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ABSTRACT: The numbek of “internal” layers for the lamellar self-assembled state of a new class of multiblock
copolymers Ab-(B-b-C),-b-B-b-A is determined as a function ah in the strong segregation limit. Here the

outer A-blocks are assumed to be considerably longer

thamthel blocks of equal length of the (B-C).-b-B

middle multiblock, and the self-assembled state is assumed to consisttoh” B- and C-layers sandwiched
between “thick” A-layers. The predictions are in excellent agreement with the available experimental data.

Introduction

Hierarchically ordered block copolymer-based systems have
become an active area of research recenfly Such systems
are characterized by the formation of structures involving
different length scales. In most cases diblock copolymers are
involved where one of the blocks contains side groups that either
are fully flexible or contain mesogenic units. Furthermore, the
side groups can be covalently linked or attached via physical
interactions such as, e.g., hydrogen bonding. Here the diblock

nature of the molecules represents one of the length scales while

the other is associated with the side groups and thus with the
graftlike nature of one of the blocks. More recently, linear
multiblock copolymers with two different intrinsic length scales
have been introduced®20 In this paper we consider the
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Figure 1. Lamellar-in-lamellar self-assembled state of P2¥RPI-

simplest representative of this class of systems consisting of ab-PS)-b-Pl]-b-P2VP multiblock copolymer system (courtesy Prof.

A-b-(B-b-C)yrb-B-b-A multiblock copolymers. It is assumed
that the A-blocks contailN segments, whereas the B- and
C-block each consists of the same numben segments with

n < N. We will consider the situation where B- and C-layers
are formed in between A-layers. Furthermore, strong segre-

Yushu Matsushita).

the precise value should be obtained from a free energy
minimization. To address this, we will make the simplifying
assumption that the statistical segment length and the volume

gation with respect to all chemically different species involved e segment are identical for all species involved. They will be
will be assumed. This case corresponds to the experimentalyenoted as and ». The global multiblock conformation can

P2VPb-[(PI-b-PS)-b-PI]-b-P2VP  multiblock  copolymer
system investigated by Matsushita and co-workerklere
Pl is polyisoprene, P2VP is poly(2-vinylpyridine), and PS
denotes polystyrene. They found that the middle ffHS)-b-

PI multiblock formed five layers (alternately Pl and PS) in

between successive P2VP layers (see Figure 1). In ref 19 a

be either a bridge, which starts from one A-layer and ends in
the next A-layer, or a loop, which starts and ends in the same
A-layer. Both the multiblock bridge and the multiblock loop
consist of a sequence of local loops and bridges and A-tails, as
illustrated in Figure 2.

If xis the fraction of multiblock bridges and-1 x the fraction

combinatorial argument was presented to explain the number ¢ muitiblock loops, then the average energy per copolymer

of internal layers.

Here we will address this problem of the numkeif internal
B- and C-layers for self-assembled bAB-b-C),-b-B-b-A
multiblock copolymers as a function of the pertinent parameters,
notablym, in more detail.

Results and Discussion

The numbek of internal B- and C-layers for self-assembled
A-b-(B-b-C)-b-B-b-A multiblock copolymers as a function of
the pertinent parameters, notabty equalsk = 3, 5, 7, ..., and
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chain is given by

F=
XFbridge+ a- x)F,Oop—l— xinx+@2—xIn(1-x (1)

where Fyigge is the bridge free energy arfloop is the loop
energy. Using a mean-field picture and assuming that the
average number of local loops and bridges in the global loop
conformation is approximately equal to the average number of
local loops and bridges in the global bridge conformation, in
as a first approximation we will assume thatiage = Fioop and
X = Y. Hence,F = Fprigge — In 2.

Next we concentrate on the multiblock bridge conformation
which consists of a sequence of local loops and bridges. Because
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Figure 2. Schematic representation of a global bridge and a lodp(B-b-C)-b-B-b-A (m = 4) multiblock copolymer conformation.
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Figure 3. Left: schematic representation of multiblock copolymer conformation in the C-layer. The loops are repelled from the cen-
ter of the domainR denotes the thickness of the loop region, akbli® the thickness of the middle part of the C-layer where only bridging chain
segments are present—1a being the fraction of the bridging segments that are in tHe&gion. Note that in thel2 region the bridging chains

are uniformly stretched whereas they are nonuniformly stretched in the region where both loops and bridges are present. Right: schemationepresenta
of multiblock copolymer conformation in the B-layer adjacent to the A-laigerdenotes the thickness of the loop region, &hds the thickness

of the middle part of the C-domain where only segments belonging to the bridging chain are presefitbéing the fraction of the bridge
segments in thél; region.

Table 1. Number of Internal Layers k block and the thermal fluctuations. For strong multiblock
predictions of ref 19 predictions of present model stretching the thermal fluctuations are small, and only one
bridge per domain is formed. We will focus on this case because

m k m k . . . . . .
this also seems to be the situation realized in recent experi-
3 g 3 g ments!® Besides the first and last B-block, the remaining1(2
4 5 4 5 — 1) blocks connecting the two boundary B-layers sgan-(
5 5 5 7 2) layers. Therefore, the probabilifythat a block is a bridge
6 5 6 7 equals
7 7 7 9
_ k=2
of the assumed strong incompatibility between the A- and p= om—1 )

C-blocks, we expect that the multiblock forms only one bridge

in the first B-layer located in between the A- and C-layers. The  The (2n — 1)-block chain consists ok(— 2) parts which
number of bridges in the central B- and C-layers depends onwe will call blobs. Each blob contains on averagen(2 1)/(k
two factors, namely on the degree of stretching of the multi- — 2) blocks including one bridge and loops. The chain of blobs
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Figure 4. Free energy of the A-b-(B-b-C).+b-B-b-A multiblock copolymer as a function of the numbeof internal layers folyasN = 340, ysc/x 8
=0.25,andh/N=0.2: (am=3, (b)m=4, (c)m=5, (dym= 6, and (e)m = 7. The values ok at the minima ofF(k) are given in Table 1.

is stretched in one direction; therefore, the probability of this whereyas = (a/)(xa8/6)"2 yec = (a/v)(xsc/6)Y2 and ya,
conformation is (1/2y2 It corresponds to a conformational free  ygc are the Flory-Huggins parameters. The elastic free energy
energy (in unitdgT) Feonr= (k — 2) In 2. The total free energy  of the A-layer is given b¥?

per multiblock copolymer includes the AB interfacial free energy
Fag, the BC interfacial free enerdygc, the elastic free energy
of the A-domainF,, the elastic free energy of the two boundary
B-layers that are in contact with the A-laydfs ;, the elastic
free energyFg 2 andFc of the central B- and C-layers, and the
conformational free energy of the multiblock copolymer

_ 7°No?
 4a2s?

Fa ®)

For the calculation of the elastic free energy of the B- and
C-layers we use the method that has been presented in refs 23

chain: and 24. Since the free energy of the central B- and C-layers are
K—3 the sameFg 2 = Fc, we consider the C-layer only. A C-layer

Foridge = 2Fag + (k— 1)Fge+ Fp+ 2Fg, + Faot consists of one br|dge and loops (Flgur_e 3a). The loops are

2 repelled from the middle part of the domain and occupy a layer

k—1
TFC + Fconf 3

of thicknessR. The total thickness of the C-layer isR H),
and the middle section of thickneskl 2s occupied by bridge
segments only. If we denote the fraction of bridge segments in

The interfacial free energies depend on the correspondingthe middle layer as * a, then the equilibrium condition implies
interfacial tension and average area per multiblock copoly- that

merX

@ H=2R(1- cor(”—za) )

Fag = VagZ Fag = V82
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and the probability of a bridge is given by eq 7, determin-
ing a
7 k—2
p= = 7

(1 a)+2tar( 2?‘) S am-1

The elastic free energy of the multiblock per central domain

Macromolecules, Vol. 40, No. 8, 2007

In the more realistic case of relatively smailthe free energy
should be considered as a function of odd valuek &f 3, 5,

7, .... The equilibrium value ok corresponds to the minimal
value of F(k). Explicit calculations have been performed for
the situation that corresponds to the experimental system P2VP-
b-[(PI-b-PS)b-P1]-b-P2VP withm = 4 and for different values

of m= 3, 5, 6, and 7. For the experimental system we Haire
xaeN = 340, ysc/yas = 0.25, andn/N = 0.2. The equilibrium

involves on average Q-blocks, one of which is a bridge and the values obtained for the number of internal laylees a function

others are loops, and is given by

6QpH :anpR2 [(mx) +n22R3

a’n(1— a) a’n 2] an®

8)

Similarly, we can consider the boundary B-layer (Figure 3,
bottom). LetR; be the thickness of the section containing

Fgo=Fc=

loop and bridge segments, and the remaining part of thick-

nessH; is occupied by bridge segments onlyplfs the fraction

of the bridge segments belonging to the layer of thickness

Ri,then

Ro=" tangpy), H, =" ©

and the elastic free energy of the boundary B-layer is given
by

3n(1l— B)? 3R/’ SR
Fgi= + cot(zp) + (20)
B ax? a’n a’n’

Using the incompressibility condition, we can expré€sandR
as a function ofr andf

_ 9B nepd — a)a(f)
Q== R= 25(k — 2)
Q(8) = 2m — 1+ 25 — 2 tan(up) (11)

The average free energy per multiblock copolymer is thus
given by

k—17sc| | #°Nv?
F=(k—3)In2+ ZyABE(l—i- . ) 9(e.,B)
4a”3? (12)
where
o) =1+ ) + o 5 i 0| 6

with f1(8) = (tar’(zzB))/m + (3 tanzB)/m + 3(1 — B) andfy(a)
= tarf(za/2)lr + (3 tan@a/2)/r) + (3(1 — w))/2. After
minimization of the free energy with respectIowe get
F=k-3)In2+

- 2/3 % N 1/3 k—1 [ree 2/3
7| (%ne Xec| w3
33 o) 1 2 /] 9e@h a9

In the limit of largem minimization of the last expression with
respect tk gives as its asymptotic behavior

Zn.( )1/3 (XBCNz)lls
kol N n (15)

7\ 1/2(XBCn)l/6 . (XBCNZ)” 3
(2) (In 2) 6 ’ n

of marek=15,5,7, 7, and 9, respectively. In Table 1 these are
compared with the values given in ref 19 using combinatorial
arguments only. The value &f= 5 found form = 4 is exactly
what has been observed experimentally. The corresponding plots
of F(k) are given in Figure 4ae.

In summary, we see that, besides combinatorial contributions,
i.e., the different ways of creating specific sequences of loops
and bridges, the number of internal layers is determined to a
large extent by the balance between the stretching of the
individual blocks and the interfacial area. Of course, further
efforts are required to calculate the conformational free energy
more rigorously.
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