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ABSTRACT: The strongly segregated lamellar state of blends of a diblock copolymer with a “long” homopolymer
that interacts favorably with one of the blocks of the copolymer is analyzed in detail. The main observations
concern the parabolic homopolymer distribution profile, the presence of “dead” zones near the block copolymer
interface where no homopolymer is present, and the maximal amount of homopolymer that can be dissolved.
Essential parameters are the interfacial tension, the length, and composition of the block copolymer and the
Flory—Huggins parametey < 0 representing the favorable interaction between the homopolymer and one of the
blocks of the copolymer. Applications are presented for blends consisting of polyshioehkasoly(4-vinylpyridine)

diblock copolymers and poly(2,6-dimethyl-1,4-diphenyl oxide) homopolymers. If the favorable interaction is too
weak, no homopolymer will dissolve at all due to the unfavorable conformational effects accompanying an
inhomogeneous homopolymer distribution.

1. Introduction homopolymer that interacts favorably with one of the blocks
of the diblock copolymer have been addressed already, however,
essentially from a stabilization point of vie#®.3! Borukhov

and Leiblef>26 discussed the enthalpic stabilization of brush-
coated patrticles in a polymer melt and showed how favorable
enthalpic interactions can change the structure of the brush from
a dry brush to a wet brush. The favorable interactions can
stabilize such colloidal dispersions. Of course, the essential

Blends of a diblock copolymer with a homopolymer that is
chemically identical to one of the blocks have been studied
extensively in the past both experimentally and theoretiéal§.

In the case of a lamellar self-assembled state, it is well-known
that the spatial distribution of the homopolymer depends on its
relative molar mass. For low molar masses, the homopolymer

will be distributed uniformly throughout the layers of the difference between homopolymer penetration inside the grafted

corresponding block. For a molar mass of the homopolymer i
that is comparable to that of the corresponding block, the F:hams of a polymer brush compared to a block copolymer layer

homopolymer will be confined to the center of the layers, i.e., s the possibility of the latter to adjust the interface_ area per
segregated in the mid-plane. A significantly higher molar mass block copolymer chain. Balsara angl co-worl@éfgcoq&de.req

of the homopolymer, finally, resuits in macrophase separation. 2/B/A—C blends from the perspective of stabilizing immiscible
For blends of block copolymers with homopolymers that have Nomopolymers with block copolymer surfactants for whya

a specific exothermic interaction with one of the blocks of the = ©: thegtwo othey, parameters being positive. Shull and co-
block copolymer the situation is different. Experimentally, this Workers® considered blends of an AB diblock copolymer and
situation has been investigated by different grotip In aA-and C-homopo_lyme_r, where C interacts favorably with B.
several studies polystyrene-based block copolymers were com-1N€y focus on the situation wheggsN = 60, yacN = 60, and
bined with poly(2,6-dimethyl-1,4-diphenyl oxide) (PPO). Paul fs =0.2. HereNis the diblock copolymer chain length afi

and co-worker®20 used styrenebutadiene-styrene triblock its composition. Hence, the pure diblock copolymer system self-
copolymers, whereas Hashimoto and co-wofkarsed styrene assembles into a bcc structure. Flat A/B interfaces are considered
isoprene diblock copolymers. In all cases an increased solubi-for xsc = 0 only. Swollen micelles are obtained for homopoly-
lization of PPO in the PS domains, as compared to the merC solubilized in the spherical AB copolymer micelles also
solubilization of homopolymer polystyrene, was observed. For consideringisc < 0. Their set of self-consistent-field equations
the systems with PPO, the effect of the molar mass of PPO can be used to address the problem considered in the present

was found to be small or nonexistent, which was ascribed to Paper using strong segregation theory; however, the authors real
the favorable interaction between PS and EPO. interest concerned the encapsulation of nanoparticles in the

In our own experimental work we used PPO in combination center of the swollen micelles in the case of attraction between

with PS to introduce entanglements in the core of nanorods madetl€ surface of the particles and homopolymer C. Finally, in ref
from polystyreneslockpoly(4-vinylpyridine) (PSs-P4VP) diblock 30 ternary phase diagrams of A and B homopolymers with AC
copolymers and consisting of a PS core and a poly(4-vinylpy- diblock copolymers are constructed, including the case where
ridine) (P4VP) corond? In relation to this, the distribution of ~ ¥BC = 0.
the PPO homopolymer inside the PS domains is of major As mentioned above, our interest here concerns the introduc-
interest. Theoretically, blends of a diblock copolymer with a tion of entanglements in self-assembled block copolymer
systems by incorporating suitable homopolymers inside one of
* Corresponding author. E-mail: g.ten brinke@rug.nl. '_[he block _copolymer domains. Hence, we are particularly
t University of Groningen. interested in how much homopolymer may be incorporated and
* Russian Academy of Sciences. its distribution. We limit ourselves to lamellar self-assembled
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in one of the lamellar domains of a diblock copolymer.
Assuming from the outset a homogeneous distribution of the
nanoparticles, the authors derived an expression for the increase
in lamellar period as a function of the nanoparticle volume
fraction. Our main goal is to go beyond this approach by
investigating the homopolymer distribution inside the A layers
and to determine the maximum amount of homopolymer that
z can be dissolved in the A layers. To achieve these objectives,
we need to obtain an expression for the free energy of the system

Figure 1. Schematic presentation of AB diblock copolymer/C ho- in terms of the homopolymer distribution profite(2) inside

mopolymer blend. The homopolymer chains segregate exclusively into the A 'ayefs- Henf:e,.in ?Onts'gff to ref 38, we Wi" as.sume a
A lamellar domains. A chains and B chains are depicted by thin and free chain ends distributioH; which results in an inho-

thick solid lines, respectively. Homopolymer chain is depicted by short- mogeneous homopolymer distribution. The fact that the free
?aSheg “DeSRf'S the th;]ckne_gs ?f half of the A layer, i.e., the distance  chajn ends of the A chains are distributed nonuniformly indicates
rom the interface to the mid-plane. that in some cases the homopolymer may not even penetrate

. . up to the very AB interface, but only up to a certain penetration
blends of a AB diblock copolymer with a homopolymer C that depth. Therefore, two different regimes will be distinguished

interacts favorably with the A blocks. All other interactions are from the beginning. In the first regime the homopolymer is
assumed to be strongly unfavorable so that a strong segregaliongisyripyted throughout the whole layer, whereas in the second

type analysis is appropriate. Of course, the lamellar morphology regime the homopolymer does not go all the way to the AB
is destroyed once the average volume fraction of homopolymer interface.

inside the lamellar domains is too large, and transitions to other Let us start with the first regime. In this case the average
morphologies will occut?2 However, these are outside the scope homopolymer volume fraction in the A layers is defined by
of the present paper.
In the next sections the theoretical model will be introduced, 1 R
and it will be shown how the pertinent parameters, such as ¢ ZF{fO ®(2) dz 1)
amount of homopolymer added, interaction strength, block
copolymer comppsition, etc., affect the distribution of the are the equilibrium A block layer thicknes® should be
homopolymer inside the block copolymer A layer. determined for a given homopolymer distribution from the
2. Theory minimization of the total free energy of the whole system. Note
' that from geometrical considerations the average homopolymer
We consider a blend of a diblock copolymer AB and a volume fractionp in the A layers and the average homopolymer
homopolymer C, assuming from the very beginning that the volume fractiong = Vc/Viora in the whole diblock copolymer
homopolymer chain lengtNc is longer than the total diblock  system are related via the diblock compositfon
copolymer lengthN. Each block copolymer chain consists of
N = Na + Ng monomer units. The volume of the different _ )
monomers is assumed to be equal and is denoted. Bye ¢ _m (2)
also assume that the statistical segment lelagtti the A, B,

and C molecules is the same. The réftie: Na/N defines the  The total free energy per block copolymer chain as a function
diblock copolymer composition, and the ratjo = Vc/Viota of the homopolymer distribution profile consists of the free

represents the average homopolymer volume fraction in the energy of the AB interface, the elastic free energy due to the
mixture, V¢ being the volume occupied by homopolymer and  stretching of the copolymer blocks, and the interaction energy

Viotai the volume of the mixture. The FlorHuggins interaction  petween the homopolymer and the A blocks:
parametergg andygc are taken to be positive, whereas the

Flory—Huggins parametepac is supposed to be negative Z2Nv*(1 — f) 2SR

implying favorable interactions between homopolymer C and F, = y> + + 22(1 — ®d(2)dz—
1=7 22 2262 Jo

the A block of the diblock copolymer. The blend of polystyrene- 8a> 8a°Nf %y

block-poly(4-vinylpyridine) (PSs-P4VP) and poly(2,6-dimethyl- = Rq) 1— ®(2) dz (3

1,4-diphenyl oxide) (PPO), Whe’a@gppo: —0.1?1_33ngp4vp v ‘/é (Z)( (Z)) g ( )

= 0.3—0.353* andypavp-pro= 0.6 3% serves as an experimental
example and in fact motivated the present study. Here the free energy is given ki energetic unitsX is the

In the strong segregation limit the A and B blocks are interfacial area per block copolymer chajnc = x, andy =
stretched and directed perpendicular to the narrow AB inter- a,/y,s/vV/6 is the AB interface tension. The first term in
face36 At this level of segregation we can model a diblock expression 3 is the interfacial free energy. Note that in our
copolymer as a polymer brush. Considering exclusively the treatment we restrict ourselves to the situation whgn= ysc
lamellar morphology, as we will do in this paper, each lamellar = y. In the case ofyag # ysc the interfacial tensiory will
domain will consist of opposite brush&sSince the B-C depend on the concentration of homopolymer at the AB interface
interactions are unfavorablggc > 0), homopolymer C will and therefore should be found self-consistently. The elastic free
segregate exclusively in the A domains, generally resulting in energy is represented as a sum of two contributions representing
some nonuniform homopolymer distributidr(z) across the A the chain elongation in the B and A lamellar domains (second
lamellar domain £ is the coordinate perpendicular to the AB and third term in (3), respectively). The third term in eq 3
interface). A schematic illustration of the model considered is represents the nonuniform chain stretching and therefore inho-
given in Figure 1. A somewhat similar situation also involving mogeneous distribution of the free ends of the A chélns.
three components was considered in ref 38. There the situationfact, 1 — ®(2) = ®a(2) determines this distribution. The last
was considered where nanoparticles are preferably distributedterm in expression 3 takes into account the interactions between
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o(z) | =TV (10)
L R - 4aNy|*?

which is a combination of all the different parameters occurring
in the last expression for the free energy except for the diblock
compositiort, the final expression for the free energy is obtained

in the form
: 15 Fo (@0" ¢ [ 1[w+3]™
0 R 2R F_d T3 1-— ¢1¢T/2 W2 +
Figure 2. Schematic representation of typical parabolic concentration
profile ®(2) = @ + aZ, Py = Po(RE), anda = ay). 1 2(1 u—3 _9f¢ u -5 }
2 2 2 2
the homopolymer C and the A blocks. Two more terms, which K +3 u+3 5 (+3)

can be considered as corrections to the free energy, are omitted (11)
in expression 3. The first one is connected with the loss of
conformational entropy of homopolymer C due to its nonuni-
form distribution inside the A layers. This term does become
important for small values of interaction parameggr and the
case where this term dominates will be discussed later (section . . .
3.1). We also omit the ideal-gas term which is connected with _ NOW We turn our attention to the second regime assuming

the thermal motion of the homopolymer and which scales as that this no longer holds. This regime appear“s%r< 0 (CT,' :
1/Ne. eq 4). Physically, it implies the presence of a “dead zone”, i.e.,

a region near the AB interface inside the A layer where the
homopolymer does not penetrate (Figure 3). The average amount
of homopolymer in the diblock copolymer/homopolymer system
now satisfies

Here Fyq = (3/2)(ryv/2a)?3N'3 is the free energy of the pure
diblock copolymer system. As stated in the beginning, expres-
sion 11 is valid only as long as the homopolymer distribution
continues up to the AB interface.

To obtain an analytic expression for the homopolymer
distribution®(2), the free energy (3) should be minimized under
the constraint (1). Implementation of this procedure by the
Lagrange multipliers method immediately results in a parabolic
form for the homopolymer concentration profile (Figure 2):

1R
¢o==[_D(2dz (12)
() = By + oZ ) Rl
with Increasing the average amount of homopolymer added, the “dead
zone” becomes smaller, and for some specific value of the
o fNv average homopolymer concentration it will disappear. The
O,=1— 3 3R (5) condition R* = 0 guarantees that the necessary amount of
homopolymer has been added; after tthgtstarts to become
372 N positive.
= o = (6) Taking into account that the homopolymer is distributed only
16a%f NPy 1-9¢ inside the interval R*R], the free energy given by eq 3

. transforms into
Thus, the addition of some amount of homopolymer to the

diblock copolymer results in a homopolymer distribution (4) JTZNUZ(l . f) <
inside the A layers. Distribution (4) shows a minimal amount F, = y3 + 3° ﬂ) Zdz+

of homopolymer®,, at interface where = 0 and a maximum 8a’s? 822Ny

in the center of the lamellar domain, the so-called mid-plane, lx|=

wherez = R. Note that the inclusion of conformational effects szz fR*ZZ(l (2) dz— fR*q)(Z)(l (2)) dz
will smoothen this profile in the center of the lamellar domain. (13)

Rewriting expression 4 in the form

— o+ 72 Minimization of the free energy (13) with respectdqz) yields
P2 =a(r" +2) ) again a parabolic form for the homopolymer distribution profile.

and introducing the dimensionless variable= R/r, we can This profile satisfies the requiremedi(R*) = 0 and reads

expressg andR in terms ofu:

®(2) = a(Z — R*) (14)
1/2 2 i
= §—¢ = 35’—“ (8) with constanto. determined according to eq 6.
a(u” + 3) a(u” + 3) At this point we introduce a new variable = R/R*.

Combining the homopolymer distribution profile (14) with
condition (12) leads to the following expression RandR*,
similar to (8):

R=
@{ ar3[u§3 - u] - ()Lzry’[ug5 - U]} 9

Taking into account thatR(1 — ¢) = fNv and introducing a In terms ofu the following expression for the free energy is
new parameter obtained:

It results in the following expression for the free energy:

1/2 12

3pu°
a(u®—3u+2)

3¢pu
a(u®—3u+2)

(15)
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Figure 3. Schematic representation of typical parabolic concentration
profile ®(2) = ®, + o2 in the case whei®(z = 0) = ®, < 0.

090 1 1 1
Nv’(1 — f) 0.0 0.1 0.2 0.3 0.4 0
Fo=y2+t—eo— Figure 4. Numerically calculated free energies for different values of
8a’x parameterk. Diblock copolymer compositiofi = 0.5. Dashed lines
> w 2 w 4 correspond to maximum allowable amount of homopolyg for
ML—{ R<3 3 +u-— :—))] - aZR"S[g —u+ c (16) values ofk as indicated.
F/ F
Applying the same sequence of calculations as described above, B
the free energy is found in the form 1.00 14=02 03 ¢,,=0365
2 k=02 f=0.5 ¢, . =0.385
F 2K)13 3 1/2 0.98| 3 k=02 =06 ¢, =0.397
2 (2K) ¢ fi u“—-3u+2 + :
Fq 3 1- qﬁl ¢ we 0.96
3 3 _
1-2(1—1:)(1—4))3 - u +fu3+3u 2_ 094}
K uw—3u+2 u—3u+2 -
9fp u® — 5u° + 4u ' s
5 3~ A7 0.90 - - N
(U —3u+2) 0.0 0.1 02 03 o ¢

. . . . Figure 5. Numerically calculated free energies for different diblock
When the conditionR* = 0 is fulfilled, the second regime  compositions ak = 0.2. Dashed lines indicate maximum amount of

crosses over into the first one. For fixed valued ahdk the homopolymer that can be dissolved for values of the diblock composi-
free energies (11) and (17) are functions of the average tion fas indicated.

homopolymer volume fractiop and the dimensionless variable to large values ofN at fixed Flory-Huggins interaction
u. To see how the free energy behaves as a function of the parametefy| or to large values of| at fixed diblock copolymer
homopolymer volume fraction, the free energy has to be lengthN. The first statement shows that thicker lamellar domains
minimized with respect ta. It is important to note that since  can incorporate more homopolymer. The second observation
we have a nonuniform distributio®(2), in contrast to the  implies that more favorable interactions, as expected, also allow
Alexander-de Gennes approach where the homopolymer is more homopolymer to be dissolved. The analysis of Figure 5
distributed uniformly, the maximum amount of homopolymer  shows that changes in diblock copolymer composition also affect
inside the lamellar domains is not determined by the location the maximum possible amount of homopolymer inside the
of the minimum of the free energy alone, as is shown in the |lamellar domains: the larger the volume fraction of A blocks
Appendix for a Alexanderde Gennes brush, but involves in  in the diblock copolymer, the larger the amount of homopolymer
addition the requiremen®(R) < 1. This demand guarantees that can be incorporated. A comparison between Figures 4 and
that the amount of homopolymer does not exceed unity in the 5 reveals that the maximum allowable homopolymer amount
center of the A domains, i.e., in the position where the ¢, is, however, much more sensitive to changek than to
homopolymer distribution has its maximum value. changes in the diblock copolymer composition.
. . As already mentioned, the maximum allowable homopolymer

3. Results and Discussion amounignax also depends on the diblock copolymer chain length

The equations presented are used to numerically analyzeN. The numerically obtained dependence is depicted in Figure
different situations. First, the free energy is considered for a 6 for a symmetric diblock copolymer takings = 0.32. For
symmetric diblock copolymer for different values lof= 0.2, extremely small values d, which is the case for very strong
0.5, and 0.8 and for different diblock copolymer compositions favorable AC interactions or very long diblock copolymers, the
f=10.3, 0.5, and 0.6 at fixel = 0.2. The results are presented maximum value ofpmnax approaches unity. Referring to the
in Figures 4 and 5. experimental example already introduced before, in the case of

As shown in Figure 4 for a given diblock copolymer aP4VP-PS/PPO blends withps-ppo= —0.1,yps-pavp= 0.32,
composition, the free energy is a decreasing function of the and a number of monomer units= 1000, we havé = 0.006,
homopolymer volume fraction. This demonstrates that the implying ¢max = 0.82. Experimentally, it has indeed been
penetration of the homopolymer is a favorable process up to aobserved that PPO homopolymer can be incorporated in PS
maximum concentration of homopolym@fax . ¢max is deter- domains up to a large amount. However, as mentioned before,
mined by the requiremerd®(R) < 1. The maximum amount of  for large amounts of homopolymer the lamellar structure will
homopolymer strongly depends on the value of the parameterobviously no longer correspond to the equilibrium morphology.
k = ayvi(4aN[y|¥?. The largek is, the smaller the maximum The presence of “dead zones” is illustrated by the behavior
amount of homopolymer is. Small valueskoforrespond either  of R*/R as a function of average homopolymer concentragion
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Figure 6. Maximum allowable amount of homopolymer as a function

of diblock chain lengtiN. For infinitely long diblock copolymer chains

¢Pmax @asymptotically approaches unity.
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Figure 7. Dependence of homopolymer penetration depth on average
homopolymer volume fraction for different values of paramé&tdrhe

figure represents two different situations corresponding to the presence

(curve 1) and absence (curve 2) of homopolymer at the AB interface.
Dashed lines depict maximum allowable average homopolymer con-
centrations for indicated values kf

presented in Figure 7 for two different situations. Curve 1 in
this figure corresponds to the cake= 0.2 and demonstrates
that for an average homopolymer concentratipr= 0.19
switching between the two regimes occurs; i.e¢ & 0.19 the
conditionR* = 0 is fulfilled. This means that &= 0.2 for all
average homopolymer concentrations satisfying 0.19 we
will always have some amount of homopolymer at the AB
interface. The maximum amount of homopolymer in the A
layers equal®max1 =0.385. Curve 2 in Figure 7 fok = 0.5
with ¢max 2 = 0.24 represents the opposite situation where we
will never have homopolymer present at the AB interface; in
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Figure 8. Calculated homopolymer concentration profiles for different
average homopolymer volume fractiogs for k = 0.006, with a
maximum possible average amount of homopolymgi = 0.82. (a)
Curve 1: the absence of homopolymer at the AB interface is illustrated
for ¢ = 0.005. RatioR*/R = 0.58. Curve 2: average homopolymer
volume fraction is increased up = 0.013. Here the homopolymer
goes very close to the AB interface and is distributed through the A
domains with a parabolic distribution profile. (b) Homopolymer
distribution for an intermediate value of the average concentration of
homopolymerg = 0.42 , with the minimum homopolymer fraction at
the interface £ = 0) and the maximum in the center of A lamellar
domain ¢ = R). (c) Homopolymer distribution fop = ¢max = 0.82.

In the center of the A layersb(R) = 1, indicating that more
homopolymer cannot be incorporated.

The long periodL of the copolymer/homopolymer blend is
directly related to the thickness of the A layers. This in turn
depends on the average homopolymer concentration as deter-
mined by the minimization of the free energy given by eq 11

this caseR* is never zero. It happens because the averageor eq 17. In the first regime (expression 11 for the free energy

homopolymer concentration achieves it maximum allowable
value ¢max2 = 0.24 before the switching between the two

is used) the behavior of the long periddas a function of
average homopolymer volume fractignis found to be given

regimes takes place. In the case depicted by curve 2 in Figurepy the expression

7 the system will always remain in the second regime, whereas

for the situation represented by curve 1 in Figure 7 there is a
crossover between the two regimes.

Homopolymer distribution profiles fok = 0.006 and for

L
Ld

=(§)lls¢l’2(1—¢<1—f))[ v ]m (29)

w4+ 3

different average homopolymer volume fractions are presented!n the second regime where the free energy is given by eq 17

in Figure 8a-c. The valuek = 0.006 corresponds to P4MR?-
PS/PPO blend with = 0.5,Xps_ppo= —O.l,Xps_pA,VP: 0.32,
and number of monomer unitsl = 1000. Our approach
therefore predicts that starting from a volume fractippo =
0.013 PPO will go up to the PS/P4VP interface.

Next we consider how the lamellar period changes in the
presence of the homopolymer. Without the homopolymer the
long periodL of pure diblock copolymers reatfs

2aN\2/3

Ld=(—

1/3
p (yv)

(18)

the long period. satisfies

1/3 3 1/2
L=(§) ¢1’2(1—¢(1—f))[ﬁ] (20)

Ly —3u+

In these equationsl has a value which is determined by
minimization of eqs 11 and 17. The combination of expressions
19 and 20 gives the long period of the diblock copolymer/
homopolymer blend for all homopolymer volume fractions that
are allowed. Subsequent numerical calculations showed the
change in the lamellar period in the presence of homopolymer
(Figure 9a). The situation depicted by curve 3 in this figure
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Figure 9. Top: changes in period in the presence of homopolymer
are depicted for symmetric diblock for different valueskoDashed

line shows long period predicted by the Alexandde Gennes
approach. Bottom: comparison of the results of numerical calculations
and experimental data fdr= 0.5, yas = 0.32, andN = 400 k =
0.014).
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Figure 10. Free energy as a function of average homopolymer volume
fraction for different values of parametedsindu. Top: 4 = 0.1,k =
0.5, 0.7, 1.0. Fok > keiical = 0,89 the free energy is an increasing
function of the average homopolymer volume fraction; bottgm=
0.2,k = 0.3, 0.5, 0.6kitcal = 0,56,

corresponds to the familiar experimental example of P4VP
PS/PPO withk = 0.006. In all cases the long periddncreases
as a function of the amount of homopolymer inside the lamellar
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blend. The parameter values for the numerical calculations were
taken from the experiments in ref 22:= 0.5, yas = ¥ps-pavp

= 0.32, andN = Nps-p4vp= 400. The dashed line in Figure 9a
represents the behavior of the long period as predicted by the
Alexander-de Gennes model, assuming that all chain ends are
at the mid-plane and that the homopolymer is distributed
uniformly throughout the layer. As one can see, curve 4 in
Figure 9a demonstrates that for small valuek @frge ¢may)

the long periodL asymptotically approaches the Alexaneder

de Gennes prediction. This is evidence that for large values of
the diblock copolymer lengtN and Flory-Huggins parameter
Ixac| the Alexandetr-de Gennes model can be considered as a
limiting case of our more general model with nonuniform
homopolymer distribution. Note that in the case of the Alex-
ander-de Gennes approach, due to the uniform homopolymer
distribution ratio,L/Lq is independent ok and is given by (see

also ref 38)
fp f 13
1+ 1-f+——
( 1= ¢)( (1- ¢>)2)

whereas in our case because of the inhomogeneous distribution
the ratioL/L4 depends ork as reflected in egs 19 and 20. For
the P4VPb-PS/PPO blends the difference in long period
between our more elaborated model and the simplified Alex-
ander-de Gennes picture is relatively small, and both descrip-
tions describe the experimental data within experimental errors
(Figure 9b).

3.1. Conformational Effects. So far the conformational
effects due to the inhomogeneous distribution of the homopoly-
mer have been neglected. These start to become important if
the interaction parametey| is small. By substitution of the
analytic expressions for the homopolymer distribution profiles
presented in Figure 8b,c into expression 3 for the free energy,
we can verify that the conformational tettn

L

» (22)

[V(I)(z)] dz

Sy @ — o) (e2)

conform

is actually small compared to the other terms in expression 3.
It turns out that for the situation depicted in Figure 8a, where
the average homopolymer concentration is small, this is no
longer the case. This forces us to consider in more detail the
conformational free energy contribution for small average
homopolymer volume fractions. Taking into account the loss
of conformational entropy, the free energy (1) reads

7NV (1 — f)
8a 2 2

37%s
sz2

= = fo@1 - o) ¢z +2 = =

F

=S+ ﬁ) Z(1— ®(2) dz—
[V (2)]?dz

@1 @) &2

Again, to get the homopolymer distribution profile the free
energy (23) should be minimized with respectii(). In order
to simplify our calculations, we use the function

@,

®09 = chfox

(24)

as a trial function for the homopolymer distribution profile. The
particular feature of this function is that it makes the homopoly-

domains. Figure 9b compares the results of the numerical mer distribution profile smoother compared to a parabolic

calculations with the experimental data for the PARS/PPO

profile, and thus the homopolymer distribution has no longer a
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Figure 11. Numerically calculated dependences: (tkfijca =
(u); (bottom) |y|criical = |y|critcal (N) at fixed yag = 0.32.

kcritical

sharp break in the center of the lamellar domain. The result of
substitution of (24) into (23) is straightforward and brings us
to the expression for the free energy in term& of R/Ry, where

Ry = f(2aNx)23(yv)13 is the period of the pure diblock
copolymer and®, = aR¢ is determined from eq 1 for the
homopolymer distribution profile (24). Hence, including the
conformational term the free energy becomes

F1 1-f)1-9¢)° 1
F, 1- ¢[3x+fX2T+§_¢+
2¢In2_ 20 [, _ 24 ]+
D, 3(z<)2’3l 3
zq)ouzusl'

e
9¢f)~(2|. arctan 1o (25)

In eq 25k has been mtroduced by (10), aRd = (3/2)(wyv/
2a)2R*N13 is the free energy of the pure diblock copolymer.
Compared to eq 11 or 17, we have one more parameter

/7 a
Nv)/

XasN (26)
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15 Free energy

¢ma>a

Concentration of homopolymer ¢

Figure 12. Calculated free energy per block copolymer chain as a
function of homopolymer concentratign f = 0.5, yas = 0.32, andN
= 1000.

values of the Flory-Huggins interaction parametg. Including
conformational effects, in the case of weakly favorable AC
interactions (which corresponds to the case where only a small
amount of homopolymer can be incorporated in the lamellar
structure) the entropic penalty due to the loss of conformational
entropy becomes bigger compared to the strength of the weakly
favorable interactions. Therefore, in this case the conformational
effects play a determining rofé.Consequently, there should
exist a critical valugy|cica such that for all|y| < [y]|critical
penetration of homopolymer is no longer favorable. Referring
to eq 10, this means that there is some critical vati& such

that for allk > keitcal penetration of homopolymer is unfavor-
able. These qualitative considerations are confirmed by the
results of the numerical calculations shown in Figure 10a,b. As
follows from the numerical calculations far= 0.1, there is a
critical valuekeitica = 0.89 such that fok < koiical the free
energy reaches a minimum as a function of the average amount
of homopolymer (see Figure 10a). The position of this minimum
defines the maximum amount of homopolymer able to penetrate
inside the lamellar domain for given valueoflt follows from

eq 26 that the value qf is determined by the diblock lengtt

and the interaction parametgkg. If the latter is constanty
depends only on the diblock copolymer lengithSince longer
diblock copolymers can incorporate more homopolymer and
becausa: scales asN~%2, one can conclude that for smaller
values ofu more homopolymer can be incorporated for the same
value of parameteik. This conclusion is corroborated by
numerical calculations presented in Figure 10. The minimum
in curve 1 in Figure 10a fok = 0.5, = 0.1 is shifted to the
right compared to the position of the minimum in curve 2 in
Figure 10b fork = 0.5, = 0.2. In other words, the minimum
for k = 0.5, 4 = 0.1 corresponds to a larger amount of
homopolymer in comparison with= 0.5,u = 0.2. In the case
whereu is constant, increasing the FlorjHuggins parameter
valuely| decreases the value kifmaking it smaller thakeritical,

which does not depend on homopolymer properties and is This allows to incorporate more homopolymer inside lamellar

determined only by the diblock copolymer, its lendth and
the Flory—Huggins parameteyas.

Subsequently, the free energy (25) was minimized numeri-
cally with respect t& and®,. But before presenting the results,

we first discuss the qualitative changes that may be anticipated

from conformational effects. When these effects were not

domain, as demonstrated by Figure 10a,b.
A comparison of eqs 10 and 26 yields the following
expressions fofy|N:

lxIN= (27)

T
2(20)?°

considered the free energy behaved as a decreasing function of

the average homopolymer volume fraction for arbitrary negative
values of the FloryHuggins interaction parametghc = y

(see for example Figure 4). It implied that the penetration of
homopolymer into A lamellar domains is favorable even for
very weakly attractive AC interactions, i.e., even for very small

The numerical calculations show tHéattca and|y|ciical behave

as a function ofu and diblock copolymer chain lengtd, as
presented in parts a and b of Figure 11, respectively. Here, the
Flory—Huggins interaction parametgkg was taken to be 0.32.
For a diblock copolymer lengtN = 1000 and¢ag = 0.32, the
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critical valueketitical = 0,63, and therefore according to eq 10 R — fNv
[ylcical = 0.0044. Hence, for ally| < [y/¢ca = 0.0044 AT (1— @)=
penetration of homopolymer will not be favorable.

(A1)

where symbold, N, andv denote the same physical quantities

4. Conclusions as before.
) ] _ The thickness of the B layer is independent of concentration
In this paper, we presented a theoretical analysis of the of homopolymer C and reads as follows:

lamellar self-assembled state of blends of a diblock copolymer

and a long homopolymer where the homopolymer is assumed _(1—1)Nv
to interact favorably with one of the blocks of the diblock - >
copolymer. Throughout the discussion a strong segregated

lamellar morphology is assumed to be present with the ho- The free energy per block copolymer chain is given by
mopolymer dissolving exclusively in one of the two different

(A2)

. . : - 3R,? 3Ry

layers. The essentl_al parameter governing the |ncorporat|or_1 of F=yS+ Ay Rg + 4 Ng (A3)
the homopolymer inside the corresponding lamellar domains 2Nz 2(1— f)Na2

turned out to bé = (yv)/(4aNx|*?). Herey is the interfacial

tension,N the block copolymer chain length, agpdhe Flory— Substitution of eqs Al and A2 into eq A3 yields the following
Huggins parameter representing the favorable interactionsexpression:

between the homopolymer and the corresponding block. The 5

homopolymer is_assumed to have a chain length exc_ee!diing E= 3Nv (1—f)+ f +yS+4fNg (A4
Furthermore,y is assumed to be constant even if some 25292 ( 2

homopolymer is present at the interface.

The value ofk determines whether the dissolved homopoly-
mer will be able to reach the interfacekifs sufficiently small,
this will be possible, however, for the homopolymer to be

Subsequent minimization of eq A4 with respectipi.e. d~/
d= = 0, leads to the final expression for free energy per block
copolymer chain:

actually present at the interface the amount of homopolymer 3[3Np2y 2] 3 f 13
still has to exceed some critical average volume fraction. If that F= E[ 2)/ ] ((1 —f)+ —2) + xfN¢
is the case, the homopolymer distribution is close to parabolic a (1-9) (A5)

with its minimum at the interface and its maximum in the center

of lamellar microdomain, i.e., at the mid-plane. If these Forf = 0.5, yas = 0.32, andN = 1000, the free energy per
requirements are not met, a “dead” zone will be present nearplock copolymer chain for different values of Flerfduggins

the block copolymer interface where no homopolymer is present. interaction parametegac behaves as a function of the average
Additionally, the maximal amount of homopolymer that can homopolymer concentratiop, as presented in Figure 12. For
be incorporated may also be bounded. This property is, however,all homopolymer volume fractiong < ¢max it is energetically

of less interest since for a large amount of homopolymer the favorable to dissolve into the A block lamellar domains. Bor
assumption of the lamellar morphology will in general no longer = ¢max OnNly an amountpmay Will dissolve into the A lamellar
hold. domains; the rest will macrophase separate. The more favorable

These predictions are based on calculations that assume théhe interactions between the homopolymer and the A blocks
homopolymer conformational effects due to the inhomogeneous the larger the amount of homopolymer that can be incorporated
distribution of homopolymer to be small. Such effects do, N the A domains, provided, of course, the lamellar structure is
however, become important in the case of weakly favorable Present.
homopolymer-block copolymer interactions, i.éy| < 1. Since
these conformational effects are unfavorable regarding the
dissolution of the homopolymer into the lamellar domains, a (1) Hamley, I. W.The Physics of Block Copolyme@xford University
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