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ABSTRACT: Self-assembly of poly(styrene)-block-poly- A
(isoprene)-block-poly(lactide)-block-poly(styrene) (PS—PI—PLA— f:::;:;i’:fi:fﬁ::f
PS’ or SILS') tetrablock terpolymers, where the volume fractions structures at various total %l M,
of the first three blocks are nearly equivalent, was studied both Mo values
experimentally and using the self-consistent field theory (SCFT).
SCFT indicates that addition of the terminal PS’ chain to a low-
molecular-mass, hexagonally packed cylinders forming, SIL
precursor can produce a disordered state due to preferential
mixing of the polystyrene end-blocks with the PI and PLA a .
midblocks in the SILS’ tetrablock, alleviating the unfavorable medium or
contact between the highly incompatible PI and PLA segments. In high total M,
contrast, SCFT predicts that higher-molar-mass triblock precursors

will maintain an ordered morphology upon addition of the terminal

PS’ block due to stronger overall segregation strengths. These predictions were tested using three sets of SILS’ polymers that were
synthesized based on three precursor SIL triblock polymers differing in total molar mass (14, 30, and 47 kg mol ™) and varying the
length of the terminal PS’ chain. In the lowest-molar-mass set of tetrablock polymers, the shift from order to disorder was observed
in the materials at ambient temperature as the molar mass of the terminal PS’ block was increased, consistent with SCFT
calculations. Disorder with longer S’ chain lengths was not found in the two higher-molar-mass polymer sets; the medium-molar-
mass set showed both microphase separation and long-range order based on transmission electron microscopy (TEM) and small-
angle X-ray scattering (SAXS), while the largest of these block polymers microphase separated but showed limited long-range order.
The combination of the experimental and theoretical results presented in this work provides insights into the self-assembly of
ABCA’-type polymers and highlights potential complications that arise from frustration in accessing well-ordered materials.

low

a
frustrated ABCA’
tetrablock terpolymers

a

B INTRODUCTION While more complicated packings of particles can be
obtained in diblock copolymers by increasing the conforma-
tional asymmetry of the blocks,"”'* the number of possible
morphologies available in a diblock copolymer remains
relatively limited. In contrast, addition of a third block to
form ABC triblock terpolymers greatly increases the number of
possible morphologies.'”'* The key new feature arising in a
triblock terpolymer is the concept of frustration;">'¢ if the A/
C mixing is more favorable than A/B or B/C mixing, the
system becomes frustrated because the connectivity of the
blocks enforces the enthalpically unfavorable A/B or B/C
contacts. This effect is quantified by the Flory—Huggins
parameter y; between blocks i and j, where the frustrated
system corresponds to yac <K ¥ap Or Yac < ¥pc. In addition to
the scientific interest engendered by such triblock terpolymers,

The ability of block polymers consisting of covalently linked,
chemically distinct blocks to self-assemble on the nanoscale
results in hybrid materials that can enable a plethora of
applications." Multiblock polymers offer great potential for
material design by incorporating multiple chemical function-
alities with controlled localization of those functionalities at the
nanoscale. This significant practical advantage is accompanied
by a daunting engineering challenge, as the self-assembly of
multiblock polymers is more difficult to predict and control
than the well-studied diblock copolymers.” In the latter case, a
straightforward analysis’ of the competition between chain
stretching and interfacial tension, as well as self-consistent field
theory (SCFT)," leads to the emergence of three morphologies
with an increasing volume fraction of the minority block: body-
centered cubic (bcc) particles, hexagonally packed cylinders
(hex), and a lamellar morphology (lam). The boundary
between the hex and lam phases is interrupted by a co-
continuous, double-gyroid network phase,” whose energetic
basis is somewhat more complicated,”"* and a small region of
another network morphology, the Fddd O phase, near to the
order—disorder transition.”"”
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additional blocks also open up new opportunities for
applications. For example, if the system is designed so that it
creates a cylindrical morphology with an etchable terminal
block, the remaining B block can impart a chemical
functionality to the surfaces of the resulting nanoporous
sample that could be useful, for example, in membrane
separations.17

We are interested in the next level of complexity in
multiblock polymers, namely, linear tetrablock terpolymers
consisting of four blocks and three chemically distinct repeat
units. Twenty years ago, some of the earliest screening of
potential ABCA tetrablock terpolymer phase behavior with
SCFT calculations revealed a variety of interesting morphol-
ogies, even in a nonfrustrated system.18 There now exists a
body of literature'”™>> on the self-assembly of ABAC and
ABA'C tetrablock terpolymers for ypc > yac ® Yap wWhere the
prime notation indicates the same repeat unit but different
block molar masses and thus volume fractions. This system is
not frustrated because the highly unfavorable B/C interactions
are limited by the presence of the A’ block. The “pseudo-
diblock” system is a particularly interesting case where (i) the
C block volume fraction is similar to the volume fraction of the
minority block in an AB diblock and (ii) the composition is
within the particle-forming part of the diblock phase diagram.
The resulting tetrablock terpolymer system forms particles
with cores of C organized within a matrix of A and B, creating
the pseudo-diblock system. A positive value of y,p leads to
structuring of that matrix, which then alters the balance
between interfacial energy and chain stretching that would
otherwise produce bcc ordering of the particles of C. The
particle-forming region of the nonfrustrated tetrablock
terpolymer system has been studied both experimentally,
using poly(styrene)—b-poly(isozprene)-b-poly(styrene)/-b-poly-
(ethylene oxide) (SIS’O),"””° poly(cyclohexylethylene)-b-
poly(ethylene)-b-poly(cyclohexylethylene)-b-poly-
(dimethylsiloxane),”* and poly(styrene)-b-poly(isoprene)-b-
poly(styrene)’-b-poly(2-vinylpyridine)** as model systems,
and by SCFT for both experimental systems'”*’ and in
more general cases.”"”* Both experiments and theory produce
a cornucopia of sphere-forming phases, most notably the
emergence of a Frank—Kasper A1S phase that is stabilized by
weak microphase separation of the matrix."’

In addition to the latter work on ABAC and ABA'C
tetrablock terpolymers, there exists literature on other
tetrablock terpolymer architectures. Both Monte Carlo
simulations of ABCA polymers in solution’””’ and SCFT
calculations of ABCA polymers in the melt’®* suggest that
non-centrosymmetric and Janus-type structures can be
achieved by these polymers depending on the relative volume
fractions and interaction parameters. Consistent with the
theory, non-centrosymmetric structures have been observed
experimentally for nonfrustrated ABCA polymers both in the
melt and in aqueous media.’>*" Vesicles and micelles formed
in solutions of frustrated and nonfrustrated ABCA’ polymers
have shown well-ordered, symmetric, microphase-separated
structures.”” >* While these works have revealed a wealth of
information about the ordering of tetrablock terpolymers, the
large state space of this system makes developing a relatively
complete understanding of their phase behavior, akin to that
achieved for conformationally symmetric diblock copoly-
mers,>” a significant challenge.

In the present contribution, we consider how the phase
behavior of an otherwise ordered triblock terpolymer is

affected by the addition of a fourth block, examining an
ABCA’ tetrablock terpolymer synthesized from a frustrated
parent ABC terpolymer (yac << ¥ap Of Yac < ¥pc)- As a model
system, we use a parent triblock of poly(styrene)-b-poly-
(isoprene)-b-poly(lactide) (SIL) where the parent triblock has
roughly equal volume fractions of each block.’® This system is
quite similar in its Flory—Huggins parameters to poly-
(styrene)-b-poly(isoprene)-b-poly(ethylene oxide) (SIO),
where the poly(lactide) plays the role of the poly(ethylene
oxide). Prior experimental work on this system™® indicates that
this SIL triblock polymer forms a hex phase, where the cylinder
cores are poly(lactide) (PLA) with a shell of poly(isoprene)
(PI) in a PS matrix. The cylinders are highly faceted owing to
the polygonal nature of the intermaterial dividing surface.’”
Companion SCFT calculations® also produce a similarly
faceted hex phase, but the predicted equilibrium morphology
using literature-based estimates for the trio of Flory—Huggins
parameters is a trilayer lam phase; the transition to a hex phase
occurs at a lower ratio of y,p/ypc than is expected in
experiments. The SIL system is attractive for our purposes
since the chemistry required to convert these triblock

terpolymers into SILS’ tetrablock terpolymers is robust (Figure
1)

O
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Figure 1. Polystyrene-block-polyisoprene-block-polylactide-block-pol-
ystyrene (SILS’) tetrablock terpolymers.

We examine here how the ordering of the initially
hexagonally closed-packed cylindrical phase produced by SIL
in the limit of equal volume fractions is impacted by the
addition of a PS’ block of varying molar mass to form the
tetrablock terpolymer in Figure 1. Prior experiments using the
nonfrustrated SISO system have already demonstrated that
the ordered phase behavior changes significantly upon addition
of the terminal block;*® our goal here is to examine the
frustrated case and determine whether the frustration that
leads to an ordered phase in the triblock terpolymer®® can be
relieved by conversion to a tetrablock terpolymer. We adopt
first a theory-based approach, using SCFT to identify the
circumstances under which the initially ordered SIL triblock
terpolymer becomes disordered by the addition of the terminal
PS’ block. Subsequent inspection of block volume fractions
and total molar mass of the SIL triblock indicates that disorder
emerges when the PS’ block of high molar mass is added to
sufficiently low-molar-mass SIL triblock, owing to the mixing
of PS’ and PLA in the matrix. However, if the parent triblock is
of high molar mass, the added PS’ block loops back instead of
mixing with PLA, thereby maintaining the ordered state. We
then test these theoretical predictions using a set of three
parent triblock polymers with total number-averaged molar
masses of 14, 30, and 47 kg mol™! at varying volume fractions
of PS" to PS. The qualitative predictions of SCFT are borne
out by the lowest-molar-mass precursor, with a transition to
disorder as the molar mass of the terminal PS’ block increases.
Disorder with longer S’ chain lengths was not observed in the
two higher-molar-mass polymer sets; the medium-molar-mass
set showed both microphase separation and long-range order
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based on transmission electron microscopy (TEM) and small-
angle X-ray spectroscopy (SAXS), while the largest-molar-mass
set showed limited long-range order.

B METHODS

Materials. Syntheses of the SIL and SILS’ triblock and
tetrablock polymers via sequential anionic, ring-opening
transesterification, and reversible addition—fragmentation
chain-transfer polymerizations were described previously
along with information on both sample preparation and
characterization.””*” Molecular and thermal data on the
polymers is included in the Supporting Information (Table
S1).

Self-Consistent Field Theory Calculations. The calcu-
lations were performed using the open-source PSCF code,"'
following the methodology described in reference 36. The
parameters for the SCFT calculations, based on the literature
data for these blocks,*”** are outlined in the Supporting
Information.

B RESULTS AND DISCUSSION

Self-Consistent Field Theory. To focus our analysis, we
examine the set of SIL triblock polymers with M, ., = 14, 30,
and 47 kg mol™' and consider cases where the additional PS
block has a volume fraction given by the ratio £ = fg//f. Figure
2 furnishes the full set of systems under consideration here. In
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Figure 2. M, of the entire tetrablock polymer versus {—the ratio of
fs to fe—which quantifies the asymmetry of the two terminal
polystyrene block lengths. The parent triblock polymer molar masses
are 14 kg mol™" (blue circles), 30 kg mol™" (gold triangles), and 47 kg
mol™" (red squares); the polymers built from the same SIL triblock
precursor are represented in the same color and shape. The solid data
points are those that have been synthesized, while the open point
represents a polymer composition analyzed by SCFT but not
synthesized.

what follows, the notation SILS’_X; corresponds to a parent
triblock with total number-averaged molar mass X (in kg
mol™") with poly(styrene) block volume fraction ratio & (e.g,
SILS' 47,4); the notation SILS’ X refers broadly to all
tetrablock polymers formed from the parent triblock of molar
mass X. The corresponding notation SIL X refers to the
parent triblock polymer.

To understand the role of adding a terminal PS" block to a
SIL precursor, it is useful to recall in some detail the SCFT
predictions for the triblock polymer.*® For the case where the
volume fractions of each of the three blocks are approximately
equal, SCFT calculations predict that the equilibrium

morphology is a lamellar structure for the trio of Flory—
Huggins parameters characterizing SIL over the temperature
range of interest in experiments. It is only at relatively low
values of yg/yy that the lam phase is overtaken by hex,
consistent with the results of the strong-stretching theory for a
generic ABC triblock system with equal volume fraction
blocks.*” Tt is not clear why the SCET calculations fail to
reproduce the experimentally observed hex morphology™® as
the equilibrium state, although possible reasons are un-
certainties in the Flory—Huggins parameters,”> molar mass
and compositional dispersity,” or the finite molar mass of the
polymers.*’

In our investigation of the SILS’ system, we thus considered
both lam and hex as ordered phases that compete against the
disordered state; our primary goal is to determine whether the
addition of the terminal PS’ block can stabilize a disordered
phase against either of these ordered states, since the
disagreement between the experiment and theory for the
ordered phase in SIL has not been resolved.** We considered
first the lowest-molar-mass triblock polymer SIL 14 and
computed the free energies per chain of lam and hex relative to
that of the disordered phase, AF/nkgT, as a function of volume
fraction (fg) of the terminal PS’ block added to the SIL_14
triblock. These data are reported in Figure SI. At a given
temperature, we look for the order—disorder transition
temperature as a function of the terminal block volume
fraction fg; with knowledge of the triblock molar mass, this
volume fraction can be readily converted to a critical value Mg/
that must be added to the parent triblock to destabilize the
ordered triblock terpolymer morphology. Note that, as the
ordered structures move sufficiently far from their region of
thermodynamic stability, their SCFT solutions no longer
converge even when using a continuation method*' to extend
the previous solutions. In this case, we assume that the
disordered state is preferred.

Figure 3 provides the critical value M for SILS'_14
tetrablocks formed from the smallest parent triblock polymer,

T T T L
10Y Exp. Sample — - |
t Lowest Molar Mass —v—

v

oL— L 1
120 130 140 150 160 170 180 190
T[°C]

Critical Molar Mass, MCS, (kg/mol)

Figure 3. Minimum molar mass of the PS’ block that must be added
to the parent SIL_14 triblock such that the resulting SILS’'_14
tetrablock forms a disordered phase. These calculations were
performed by considering lam and hex as the only ordered phase
candidates. The segregation strengths as a function of temperature are
calculated using the interaction parameters given in the SI.

SIL_14, over an experimentally realistic temperature range. To
provide a concrete example, consider the system SILS’ 14,
in Figure 2. The molar mass of the terminal PS’ block is
3.6kgmol™". The dashed line in Figure 3 indicates that this
system should have an order—disorder transition temperature
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Figure 4. Density profiles from SCFT calculations of the cylinder morphology for SILS’ tetrablock terpolymers at T = 150 °C. Specifically, the
segregation strengths (yisN, ¥s N, ¥ IN) used are (a) (13.42, 1491, 34.61), (b) (29.29, 32.55, 75.53), and (c) (45.91, 51.02, 118.40), and the
volume fractions (fs, f1, f1, fs) used are (a) (0.2731, 0.2651, 0.2530, 0.2088), (b) (0.2780, 0.2940, 0.2880, 0.1400), and (c) (0.2988, 0.3118,
0.2613, 0.1281). For SILS’_ 14, (A), mixing of the PS and PI blocks as well as of the PLA and PS’ blocks leads to disorder. Conversely, the PS’
blocks of SILS’_30,5 (B) and SILS’ 47,46 (C) are predicted to loop back and ease frustration between the PI and PLA blocks, maintaining their
ordered structures. The right panels provide the density profiles along the [11] direction, indicated by the dashed white lines in the left panels.

(ODT) of approximately 160 °C, since the molar mass of the
terminal PS’ block exceeds the critical value Mg for T 2 160
°C (and thus produces a disordered state). Note that MS
should be a strong function of temperature, so that even at the
lowest temperature (T = 120 °C), the molar mass of PS’
required to induce an ODT for a 14 kg/mol SIL triblock is
only 10 kg/mol.

We also performed similar SCFT calculations for the higher-
molar-mass precursors SIL 30 and SIL 47. We again only
considered lam and hex structures for these samples, but even
with this limited parameter space, the SCFT calculations
predict that the tetrablock polymers will always form ordered
structures within the temperature range 120 °C < T < 190 °C.
Hence, there does not exist a critical My for the SILS’ 30 and
SILS’_47 polymers up to 190 °C. Clearly, these systems must
exhibit an order—disorder transition at some higher temper-
ature, and the location of the ODT will be influenced by the
molar mass of the terminal PS’ block. We expect that it would
be possible to form a disordered phase at any given
temperature by adding a very long PS’ block, ie., fg — 1,
leading to vanishingly small PI and PLA volume fractions.
Under such conditions, even the SILS’ 30 and SILS’ 47 are

10269

predicted to collapse into a disordered phase. From this
perspective, the transition from an ordered to a disordered
phase by adding a terminal PS” block is universal and should
exist for any SIL triblock independent of its molar mass and
temperature. Still, the f¢ — 1 limit is impractical as it
essentially creates a homopolymer of PS, and hence we restrict
ourselves here to volume fractions fg < 0.6 in the final SILS’
tetrablock. Moreover, we restrict ourselves here to temper-
atures that can be feasibly studied in experiments without
degradation of the polymers, as a SCFT prediction of an
experimentally inaccessible ODT is not germane to our goals.

A particularly powerful aspect of SCFT for the tetrablock
terpolymers is that it permits investigating the nanostructured
morphology in ways that are challenging (or impossible) to do
experimentally.'””>*> In the present circumstances, it is
particularly illuminating to resolve the volume fractions of
the PS and PS’ blocks to see how they are connected to the
emergence of a disordered state in the tetrablock terpolymer as
the volume fraction of the PS’ block is increased. To this end,
Figure 4 shows the density profiles of different blocks within
the cylindrical phase formed by SILS’ 14, SILS’ 30,5, and
SILS’ 47,¢¢ tetrablock polymers at a temperature of T =

https://dx.doi.org/10.1021/acs.jpcb.0c07543
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150 °C. Density profiles for the corresponding parent SIL
triblock polymers are provided in the Supporting Information
(Figure S2). It is evident that the PS and PI blocks are
intermixed significantly within the matrix for both SIL_14
(Figure S2) and SILS’_ 14, (Figure 4A). In contrast to the
core—shell cylinder morphology observed for high-molar-mass
SIL triblock terpolymers,* in SILS’ 14, the cylinders are a
mix of the PLA block and the terminal PS’ block (Figure 4A).
Similarly, the first PS block mixes with the PI block to form the
matrix around the cylinders. Such high degree of intermixing
both in the matrix and in the core results from binary
segregation strengths yg N and y;gN for this sample that are
not sufficiently high to segregate these blocks due to the low
value of N. This preferential mixing of PS" with PLA blocks is
most likely the reason the disordered phase for the SILS’ 14
polymers with longer PS’ blocks is observed.

In contrast to what happens with SILS’ 14, SIL 30 and
SILS’ 30,5, form the well-segregated core—shell structures
depicted by Figures S2B and 4B, respectively. Note that the
SILS’ tetrablock in this case does not correspond directly to
any of the experimentally synthesized samples because the
calculation for the cylindrical phase for SILS’ 3044, (the
smallest PS’ block used in experiments) failed to converge.
Instead, Figure 4B represents a tetrablock with the maximum
length of the terminal PS’ block possible where the cylindrical
morphology would converge in SCFT, which is My =
4.8 kgmol™" (and thus SILS’ 30,5,). For SIL 30, the PLA
block forms the core of the core—shell cylinder; however, for
SILS’ 30,50, the added PS’ block forms the core within a
double shell of PLA and PI In both the cases, the PI shell
around the PLA block is faceted to maintain a constant density
(incompressibility) of the melt. Another curious aspect of the
density profile for SILS’_30, is that a noticeable amount of
the PS’ block must loop back to form the thin region in
between the PI and PLA blocks. This is probably a
consequence of the frustration of the tetrablock based on the
high binary segregation strength y; N; the PS’ block screens
the interaction of PI from PLA, lowering the overall free energy
of the system. Such looping back of the chains was also
observed in work on the self-assembly of ABC bottlebrush
triblock terpolymers.*’

The tendency of the PS’ block to loop back amplifies for the
higher-molar-mass sample, SILS’ 47,4, (Figure 4C). The
density of the PS’ block in between PI and PLA blocks is
increased for SILS’_47,¢s compared to SILS’_30, 5 (Figure 3).
Overall, SILS’ 47,4; forms well-defined trilayer cylinders
similar to SILS’ 30,5 but with much sharper interfaces
resulting from the extremely high value of y;N in this
frustrated system. Such significant frustration suggests that it
may be difficult to achieve an equilibrium morphology
experimentally for the SILS’ 47 polymer set.

Experimental Results. We synthesized SILS’ polymers
with a range of £ values to provide comparisons to the SCFT
results. Starting with the SIL 14 triblock polymer, which
exhibited core—shell cylinder morphology seen in the TEM
images of Figure SA, and multiple peaks in the SAXS data
indicating hexagonal packing (peaks in Figure SB for SIL 14
include q* = 0.270 nm~), /(3)g* and 1/(7)q*), we
performed chain extension by reversible addition—fragmenta-
tion chain-transfer (RAFT) polymerization to make the
SILS’_14 polymers with & values going from 0.27 to 2.0S.
As expected from the computational results, two morpho-
logical consequences were observed. For the polymers with
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Figure 5. Representative TEM (A) and SAXS (B) data for the
smallest triblock polymer and the two ordered tetrablock polymers
made from this starting material: M, ps = 4.7 kg mol™", M, p; = 3.9 kg
mol ™", M, p» = 5.2 kg mol ™, triblock (SIL_14, black, bottom), M, ps
= 1.3 (SILS’_14,,, red), and 3.6 (SILS’_14,,, orange) kg mol™".
These data were collected after thermally annealing the samples for 16
h at ~120 °C. The TEM samples were vapor-stained with OsO,. See
Figure SS for a TEM image of SILS’_14,,, stained with RuO,.

shorter PS’ blocks, SILS’ 14,,, and SILS’ 14, layered
structures were seen in the TEM images (Figure SA), which
are interpreted as the side-on view of hexagonally packed
cylinders based on the peaks in the SAXS data in the case of
SILS’ 140,, (Figure SB, q* = 0437 nm™', v/(3)q* and
\/ (4)g*). Morphological assignment for SILS’ 14,,, could
not be established based on the data presented in Figure S, but
some TEM images of this sample gave apparent layer spacings
of about 8 nm, which could be associated with a projection of
hexagonally packed cylinders with a principal spacing of 13 nm
(¢* = 0.48 nm™"). For the larger SILS’ 14 materials, however,
disordered materials were evident by both TEM and SAXS
before and after annealing (Figures 6, S3, and S4).

At the annealing temperature of 120 °C, the SCFT predicts
that disordered structures would be evident at larger PS’ block
lengths (>10 kg mol™). For our synthesized materials with
M, ps = 6.8—9.6 kg mol ™, disorder is evident in both the TEM
and SAXS results at ambient temperature. These systems
demonstrate a physical manifestation of the SCFT results and
are consistent with the PS blocks mixing with the PI and PLA
blocks and alleviating the associated frustration of the system
despite the PS blocks being positioned at the ends of the
polymers.

SILS’ 30 tetrablock terpolymers built from the SIL 30
triblock precursor achieved ordered structures regardless of the
PS’ block length (¢ values ranging from 0.69 to 1.7), consistent

https://dx.doi.org/10.1021/acs.jpcb.0c07543
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Figure 6. Representative TEM (A) and SAXS (B) of the disordered
tetrablock polymers SILS'_14,, (M,ps = 6.8 kg mol™!, green),
SILS' 14,50 (M, ps = 7.0 kg mol ™, blue), and SILS’_14, 45 (M, ps =
9.6 kg mol™', purple, top). The SAXS data were collected after
thermally annealing the samples for 16 h at ~120 °C, while the TEM
images of SILS’ 14,05 and SILS’_14,, were acquired without
thermal annealing. The TEM samples were vapor-stained with OsO,.
Additional TEM images of these polymers are shown in Figure S4.

with the SCFT results (Figure 7). Only a slight shift is
observed in the primary SAXS peaks for the SILS’_30
tetrablock terpolymers, indicating similar domain sizes despite
molar mass differences of up to 25%, though other peaks
shifted to lower g values as the PS’ block was extended. The
sharper peaks for SILS’ 30,49, SILS’ 30,4, and SILS’ 30,
are consistent with the hexagonal packing evident in the
corresponding TEM images, though an additional broader
peak exists as a shoulder to the right of each of the primary
peaks that is not expected in hexagonal symmetry. The SAXS
traces for the largest two SILS’_30 polymers with & values of
1.6 and 1.7 still have multiple features, though they are
broader.

While ordered, frustrated, tetrablock terpolymers were
accessed with the SILS’_30 series, neither the TEM images
nor the SAXS data could provide a full picture of the
morphology. For the TEM images in Figure 7, the samples
were vapor-stained with RuO,, which stains both PS and PI, so
that the lighter domains are expected to be PLA.
Unfortunately, areas that are PS and areas that are PI are
not clearly defined by this staining method. Thus, a
complementary staining experiment was completed with
0s0,, which should stain PI most heavily, PS lightly (if at
all), and PLA not at all. Side-by-side comparison of the two
samples with the complementary stains still does not provide a
clear picture of the morphology (Figure 8). In addition, only
lamellae and core—shell cylinders were calculated by SCFT
and neither of these morphologies appears to match the
collected data.

Chain extension of our largest triblock precursor, SIL_47,
led to a clear microphase separation of blocks (Figure 9),
though long-range order was not achieved. As shown
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Figure 7. Representative TEM (A) and SAXS (B) data for the middle
polymer set: M, ps = 9.6 kg mol™'; M, p; = 8.7 kg mol™!, M, p , = 12
kg mol™!, M, ps' = 6.6 (SILS’_30y 49, red, bottom), 7.5 (SILS'_30q s,
orange), 10.3 (SILS’_30, ;, green), 15.5 (SILS’_30, ¢, blue), and 16.2
(SILS’_30,,, purple, top) kg mol™". These data were collected after
thermally annealing the samples for 160 h at ~120 °C. The TEM
samples were vapor-stained with RuO,. The TEM images of
SILS’_30,5 were obtained without thermal annealing (Figure S6),
but no clear images were obtained after thermal annealing.

previously,” the triblock terpolymer self-assembles to form
hexagonally packed core—shell cylinders with long-range order,
as clearly seen in the SAXS data (Figure 9B, the SIL data was
indexed to hexagonal symmetry and TEM images confirmed
the morphology in our previous report). Yet while the
extremely high values of y;; N for the SILS’_47 set of polymers
were expected to provide strong segregation, especially
between the PI and PLA, which would force each polymer
block into a relatively pure domain in the annealed material, it
was also expected that reaching an equilibrium structure may
be difficult to achieve. Indeed, these samples produced well-
segregated structures both before and after annealing and
displayed morphologies upon annealing with both square-
packed (SILS’ 47,gs) and hexagonally packed (SILS’' 47,5)
domains of PI as observed by TEM (Figure 9A). Even after
over 100 h of thermal annealing at 120 °C, the polymers did
not display long-range order, as evidenced both in the broad
SAXS peaks (Figure 9B) and in the TEM images (Figures 94,
and S7). A higher annealing temperature could not be used
due to decomposition of the polymer observed by SEC.****
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Figure 8. Complementary staining of the samples for TEM with
0s0, (A) and RuO, (B) for SILS’ 30, 4. With OsO,, the PI shows
up as dark, while with the RuO,, only the PLA shows up light,
allowing us to discern the PI domain in the OsO,-stained sample and
the PLA in the RuO,-stained sample. Unfortunately, the PS domain is
not easy to distinguish in either because it appears similar to the PLA
in the OsO,-stained sample and similar to the PI in the RuO,-stained
sample.

) @ o = SILS'_47,,

® —SILS_47,,
— SIS 47,
1 — SILS' 47, 4
% —SILS_ 47,
€ ——sIL_47
>
g
§
s
2
‘B
f=4
g
£
]
0.0 012 0j4 016 Oja 110

q (nm™)

Figure 9. Representative TEM (A) and SAXS (B) data for the largest
polymer set: M, ps = 16 kg mol™%; M, p = 14 kg mol ™}, M, pa =17 kg
mol ™!, M, ps = 6.8 (SILS’_47,43, orange, bottom), 14 (SILS'_47,4,
green), 18 (SILS'_47,,, blue), or 28 (SILS’_47,, purple, top) kg
mol™". These data were collected after thermally annealing the
samples for 112 h at ~120 °C. The TEM samples were vapor-stained
with OsO,.

At shorter annealing times, different structures were
evidenced by both TEM and SAXS (Figures S8 and S9), but
clear long-range order was not observed. The SAXS data
before and after annealing do appear to be related and the
traces sharpen up after annealing (except in the case of
SILS' 47,,;), but the structures observed in the TEM images
are not easily reconciled with one another. For example,

SILS’_47,4; before annealing appears to be approaching a
lamellar morphology, but after annealing, these domains
appear more twisted and convoluted. Similarly, prior to
annealing, SILS’_47,, appears to present square-packed
spheres or cylinders with a helical or stretched aspect, but
the peaks in the SAXS trace are very broad. In contrast, the
TEM image post annealing appears less ordered, though the
SAXS peaks are starting to sharpen. Thus, it is unclear whether
these represent structures that are along the pathway to long-
range order.

Comparing the SILS’_14 polymers with the other two sets
of materials confirms that there are thresholds for the
calculated (dis)ordering behavior with respect to the degree
of polymerization. Obtaining a disordered SILS’ tetrablock
polymer by chain extension from an ordered SIL triblock
polymer only occurs with the smallest tetrablock polymer set,
despite accessing polymers with a significant total PS fraction
in the SILS’ 30 and SILS’ 47 sets as well. As microphase
separation is dependent on yN, a lower overall N is likely the
predictive variable for this observation.

While the SCFT and experimental results are generally
consistent, there is one notable difference. For all of the SILS’
tetrablock polymers, an increase in g* was observed relative to
the precursor triblock polymers, indicating a contraction of the
domain spacing with the addition of the PS’ block. For
example, the SAXS data show an increase in ¢* from the
SIL_47 triblock polymer to the SILS’ 47 tetrablock polymers
from 0.12 nm™" to between 0.17 and 0.25 nm™" (Figure 9B).
This is contrary to the decrease in q* going from SI to SIL
(0.30 to 0.12 nm™"), which is in accord with the common
finding that an increase in overall polymer size is accompanied
by an increase in domain size and spacing. These trends in g*
are not directly explained by the SCFT calculations, as the
calculations predict an increase in the domain spacing from
SIL to SILS’ (Table S3). Though changes in polymer
architecture have been associated with a reduction of domain
spacing,”' previously published experimental and theoretical
papers on the ABCA polymers generally do not compare
domain spacing of the triblock and tetrablock polymers.'®*°~**

It has been shown in the literature that the domain spacing
of the frustrated ABC triblock polymers is a function of the
added terminal block and can lead to a lower value by the
addition of a terminal block.>>** For ABC triblock polymers,
Xie et al. have demonstrated that the terminal C block forming
the core can be in the relaxed coiled state in the core, but when
a B block is added to form ABCB tetrablock polymers, the C
block experiences appreciable stretching as both junctions are
forced to the B/C interface.”” To minimize such an increased
stretching, the core of the C block shrinks, leading to a smaller
domain spacing compare to that in the corresponding ABC
triblock polymers. Such a behavior could also be happening in
the SILS’ tetrablock polymers, but a key distinction here is that
the terminal PS’ block forms the core, as opposed to the ABCB
system in which the C block forms the core. This leads to two
primary differences in comparison to the ABCB system of Xie
et al.: (1) the PS’ block forming the core can still be in the
relaxed state, so increasing the polymer length should increase
the domain spacing and (2) the PLA block forms a concentric
core around the PS’ block (Figure 3B,C) with two interfaces
on either side, which can lead to much more stretching of the
PLA block compared to that of the C block in the ABCB
system. Cumulatively, these two opposing factors might lead to
a decrease in the domain spacing, but the effect is expected to
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diminish as the length of the PLA block or the overall molar
mass of the SILS’ tetrablock increases. Hence, this peculiar,
experimentally observed contraction in the domain spacing for
all of the tetrablock polymers considered here, especially for
the higher-molar-mass polymers, remains an interesting open
question for further investigation.

While the SCFT calculations do not account for the increase
in ¢* with the addition of a terminal S” block, we believe that
the results depicted in Figure 4 point to the reasons for this
effect. SIL is a frustrated triblock polymer, whereby the
unavoidable PI-PLA interfaces are energetically more
unfavorable than the PS—PI interfaces. The compositionally
symmetric SIL triblock molecular architecture constrains the
associated morphology to a cylindrical geometry with a PLA
core. Addition of the PS’ block at the end of the PLA block
provides a mechanism for partially alleviating this packing
frustration, as revealed in Figure 4B,C. Although a majority of
the S’ block segregates to the core of the cylinders, a nontrivial
fraction penetrates the PLA domain and wets the PLA—PI
interface, which will significantly reduce the associated
interfacial tension and alleviate the frustration of the system.
Adding a larger S’ block offers greater configurational freedom
in this regard. This in turn is likely to drive a transition to
different morphologies, with smaller domain and ordered state
dimensions, since a smaller interfacial tension shifts the balance
between interfacial area and chain stretching toward increased
interfacial area per polymer chain that can be accompanied by
reduced chain stretching.

While we are not able to identify specific ordered state
morphologies with the addition of §" blocks, both SAXS and
TEM are consistent with changes in structure in all three
systems examined. Application of SCFT requires specification
of a morphological symmetry, which we do not know for the
SILS’ tetrablock terpolymers. Nevertheless, the insights
provided by Figure 4, specifically interfacial wetting by the S’
blocks, substantiate our interpretation of the experiments.
Recently reported work on ABCA’ tetrablock terpolymers
demonstrates the formation of several new morphologies,
including Janus spheres and cylinders as well as a helical
supercylinder structure in which the B and C blocks form
helices and twist with each other to form a supercylinder.”*
These morphologies could be forming in our SILS’ tetrablock
terpolymers, especially in between the HEX and disordered
phases. Considering all of these complex structures, in light of
the experimental results presented in this manuscript, is
certainly an interesting opportunity for future study.

B CONCLUSIONS

Experimental and theoretical studies of three sets of frustrated
ABCA' polymers of relatively low molar mass (the largest
tetrablock polymer had M, ., = 75.0 kg mol™") demonstrated
unexpected difficulty in observing long-range order and well-
defined structures. SCFT calculations showed that chain
extension of an ABC triblock polymer to form an ABCA’
tetrablock polymer could result in disordering of the entire
system, but only for smaller triblock parents with larger A’
blocks. This result was consistent with the experimental results
where the smallest SILS’_14 polymers became disordered with
larger PS’ blocks, while SILS’ polymers starting from larger SIL
triblock polymer precursors adopted microphase-separated
structures regardless of PS’ block size. The middle polymer set,
SILS’_30, demonstrated achievable long-range order, even
with relatively short polymer blocks of 6.6 to 16.2 kg mol™,
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while for the largest set of polymers, SILS’_47, long-range
order was not achieved based on the broad SAXS traces,
though intriguing patterns were observed in the TEM images.

SCFT on SILS’ 30,5 and SILS’ 47,4 indicated that
frustration in these materials could be alleviated by having
some of the PS’ blocks loop back in between the PI and PLA
blocks, but that this mixing of the PS’ block does not result in
disordered structures like those seen with the smallest
tetrablock polymer set. Because density profiles were only
calculated for the cylindrical phase of both of these polymers, it
is unclear if the formation of a barrier occurs in the observed
structures, or if noncylindrical morphologies are achieved that
do not require this alleviation of frustration. Indeed, though
the sharper peaks in the SAXS data for the SILS’ 30 polymers
do correspond to hexagonal packing, the TEM images display
what could be a basket weave (for SILS’ 30, ;) or segmented
lamellae (for SILS’ 30,, and SILS’ 30,4). Even with
complementary staining techniques (using OsO, or RuO,), a
clear picture that distinguishes between all three polymer types
was not achieved. Still, the morphologies exhibited by the
SILS’ 30 polymers begin to deliver on the promise of new
structures from ABCA' tetrablock terpolymers.
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