Q.
£ E
- @O 6204
[t ol
so0
00 a2 0.4 0.8 o8 10 000 0.05 040 015 0.20 025 030 035 040 045 050 0.55
Valume fraction of HA Volume fraction of HA
Figure 3. Calculated Tn for blends Figure 4. Calculated Tn,. for blends
of a block copolymer AB (fa=0.5 of a block copolymer AB (f4=0.5
and Map=25K) with various and  Map=50K) with various
molecular  weight  homopolymers molecular  weight  homopolymers

(HA). (HA).
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limited range of @y, smaller than about 0.33 where the lameilar morphology is preserved

(14). For the comparison of the experimental works with this theoretical results, it should
be noted that in the case of most experimental studies, the copolymers used are not a
symmetric copolymer, but a asymmetric one. This makes a direct quantitative comparison
between the experimental results and this prediction not possible yet.

Figure 4 also shows the similar calculated results as Figure 3 except for Mags
being S0K. One can see the same trend that Tus goes down with the addition of small
homopolymer molecules while T« goes up with the addition of large ones. However,
the crossover molecular weight ratio (Mua/Mas) is decreased from 0.25 to 0.18 as Mag
is increased from 25K to 50K, which is not expected from other theoretical results (6,7)
that have shown the crossover molecular weight ratio to be 025 regardiess of the
molecular weight of copolymer. The main difference between this theoretical method
and the others is that this method calculates the binodals for microphase separation and
the others the spinodals.

In conclusion, the modified Meier's theory predicts quantitatively the binodal of
the MST for mixtures of block copolymer and homopolymer by constructing the phase
diagram, even though this theory has limitation that the morphology of ordered
microdomains remains as lamellae even after a homopolymer is added. It is found that
the change in the MST temperature is greatly dependent on the ratio Mya/Mas, which is
consistent with the previous results. This theory also predicts that the molecular weight
of block copolymer affects the ratio Mua/Map at the crossover from depression to
elevation Of Tyst.
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