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Building Bridges by Blending: Morphology and
Mechanical Properties of Binary Tapered Diblock/

Multiblock Copolymer Blends

Marvin Steube, Martina Plank, Markus Gallei, Holger Frey,* and George Floudas*

This work explores the scope and limitations of enhancing the poor mechan-

ical properties of diblock copolymers by blending with tapered multiblock
copolymers of styrene (S) and isoprene (1), P(I-co-S),,. Blending of different
tapered diblock copolymers (n=1; M, = 80 and 240 kg mol", 50 wt% poly-
isoprene (Pl) units, lamellar morphologies) affords brittle materials with
low elongation at break. An increasing degree of phase separation from

(i) miscible P(l-co-S)/P(l-co-S),, copolymer blends, to (ii) partially miscible
and (iii) finally immiscible blends is studied. The effect of miscibility on the
mechanical properties is studied for two diblock copolymers (M,, = 80 and
240 kg mol™', domain spacing of 38 and 77 nm, respectively), blended with
a series of multiblock copolymers P(l-co-S),, (n = 2-5; domain spacing of 42
to 20 nm) of similar molecular weight. Increasing disparity in the domain
spacing results in partially miscible and finally immiscible blends. Immis-
cibility causes lower elongation at break, albeit superior tensile properties
compared to the pure tapered diblock copolymers are maintained. The
study shows that the addition of a minor fraction of multiblock copolymers
to diblock copolymers is a versatile method toward improved mechanical
properties, while retaining an ordered nanophase-separated morphology.

50 years, is their use as thermoplastic elas-
tomers (TPEs), that is, melt-processable,
elastic materials. The most commonly
used TPE architectures are based on
ABA-type triblock copolymers that com-
bine glassy, that is, high glass transi-
tion temperature (T,) end blocks with a
rubbery, low T, midblock. In this case,
phase-separated, vitrified domains act as
thermoreversible crosslinks as well as a
reinforcing filler in the rubbery matrix.[°!
Thermoreversible crosslinking via high T,
blocks permits melt processing and also
possesses potential for future recycling
concepts.

Both step-growth?”! and chain-growth
polymerization techniques® as well as
their combinationsl® are used to gen-
erate TPEs, capitalizing on a broad range
of different monomer combinations and
polymer architectures. The living car-
banionic polymerization of styrene with

1. Introduction

Block copolymers can self-assemble into a variety of nano-
phase separated morphologies with applications ranging from
nanolithographic processes to photonics, nanomedicine, and
nanoreactors."? An application that has been in the focus of
industrial®4 as well as academic™ interest for more than

1,3-dienes is known to be a versatile tool

for the synthesis of controlled monomer

sequences, high molecular weights, and
narrow dispersity.!% For example, ABA triblock copolymers
based on either polybutadiene (PB) or polyisoprene (PI) as
low T, midblock with polystyrene (PS) A-blocks are probably
the best investigated ABA-type block copolymer systems (A =
PS; B = PB or PI).1 A variety of different parameters, such
as: i) the chosen monomer combination;!? ii) block sizes;!*
iii) block ratios;™>! iv) the extent of tapering;>™* and v) block
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sequences!181920.2122] hayve been systematically explored. To

further adjust or expand morphological and mechanical char-
acteristics of well-understood polymer architectures, block
copolymer blending represents an efficient and straightforward
approach.[3]

Chemically joining two homopolymers to form a diblock
copolymer increases their compatibility, and this is reflected in
the reduction of the critical temperature for phase separation
as compared to a homopolymer blend. For example, a binary
mixture of A and B homopolymers phase separates at a critical
value of the interaction parameter, x, such as (x x N) > 4 (for f=
0.5), as compared to a symmetric AB diblock copolymer with N
(N = Nj + Np) monomer units that phase separates at a critical
value of  x N > 10.5 (for f= 0.5, according to the mean-field
theory).? Thus, the formation of a diblock copolymer results
in the reduction of the critical temperature for phase separation
by a factor of 2.625. Since, in the simplest approximation, y is
inversely proportional to temperature, the higher critical value
in the copolymers implies that diblock copolymers are more
compatible than polymer blends. Compatibility can be further
tuned by changing the molecular architecture, for example, in
tapered block copolymers or by blending different copolymers.

Binary diblock copolymer blends (AB + A’B’) show mis-
cibility depending on the ratio of molecular weights. Mixing
of symmetric diblock copolymers with a small difference in
their molecular weights (less than a factor of 2) was employed
as a means of controlling the single order-to-disorder transi-
tion temperature and the (fluctuation-controlled) ordering
kinetics.*’l However, blends of diblock copolymers with larger
asymmetry in their molecular weights tend to phase separate.
The miscibility of binary PI-b-PS diblock copolymer blends
with different lamellar (LAM) spacings was studied exten-
sively by Hashimoto et al.??l Complete miscibility was found
for block molecular weight ratios up to 1:5, whereas ratios of
up to 10 resulted in partial miscibility and immiscibility.?% In
the partially miscible blends, it was shown that the copolymer
with the lower molecular weight could hardly solubilize the
copolymer with the higher molecular weight, for example, the
domain consisting of the lower molecular weight copolymer
was nearly pure. These results were later confirmed by experi-
mental results of Spontak?® and predictions of Matsen, using
a self-consistent field theory (SCFT).?l In addition, blends of
diblock copolymers with antisymmetric compositions were able
to form ordered LAM phases in their symmetric blends."

To obtain tough and stretchable elastic materials, triblock
copolymer architectures (Figure 1) consisting of a SIS or
SBS block sequence, where I, B, and S denote a PI, PB, and
PS blocks, respectively are highly established. The vitrified
high-T, end-block domains pin the long rubbery midblock at
different domain boundaries (bridging conformation), which
leads to excellent mechanical properties. The rheology of tri-
block copolymer containing blends with homopolymers and
AB diblock structures (A + ABA; B + ABA; AB + ABA) has
been investigated. Morton et al. evaluated the effect of syn-
thetic imperfections (preliminary termination during anionic
polymerization) on the resulting mechanical properties.®l For
this purpose, low contents of PS and PS-b-PI were blended with
an SIS triblock copolymer. This pioneering work revealed pro-
found effects on the tensile strength for even minor amounts of

Macromol. Chem. Phys. 2021, 222, 2000373

2000373 (2 of 11)

www.mcp-journal.de

IS

SIS

FV S
o

E
v,S
§ [ |
O M a0 U a0 oA

(IS);

o

0.2 0.4 0.6 0.8
Polymer Volume

-

Figure 1. Monomer sequences of multiblock copolymers illustrated as
volume based(™ copolymer composition profiles (Fys: instantaneous sty-
rene volume incorporation).

the diblock copolymer. Later, Cohen and Tschoegel established
SI/SIS blends as a suitable model system to control the amount
and length distribution of terminal, dangling PI chains in a
rubbery network.B! The combination of morphological investi-
gations and theoretical predictions has proven to be a powerful
tool in explaining the rheological features in terms of looping
and bridging fractions.?

In addition to triblock copolymers and their blends, multi-
block copolymers with more than three blocks received con-
siderable attention./20:33233%] Their repetitive block sequences
enable bridging of two or more domains by a single polymer
chain, giving rise to superior elastic moduli and increased
stretchability of TPEs.2343% The morphologies were investi-
gated by Spontak et al. by mixing (SI), tetra-, hexa-, and octa-
block copolymers (i.e., (PS-b-PI), with n = 2—4) with PSPl and
a tetrablock copolymer (SI), with PL.® Blending experiments
of an IS diblock copolymer with an (IS), octablock copolymer
revealed macrophase separation already for a molecular weight
ratio of 4:1.3% The increased immiscibility of AB/(AB), blends—
relative to the diblock copolymer blends—were ascribed to
the midblock conformations caused by the multiblock archi-
tecture.>? Bates et al. presented the effective toughening of a
fully hydrogenated SIS triblock copolymer by the addition of
=15 wt% of a fully hydrogenated SISIS pentablock copolymer.3l

Different from block copolymers, gradient copolymers show
a comparably smooth block “transition” leading to an increased
miscibility (Xeg < %12)-#9 Controlling X.g by the comonomer
sequence is a versatile concept to decouple the phase segrega-
tion strength (g X N) from the molecular weight and obtain
ordered nanodomains that are coupled via long chains.”! As
shown in our recent work, the consecutive multi-step copolym-
erization (alkyllithium initiation, hydrocarbon solvents) affords
phase-separated tapered multiblock copolymers P(I-co-S), with
less synthetic effort compared to their sequential block ana-
logues ((IS), = (PI-b-PS),).1¥ Their smooth block “transition”
(i-e., Xefr < Xs1) lowers the order—disorder transition (Topy) in
comparison to “non-tapered” block copolymers of the same
composition. Consequently, the Topr is located in a range typi-
cally used for high-speed processing of the polymer melt (e.g.,
Topr = 185 °C for P(I-co-S); with My o = 240 kg mol™).118l
The industrial relevance of these structures and their miscible
blends was demonstrated by Knoll et al. who studied binary
homo- and triblock copolymer blends with tapered multiblock
star copolymer architectures (e.g., trademark Styrolux).[34142]

© 2021 The Authors. Macromolecular Chemistry
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Scheme 1. Overview of the blending concepts applied in this work. Left: The P(I-co-S); fraction was varied in a series of P(l-co-S)/P(I-co-S); blends
with similar d (Ad = 4 nm). Right: The multiblock P(l-co-S), was varied (n = 2-5) in two series of P(l-co-S)/P(l-co-S), blends. Following this principle,
differences in domain sizes from Ad = —4 to 57 nm are covered for a constant P(l-co-S), fraction (50 wt%).

Herein we systematically explore the possibility of
enhancing the poor tensile properties of tapered diblock
copolymers based on polystyrene and polyisoprene by
blending with a series of the respective tapered multiblock
copolymers. To this end, different series of binary tapered
diblock/multiblock copolymer blends (i.e., P(I-co-S)/P(I-co-
S), blends with n = 2-5) were prepared. Their morphology
was studied both by small-angle X-ray scattering (SAXS) and
transmission electron microscopy (TEM). The mechanical
properties of all blends were investigated by tensile testing.
The study is organized as a function of increasing degree
of phase separation, from miscible P(I-co-S)/P(I-co-S),
copolymer blends (Scheme 1, left part), to partially miscible
and finally to immiscible blends (Scheme 1, right part). We
correlate the distinct morphological changes in the blends
with the pertinent mechanical properties. The results show
strongly enhanced mechanical properties (elastic response,
toughness) by blending a limited amount of multiblock
copolymer with diblock copolymers.

2. Results and Discussion

TPEs based on (tapered) multiblock copolymer architec-
tures effectively bridge the glassy polystyrene domains in the
phase separated bulk state. This enables mechanical prop-
erties exceeding those of the corresponding diblocks by far.
Here we explore the possibilities and limitations of enhancing
the poor tensile properties of tapered diblock copolymers by
blending with a series of tapered multiblock copolymers. The
work is organized as follows: In the first part, we quantify
this “multiblock toughening effect”, by employing a fully mis-
cible blend composed of a tapered diblock copolymer P(I-co-S)
blended with a tapered hexablock copolymer P(I-co-S);. For this
purpose, a series of polymer blends was prepared by solution-
blending, only differing in the P(I-co-S); (Scheme 1) content,
and their morphology was identified by SAXS and TEM (see
Section 2.1). In the second part (Section 2.2) we investigate
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the effect of increasing immiscibility on the mechanical prop-
erties. (To this end we employ P(I-co-S)/P(I-co-S), (n = 2-5)
blends with increasing differences in the domain spacing, Ad,
of the constituent copolymers (Ad =dp1.co5) = @p(1c0-5), With values
ranging from —4 to 57 nm). Table 1 provides the molecular char-
acteristics of all three series of blends investigated herein. For
both blend systems (Sections 2.1.2 and 2.2.2) the mechanical
properties were studied via tensile testing.

2.1. Miscible Blends of Tapered Multiblock Copolymers

We first investigate the morphology and the associated
mechanical properties in fully miscible blends with the LAM
morphology. As will be shown below, a key factor controlling
miscibility is the disparity in domain spacing (or equivalently,
overall molecular weight) of the constituent copolymers. For
this purpose, a series of blends was prepared consisting of the
segregated tapered block copolymers P(I-co-S), (n =1 and 3),
differing in their P(I-co-S); content (Table 1, entry 1). The copol-
ymers used for these blends possess similar domain sizes (dif-
ference in domain spacings of the starting copolymers of Ad =
4 nm).

2.1.1. Morphologies

The SAXS patterns for the P(I-co-S)/P(I-co-S); blends are shown
in Figure 2. The scattering pattern of the tapered diblock copol-
ymers display Bragg reflections at relative g values of 1:2:3, cor-
responding to a LAM morphology, possessing long-range order.
Notice the suppressed intensity of the second Bragg peak rela-
tive to the odd-numbered reflections characteristic of PI and
PS domains of equal volume. Moreover, the domain spacing of
the individual copolymers P(I-co-S) and P(I-co-S); scale as d =
NO-62 18] (obtained from a series of molecular weights, details
in ref. [18]) revealing stretching of chains away from the ideal
Gaussian configuration.

© 2021 The Authors. Macromolecular Chemistry
and Physics published by Wiley-VCH GmbH
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Table 1. Molecular characteristics of the tapered block copolymers P(I-co-S), (n = 1-5) used for blending experiments. Each of the entries (1, 2, and 3)
represents a series of blends. All tapered block copolymers exhibit 50 mol% PS and PI units, the latter being composed of 95 mol% 1,4-Pl and 5 mol%

3,4-PI due to the polymer synthesis in cyclohexane.[®].

Entry M targer™ [kg mol™] M, sec®“ kg mol™] Blend composition M target” M, sec®9[kg mol™] Changed parameter
1 80 92 P(l-co-S)/P(l-co-S)3 400 512 P(I-co-S), content:
0-100 wt%

21 80 92 P(1-c0-S)/P(Ic0-S), 240 265 Ad=—-4-18 nm
22 P(I-co-S)/P(Ic0-S)5 240 268

23 P(1-c0-S) /P (I-c0-S), 240 244

24 P(l-co-S)/P(I-co-S)s 240 248

3.1 240 253 P(l-co-S)/P(I-c0-S), 240 265 Ad=35-57 nm
3.2 P(l-co-S) /P(l-co-S)3 240 268

33 P(1-c0-S) /P (1-c0-S), 240 244

34 P(1-c0-S) /P (I-c0-S)s 240 248

AMolecular characteristics of P(I-co-S); )

Molecular characteristics of P(I-co-S)n with n = 2-5; 9And deviations with respect to the targeted molecular weight are explained

by an overestimation caused by the use of a PS standard. SEC diagrams were given in a previous work."®!

Blending of the tapered diblock with the P(I-co-S); hexablock,
having only slightly higher domain spacing, results in SAXS
patterns that are not fundamentally different from the P(I-co-S)
diblock copolymer. In general, the SAXS patterns of the blends
(Figure 2) support the re-enforcement of the (similar) lamellar
morphology by the P(I-co-S);. There are two findings that sup-
port this notion. First, odd numbered reflections still exhibit
higher intensities excluding the possibility of incorporation
of the P(I-co-S); within a single nanodomain (the latter would
change the X-ray contrast). Second, the (single) domain spacing
follows a nearly linear correlation with composition, which
underlines copolymer miscibility over the full composition range

a

1 P(I-co-S)/P(I-co-S),

2 3
v Yy

log(Intensity/arb. units)

1 1
0,6 0,8

1
0,4

g (nm™)

0,2

(Figure 2b). The latter is obtained as d = 2x / g*; ¢* is the mod-
ulus of the scattering vector corresponding to the first maximum
(a closer inspection of the domain spacings of Figure 2a sug-
gests a polynomial dependence as d (in nm) = 376 + 5.72 x ¢ —
1.96 x @2, where @ is the composition of P(I-co-S); in the blends).
These finding on the lamellar morphology are confirmed by
TEM on the same blends, now stained by OsO, (Figure 3 and
Figure S1, Supporting Information). The only exception is
the 60% P(I-co-S); blend where a dual domain spacings with a
minority component of larger spacing is evident in TEM.
Overall, the combined SAXS and TEM results confirm that
the P(I-co-S)/P(I-co-S); blends are fully miscible over the whole

b

42

IN
—
1

Domain spacing (nm)

37 L4 T T T T T
0 20 40 60 80 100
P(I-co-S) content (% wt)

Figure 2. a) SAXS patterns for the P(l-co-S)/P(l-co-S); blends as a function of composition. The curves have been shifted vertically for clarity. Arrows
give the positions of the Bragg peaks corresponding to a lamellar morphology. b) Domain spacing as a function of blend composition. The line is a fit

to a polynomial function and shown as a guide for the eye.
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Figure 3. TEM measurements for P(I-co-S)/P(l-co-S)3 blends with increasing content of P(I-co-S);. Pl-rich phases are OsO,-stained and appear electron

opaque (dark).

composition range. Given the disparate mechanical properties
of the constituent copolymers (P(I-co-S) and P(I-co-S); possess
very different tensile properties), we explore in the following
the effect of blending on the pertinent mechanical properties.

2.1.2. Tensile Properties

The tapered hexablock copolymer, P(I-co-S);, best combines
structural integrity, with high mechanical toughness and a
large strain at break.'¥! Furthermore, the bridging capability
of P(I-co-S); over multiple glassy PS domains is expected to
improve the mechanical properties of the blends. However, it is
unknown to what extent a tapered diblock copolymer P(I-co-S),
that is lacking mechanical re-enforcement can be incorporated
into P(I-co-S);, maintaining toughness. To this end, films of
P(I-co-S)/P(I-co-S); with a varying P(I-co-S); content were pro-
duced by solution-blending (with chloroform as a solvent)
and subsequently exposed to uniaxial stress until rupture.
Figure 4a visualizes the measured stress as a function of the
strain o(g) for a selection of representative blend samples (see

Figure S2, Supporting Information, for other P(I-co-S); con-
tents). All blends exhibit similar characteristics, that is, a regime
of elastic response (€ = 0%—4% < €yq14) followed by plastic flow
(Eyield = 4% < € < Epreals Epreak UP to 800%), as anticipated due to
their similar morphology. However, the blends containing 40%
or more of the hexablock copolymer exhibit strain hardening
beyond the yield point and show strongly enhanced toughness.

An increase of the P(I-co-S); content in the blends results
in a continuous increase of the strain at break from =10% to
~800% (Figure 4a and Figure S2d, Supporting Information;
Table 2). In contrast, no significant changes are observed for the
engineered stress G(¢). This is validated by toughness (i.e., inte-
gral of the tensile curve, Figure S3, Supporting Information),
which shows a similar trend as the €., Both the increase of
€preak and of the toughness can be explained by the molecular
architecture of the tapered hexablock copolymer. The covalent
linkage of multiple blocks of P(I-co-S); connects the vitrified
high-T, microdomains by forming bridges in addition to entan-
glements, which imparts superior mechanical properties.[6*]
Comparable observations were made by Lach et al. who studied
toughening by blending a tapered SIS triblock copolymer with

a)12 I P(l-co-S), Content: b) = -
—0%,, ——60%,, / § %
—20%,, ——80%,, ‘@ 40 . *
101 | ——40%, ——100%,, g *
S 20
g xx
8r S 0 x 4
0 20 40 60 80 100
'E 6k ] 0 P(I-co-S), Content [% ]
S S
) = p#
4 i\ ©
§ 300 R s *
2 = 250 s *
w200 * * *’}
0 l 150
0 200 400 600 800 0 20 40 60 80 100

€ [%]

P(l-co-S), Content [% ]

Figure 4. a) Representative stress—strain (6—¢) diagrams, b) toughness, and c) elastic moduli of miscible P(I-co-S) /P(I-co-S); blends as a function of

P(l-co-S); content.
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Table 2. Mechanical data of the miscible P(l-co-S)/P(I-co-S); blending series (Table 1, sample 1) determined via tensile testing. Uncertainties are given
as a standard deviation (+c interval) from 8-15 independent drawing experiments on samples of the respective blend composition.

P(I-co-S); content [wt%] €ield [%6] Gyield [MPa] Ermod [MPa] €break [26] Toughness [ m™]
0 3.7+0.2 42+07 180 £ 25 10+£5 0.33+0.15
10 3.9+0.2 44%0.9 180 £27 41+19 1.1£0.3
20 3.9+0.1 5.2+0.5 200 £17 120 + 89 42+31
25 3.9+0.1 53%1.0 210+ 24 340 + 56 12+2
30 3.9+01 6.2+0.2 240+6.2 320+26 1B+1
40 3.8+0.2 6.6+0.8 260 £18 450 + 86 22+4
50 37£01 6.8+0.3 270+9.7 540 +153 29+9
60 37+0.1 74+0.2 290+5.6 700+ 55 45+5
80 3.7£0.1 7.5+0.6 300+ 22 720+ 92 47+8
90 3.6+0.2 8.0+07 330+ 20 750+ 63 53+6
100 3.7+0.1 8.5+0.4 340+ 14 800 + 96 61£12

a tapered multiblock copolymer with a star topology.! How-
ever reported block copolymers possess different PS content,
chain topologies and microdomain morphologies, precluding
a direct comparison with the results in the current work (con-
stant PS content, linear chain topology, lamellar phase state).

At low strain (€ < €14 = 4%; Figure S2b—e, Supporting Infor-
mation), sample deformation is fully reversible for all blends
of this series and typically results in a linear increase of the
stress o(¢) (Figure S2b, Supporting Information). The slope of
G(e) (i-e., elastic or Young's modulus: E,,.q = AG | Ag; Figure S3,
Supporting Information) is visualized in Figure 4c as a function
of P(I-co-S); content. Increasing the latter leads to an increase
of Epoq up to the value of the P(I-co-S); copolymer. The large
value of P(I-co-S); compared to P(I-co-S) is typical for multiblock
copolymers as found in a series of (IS), multiblock copolymers
with increasing block number.2?% A similar trend is observed
for the yield point (ggeq = const.; Gyelg increasing; for detailed
discussion see Figure S2, Supporting Information).2?) Both
effects can be explained by an architecture-enhanced micro-
structural interconnectivity (i.e., increasing number of bridging
conformations),’?”! which enables the formation of midblocks
pinned at both chain ends.*4

The results presented here emphasize that in phase-matched,
miscible blends of nano-phase separated tapered diblock

copolymers, the domain spacing and the mechanical properties
can be adjusted by introducing an amount of P(I-co-S);
multiblock copolymer. Although characteristic mechanical
parameters, such as the toughness and strain at break show
a gradual increase with the amount of added P(I-co-S);, the
results demonstrate a significant effect of domain bridging
beyond 40% of added hexablock, leading to high toughness and
a distinct strain hardening region.

2.2. Partially Miscible or Immiscible Blends of Tapered
Multiblock Copolymers

In the ensuing part of the work, we increase the disparity, Ad,
of the domain sizes of the starting tapered copolymers and
track the changes in morphology (miscibility) and tensile prop-
erties. Two series of P(I-co-S)/P(I-co-S), blends were prepared
(Table 1, entries 2 and 3), only differing in the molecular weight
of the tapered diblock copolymers P(I-co-S) (Figure 5, d = 38
and 77 nm, respectively). Tapered multiblock copolymers P(I-
co-S),, with n = 2-5 and a constant molecular weight of 240 kg
mol! were employed to systematically vary the difference in
domain sizes, Ad, within a given series (Figure 5; domain spac-
ings varying from Ad = —4 to 18 nm and 36 to 57 nm, in the

Tapered Multiblocks

i
Tapered Diblock
P(l-co-S)

> 05

0 0.5 1
Polymer Volume

d=38 nm

0

0 02 04 06

Tapered Diblock
P(l-co-S)

0 0.2 0.4 0.6 0.8 1
Polymer Volume

d=77 nm

.. 0.8
Polymer Volume

d=42-20nm

Figure 5. Overview of the prepared P(l-co-S)/P(I-co-S), blends to study the effect of miscibility. Two series were prepared with systematic variation of
Ad by blending tapered diblock copolymers with similar series of tapered multiblock copolymers P(l-co-S),.
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Table 3. Morphological and mechanical data of the P(l-co-S)/P(I-co-S), blend series (50 wt% composition) determined via SAXS and tensile testing.
Errors are given as the standard deviation (o interval) from 8-15 independent drawing experiments. Molecular and mechanical characteristics of the
starting (non-blended) copolymers are given in Table 1 and Table S1, Supporting Information.

Entry n of P(I-co-S), dp(ico-5)[NM] dp(1-co -sn[NM] Ad [nm] o ratio? dplend [NM] Macrophase €preak [%] Toughness
separation [ m73]
1 see Table 2
2.1 2 37.6 41.4 —4 0.67:1 39.7 no 330172 16 £4.5
2.2 3 29.8 8 1.0:1 32 no 500 + 85 28+7.1
2.3 4 22.7 15 1.3 314 no 640 £ 56 42+47
24 5 19.9 18 1.7:1 31.8,23.3 partial 610 £ 54 41+54
31 2 76.6 414 35 2.0:1 =55 partial 450 + 37 31+£3.3
3.2 3 29.8 47 3.0:1 75, 30 full 440 + 29 23+1.2
33 4 22.7 54 4.0:1 75,23 full 390+ 24 21+27
3.4 5 19.9 57 5.0:1 76, 20 full 370+ 22 20+1.6

Values correspond to the block molecular weight ratio o = M piicos),/ (1 Mi, pico-s))- Mn: number averaged, targeted molecular weight (Table 1); n: number of repetitive

tapered diblock segments in P(l-co-S),,.

two cases). Because of differences in the degree of segregation,
we discuss the two blend cases separately. The results of blends
with 50 wt% of the multiblocks are summarized in Table 3.

2.2.1. Morphologies

A series of symmetric blends (50 wt% diblock) was prepared,
consisting of the segregated tapered block copolymers P(I-co-S)
and P(I-co-S), (n = 2-5) series with increasing disparity in
domain sizes (Ad = —4 to 18 nm; Figure 5 left part). The cor-
responding SAXS results are shown in Figure 6. As discussed
in detail in a previous work,'8! domain sizes and LAM order
decrease with increasing number of blocks (i.e., 2n) in the
P(I-co-S), copolymers, when examined under constant molec-
ular weight. On going from n = 2 (the tetrablock) to n =5 (the
decablock) the domain spacing is reduced from 41.4 to 19.9 nm
and the disparity in domain spacings relative to the P(I-co-S) is
enhanced from —4 to 18 nm. Moreover, increasing n progres-
sively drives the copolymers from the ordered to the disordered
state (i.e., in P(I-co-S)s with the broad structure factor due to
correlation hole scattering). In the blends, miscibility and LAM
order is preserved up to P(I-co-S)/P(I-co-S)4 as confirmed by
the single domain spacing—being intermediate to the con-
stituent components—and the presence of higher order peaks.
In the P(I-co-S)/P(I-co-S)s case, however, where the disparity in
domain spacings is maximized (Ad = 18 nm), a bimodal domain
spacing is observed by SAXS. From the peak positions relative
to the starting copolymers the domain spacing correspond to a
phase rich in P(I-co-S)5 and another phase, where P(I-co-S) and
P(I-co-S)s are mixed (Table 3 and Figure S4, Supporting Infor-
mation). The effect of these distinct morphological changes on
the mechanical properties will be discussed later.

In an effort to further increase blend immiscibility and
to compare their tensile properties a third blend series was
prepared (Table 3, entry 3), utilizing a tapered diblock copol-
ymer with a larger domain spacing (d = 76.6 nm; My, yrger =
240 kg mol™). Now the constituent blend components differ in
their domain spacings by Ad = 35 nm (n = 2) to 57 nm (n =5).

Macromol. Chem. Phys. 2021, 222, 2000373

2000373 (7 of 11)

The SAXS patterns are visualized in Figure 7. As expected, they
demonstrate macrophase separation. In P(I-co-S)/P(I-co-S),,
however, a single but asymmetrically broadened peak is
observed with a domain spacing characteristic of a mixed
lamellar phase. The TEM study discussed below provides more
insight regarding the asymmetric broadening of the SAXS peak.
In P(I-co-S)/P(I-co-S); blends of this series there are two broad
peaks with spacings of 47 and 43 nm, that is, intermediate to
the constituent copolymers, suggesting partial phase separa-
tion into P(I-co-S)-rich and P(I-co-S);-rich domains. In P(I-co-
S)/P(I-co-S)4 blends, the two peaks have domain spacings of 75
and 23 nm that are nearly identical to the constituent copoly-
mers, revealing complete phase separation, albeit in the absence

] i P(l-co-S)
O + P(l-co-S),
—— Blend (50 wt%)
—_~
2 =2
C
>
g
© . n=3
=
o =
(2]
5
E | n=4
>
ke
=5
0.2 04 , 06 0.8
g (nm’)

Figure 6. SAXS patterns for the P(I-co-S) (green dotted line), P(l-co-S),
copolymers (n = 2-5; blue dashed line) and the corresponding binary
symmetric (50 wt%) blends (red lines) (from entry 2 in Table 3). The
curves have been shifted vertically for clarity. Arrows give the positions of
the Bragg peaks corresponding to a lamellar morphology.

© 2021 The Authors. Macromolecular Chemistry
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J P(l-co-S)

'1"2 - P(l-co-S),

j —— Blend (50 wt%)
\ ¥ 4 3
A

3
v

log(Intensity/arb. units)

04
q(nm’)

0.6 0.8

Figure 7. SAXS patterns for the P(l-co-S) (green dotted line), P(I-co-S),
copolymers (n = 2-5; blue dashed line) and the corresponding binary
symmetric (50 wt%) blends (red lines) (from entry 3 in Table 3). The
curves have been shifted vertically for clarity. Arrows give the positions
of the Bragg peaks corresponding to a lamellar morphology. Arrows with
stars indicate the primary peak of the second phase.

of long range order. Last, in the P(I-co-S)/P(I-co-S)s, there is full
macrophase separation of the copolymer components (domains
spacings of 76 and 20 nm, with perfect matching with the con-
stituent copolymers (Ad = 57 nm; Table 3 and Figure S4, Sup-
porting Information). An interesting feature in the latter case is
the second order reflection from the P(I-co-S) phase suggesting
a well-ordered LAM phase within the P(I-co-S) domain, which
will be correlated to TEM results below.

The SAXS results can be compared with the results from the
TEM investigation. Figure 8a (SAXS: Ad = 35 nm; n = 2; see also
Figure S5, Supporting Information) shows larger domains with
a single domain spacing and some smaller domains of a larger
spacing, in line with the asymmetric SAXS peak. Lamellar
grains with distinct spacings in the partially macrophase
separated blend are highlighted in the insets. Increasing the
difference in the domain spacing to Ad = 57 nm (SAXS: n =5

www.mcp-journal.de

in Figure 8b), leads to full macrophase separation in P(I-co-S)s
and P(I-co-S) domains. While the diblock domains are well-
ordered, the decablock domains are poorly ordered or even in
the disordered state. TEM results are in excellent agreement
with the results from the SAXS study for the P(I-co-S)/P(I-co-S)s
blend with a highly ordered P(I-co-S) domain and a disordered
P(I-co-S)s domains.

The results from the P(I-co-S)/P(I-co-S), blends should be
compared with the corresponding blends composed from
sequential multiblock copolymers (PI-b-PS), with PI-b-PS
investigated earlier by TEM. There, demixing was evident for
a single (PI-b-PS)/(PI-b-PS), blend (cf. Figure 1) with a block
molecular weight ratio (o) of 41,5 which is lower than the
5.2:1 limit anticipated for binary PI-b-PS/PI-b-PS blends.?6-2]
The increased immiscibility of the former blend was ascribed
to the multiblock copolymer architecture, leading to bridged
and looped midblocks, which reduce the lateral extension of
chains. The series of blends investigated herein (see Table 3)
(with o-ratios below 5.2:1) allow to track and to quantify this
effect more precisely. In addition, they allow examining the
effect of the different polymer topology (sequential vs tapered)
in driving macrophase separation. Our results reveal partial
macrophase separation already for oo = 1.7:1 and 2.0:1 (Table 3,
entries 2.4 and 3.1) as well as full macrophase separation for
o = 3.0:1, 4.0:1, and 5.0:1 (Table 3, entries 3.2-3.4) as observed,
respectively, for the P(I-co-S);, P(I-co-S)y, and P(I-co-S)s con-
taining blends. Evidently, P(I-co-S), copolymers reside at closer
proximity to the interface than (PI-b-PS)n due to the mismatch
in periodicity and gradient composition. Localization of the
tapered copolymer at the interface gives rise to defected sites
that eventually lead to macrophase separation. This underlines
the unique behavior of the (tapered) multiblock copolymers
investigated in this work, which differs from the sequential
block copolymers studied earlier. The effect of macrophase sep-
aration in the tensile properties is investigated next.

2.2.2. Tensile Properties

Immiscible P(I-co-S)/P(I-co-S), blends separate into P(I-co-S),
rich and P(I-co-S) rich macrophases. Depending on the degree
of mixing, as a consequence of the inhomogeneous nature of
the samples certain macrodomains may have low P(I-co-S),

Blend: Ad=35nm b)P(l-co-S)/P(l-co-S), Blend: Ad = 57 nm

\

Figure 8. TEM measurements of a a) P(l-co-S)/P(I-co-S), blend (Table 1, entry 3.1) and a b) P(l-co-S)/P(I-co-S)s blend (Table 1, entry 3.4). Insets visualize
the interfaces of distinct grains. Pl-rich phases are OsO,-stained and appear electron opaque (dark).
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Figure 9. Toughness of P(l-co-S) (dashed green line), P(I-co-S), (dashed
blue line) and the respective blends (red line) as a function of Ad. a)
Blending series with Ad = —4-18 nm (red circles; Table 1, entry 2 and
Figure 6). b) Blending series with Ad = 35-57 nm (red circles; Table 1
entry 3 and Figure 7). Lines are guide for the eye. Areas in blue, orange,
and red depict fully miscible, partially miscible, and immiscible blends,
respectively.

content (i.e., reduced number of bridges) that could lead to
mechanical failure. Yet, it is unknown how the mechanical
properties will depend on the content of such domains. To
quantify the effect of immiscibility and the concomitant pres-
ence of grains with a variable composition and of the increased
grain boundaries on the mechanical properties, we designed
partially miscible and immiscible P(I-co-S)/P(I-co-S), blends
and investigated their mechanical properties by tensile testing.

Before we report on the blend series, we need to discuss the
effect of increasing number of blocks on the tensile proper-
ties. Spontak et al. suggested that the mechanical properties of
(PI-b-PS),, multiblock copolymers are improved with increasing
number of blocks.[?22] This phenomenon was attributed to their
capability of forming multiple bridged glassy styrenic domains,
resulting in “stitched” domain boundaries.[183* 21.2045245b] Ty the
present P(I-co-S),, tapered copolymers investigated under a con-
stant chain molecular weight by increasing the number of blocks,
it was demonstrated that the mechanical properties (e.g., higher
strain at break and elastic modulus) are a function of the number
of blocks (i.e., Figure 7) and of domain mixing.'®l Increasing n
beyond a certain number leads to a drop of mechanical proper-
ties (cf. Figure 9 dashed lines and Table S1, Supporting Infor-
mation), explained by the disappearance of physical crosslinks
caused by mixing of unlike domains as evidenced by SAXS.[131

Figure 9 visualizes the toughness of P(I-co-S), P(I-co-S),
and the respective of P(I-co-S)/P(I-co-S), symmetric blends
(50 wt%) as a function of the difference in domain spacing of
the constituent copolymers, Ad. In the case of largely miscible
P(I-co-S)/ P(I-co-S), blends (Table 1 entry 2, Figure 7) where
Ad = —4-18 nm, the toughness (and the strain at break, Figures
S6a and S7a, Supporting Information; Table 3) follow the trend
of the constituent P(I-co-S), multiblock copolymers, albeit with
lower values.

This situation is different for the P(I-co-S)/P(I-co-S), sym-
metric blends (Table 1, entry 3, Figure 7) with the higher
molecular weight P(I-co-S) and the higher disparity in domain
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spacings of the P(I-co-S), (Ad = 36-57 nm), leading to full mac-
rophase separation for Ad =47, 54, and 57 nm (i.e., the P(I-co-S),
containing blends with n = 3-5 in Figures 7 and 9b). Although
this blend series contains the same P(I-co-S), with the mechani-
cally tough components as compared to the blends in Figure 9a,
the trend in the mechanical behavior is remarkably different.
Failure of these materials occurs already at rather low strain
values (Figures S6b and S7b and Table S1, Supporting Informa-
tion), leading to a continuous decrease in toughness. This trend
is tentatively explained by the formation of macrophase sepa-
rated areas poor in P(I-co-S), content (Figures 7 and 8). These
areas possibly serve as local defects, facilitating crack initializa-
tion, growth, and ultimate failure of the materials.[*4]

Despite the poorer mechanical properties of the macro-
phase separated blends than for the previously discussed
series, it is remarkable that even a fully macrophase sepa-
rated blend (Table 3, entry 3.4) still exhibits a toughness of
20 ] m~3, exceeding the value of the corresponding diblock by
far (1.4 ] m™3; Table S1, Supporting Information, entry 2). An
interesting, and at first sight, surprising exception is obtained
by comparing the toughness of the P(I-co-S)/P(I-co-S), blends
(compare n = 2 blends in Figure 9a,b). In this case, the partially
macrophase separated blend (Table 3, entry 3.1) exhibits an
even larger toughness than the fully miscible analogue (Table 3,
entry 2.1; 31 ] m™3 vs 16 ] m~3). A direct comparison of the 6(g)
curves (Figure S8, Supporting Information) reveals significant
differences in the engineered stress. Although the P(I-co-S)
is not capable of bridging vitrified PS domains, it affects the
tensile strength in the P(I-co-S)/P(I-co-S), blend at elongations
far beyond &y,, of the brittle P(I-co-S) material. This improved
6(¢) is tentatively explained by the increased T ps.rich (100 °C vs
80 °C)184l and M,, (240 kg mol~! vs 80 kg mol™) of P(I-co-S) in
the partially macrophase separated blend (cf. Tables S1 and S2,
Supporting Information). Increasing molecular weight further
increases the number of entanglements and therefore imparts
mechanical stability.

3. Conclusion

Diblock copolymers are known to show highly ordered domain
structures, however they possess poor mechanical properties,
since there is no bridging of nanodomains. We explored the
possibilities and limitations of enhancing the poor tensile prop-
erties of a tapered diblock copolymer by blending with related,
tapered multiblock copolymers in the lamellar phase. The study
was carried out as a function of increasing degree of phase sep-
aration, from miscible P(I-co-S)/P(I-co-S), copolymer blends, to
partially miscible and finally to immiscible blends with large
differences in their domain sizes.

In the fully miscible P(I-co-S)/P(I-co-S), blends, that is, in
blends of tapered diblock and structurally analogous multiblock
copolymers having comparable domain spacings according
to SAXS and TEM, the blend composition was systemati-
cally correlated with the morphological and the mechanical
properties in the lamellar phase. Elongation at break, tough-
ness, and Young's modulus were found to be substantially
increased (e.g., €preax = 540% for a 50 wt% blend) compared
to the tapered diblock copolymer with its poor mechanical

© 2021 The Authors. Macromolecular Chemistry
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properties (€peax = 10%). The improved tensile properties
with increased P(I-co-S); content are explained by the bridging
multiblock architecture, which is capable of connecting several
vitrified PS-rich domains beyond entanglements (i.e., bridging
conformation).

In the second part of the work, the difference in domain spac-
ings (Ad by SAXS) of the tapered di- and multiblock copolymer
constituents of the blends was systematically increased, giving
rise to partially miscible and eventually to fully immiscible
blends. In sharp contrast to miscible P(I-co-S)/P(I-co-S), blends,
an increasing degree of macrophase separation results in a
decrease in both strain at break and toughness. This trend was
explained based on the SAXS/TEM findings, revealing the for-
mation of macrophase-separated areas poor in P(I-co-S), con-
tent. Such domains can be viewed as local defects, facilitating
crack initialization, growth, and ultimate failure of the mate-
rials. However, despite the poorer mechanical properties of the
blends relative to the constituent P(I-co-S),, multiblock copoly-
mers, their tensile properties exceed the strain at break and
toughness of the corresponding tapered diblock copolymers
Dby far.

Overall, our results demonstrate enhanced mechanical prop-
erties, particularly elastic response and toughness, introduced
by the addition of a limited amount of a multiblock copolymer
in diblock copolymers. These results may guide future indus-
trial processes based on the synthesis of TPEs as blends of
tapered diblock and multiblock copolymers with predictably
mechanical properties.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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