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Block copolymers remain one of the most extensively investigated classes of polymers due to their
abilities to self-organize into various nanostructures and modify polymer/polymer interfaces. Despite
fundamental and technological interest in these materials, only a handful of experimental phase
diagrams exist due to the laborious task of preparing such diagrams. In this work, two copolymer series
are each synthesized from a single macromolecule via sequential living anionic polymerization to yield

molecularly asymmetric diblock and triblock copolymers systematically varying in composition. The
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phase behavior and morphology of these copolymers are experimentally interrogated and quantitatively
compared with predictions from mean-field theories, which probe copolymer phase behavior beyond
current experimental conditions.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Block copolymers, macromolecules composed of two or more
chemically distinct species arranged in long, contiguous sequences
that are covalently linked together, remain at the forefront of soft
materials research due to their unique surfactant-like attributes
[1,2]. Under favorable conditions, they can (i) self-organize into
a wide variety of (a)periodic nanostructures and (ii) reduce inter-
facial tension along, and thus compatibilize, polymer/polymer
interfaces. For these reasons, block copolymers are ubiquitous in
a wide range of (nano)technologies that require multifunctionality
and/or nanoscale structuring from an organic material [2—6]. The
design of systems requiring the use of block copolymers necessarily
demands an understanding of the phase behavior of these macro-
molecules, and numerous endeavors [7] have sought to provide
theoretical frameworks by which to predict block copolymer phase
behavior in the absence of scarce experimental phase diagrams
[8—10]. Unlike conventional phase diagrams of polymer blends
wherein two homopolymers are physically combined, block
copolymer phase diagrams require synthesis of a new copolymer
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with specific block lengths for each composition. Block copolymer
phase diagrams are often expressed in a mean-field format with
the thermodynamic incompatibility (yN), where y denotes the
Flory—Huggins interaction parameter that scales as reciprocal
temperature, and N is the number of repeat units along the
copolymer backbone.

To help overcome the challenges of synthesizing different
copolymers to explore, in experimental fashion, the phase behavior
of block copolymers, we previously introduced [11] the idea of
sequential living anionic polymerization to generate a series of
copolymers systematically varying in composition from a single
parent macromolecule. The initial objective of this approach was to
discern the molecular conditions at which an AB diblock copol-
ymer, which consists of two endblocks (or “tails”) constrained by
a single, shared junction, began to exhibit the phase and mechan-
ical properties more commonly associated with those of an ABA
triblock copolymer capable of forming a molecular network by
means of midblock bridging [12]. Prior results demonstrated
[11,13,14] that, when the second A endblock was sufficiently short,
it remained mixed in the B matrix even after microphase separation
of the (first) A and B blocks and furthermore served to reduce the
interblock incompatibility. As the second A endblock was grown,
however, it likewise microphase-separated from the B midblock
and co-located with the first A endblock, thereby forcing the mid-
block to adopt a bridged or looped conformation (excluding the ill-
favored formation of dangling ends [15]). To differentiate the two
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chemically identical endblocks, we referred to them as A; and A,
where A; comprises the parent diblock copolymer and A, repre-
sents the progressively grown endblock. Additional examination of
these copolymers also revealed [13] that, upon microphase sepa-
ration of both endblocks, the A-rich microdomains contained
bidisperse brushes if the lengths of the A; and A, endblocks
differed.

In this work, we extend the utility of this synthetic strategy,
schematically depicted in Fig. 1, to diblock copolymers and then
compare experimental results obtained from both sequentially
grown diblock and triblock copolymers to predictions from the
mean-field theoretical framework developed by Mayes and Olvera
de la Cruz [16]. A detailed analysis of the effect of block length on
interblock mixing is presented, and theoretical predictions
regarding phase behavior and nanostructural development beyond
the current set of experimental conditions are discussed.

2. Experimental

In the AB diblock series, the parent homopolymer was poly-
styrene (PS) synthesized via living anionic polymerization in
cyclohexane at 60°C with sec-butyllithium as the initiator.
According to size exclusion chromatography (SEC), its number-
average molecular weight was 8.3 kDa. The parent material in the
A1BA, series was a poly(styrene-b-isoprene) diblock copolymer
synthesized in the same fashion as above. The block masses were
9.4 (styrene) and 46 (isoprene) kDa, as discerned by SEC and proton
nuclear magnetic resonance ('H NMR) spectroscopy. In both cases,
the molecular weights of the parent macromolecules were selected
to ensure that the order—disorder transition temperature (Topr)
could be measured without concern of degradation. Endblocks
varying in length were grown as depicted in Fig. 1 by sequential
living anionic polymerization under identical conditions, and the
resultant copolymers were each subjected to SEC and 'H NMR
analyses. In all cases, polydispersities were 1.04 or less. Specimens
for rheology, small-angle X-ray scattering (SAXS) and transmission
electron microscopy (TEM) were prepared by compression molding
aplaten = 1.2 mm thick of each copolymer. Discs measuring 30 mm
in diameter were punched from each platen and heated to 170 °C
under vacuum for 2 h, after which time the materials were cooled
to ambient temperature.
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Fig. 1. Illustration of the sequential block growth strategy employed here, with the A
and B blocks appearing black and gray, respectively. In the AB diblock series, PS serves
as the parent chain onto which polyisoprene is grown, forming diblock copolymers
differing in composition. In the A{BA, triblock series, an A;B diblock copolymer
constitutes the parent macromolecule. Variation in the length of the A, block results in
molecularly asymmetric triblock copolymers.

Dynamic shear measurements were conducted on an ARES
rheometer equipped with 25 mm parallel plates separated by
a 1 mm gap to measure Topr of each copolymer in both series.
Details regarding the experimental procedure employed for this
purpose were previously provided [11]. Briefly, measurements
were conducted at low strain levels (2—5%) to ensure that linear
viscoelasticity was maintained. Values of Topr were ascertained
from abrupt reductions in the dynamic elastic (G') and viscous (G”)
moduli during isochronal temperature sweeps performed at heat-
ing rates of 1 and 5 °C/min at a frequency of 1 rad/s. Specimens for
TEM, obtained by cryoultramicrotomy at —100 °C, were selectively
stained with the vapor of 2% 0sO4(aq) for 90 min and imaged on
a Zeiss EM902 electron spectroscopic microscope, equipped with
an in-column energy filter and operated at 80 kV. Two-dimensional
SAXS patterns, acquired using CuKe, radiation (A =0.154 nm) from
a Rigaku RU-300 rotating anode operated at 40 kV and 40 mA, were
azimuthally integrated to yield scattered intensity (I) as a function
of wave vector (q), where q = (4n/A)sin(#/2) and @ is the scattering
angle.

3. Results and discussion

Values of Topr measured for each copolymer series are pre-
sented as a function of sequentially grown endblock (B in the AB
series and A; in the A{BA; series) mass in Fig. 2a and display two
unexpected features. The first is that, in the A{BA; series, a well-
defined minimum is apparent when the A; block is relatively short.
This observation has been attributed [11] to reduced incompati-
bility between the A and B blocks due to short A, blocks remaining
in the B matrix upon microphase separation of the A; and B
blocks. Beyond a critical length (=3.4 kDa), the A; blocks become
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Fig. 2. Order—disorder transition (ODT) behavior of the AB diblock (@) and A;BA;
triblock (O) series generated in this study. Experimental ODT temperatures measured
by rheology are presented in (a), and the solid lines connect the data. The dashed line
corresponds to the average in the limit of large B blocks in the AB series. The mean-
field representation showing (xN)opr as a function of copolymer composition (fs) is
provided in (b), wherein the solid lines represent MFT predictions. Arrows identify the
direction of increasing endblock growth in the two series.
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sufficiently incompatible with the B matrix to likewise microphase-
separate, co-locating with the A; blocks in A-rich microdomains.
When this occurs, the B midblocks are forced to undergo confor-
mational switching from tails anchored at just the A{/B junction to
either bridges or loops pinned down at both the A;/B and Ay/B
junctions [17,18]. Thus, the A;BA, series under examination
provides direct insight into the phase behavior of molecularly
asymmetric triblock copolymers and, by inference, the condition
signaling the onset of midblock bridging and network formation, as
discussed elsewhere [13]. The second surprising feature evident in
Fig. 2a is the plateau that develops in Toptr when the B block in the
AB series becomes sufficiently large, extending from 17 to 45 kDa.
Over this range, Topt surprisingly appears to be nearly independent
of the length of the sequentially grown B block (=128 + 1.5 °C),
which implies that the shorter block in an AB diblock copolymer
dictates the magnitude of Topr.

This latter observation appears contrary to previous theoretical
predictions and conventional wisdom, which contend that an
increase in molecular mass promotes an increase in thermody-
namic incompatibility (i.e., xN). To determine if this is the case, the
experimental data in Fig. 2a have been recast into a mean-field
format in Fig. 2b. Doing so requires the temperature (T) depen-
dence of y, which is taken as 52.6/T —0.0739 from our previous
analysis [11] of the triblock copolymer series and 33.0/T — 0.0228
from a prior study of diblock copolymers by Lodge and co-workers
[19]. Modest variations in these expressions may be due to
differences in analysis or copolymer thermodynamics, and/or
experimental error. The copolymer composition in Fig. 2b is
expressed in terms of the number fraction of styrenic repeat units
in the copolymer (fs). The number of repeat units in block i is given
by Mip;i/m;, where M; is the mass of block i, m; is the mass of
repeat unit i, p; is the reduced mass density of repeat unit i given
by the mass density of species i (1.04 and 0.913 g/cm> for poly-
styrene and polyisoprene, respectively) divided by the geometric-
mean reference density. As the diblock copolymer series is
sequentially grown, fs decreases and (yN)opr increases, confirming
that an increase in chain length is accompanied by an increase in
incompatibility, in favorable agreement with predictions from the
mean-field theory (MFT) proposed by Mayes and Olvera de la Cruz
[16] (included in Fig. 2b). While physical interpretation of the data
in the triblock copolymer series is not so straightforward due to
the mixing and conformational considerations discussed earlier,
the corresponding MFT predictions accurately capture the shape
and magnitude of the data, which suggests that this formalism can
extend the current investigation to copolymers varying in
composition and asymmetry.

Before doing so, however, morphological differences associated
with changes in copolymer composition must be addressed. In the
AB diblock series, fs ranges from 44% (with the smallest B block) to
12% (with the largest B block), indicating that the copolymer series
expectedly undergoes morphological transitions from lamellae to
spherical micelles as the B block is grown. These transitions for
diblock copolymers are well-established and are not reproduced
here. The same is not true for the A1BA; triblock series, which,
despite the variation in fs seen in Fig. 2b, remains isomorphic,
retaining a hexagonally packed cylindrical morphology according
to TEM and SAXS analyses over the entire series [13]. A represen-
tative TEM image acquired from the copolymer with fs=0.36 is
displayed in Fig. 3a and confirms the existence of styrenic cylinders
possessing limited long-range order in an isoprenic matrix. Images
collected from copolymers with lower styrenic compositions like-
wise show evidence of a cylindrical morphology. Complementary
results are obtained by SAXS patterns, an example of which is
included in Fig. 3b. In this case (as well as others not shown here),
the ratio of the second peak to the principal peak is v/3, which is
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Fig. 3. Morphological characteristics of molecularly asymmetric A;BA, triblock
copolymers, as discerned by (a) TEM and (b) SAXS. The unsaturated midblocks of the
copolymer (with a 19.3 kDa endblock) portrayed in (a) are selectively stained with the
vapor of OsO4(aq) and appear electron-opaque (dark) in this image. In the SAXS
pattern (b), intensity is provided as a function of scattering vector (q) and displays
a principal scattering peak and a discernible secondary peak (arrow). In the inset,
the dependence of the normalized invariant (Q/Qp) on endblock mass is provided. The
solid lines serve to connect the data. Included in the inset are SCFT predictions for the
fraction of the A block residing in the B matrix (®az/s, dashed line).
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indicative of hexagonally packed cylinders. A third peak observed
in the SAXS patterns of some copolymers further substantiates this
morphological assignment. This result suggests that the phase
boundaries delineating the morphologies of triblock copolymers
can be shifted, thereby expanding or contracting regions of interest,
by altering the extent of molecular asymmetry through sequential
endblock growth.

A more detailed examination of Lorrentz-corrected SAXS
patterns from the triblock series yields the scattering invariant (Q),
which provides a measure of structural homogeneity and, thus,
phase miscibility [20]. This quantity is determined from
1/2mie [;° 1(q)g°dq, where i, denotes the Thompson scattering
factor. For practical purposes, the integration is performed from the
first datum point at low q to the value of g beyond which I(q) does
not change (1.5 nm~') [21]. Results from this analysis, normalized
with respect to Q for the parent diblock (Qp), are included in the
inset of Fig. 3b and reveal the existence of a minimum (confirming
improved phase miscibility) when the Ay block is short, which
coincides favorably with the minimum observed in Topr (cf. Fig. 2a).
Included for comparison in the inset are predictions from self-
consistent field theory (SCFT) for the fraction of A; residing in the
core of the B matrix (®az/s) as a function of A block mass. Details of
the SCFT framework and the numerical methods employed therein
are provided elsewhere [22,23], and results from this theoretical
approach have been previously shown [13] to accurately predict the
morphological characteristics of microphase-ordered triblock
copolymers varying in molecular asymmetry. It is important to note
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that the minima measured in Q/Qp and Topt coincide embarrass-
ingly well with the maximum in @ predicted by SCFT.

Verification of the applicability of the MFT and SCFT formalisms
to the diblock and triblock copolymer systems under investigation
in this work permits extension of these theories to molecularly
asymmetric triblock copolymers varying in composition and
symmetry beyond current experimental conditions. For conve-
nience, we introduce t as the molecular asymmetry factor, defined
as the number of repeat units in the A; block relative to that in both
the A1 and A; blocks. Two particular values of t warrant mention: (i)
when 7 =1, no A; block exists and the copolymer is a diblock; and
(ii) when 7= 1/2, the A; and A; blocks are identical, resulting in
a molecularly symmetric triblock copolymer. Between 7=1 and
7=1/2, the A, blocks are shorter than the A blocks, whereas values
of 7 less than 1/2 correspond to longer A, blocks. We also introduce
6, the ratio of the number of B repeat units to that of A; repeat units,
as a measure of the parent diblock copolymer composition. In the
experimental measurements discussed earlier in this work, § = 6.6.
With both 7 and £ as adjustable parameters, the lengths of the B and
A, blocks can be independently varied. For simplicity, the length of
the A; block is held constant, and only values of § greater than or
equal to unity are considered further.

In Fig. 4a, values of (xN)opr are presented as a function of 7 for
five different values of 5. When f=1 and the parent diblock
copolymer is symmetric, addition of an A, block causes (xN)opt to
increase monotonically over the range of t examined. This is not the
case when g = 2, for which a weak maximum in (xN)opr is apparent
above 7=1/2, and a weak minimum appears below 7=1/2. As
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Fig. 4. Mean-field predictions of (xN)opr for molecularly asymmetric A;BA, triblock
copolymers over a broad range of molecular characteristics, expressed in terms of
asymmetry (t, a) and parent diblock composition (§, b), as described in the text. In (a),
t=1 and 7=1/2 (dashed line) correspond to diblock and symmetric triblock copol-
ymer designs (denoted), respectively, and values of § are labeled. In (b), the diblock and
symmetric triblock cases are highlighted as bold and dashed lines, respectively, and
values of 7 are labeled.

6 (and, hence, the length of the B block) is increased, the maximum
in (xN)opr(t) shifts to lower values of 7 and becomes more sharply
pronounced. In contrast, the minimum observed below 7=1/2
when =2 disappears altogether. As in Fig. 2b and elsewhere for
the case of § = 2.6, the maximum in (xN)opr when 1 lies between 1
and 1/2 translates into a minimum in Topr induced by mixing of
relatively short A, blocks in the B matrix. The cases of =1 and
6 =2, however, deviate from this trend, suggesting that the phase
behavior of these triblock copolymer systems may differ, which is
amenable to future experimental investigation. Predictions of
(xN)opr as a function of § for four values of 7 are provided in Fig. 4b.
The diblock and molecularly symmetric triblock cases (high-
lighted), as well as the intermediate case (7 = 0.7), behave similarly,
increasing for the most part with increasing §. The upturn in
(xN)opr at low g for the case of 1 = 1/2 becomes more pronounced
when 7 is decreased further to 0.2. Recall that, in this limit, the A,
blocks are longer than the A; blocks and appear to have a more
profound effect on copolymer phase behavior, especially when the
B midblock is relatively short.

The MFT predictions displayed in Fig. 4 confirm that the
constitution of the parent diblock, as well as the relative length of
the sequentially grown Ay block, can substantially influence the
phase behavior, expressed in terms of the ODT, of molecularly
asymmetric triblock copolymers. Complementary SCFT predictions
reveal that, under isothermal conditions, both factors can likewise
induce morphological conditions that depend sensitively on both
7 and f. In most cases, a symmetry-induced transition from alter-
nating lamellae to hexagonally packed cylinders or vice-versa
(depending on the value of () is predicted to occur, although the
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Fig. 5. Two-dimensional SCFT density profiles of the A; and A, blocks generated for
the A{BA; system in which =2 and 7 is set equal to (a) 0.91 and (b) 0.16. In (a), the A,
blocks are sufficiently short to remain mixed within the B-rich matrix that surrounds
A;-rich hexagonally packed cylinders. In (b), the A, blocks are longer than the A;
blocks, and the system organizes into an inverted cylindrical morphology wherein the
A, blocks comprise the matrix and the B blocks assemble into hexagonally packed
cylinders. The shorter A; blocks co-reside with the A, blocks in the matrix, forming
a corona around the cylinders.
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bicontinuous gyroid morphology has been observed [24,25] in
symmetric triblock copolymers. Of particular interest here is the
system wherein § = 2, for which three different morphologies are
observed as t decreases. When 1 = 0.91, hexagonally packed cylin-
ders of A; develop in a B matrix, as seen in the 2D density fields
presented in Fig. 5a. In this panel, the short A, blocks remain
primarily mixed within the B matrix, localizing at the interstitial
region between A;-rich cylinders. This scenario is similar to the one
encountered in the present triblock series, and the SCFT predictions
permit visualization of the block arrangements at thermodynamic
equilibrium [22,23]. If 7 is decreased to 0.5, the system organizes
into a lamellar morphology in which the A; and A; blocks are
indistinguishable, which is why we elect not to include those
results here. In Fig. 5b, though, 7 is decreased to 0.16 and the
distributions of the A; and Ay blocks are noticeably different. The
longer A, blocks comprise the matrix, whereas the B midblocks
assemble into hexagonally packed cylinders. The shorter A; blocks
form a coronal shell around the B-rich cylinders so that the
A-rich matrix becomes a bidisperse mixture of A and A endblocks.
Thus, the SCFT results likewise indicate that the morphologies (as
well as their stability ranges) of molecularly asymmetric triblock
copolymers can be tuned by judicious choices of 7 and £.

4. Conclusions

Families of diblock and triblock copolymers with sequentially
grown endblocks provide an efficient means by which to explore,
and ultimately exploit, the phase behavior of molecularly asym-
metric block copolymers. In the diblock series investigated here,
the ODT temperature is limited by the short, parent block when
the sequential block becomes sufficiently large. In contrast, end-
block mixing in the midblock-rich matrix of the copolymer
morphology, independently confirmed from invariant analysis
of scattering patterns, promotes an initial reduction in the
ODT temperature in the triblock series. Such phase behavior is
predicted by mean-field theory. Extension of this theory and
self-consistent field theory to molecularly asymmetric triblock
copolymers demonstrates a wealth of phase behavior that can be
realized by systematically varying the composition of the parent
diblock copolymer and the relative length of the sequentially
grown endblock. In addition, these systems can be used to inter-
rogate additional considerations, such as the conformation of the
copolymer midblock, the critical endblock length required to
induce microphase separation, and the role of bidisperse brushes
on nanostructure-property development.
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