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ABSTRACT: We employed self-consistent field theory to elucidate the mechanical
properties of A(BC), multiblock copolymer in hierarchical lamellae-in-lamellar
structures. Extension and shear moduli as well as Young’s modulus have been
characterized. A remarkable improvement of elastic modulus in the process of
morphology transformation from lamella to lamellae-in-lamella was discovered. The
mechanical response of hierarchical lamella is also shown to be dependent on the
number of small-length-scale structures. From the physical origin of the enhanced
mechanical properties, it was found that internal energy and conformational entropy
of BC blocks play a predominate role in improving the elastic moduli in the
hierarchical lamellar structures. Our findings are in agreement with the recent
experimental observations and also yield guidelines for designing hierarchical L

materials with improved properties.
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B INTRODUCTION

Hierarchical structures can be observed in nature such as bone,
shell, and attachment pads of geckos.' > Such materials exhibit a
structural hierarchy over many length scales. For example, sea
shells comprise two to three levels of lamellar structure, and
vertebral bone has seven levels of hierarchical structure.”® In
these hierarchical structures, each constituent at different nan-
ometer scales exhibits its characteristic features, which leads to
the complexity and variations of the enhanced composite macro-
scopic properties. For example, it has been demonstrated that
intermediate filaments in cell are highly sensitive to applied
forces and can sustain extremely large deformation of up to
300%, owing to their multiscale levels ranging from H-bonds to
the cellular level.® For this reason, mimicking the nature to design
and fabricate materials with hierarchical structures is of great
interest from both theoretical and engineering viewpoints.

Up to now, various strateg7ies have been developed for creating
hierarchical nanostructures.”'* As ten Brinke et al. reported,
supramolecular comb—coil block copolymers with low molecu-
lar weight compound linked to the block copolymer chains are
capable of self-organizing into structure-in-structure morpho-
logies.">'® These hierarchical structures possess double peri-
odicities, including the large period of diblock copolymers and
the small period of comb-shaped blocks. In addition, Matsushita
et al. synthesized a series of linear multiblock copolymers
such as V(1S),IV and V(1S),], where V, I, and S refer to poly-
(2-vinylpyridine), polyisoprene, and polystyrene, respectively.'* >
Such copolymers can also self-assemble into various structure-in-
structures, e.g, onionlike sphere and coaxial cylinder, with two
different length scales. As these hierarchical structures were dis-
covered, the morphology window of nanostructures self-assembled
from copolymers was expanded, which lays a solid foundation for
further studies on subjects such as mechanical properties.
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Some primary investigations on hierarchical nanostructures
revealed that the polymeric materials with multiple length scales
can possess unique mechanical properties. For example, Bates
et al. recently synthesized a new type of linear multiblock copoly-
mers which are able to microphase-separate into hierarchical
nanostructures.”® These copolymer samples were observed to
have the distinct mechanical properties.** The elastic property of
such multiblock copolymers exhibits improved features in com-
parison with the block colpolymers with simple architectures like
AB and ABA types.”> " However, such structure—properties
relationships of materials involving multiple periodicities are
rarely acknowledged and little understood. Herein, we concerned
the roles of hierarchical nanostructures in determining the elastic
properties of materials.

Apart from the experiments, theoretical apoproaches,32737 such
as self-consistent field theory (SCFT),** * are useful tools to
get an insight into the mechanical properties of polymeric
materials. Tyler and Morse have used SCFT in reciprocal space
to examine the linear elasticity of the body-centered cubic and
gyroid phases of block copolymer.*' It was found that the
reduced elastic moduli are universal functions of interaction
parameters, volume fraction, and block asymmetry. The SCFT
was also employed to investigate the elastic 2properties of various
systems, such as multiblock copolymers,4 nanocomposites,43
polydispersed diblock copolymers,* and ABC triblock copoly-
mers.*® Moreover, Maniadis et al. incorporated the elastic stress
and strain fields into the SCFT and found that the local stress is
reduced at interface but slightly enhanced in the vicinity of the
interface.* In our group, the SCFT was applied for studying the
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elastic properties of graft copolymers in lamellar phase.*” The cal-
culations revealed that the moduli can be tailored by the
architectural parameters of graft copolymers. The SCFT results
were found to be comparable to the existing experimental results.
The success of the SCFT simulations makes it ready to be
extended to predict the mechanical properties of materials with
hierarchical structures.

In previous works, we predicted that various copolymer
systems (e.g., A(BC),, multiblock copolymer) can self-assemble
into hierarchically ordered nanostructures, such as lamellae-in-
lamella, cylinders-in-lamellae, cylinders-in-cylinder, and spheres-
in-sphere.*® %° Herein, we adopted the real-space SCFT to
investigate the elastic properties of A(BC),, multiblock copoly-
mers in hierarchical lamellar structures. The extension and shear
moduli were calculated for the A(BC),, copolymers in lamellae-
in-lamellar phase. In addition, the physical origins of the hier-
archical structure effects on the elastic properties were examined.
It was discovered that the elastic moduli of the A(BC),, multi-
block copolymers are enhanced significantly when the hierarch-
ical nanostructures are formed. The moduli can be manipulated
by changing the substructures at small-length scale and the
internal energy contribution from BC blocks plays an important
role in determining the moduli. We expect that the present work
could provide useful information for designing advanced materi-
als with hierarchical structures.

B METHODS

We first introduce the linear elasticity model for multiblock
copolymers in the lamellar phase. The details of the model have
been described in the work by Thompson et al.** Here, we intro-
duce the methodology briefly. In the present system, the variation of
the total free energy of a crystal for small deformations is®*

1
Fe] = iuij1<,7k1ukl (1)
where Ky is a tensor of rank four, called the elastic modulus tensor

(i,j, k,1=1,2, or 3) and u; is the strain tensor. The elastic modulus
tensor for a crystal in terms of the strain tensor is given by

&*Fqy
Bu,-j 8ukl

(2)

Kiju =

where u = 0 denotes a strain tensor with zero components.
For a tetragonal symmetry with a preferred z-axis, Ky contains
just six independent nonzero components. Under the trans-
formation between x and y axis directions, the general express-
ion for the elastic free energy in the tetragonal system is
given by”'
Fel - lI<ll(uxx2 + u 2) + lI<33u >
2 'y o 33Uz

+ I<13 (uxxuzz + uyyuzz) + KlZ”xxuyy
+ 2Kestty” + 2Kaa(ux® + 1.7) (3)
For the lamellar structure perpendicular to the z-axis, defor-
mations along the x- or y-axis directions (parallel to the lamellar
structure) have no effect on the free energy. Thus, the elasticity
free energy for a lamellar structure reduces to**
1

FeI:2

[K33uz22 + 41{44(”;/7,2 + ule)} (4)

In the following, the SCFT calculation for A(BC),, multiblock
copolymer melts with volume V'is introduced.*® The free energy
per chain can be written as

1
2 EXUNQ’I (r) @y (r)
IJ=AB,C
1#]

F Q\ 1
= (=) +—/d
nky T n(v) + V/ '

- w1(r)(r) = &(r) (1 -

I=AB,C I=AB,C

where ¥ is the Flory—Huggins parameter between different
species I and J. Q is the partition function of a single chain in the
effective chemical potential field w;(r) (I = A, B, C) in terms of
propagators q(1,s) and q" (r,s). The spatial coordinate r is rescaled
by R,, where Rg2 = a’N/6. The contour length is parametrized
with variable s, which starts from one end (s = 0) to the other
(s=1). The propagators g(r,s) and q* (r,s) satisfy following modi-
fied diftusion equations:

% — [RAV2 — 0y (1)]a(r, )
B +(sr s) (6)
_qT’ = [RZV? — wyy)(r)]q " (r,9)

The initial conditions of eq 6 are q(r,0) = 1 and 4" (r,0) = 1,
respectively. O(s) is used to specify the segment type along the
copolymer chain, subject to (0 < i < n)

A ifO<s<fy
0(s) = { B iffa + i(Afs + Afc) <s<fa + i(Afs + Afc) + Afs
Ciffa + i(Afs + Afc) + Afs<s<fa + (i + 1)(Afs + Afc)

(7)

where f, is the volume fractions of A block and Afy = Afc =
(1 — f4)/2n, which denotes the volume fractions of B and C block
in each BC block. The partition function, Q, for an unconstrained
chain is evaluated by summing over all possible position r of the
sth segment, given by Q = [dr q(r;s)q"(r;s). The segment
densities @4(r), @g(r), and @(r) are

v o [h .
Palr) = Q ds q(r,5)q' (r;5) (8)
0
V= 1 fA + i(AfB + AfC) + AfB
@p(r) = dsq(r,s)q" (r,5)  (9)

Q i=0Jfa +i(Afs + Afc)

8315 dx.doi.org/10.1021/ma2014035 [Macromolecules 2011, 44, 8314-8323



Macromolecules

yn=-l fa + (i + 1) (Afs + Afc)
= ds q(r, 5)‘1+ (r,s)

(10)

The linear elastic moduli for A(BC),, multiblock copolymer
melts in hierarchical lamellar state can be calculated as follows.*”
We first numerically calculate the equilibrium free energy of
A(BC), multiblock copolymers using eq S. Then, we change the
size or shape of the simulation box to slightly deform the systems
from the equilibrium structures, leading to a series of free
energies of the deformed lamellar structure. In these calculations,
the real-space algorithm for SCFT introduced by Drolet and co-
workers was adopted for searching the equilibrium or metastable
states.*>>* By constructing the relation of free energy versus the
relative deformation, the elastic moduli can be finally evaluated
by taking the second derivative of the SCFT energy with respect
to the relative deformation.>* To yield the extension and shear
moduli, we use two ways to deform the system: an extension/
compression, which yields K33, and a simple shear, which yields
K44. Regarding the extension/compression, the box is extended
or compressed by a small change in a direction perpendicular to
the lamella, and the free energy is calculated in a rectilinear grid of
evaluation points. For the shearing case, however, a nonorthogonal
coordinate system is used to calculate the free energy.>> >’

In order to understand the physical origin of the enhance-
ments in the mechanical properties for the multiblock copoly-
mers, the free energy of SCFT is separated into several physically
relevant contributions. Here, the free energy per multiblock
copolymer (in units of kT) is decomposed as™®

F=U-TS

Q’c(r) =3
Q S0 /5 + it + AfC) + Afo

1
S Uy = T(Se + Sa + Ssc) (11)
I,J=A,B,C
1]

where U and S are the internal energy and entropy contributions to
free energy, respectively. Sg is the translation entropy of one point of
the molecule (s =f,). Sy and Sy are the conformational entropy of A
block and BC blocks. Using the standard Gaussian model and SCFT,
the corresponding components of the free energy can be written as

XN
UU = T dr QDI(I‘)QD](I‘) I;] = A,B,C (12‘)
1
<155 =4, [ drpp(o) 1 pylo) (13)

—TS, = _%/ dr [pg(r) In q(x, fa) + wa(r)p,(r)]

(14)
—TSpc = _%/ dr [pp(r) In g " (r,fa) + ws(r)@p(r)

+oc(r)ec(r)] (15)

where pg(r) = Vq(rfa)qg (rfa)/Q.

The values of elastic moduli K33 and K44 can be obtained
by taking the second derivative of the SCFT energy with
respect to the relative deformation €. The calculation can be
carried out as

PF 1&Uy  P(—TSg)
e 2 2 e 0e2
I,J=A,B,C
I#]
L P(=TS) | #(=TSkc) (16)
0e2 0e2

The modulus K33 can be decomposed into the components

1 i
Ky= Y EK;” + K 4 K 4 Ky (17)
I,J=AB,C
147

where the components K30, K35, K34, and K55€ are identified

with the derivative in eq 16. Similarly, the decomposition is
suitable for K.

B RESULTS AND DISCUSSION

In the present work, we investigated the effect of hierarchical
nanostructure on the elastic properties of A(BC),, linear multi-
block copolymers. The studied molecules consist of a long A
homopolymer block and a connected (BC),, multiblock of n
identical repeat BC units. In the calculations, the volume fraction
fa was set as 0.5 and the number of repeat BC units was selected
as 2—6. Two important parameters influencing the phase
behavior of A(BC), copolymer were considered: One is the
molecular weight governing the appearance of small-length-scale
structures, and the other is y4pN (or yacN) controlling the
number of small-length-scale structures.

1. Enhanced Elastic Properties upon Formation of Small-
Length-Scale Structures. In this section, we focused on the
effect of the appearance of small-length-scale structures on elastic
properties of A(BC), multiblock copolymers. The values of
¥%aBN, xscN, and y4cN were set to be same, denoted as yN.
Therefore, for a given copolymer with fixed interaction strengths,
the change of y3cN (or %asN, %acN) can be considered as the
change of molecular weight, which is of experimental interests. In
addition, the number of repeat BC blocks n was set as 2.

To understand the elastic behavior of A(BC), multiblock
copolymers, we first studied the influence of YN on nanostruc-
ture of the multiblock copolymers. Figure 1 shows several repre-
sentative density profiles at different stages of separation. The top
images in the figures show the corresponding two-dimensional
structures. As can been seen from Figure 1a, a weakly segregated
lamellar structure was observed when yN = 48. It is clear that
large amount of A blocks form A-rich lamellar domains and the
BC blocks form a mixed matrix. When ¥ N increases to 64, the
A(BC), multiblock copolymers self-assemble into parallel lamel-
lae-in-lamellar (L-in-L) structure which contains a thick A lamella
and five thin BCBCB lamellae, as shown in Figure 1b. At higher
values of interaction strength ¥ N, a strongly separated lamellae-
in-lamellar structure emerges, where the B and C blocks are
almost completely segregated from each other to form B and C
thin layers (Figure 1c).
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Figure 1. One-dimensional density profiles of A, B, and C blocks of
A(BC), multiblock copolymers with f, = 0.5 along z-direction at various
«N: (a) YN =48, (b) yN =64, and (c) N = 80. The top images show the

corresponding two-dimensional structures.

With the evolution of the lamellar phase, the mechanical
response undergoes distinct changes. Figure 2 shows the free
energy of A(BC), multiblock copolymer as a function of the
relative extension. The free energies of systems have been zeroed
at the equilibrium state, which corresponds to the relative defor-
mation € = 0. To guarantee the validity of linear elastic theory, the
elastic response is within 15% strain. Figures 2a and 2b present
the cases of extension/compression and shear deformation,
respectively. The change in free energy upon deformation
becomes marked as the N value increases. In comparison with
the shear deformation, the variation in free energy upon exten-
sion/compression deformation is much larger. As shown in
Figure 2, the parabolic character of these curves indicates that
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Figure 2. Free energy difference AF (in units of kzT) between the
undeformed and deformed structures upon extension/compression (a)
and shearing (b) for A(BC), multiblock copolymers with various yN. In
(a), the negative and positive values of deformation are compression and
extension, respectively.

the linear elastic theory can be applicable.***" The polynomials

are used to fit these curves, and the extension modulus K;; and the
shear modulus K44 can be obtained by taking the second derivative
of the free energy change with respect to the relative deformation.

The obtained elastic moduli K33 and Ky, as a function of yN
were presented in Figure 3. The moduli variation exhibits a
distinct response to the change of xN, which includes three
distinct regions. As shown in Figure 3a, within )N range from 32
to 64 (region I), the extension modulus K33 increases slightly
with increasing N until it reaches a point where a rapid increase
in the slope appears. In the region I, only the general lamellar
structure is formed, as shown in Figure la. Within %N range of
64—96 (region II), the extension modulus increases remarkably
upon increasing %N value, where the structures are gradually
transformed from lamella to lamellae-in-lamella with five layers
(see Figure 1b). As yN is larger than 96 (region III), the
extension modulus Ks; increases linearly with increasing yN as
appeared in region I, where the completely segregated small-
length-scale structure is formed in the hierarchical lamellae (see
Figure 1c). Comparing with the extension modulus, the shear
modulus is much smaller, as shown in Figure 3b. It is also noted
that the shear modulus K44 vs yN has a great raise over the region
II, where the lamella changes into lamellae-in-lamella. With the
obtained data of K33 and K4, the Young’s modulus E upon the
structural formation is ready to be evaluated according to E =
[K;33(Ks3 + 6Kas)1/[12(Ks3 + Kya)].** The result is shown in
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Figure 3. Dimensionless elastic moduli K33, K44, and E as a function of
%N for A(BC), multiblock copolymers and AB diblock copolymers. The
interaction strength in diblock copolymers is the same as yN.

Figure 3c. The Young’s modulus E becomes markedly enhanced
when the hierarchical structure is formed.

For a deep understanding of the mechanical properties of the
hierarchical structures, we also calculated the K3, K44, and E
of an AB diblock copolymer for a comparison. The AB diblock
copolymers are incapable of self-assembling into the hierarchical
nanostructures. The adopted polymerization degree is the same
as that of A(BC), copolymers. In Figure 3a—c, the blue lines
represent the extension, shear, and Young’s moduli of AB diblock
copolymers, respectively. The extension or shear modulus in-
crease linearly with increasing % N. In region I, the moduli of both
AB and A(BC), block copolymers are similar. However, in
regions II and III, the AB block copolymer displays a constant
increase tendency of the modulus, showing a weaker elastic
properties as compared to the A(BC), copolymers. According to
these results, we can conclude that the A(BC), multiblock copo-
lymers with lamellae-in-lamellar structure have apparent advantages
over the simple diblock copolymers in mechanical properties.
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Figure 4. Difference of internal energy AU (in units of k3 T) versus the
relative deformation under extension/compression (a) and shear (b) for
different structures of A(BC), multiblock copolymers.

Some experimental observations are available in the litera-
ture for supporting our predictions. Bates et al. have recently
studied the viscoelastic and mechanical properties of several
samples of CECEP hexablock copolymer which consists of a
long poly(ethylene-alt-polylene) (P) tail block and five short
polycyclohexylethylene (C) and polyethylene (E) blocks.**
Phase transition from bicontinuous-like structure to hierarchical
lamellar structure takes place with increasing molecular weight,
which is proportional to the degree of polymerization N. The
mechanical properties were evaluated by tensile testing. The
results demonstrated that the mechanical properties of these
materials mainly depend on the formation of the substructure.
Remarkable improvements of the mechanical property of these
materials were displayed upon the formation of the hierarchical
structures. They suggested that it is due to the intrinsic toughness
of the microphase-separated CECEC substructures in the Jamel-
lae-in-lamellar structures. In our simulations, the mechanical
properties are highly improved, when hierarchical lamellar
structures are formed with increasing the interaction yN (the
degree of polymerization N at fixed j value). These results are
qualitatively consistent with the experimental findings.

It should be noted that the hierarchical structure in experi-
ments is perpendicular L-in-L while in simulations is parallel
L-in-L. According to our previous work as well as Li et al,, the
sequence of the interaction strengths plays a determining role
in formation of hierarchical structures with different arrange-
ments.*** The perpendicular L-in-L can be formed when y 4 <
%ap and ypc is significantly large in A(BC),, multiblock copoly-
mers. The difference between the simulations and experiments
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Table 1. Components of Dimensionless K33 (a) and Ky, (b) for Lamellar Structures of A(BC), Multiblock Copolymers with

Various yN
(a) XN Ks3 K3 K3 K35° K3 K3 K3 K3y
L 32 4.879 3.111 3.873 —0.762 1.768 —0.659 1273 1154
48 5721 —1215 3.057 —4272 6.936 —0.419 1.785 5.570
L-in-L 64 8.978 21.182 4.797 16.385 —12.204 —1.334 3.114 —13.984
80 15.377 16.714 3.826 12.888 —1.337 —1.247 3.166 —3.256
96 18.022 13.836 3.628 10.208 4.186 —1.201 3.559 1.828
(b) AN Ky K, K Ki© Kis K3 v K
L 32 0.0264 1.253 1.526 —0.273 —1.227 —0.577 —0.301 —0.349
48 0.0279 1.477 1.760 —0.283 —1.449 —0.775 —0.350 —0.324
L-in-L 64 0.0358 5.618 1.876 3.742 —5.582 —0.918 —0.728 —3.936
80 0.0623 5.576 2.455 3.121 —S5.514 —0.880 —0.983 —3.651
96 0.113 4.605 2.580 2.025 —4.492 —0.857 —1.108 —2.527
can be ascribed to the different interaction parameters in the two 1.0F
systems. In the simulations, the y 4 ¢ is set equal to ) 45, and thus a Black Line: Equilibrium State (a)

parallel L-in-L was formed. While in experiments, the sequence
of interaction strength is Y ac < ¥ ap << {c, and the perpendicular
L-in-L was observed.

At present, direct theoretical treatments of the perpendicular
structure is more complicated. For example, eq 3 cannot be
simplified as eq 4, and more terms of eq 3 should remain in the
simplification of eq 3 to eq 4. However, for the parallel structure,
eq 4 is applicable since the free energy only changes in the
direction normal to the lamellae at large length scale. For these
reasons, in the present work we consider the parallel L-in-L
structure as a model for understanding the effects of hierarchical
structure on the mechanical properties. Despite the difference in
the two structures, the enhancements of the mechanical proper-
ties upon the formation of the hierarchical structure can be same.
In addition, as indicated by Bates et al,, the arrangement of the
small-length-scale structures (perpendicular, parallel, or else)
may have less marked effect on the mechanical properties, and
the appearance of the small-length-scale structures should play an
important role in improving the mechanical properties.”* There-
fore, the experiments well support our predictions.

We also emphasize that all these SCFT calculations were
performed in the melt state. SCFT has difficulty in predicting the
elastic properties of a nonmelt system due to its own short-
coming. However, the results obtained from the melt state could
be applicable to the situation in the nonmelt system.*” Although
the observation reported by Fleury and Bates was carried out in a
nonmelt system, extending the results obtained from the melt
state to nonmelt situation would be a reasonable argument. Our
theoretical calculations not only predict the general feature of the
hierarchical structure influence on mechanical properties but also
predict the phenomena that have not been observed yet.

To find out the origin of the dramatic increase in the elastic
moduli upon the formation of hierarchical nanostructures, we
decomposed the free energy into several parts according to
eqs 11—15. One is the contribution of internal energy U, and
the other arises from the contribution of conformational entropy
—T§, which includes the translational entropy Sk and conforma-
tional entropies of A block S, and BC block Sgc. Figure 4 shows
the typical results obtained for internal energy contributions to
the total free energy change for extension/compression and
shear of the A(BC), linear multiblock copolymers with n = 2.

0.8} Red Line: Compressed State

Volume fraction

1.0F
Black Line: Equilibrium State (b)
Red Line: Extended State
c 0.8}
9o — -
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A B
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0-0 el 1 !
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z/D

Figure 5. One-dimensional density profiles of B and C blocks of
A(BC), multiblock copolymers at N = 48. The black lines correspond
to the equilibrium state, and red lines correspond to the states under
compression (a) and extension (b).

The contribution of internal energy change to the total free
energy change of the multiblock copolymer at yN = 32 and 48
corresponds to the general lamellar phase, and the curves of
internal energy components at y N = 64, 80, and 96 correspond to
the L-in-L phase.

Taking the second derivative of internal energy and entropy
changes with respect to the relative deformation, we obtained the
moduli contributed from the internal energy and entropy for
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Figure 6. Dimensionless elastic moduli K33 and Ky4 as a function of
%N for A(BC),, multiblock copolymer with n = 3 (a) and n = S (b).
The solid and dashed lines represent the moduli K33 and Ky,
respectively.

A(BC), multiblock copolymers with various N values, which
are listed in Table 1. K33 (K,4) is the total extension (shear)
modulus and is the sum of internal energy contributions K3
(KY,) and entropy contributions K35 (K54). Herein, the inter-
nal energy contributions K3 (Ki) were further divided into
K35otUse (KE#U¢) contributed from the interaction between
A and BC blocks and K32¢ (K$2¢) contributed from the interac-
tion between B and C blocks, while the entropy contributions
K35 (K3,4) was decomposed into K35 (K35), K33 (K33), and K35
(Ky5) contributed respectively from E junction translation, A
block conformation, and BC block conformation. As can be seen
from Table 1a, both the lamellar and L-in-L structures have the
same feature of the contributions of the internal energy and the
conformational entropy to the total moduli. In each type of
structure (lamella or L-in-L), the extension modulus contributed
from internal energy, K3%, is inversely proportional to the
effective interaction ¥N, while the modulus contributed from
conformational entropy, K35, becomes larger with increasing
%N. The variations of K53*"Y*, K33, and K3 are relatively
smaller. It is further noted that the K32 increases remarkably
when the transition from lamella to L-in-L takes place. The
decrease in K32 was also observed as lamella transforms to L-in-L
but cannot prevent the increase in the extension modulus, since
the variations of K34 dominate over K3%. Therefore, the increase
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Figure 7. Difference of internal energy AU (in units of kzT)) versus the
relative deformation under extension/compression (a) and shear (b) for
L-in-L with S and 7 layers of A(BC); multiblock copolymers.

in K5%¢ is the main driving force to make the materials tough,
when the hierarchical structures form. Similarly, Table 1b dis-
plays the internal energy and entropy contributions to the shear
modulus, which resembles the situation of extension modulus. As
can be seen, the K3J¢ contributed from internal energy and
K3 contributed from conformational entropy of BC blocks are
mainly responsible for the change of shear modulus when the
phase transition from lamella to L-in-L occurs, while the varia-
tions of Koq#*Yse K34 and K3% are relatively smaller. Because
the K55¢ (K57¢) and K35 (K35°) are directly related to the BC
domains, we can conclude that the appearance of small-length-
scale structures have a crucial contribution to the enhancement
of the modulus.

Since the internal energy Ugc and conformational entropy Sgc
play important roles in determining the enhancement of K33 and
K44 upon the formation of L-in-L structures, we further con-
ducted a detailed analysis of these two contributors in K33 for an
example. Before the formation of hierarchical structures, the
A(BC),, multiblock copolymers self-assemble into general L
structures, where B and C blocks are mixed into one domain.
In this structure, the conformational entropy is gained through
increasing unfavorable enthalpy. Therefore, the L structures have
a tendency of decreasing internal energy by increasing entropic
losses through a distortion of the systems. In other words, Upc
helps deforming the system in L structures. This can be con-
firmed by Figure S, where the densities of B (solid) and C (dash)
blocks are plotted upon extension and compression. The black
and red curves correspond to density profiles at equilibrium and
under distortion, respectively. As shown in Figure Sa, when the
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Table 2. Components of Dimensionless K33 (a) and Ky, (b) for L-in-L Structures with § and 7 Layers of A(BC); Multiblock

Copolymers with Various y4sN

(a) XasN K33 K3, Kyt
S layers 100 20.078 33.003 9.972
120 21.388 32.872 8.783
140 22.347 32.015 6.701
7 layers 160 22.467 24.671 3.654
180 23.089 22.053 1.301
200 23.437 21.575 1.068

(b) XasN Ky K, K+t
S layers 100 0.0837 4.574 2.075
120 0.0977 3.650 1.939
140 0.119 3.222 1.906
7 layers 160 0.131 6.358 1.765
180 0.168 5.990 1.680
200 0.207 5.875 1.662

K3k K5 K3 K34 K35

23.031 —12.925 —2.792 3.035 —13.168
24.089 —11.484 —2.586 3.382 —12.280
25.314 —9.668 —1.662 3.512 —11.518
21.017 —2.204 —1.237 4.543 —5.510
20.752 1.036 —1.253 4.818 —2.529
20.507 1.862 —1.161 4.862 —1.839
Kij Kis i K3 K3

2.499 —4.490 —0.944 —0.468 —3.078
1.711 —3.552 —0.886 —0.320 —2.346
1.316 —3.103 —0.851 —0.225 —2.027
4.593 —6.227 —0.884 —1.421 —3.922
4.310 —5.822 —0.873 —1.323 —3.626
4213 —5.668 —0.864 —1.380 —3.424

system is compressed, the density of B blocks in the center of
domain becomes lower, giving rise to a decrease of internal
energy. In addition, when the system is extended, the B blocks in
the center of domain are separated from C blocks (Figure Sb), lead-
ing to a decrease of internal energy. On the other hand, the entropic
losses of B and C blocks increase upon extension/compression
due to frustration of chain under distortion. It means that Sgc
becomes unfavorable for deformed system. As a result, the
modulus contributed from the internal energy and entropy
change of BC blocks is negative and positive, respectively, as
shown in Table la.

For L-in-L structures, however, the BC blocks split into five
thin domains, which leads to a great decrease of internal energy
between B and C blocks. Therefore, the internal energy tends to
resist the deformation. Meanwhile, the entropic losses of BC
blocks increase with decreasing the BC internal energy and thus
help deform the system. This is the reason that the modulus
contributed from BC enthalpy and entropy is respectively
positive and negative, which exhibits an opposite case of L
structures. According to the above arguments, the BC do-
mains of A(BC), multiblock copolymers exhibit entropy
elasticity (%ositive K35) at L state and enthalpy elasticity
(positive K3%¢) at L-in-L state.

2. Effect of Number of Small-Length-Scale Structures on
Elastic Properties. In this section, we extended our analysis to
the elastic properties of L-in-L with different number of small-
length-scale layers. In the previous work, we have learned that a
change of %4gN (or y4cN) can give rise to a change of the
number of small-length-scale structures.*®>® Therefore, we first
carried out a study of different equilibrium structures at different
%asN, where the y,cN was set equal to 4N and the yzcN/n
value was fixed as 40. The results were obtained as follows. When
the number of repeating BC blocks 7 is 3, A(BC); multiblock
copolymers self-assemble into L-in-L structures with S and 7
internal layers at lower and higher ).gN, respectively. As for
n =5, A(BC); multiblock copolymers self-assemble into L-in-L
structures with 7 or 9 internal layers at different y45N. The
change of small-length-scale layers caused by the change of y4gN
can also lead to a change of mechanical properties.

SCF calculation reveals that the A(BC),, multiblock copoly-
mers exhibit different mechanical responses when they take

different hierarchical structures with various number of small-
length-scale layers. Figure 6a shows the elastic moduli K33 and
K44 as a function of y4zN at n = 3. Over the range of y,zN from
80 to 200, A(BC); multiblock copolymers self-assemble into the
hierarchical structures with S and 7 internal BC layers, respec-
tively. Increasing the value of y 4gN for each stable structure gives
rise to a linear increase in extension and shear modulus (K53 and
K,,). However, in the two different hierarchical structures, the
increase in elastic moduli exhibits different trend from each other.
For L-in-L structure with S layers, the extension modulus Kj3
(shear modulus K,4) increases more remarkably (moderately)
relative to the nanostructure with 7 layers. The situation can be
extended to other cases, for example, n = 5. The results for n = 5
case is shown in Figure 6b. Over the range of 4N from 100 to
300, hierarchical structures with 7 and 9 internal layers were
observed. When 7-layered structure transforms into 9-layered
structure, the slope of K33 change becomes flatter and the slope
of K44 change becomes steeper, which means that the materials
with hierarchical nanostructures containing more small-length-
scale layers exhibit more enhanced shear modulus. It is noted that
the multiblock copolymers with n = 4 and 6 show the same
dependence of the mechanical properties on the hierarchical
structure as those of n = 2, 3, and S. For example, K33 increases
linearly with increasing xagN. For the sake of simplicity, the
results of n = 4 and 6 are not shown.

The effect of the number of small-length-scale layers on the
elastic properties can be further understood by analyzing the
contributions from internal energy and entropy changes. Figure 7a
shows the contributions of internal energy change AU to the
total free energy change as a function of the relative deformation
upon the extension/compression for A(BC); multiblock copo-
lymer. When y,sN = 100 and 120, corresponding to the
structure with 5 BC layers, the curves of the contribution of
internal energy change to the total free energy change are almost
overlapped with each other, and so do the curves when 3N =
160 and 180, corresponding to the structure with 7 BC layers. For
each type of the structures, the contribution of internal energy
change to the total free energy change decreases as y4gIN increases.
Moreover, the internal energy change contribution becomes
smaller as more BC internal layers form. Figure 7b shows the
contributions of internal energy change to the total free energy
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change as a function of the relative deformation upon shear.
When the number of small-length-scale layers changes from S to 7,
the contribution of internal energy change to total free energy
change shows an increase. Meanwhile, for each structure with fixed
number of small-length-scale layers, the contribution of internal
energy change decreases with increasing } 4zN. A similar phenom-
enon has also been observed for the entropy change contribution
to the total free energy change.

More detailed information concerning the moduli contributed
from enthalpy and entropz changes is listed in Table 2. The K33
(Ky) is the sum of K337, K3¥, K35, K33, and K3 (Kyg™o,
K5 K3 K34, and K55°). As can be seen from Table 2a, K54#+Uxc,
K53¢, and K35 are the major factors influencing the moduli of
different structures. When the S-layered structures transform
into the 7-layered structures, K537+Usc and K5#¢ decrease but K35
increases, resulting in a moderate increase in the extension
moduli (see Figure 6a). However, the enthalpy and entropy
change contributions to shear modulus K, are not the same case,
as can be seen in Table 2b. Relative to the S-layered structures,
K% becomes much larger and KY7*Yse becomes smaller in
7-layered structures. Meanwhile, the negative K34 and K3 become
smaller. These effects accelerate the increase of Ky in 7-layered
structure, as can be seen in Figure 6a.

We further analyzed the mechanism behind the variation of
K33 and Ky in the transformation from S-layered to 7-layered
structures. Because the shear moduli are much smaller than the
extension moduli, here we mainly focused on the cases of Kj;.
Since the interfacial width of hierarchical structures is less affected
upon extension/compression, the decrease in K535 Y¢ and K54¢
with increasing the number of small-length-scale structures can
be explained according to the equation K3, = (8*U/ 382)| £=0 =
20./d*, where a is a constant and d* is the equilibrium domain
size.* This equation indicates that K3, is inversely proportional
to the domain size. As the small-length-scale structure changes
from $ layers to 7 layers, the domain size of the large-length-scale
lamella becomes larger and so does the thickness of BC internal
layers at small length scale. As a consequence, both K35**V“ and
K32 decrease when more small-length-scale structures are formed.
On the other hand, the conformational entropy of BC blocks favors
the deformed L-in-L structures because of the chain stretching
nature in microphase-separated state. When the hierarchical struc-
ture changes from S-layered to 7-layered structure, the entropic
losses of BC blocks decrease due to the increased conformational
number.**® This means that BC blocks become less inclined to
deform the system. As a result, the modulus K35 contributed from
conformational entropy of BC blocks increases a lot with increasing
the number of small-length-scale layers.

As far as we know, this is the first example of the investigation
on the mechanical properties of hierarchical structures using a
model of A(BC),, multiblock copolymers. The obtained results
indicate that the hierarchically structured materials show highly
enhanced mechanical properties relative to the general materials
with single-periodic nanostructures. The results are found to be
in good qualitative agreement with the experimental observa-
tions. The parallel L-in-L structure can be regarded as a simple
realized model of the hierarchical structures with lower level. It
resembles biomaterials with multiple hierarchies of self-similar
structures, such as staggered nanostructure of bone. Our studies
are of both theoretical means and practical applications. In practice,
the observed results may provide useful information for designing
and fabricating advanced materials.

B CONCLUSION

We utilized real-space self-consistent field theory to calculate
the elastic modulus of A(BC),, multiblock copolymer in hier-
archical L-in-L structures. The extension, shear, and Young’s
moduli have been examined as functions of interaction strengths,
in the cases of different lamellar phases. The appearance of the
small-length-scale structure in L-in-L gives rise to the enhance-
ment of mechanical properties significantly. The increase of
extension and shear modulus in L-in-L is mainly due to the
increased internal energy change contribution inherent in small-
length-scale structures. On the other hand, the number of small-
length-scale layers also plays a significant role in determining the
mechanical properties of the A(BC), multiblock copolymers.
For the L-in-L structures containing more small-length-scale
layers, the extension modulus becomes less sensitive to the
change of interaction strength, but the shear modulus shows
more sensitive. These distinct mechanical responses of hierarch-
ical structures are mainly contributed from the interplay of
internal energy and conformational entropy of BC blocks.
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