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ABSTRACT: The phase behavior of polymers in solution is of both
fundamental and practical interest. Previous work using coarse-grained
molecular simulations suggests that the critical temperature (T.) of
macromolecules in solution can be controlled by the monomer
sequence. Here, we experimentally investigated the solution phase
behavior of a series of styrene—isoprene copolymers in both styrene-
and isoprene-selective solvents. Across the series, the copolymers had a
similar overall composition and molecular weight but subtle changes in
the monomer sequence obtained by systematically placing a short
homopolymer block of either polystyrene or polyisoprene at the end or
the center of an otherwise random styrene—isoprene copolymer chain.
Compared with a fully random copolymer, sequences that microphase-
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separate to form starlike or crew-cut micelles produce a lower T.. Conversely, sequences that do not form micelles exhibit a higher
T.. Through a delicate balance of solvent/polymer compatibility, we demonstrate the spontaneous and thermoreversible formation
of unusually large (aggregation number, ~1000), stable crew-cut micelles. Despite the unusual structure, the thermodynamics of
formation of these crew-cut micelles is similar to that of starlike block copolymer micelles.

B INTRODUCTION

Phase separation is crucial to material function in both
synthetic and biological soft matter. In synthetic systems, phase
separation processes are used to make complex structures such
as porous polymer membranes' and structured colloids.”* In
biological systems, liquid—liquid phase separation in aqueous
solutions of intrinsically disordered proteins (IDPs) is the
underlying mechanism for the formation of biological
condensates within cells.”> To prompt these microphase and
macrophase separations, both systems utilize environmental
stimuli such as temperature,” solution composition,”® or
light,”' and precise control of these phase transitions could
enable the development of smart materials for environmental
and medical applications.u_m Therefore, significant effort has
been spent on understanding how the material structure affects
phase behavior. In particular, responses to temperature have
been extensively studied due to the ease of applying the
stimulus."*

In many polymer solutions, macrophase separation is
characterized by upper critical solution temperature (UCST)
behavior.'>'® In these systems, the compatibility between the
polymer and the solvent decreases with a decrease in
temperature, causing phase separation upon cooling. The
onset of phase separation is characterized by the formation of
polymer aggregates that are large enough to scatter light. The
phase transition occurs at the cloud point tem7perature (Tg)
and is easily measured by solution turbidity.'” Furthermore,
T, varies with the polymer concentration. The upper critical
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solution temperature (T,) is the temperature above which the
polymer solution is single-phase for any concentration of the
polymer.'® Polymer solutions can also microphase-separate to
form self-assembled structures such as spherical micelles,
vesicles, rods, and lamellae.'”*° The onset of micelle formation
through changes in the thermodynamic state (temperature,
polymer concentration, and pressure) produces a change in the
average particle size, and thus the diffusion coeflicient, that can
be measured with dynamic light scattering (DLS).”' Aqueous
solutions that can both micro- and macrophase-separate
through temperature variation have been demonstrated for
several polymers containing poly(ethylene oxide) blocks,”*~**
and this dual behavior has previously been attributed to the
unique solvation properties of water.” However, recent Monte
Carlo simulations of polymers composed of solvophilic and
solvophobic beads indicate that both phenomena should be
accessible for carefully selected copolymer sequences regard-
less of the choice of solvent,”® although such behavior has yet
to be observed experimentally in nonaqueous solutions.
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Previous works have reported monomer chemistry,”’
copolymer composition,”**” polymer architecture,’””" molec-
ular weight,””** and solvent quality”® as routes to tailor the
thermoresponsive behavior of polymers. However, in applica-
tions such as drug delivery, the solvent quality cannot be
altered, and altering material chemistry can affect other key
functionalities such as biocompatibility and viscosity. Bio-
logical systems are believed to use proteins with a similar
amino acid composition but a varying sequence to control
phase separation,”® and experimental work has shown that
point mutations in IDPs can suppress liquid—liquid phase
separation.”” In synthetic macromolecular systems, even
alternating vs random copolymers of the same composition
have been shown to differ in phase behavior.”® Simulations of
macromolecules have explored the influence of the sequence
on phase behavior in detail.”’ ™" Statt et al. used coarse-
grained molecular simulations to model IDPs using solvophilic
and solvophobic segmental beads.”® These studies demon-
strated that small changes in the bead sequence at a fixed chain
composition can profoundly impact liquid—liquid phase
separation. Furthermore, the authors found that the beads at
the end of the chain had a stronger impact on phase behavior
than the sequence changes in the center of the chain.

Here, we show experimentally that small modifications in
the copolymer sequence can effectively modulate phase
behavior. “Block—random” styrene—isoprene copolymers
were synthesized with blocks (5—10 wt % of the total polymer
chain) of a polystyrene (PS) or polyisoprene (PI) homopol-
ymer in the middle or at the end of a random copolymer chain
while keeping the overall styrene:isoprene ratio fixed at 50/50
(w/w). The phase behavior was explored in two selective
solvents, n-hexane and N,N’-dimethylacetamide (DMAc),
which preferentially dissolve PI and PS, respectively. The T.
for each block—random polymer was measured by solution
turbidity and compared with fully random styrene—isoprene
copolymers (PSRPI) with the same overall monomer
composition. Additionally, microphase separation into spher-
ical micelles was characterized using dynamic light scattering
(DLS). We find that when a polymer sequence forms micelles,
T. decreases compared with a PSRPI copolymer of the same
composition. When a block—random polymer does not
undergo microphase separation, T, increases compared to
that of a PSRPI copolymer of the same composition.
Therefore, T, can be controlled by the careful selection of
block and solvent compatibilities. Furthermore, we demon-
strate a single system that undergoes both micro- and
macrophase separation by varying temperature, a phenomenon
previously believed to be unique to aqueous solutions. Finally,
we show spontaneous and thermoreversible formation of very
large (aggregation number, ~1000) but stable crew-cut
micelles, a structure typically achievable only through removal
of a mutual solvent."”*" These findings provide insights toward
designing new thermoresponsive materials with control over
both micro- and macrophase separation, enabling additional
functionalities.

B EXPERIMENTAL SECTION

Polymer Synthesis. Styrene—isoprene copolymers were synthe-
sized via anionic polymerization, as shown in Figure S1. A glass
reaction vessel was charged with fert-butyllithium (1.7 M in pentane,
Sigma-Aldrich) in a nitrogen-filled glovebox (MBRAUN UNIlab, <0.1
ppm H,0 and O,). A 50/50 (v/v) mixture of cyclohexane (>99.9%,
Sigma-Aldrich) and triethylamine (>99.5%, Sigma-Aldrich) was used
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as the reaction solvent. The mixed solvent was stirred over the red
adduct of n-butyllithium (2.0 M in cyclohexane, Sigma-Aldrich) and
1,1-diphenylethylene (97%, Sigma-Aldrich), degassed by freeze—
pump—thaw (FPT) cycles, and vacuum transferred directly into the
reaction vessel. The styrene monomer (>99%, Sigma-Aldrich) was
stirred over n-butylethylmagnesium (0.9 M in heptane, Acros
Organics), and the isoprene monomer (99%, Sigma-Aldrich) was
stirred over n-butyllithium. Monomers were degassed via FPT before
being vacuum transferred into the reaction vessel. Each block was
polymerized for 2 h at 30 °C to ensure essentially complete monomer
conversion and good control of the polymer sequence. Isopropanol
(ACS, LabChem) was degassed via FPT and vacuum transferred to
the reaction flask to terminate the copolymers. Polymers were
precipitated into cold methanol (ACS, Fisher Chemical) and dried in
a vacuum oven at 65 °C for 4 days.

Molecular Characterization. The copolymer composition and
polyisoprene microstructure were determined by 'H nuclear magnetic
resonance (NMR) spectroscopy. Polymers were dissolved at S mg/
mL in deuterated chloroform (99.8%, Cambridge Isotope Labo-
ratories, Inc.), and spectra were collected on a Bruker Avance III 500
MHz spectrometer. All NMR data analysis was performed with
MestReNova software (Mestrelab Research).

The weight-average molecular weight (M,,), number-average
molecular weight (M,), and dispersity (D) were characterized by
gel permeation chromatography (GPC) using two 30 cm Agilent
PLgel 5 um Mixed-C columns operating at 35 °C, a Wyatt Optilab T-
rEX differential refractive index (DRI) detector (25 °C, 658 nm
wavelength), and a miniDAWN TREOS three-angle light scattering
instrument (ambient temperature, 658 nm). Tetrahydrofuran
(inhibitor-free HPLC, Sigma-Aldrich) was used as the mobile
phase. M,, was measured by using light scattering. The dn/dc for
each polymer was calculated using a weighted average for polystyrene
(0.189 mL/g) and polyisoprene of similar microstructures (0.125
mL/g) using the polymer composition determined from '"H NMR.*
The DRI elution time was calibrated with narrow-distribution
polystyrene standards, from which D was determined. Finally, M,
was calculated as M, = M,,/D.

Solution Characterization and Imaging. n-Hexane (HPLC,
>97%) and N,N-dimethylacetamide (DMAc, anhydrous, 99.8%) were
purchased from Sigma-Aldrich and used as received. To minimize
water absorption into DMAc, samples were stirred for 1 h and tested
immediately. Dynamic light scattering (DLS) and transmittance
measurements were performed on a Litesizer S00 (Anton Paar) with a
658 nm laser in quartz cuvettes with a PTFE stopper (Thorlabs, Inc.).
Data analysis was performed with Kalliope software (Anton Paar).
Solutions were heated above the cloud point, and the temperature was
decreased in 1 °C increments. The temperature was equilibrated for 2
min prior to data collection. Cloud point temperatures (T,) were
taken when solution transparency dropped to 10% of the original
solution transparency. Ry was measured on ~1 wt % polymer
solutions filtered with Titan3 0.2 ym pore size PTFE filters (Thermo
Scientific) at 10 °C above T. Measurements were performed in
triplicate. Particle size dispersity (D) was calculated from the DLS
measurements by

o\

o=(3) 1)
where d is the mean particle diameter and ¢ is the standard deviation
of the measured peak.

Transmission electron microscopy (TEM) was performed with a
Talos F200X (FEI) at an accelerating voltage of 200 kV. Samples were
prepared by precipitating 20 yL drops of 1 wt % micellar solution into
2 mL of deionized (DI) water. The precipitated polymer was stained
with 7 uL of 4 wt % OsO, for 3 h. Samples were centrifuged at 10,000
rpm for 10 min. The top 80% of the solution was removed and
replaced with deionized water. This process was repeated 3 times to
remove excess OsO,. A 7 uL drop of the stained precipitated polymer
was drop-cast onto a 200 mesh copper TEM grid coated with a
carbon film (Ted Pella, Inc.) and dried under ambient conditions.
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Figure 1. (a) Summary of the sequence variations studied here. Random copolymers were synthesized with a S, 7.5, or 10 kg/mol homopolymer

block at the (b,d) end or in the (c,e) middle of the chain.

Micelle stability was tested on a 1 wt % 10K PI end block
copolymer in n-hexane. DLS measurements were collected at 25 °C
directly after the solution. The stoppered cuvette was left undisturbed
at ambient conditions for 12 days and retested.

B RESULTS AND DISCUSSION

Synthesis and Characterization of Copolymers.
Styrene—isoprene copolymers with a similar molecular weight
(=100 kg/mol), molecular weight dispersity (P ~ 1.07), and
overall composition (~50/50 w/w of styrene/isoprene) but
small changes in the monomer sequence were synthesized by
anionic polymerization. Anionic polymerization was selected
due to the excellent control of block molecular weight, minimal
block termination, and low dispersity that it provides.
Randomization of the styrene—isoprene sequence within the
random block was accomplished by using a solvent mixture of
cyclohexane and triethylamine, which has previously been
shown™ to yield random sequences, with no significant down-
chain gradient, over a broad range of styrene—isoprene ratios.
The sequence of a styrene—isoprene random copolymer chain
was altered by placing either a PS or PI homopolymer block at
either the end or the center of the otherwise random polymer
chain. The molecular weight of the homopolymer block was
also varied to be 5, 7.5, or 10 kg/mol. When incorporating a
homopolymer block, the composition of the random blocks of
the copolymer was adjusted to ensure that the overall chain
composition remained at 50/50 w/w styrene/isoprene. A
schematic of the sequences of the polymers studied here is
shown in Figure 1.

The molecular weight and dispersity were measured by gel
permeation chromatography (GPC, Figure S2), and the
monomer composition and isoprene microstructure were
measured by 'H nuclear magnetic resonance (NMR) spec-
troscopy (Figure S3). The molecular characteristics for each
polymer are summarized in Table 1. Each polymer has a low D
(<1.13) and negligible termination between blocks (Figure
S2). The use of a polar modifier during synthesis substantially
increased the content of nonconjugated addition (3,4- and 1,2-
addition repeat units) in the PI microstructure.”> However, by
using the same reaction conditions for each polymerization,
the 3,4 + 1,2 content was constant across all polymers at ~47%
(Table S1).

Phase Behavior of Random Copolymers in Selective
Solvents. To account for slight variations in the monomer
composition between block—random polymers, the phase
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Table 1. Molecular Characteristics of Synthesized Polymers

polymer sequence M, (kg/mol) b wt % styrene
PSRPI 109 1.06 50.7
PSRPI 112 1.07 48.7
PSRPI 121 1.07 46.0
PSRPI 107 1.06 44.5
SK PI end block 129 1.07 50.1
SK PI end block 114 1.05 47.0
SK PI end block 133 1.07 44.9
7.5K PI end block 101 1.07 50.6
10K PI end block 137 1.06 50.1
SK PI midblock 112 1.07 48.0
7.5K PI midblock 101 1.10 49.5
10K PI midblock 99 1.08 472
SK PS end block 108 1.06 49.0
SK PS end block 136 1.13 46.8
SK PS end block 123 1.08 44.7
7.5K PS end block 146 1.08 49.8
10K PS end block 116 1.07 49.1
SK PS midblock 108 1.07 47.4
7.5K PS midblock 103 1.10 50.7
10K PS midblock 101 1.09 S1.0

behavior of a series of random copolymers (PSRPI) was
studied as a baseline. The weight fraction of styrene in these
polymers varied from 0.45 to 0.51, and T, was measured in
two solvents: n-hexane and DMAc. These solvents were
selected because n-hexane is a good solvent for PI and a poor
solvent for PS,** whereas DMAc is a poor solvent for PI and a
good solvent for PS.* Additionally, T, values for these two
systems were within a convenient experimental window
(between 0 °C and the normal boiling point). T, was
measured by turbidimetry; solutions were heated above T,
and slowly cooled. T, is reported as the temperature at which
the solution transparency dropped below 10%."” Cloud point
transitions were extremely sharp, as transitions occurred within
2 °C. Representative turbidity measurements are shown in
Figures S4 and SS. As shown in Figure 2, T , was measured
over a range of solvent/polymer compositions to construct the
binodal curves, which are adequately described by the mean-
field Flory—Huggins model'¥'**® (dotted lines, see the SI for
details of the calculations and best-fit expressions for y(T)).
From the binodal curves, T. was selected as the highest
observed T, for each solvent/polymer system. T can then be
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Figure 2. Cloud point temperatures for PSRPI copolymers in (a) n-
hexane and (b) DMAc. Dotted lines are the mean-field Flory—
Huggins model using the best-fit expression for y(T) for each

copolymer.

described as a function of the weight fraction of styrene in the
copolymer (Figure 3). As anticipated for the selective solvents,
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Figure 3. T. of PSRPI copolymers in n-hexane (blue circles) and
DMACc (pink triangles) as a function of the styrene content. Dashed
lines are lines of best fit. Error bars represent the breadth of the
transition.

increasing the weight fraction of styrene in the copolymer
increases T. in n-hexane and decreases T, in DMAc. The trend
is approximately linear for both solvents over the narrow
compositional range explored here. The line of best fit
obtained for each solvent system was subsequently used as a
baseline against which the T, for the block—random
copolymers was compared. Furthermore, n-hexane appears
slightly more selective than DMAc, with an absolute average
change in T, of 4.7 °C per 1 wt % change in the composition,
compared with a change in T, of 3.2 °C per 1 wt % in DMAc.
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Additionally, DLS was used to measure the hydrodynamic
radius (Ry) of PSRPL The measurements were conducted at 1
wt % polymer in solvent at 10 °C above the T.. Ry for all
random copolymer unimers in both solvents is =12 nm
(Figure S8), which falls between the expected Ry for similar
molecular weight 1,4-PI (13 nm) and PS (8 nm) in
cyclohexane.”” By obtaining this baseline for unimers in
solution, microphase separation (micellization) in block—
random copolymers can be observed as a significant increase in
Ry,

Phase Behavior of Copolymers with Homopolymer
Midblocks. Block—random copolymers were characterized for
both micro- and macrophase separation. T. values for
copolymers with a PI or PS block in the center of a random
copolymer chain (Figure lc,e) were determined by the same
procedure as for the random copolymers; T, was measured at
various weight fractions to construct the binodal curve
(example diagrams are shown in Figure S9). T, for each
block—random copolymer was then compared (Figure S10) to
the T, expected for a completely random copolymer (Figure 3)
with the same overall composition. The shift in T is expressed
as AT, = T plock—random — Tcpsrpr Figure 4 shows AT, as a
function of the targeted M, of the homopolymer block.
Polymers in the two solvent systems show remarkably
analogous phase behavior. For solvophobic homopolymer
midblocks (PI midblocks in DMAc and PS midblocks in n-
hexane), T, decreases with an increasing homopolymer block
length (Figure 4a). In these polymers, the solvophobic
component is redistributed to the center of the polymer,
which, in turn, enriches the random end blocks in the
solvophilic component. Furthermore, there is a significant
increase in Ry with an increasing solvophobic midblock
molecular weight above SK (Figure 4b). The increase in Ry is
due to the formation of starlike micelles prior to macrophase
separation. At the conditions studied here, the 7.5K midblock
polymers have a mixture of unimers (individualized chains)
and micelles in solution, as indicated by a broad peak in the
size distribution measured by DLS, whereas the 10K midblock
polymers form micelles essentially exclusively (Figure S11).
The aggregation number (Nagg) of the starlike micelles can be
estimated by comparing the increase in Ry to that for star
polymers as the arm number is increased.* By considering a
unimer (Ry &~ 12 nm) with a solvophobic middle block to be a
“2-arm star”, Ry (~26 nm) for the starlike micelles formed by
chains with 10K solvophobic midblocks corresponds to a 16-
arm star, giving N, & 8. The formation of micelles stabilizes
the polymer in the solvent prior to macrophase separation,
resulting in a large decrease in the T..

Solvophilic homopolymer midblocks (PI midblocks in n-
hexane and PS midblocks in DMAc) present the opposite
trend: T, increases with an increasing homopolymer block
length (Figure 4c), which progressively enriches the end blocks
in the solvophobic component. Unlike systems with a
solvophobic midblock, the Ry values for polymers with a
solvophilic midblock are not significantly different from those
for PSRPI unimers. Therefore, AT, for these systems does not
reflect microphase separation; rather, it indicates that the
composition of the ends of the chain has a stronger influence,
vs the composition of the middle of the chain on overall
compatibility with the solvent.

Phase Behavior of Copolymers with Homopolymer
End Blocks. Similarly, the phase behavior of copolymers with
homopolymer end blocks (Figure 1b,d) was compared with
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Figure 4. Shift in T, relative to PSRPI copolymers of the same overall composition for (a) polymers with solvophobic homopolymer midblocks and
(c) polymers with solvophilic homopolymer midblocks. Error bars are a combination of the uncertainty in the linear fit of the PSRPI copolymer T,
and the uncertainty in the cloud point measurement. Ry for (b) polymers with solvophobic homopolymer midblocks and (d) polymers with
solvophilic homopolymer midblocks, measured on 1 wt % solutions at T, + 10 °C. Error bars are +1 standard deviation of three experimental

replicates.

PSRPI copolymers of the same composition. For polymers
with solvophobic homopolymer end blocks, we observe two
very different behaviors: polymers with PI end blocks in DMAc
show a moderate decrease in T. with an increasing
homopolymer block length, whereas polymers with PS end
blocks in n-hexane show a very large increase in T, (Figure Sa).
As discussed previously, the ends of the chain have a larger
impact on phase behavior than the middle of the chain.
However, unlike polymers with homopolymer midblocks, these
polymers are architecturally asymmetric: one end of the
polymer has favorable polymer/solvent interactions, and the
other end has unfavorable interactions. When the two blocks
have sufficiently different interactions with the solvent,
micellization can occur, which, similar to polymers with a
homopolymer midblock, will decrease T,. To demonstrate the
impact of slight changes in compatibility between the soluble
block and the solvent, polymers with SK PI end blocks were
synthesized at three different overall compositions (Table 1).
As shown in Figure Sc,d, when the styrene content in the
polymer is low (<47 wt %), the polymer remains a unimer in
solution and T, is essentially the same as in the PSRPI
copolymer case (AT, ~ 0). Conversely, when the overall
styrene content is increased above 50 wt %, the random block
and PI block in the polymer are sufficiently different in
solubility to prompt micellization, as reflected by the large
increase in Ry (Figure Sd). For polymers with a 7.5K or 10K
PI homopolymer end block, the two ends of the chain have
sufficiently different interactions with the solvent, for any
styrene weight fraction explored, to prompt micellization (AT,
< 0 in Figure Sa). When comparing Ry of the micelles to star
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polymers, we estimate N,,, = 20 for micelles formed by
polymers with PI end blocks in DMAc. For polymers with a PS
end block, we do not see the formation of micelles for the
composition range studied here (Figure Sb), leading to a
positive AT, (Figure Sa) that increases with the PS block
molecular weight, again reflecting the stronger influence of the
ends of the chain on compatibility with the solvent.

Likewise, polymers with solvophilic homopolymer end
blocks also have architectural asymmetry that prompts either
micellization and a decrease in T, or no micellization and an
increase in T.. As shown in Figure Se,f, polymers with a 7.5K
PS end block in DMAc do not form micelles and show a
positive AT, while polymers with a 10K PS end block form
very large micelles (discussed further in the following section)
and show a negative AT.. On the other hand, polymers with a
PI end block form micelles in n-hexane at both 7.5K and 10K
block sizes, at sufficient polymer concentrations. Note that all
the Ry measurements in Figure Sf were taken at 1 wt %
polymer, which is slightly below the critical micelle
concentration (CMC) for the polymer with the 7.5K PI end
block in n-hexane; however, micelles form in this system at 2
wt % polymer (Figure S12) and above, including at the critical
composition, where T, (Figure Se) is determined.

These results compare favorably with coarse-grained
molecular simulations, where a 5% change in absolute T, was
calculated by moving a 5 wt % solvophilic block from the
middle of a polymer chain to the end of a polymer chain.*®
Experimentally, we obtain a 5% change in T, when a 7.5 wt %
PI block is shifted from the chain end to the middle in n-
hexane or a 10 wt % PS block is shifted from the chain end to
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Figure 5. Shift in T, relative to PSRPI copolymers of the same overall composition for (a) polymers with solvophobic homopolymer end blocks,
(c) polymers with SK PI end blocks as a function of the styrene content, and (e) polymers with solvophilic homopolymer end blocks. Error bars are
a combination of uncertainty in the linear fit of the PSRPI copolymer T, and uncertainty in the cloud point measurement. Ry for (b) polymers with
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the middle in DMAc. The quantitative differences (5 vs 7.5 vs In addition to the monomodal peak in DLS, the presence of
10 wt %) reflect variations in the strengths of the solvophilic/ large, uniform micelles can be seen visually by the blue
phobic interactions in the three cases. appearance of the solution in reflected light and the orange

Phase Diagram and Thermodynamics of Crew-Cut appearance in transmitted light (Figure S13). As seen in Figure
Micelle Formation. Crew-cut micelles are formed when the 6, crew-cut micelles can also be observed by isolating them in

insoluble core-forming block is significantly larger than the
soluble corona-forming block, which corresponds to the
micelles revealed by DLS in Figure Sf. Previously, polymers
with extremely large core-forming blocks could not be
dissolved in sufficiently selective solvents;*”*”* crew-cut
micelles could be prepared only by dissolving the polymer in
a good solvent, slowly addin§ a selective solvent, and dialyzing
to remove the good solvent.””*”*" The crew-cut micelles that
form from polymers with a 10K solvophilic homopolymer
block (Figure Sf) are particularly interesting due to their large
size (Ry; > SO nm), uniformity (particle size dispersity D < 0.14
by DLS, Figure S12), and formation by direct dissolution. To
the best of our knowledge, spontaneous formation of micelles
with such a large insoluble, core-forming block (90 wt % of the Figure 6. TEM images of precipitated and dried crew-cut micelles
polymer chain) simply upon the addition of a solvent has not formed by (a) 10K PI end block polymer in n-hexane and (b) 10K PS
been reported. Here, the crew-cut geometry is made accessible end block polymer in DMAc. Scale bars: 20 nm.

by the use of random copolymerization to carefully tune the

interactions so that the core-forming block is not so insoluble water, staining with OsO,, and imaging with transmission
that it precipitates but incompatible enough that it becomes electron microscopy (TEM). Radius distributions of the crew-
thermodynamically favorable to form micelles. Note that the cut micelles from TEM for both polymers with 10K end
contour lengths of these polymers (~400 nm) are only a blocks, compared with the distributions from DLS, can be
fewfold larger than the radii of the crew-cut micelles (~80 found in Figure S14. The distribution observed by TEM is
nm); to avoid excessive chain stretching, it is likely that the shifted to slightly smaller radii, as expected for dried micelles
cores of the micelles have “engulfed” some entire polymer compared with micelles suspended in a solvent, but the
chains, rather than having all solvophilic blocks reside in the breadths and shapes of the distributions from both techniques
crew-cut corona. are similar. By assuming that the isolated and dried micelles
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measured by TEM are dense polymer spheres, N, was
estimated as 1600 for crew-cut micelles formed by the polymer
with a 10K PI end block in n-hexane and 1000 for crew-cut
micelles formed by the polymer with a 10K PS end block in
DMAc. The large N, for the crew-cut micelles (~1000)
compared with that for starlike micelles (~20) formed by the
same polymer (10K PI end block in n-hexane vs DMAc) shows
the remarkable difference in structure between the two
different types of spherical micelles.

Furthermore, the kinetic stability of the crew-cut micelles
was tested. Ry for the crew-cut micelles formed by the 10K PI
end block polymer in n-hexane was measured by DLS directly
after the polymer was fully dissolved. The sample was left
undisturbed at room temperature for 12 days and measured
again; Ry did not change significantly (Figure S15a). Micelle
formation is also thermoreversible: solutions that form crew-
cut micelles at room temperature can be heated above the
critical micelle temperature (Tcyr) to form unimers and then
cooled to room temperature to reform micelles with the same
average size and distribution (Figure S15b).

The ability for polymers to both micro- and macrophase-
separate was previously considered to be a unique property of
aqueous systems,” with molecular simulations only recently
indicating that this behavior should be achievable in other
solvents.”® Here, we experimentally define a phase diagram of
microphase separation into crew-cut micelles and macrophase
separation into unimer and concentrated micelle phases that is
obtainable by delicate tuning of the solvent/block compatibil-
ities. Furthermore, the phase diagram can provide insights into
the thermodynamics of micellization of these large crew-cut
micelles compared with traditional starlike micelles. At high
temperatures at all concentrations, the polymers are fully
dissolved, existing as unimers in solution (blue regions in
Figure 7). At high polymer concentrations (>0.3 wt % 10K PI
end block polymer in n-hexane and >0.07 wt % 10K PS end
block polymer in DMAC, to the right of the vertical dotted
black lines), as the solutions are cooled, the random block
becomes incompatible with the solvent resulting in the
formation of crew-cut micelles. In Figure 7, the CMC as a
function of temperature is shown as a purple dashed line, and
the purple area below that line represents temperatures and
compositions that form a macroscopically single-phase micellar
solution. Using the experimentally determined CMC vs
temperature (Tcyr) curve, the Gibbs free energy of
micellization (AG,, ), enthalpy of micellization (AHy, ), and
entropy of micellization (AS;.) can be calculated using the
following relationships, wherein the CMC is expressed as a
mole fraction of polymer chains:>

AGS,, = RTppln CMC @)
N din CMO)
d(1/ Tenr) ©)
AH,. — AG,,
AS;:”C — mic mic
Temr 4)
AG;, ranges from —35 to —25 kJ/mol for both polymer/

solvent systems (Figure S16). The value of AG,,, is similar to
that for block copolymers forming starlike micelles in
. 45,53,S4 . . 5SS 56,57 .
organic, ionic,”> and aqueous solvents despite
having a drastically different aggregation number and micellar
structure, as it must be, since In CMC across systems with an
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Figure 7. Phase behavior of (a) 10K PI end block polymer in n-
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conditions under which the polymer is individualized in solution
(unimers). The dashed purple line indicates the CMC. The purple
region indicates conditions where the polymer forms crew-cut
micelles that are uniformly dispersed. The pink dashed line marks
the boundary below which a polymer-rich micellar phase and a
polymer-poor unimer phase coexist. The white region at a low
concentration represents when macrophase separation occurs prior to
micellization.

accessible CMC varies only modestly. Furthermore, AS,

i for
both systems is negative (Figure S16), and AH,,, (Figure S17)
is large and negative. Unlike aqueous starlike micelles that are
entropically favorable due to the favorable release of water
molecules to the bulk solution, the self-assembly seen here is
enthalpy-driven:*> unfavorable solvent/polymer segmental
interactions are shielded by forming a dense polymer core in
the micelle. The core-forming block is very large, resulting in a
large molar AH,,, (—144 kJ/mol for the 10K PI end block
copolymer in n-hexane and —232 kJ/mol for the 10K PS end
block in DMAc), which is in line with previous values
determined for starlike micelles in DMAc and hydrocarbons
when normalized for the core block length, despite the large
differences in the micelle structure.*>>*>>*>® The enthalpic gain
is sufficiently large to overcome the entropic penalty from the
reduction in the translational freedom of the polymer chains
when they micellize.

If the high-concentration micellar solutions are cooled
further, macrophase separation occurs (dark pink region in
Figure 7), resulting in a top phase containing dilute unimers
and a bottom phase containing concentrated micelles (photo-
graph in Figure S13b). At sufficiently low polymer concen-
trations (to the left of the vertical dotted black lines in Figure
7), there is no single-phase micellar solution, and the boundary
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defining the unimer region exhibits a change in the slope.
These changes occur because the CMC dips below the Flory—
Huggins binodal at the polymer volume fraction corresponding
to the vertical dotted black line (Figure S18). Therefore, when
the polymer solution is cooled, it transitions directly from
unimers to a two-phase solution, where the polymer-rich phase
contains micelles and the polymer-poor phase contains
unimers (white region in Figure 7). The polymer-rich phase,
which has a polymer weight fraction of >0.1, is sufficiently
concentrated that crew-cut micelles form, as evidenced by the
opalescent appearance of the concentrated phase. However,
since the formation of these micelles proceeds simultaneously
with macrophase separation and the polymer-rich phase is
highly viscous, these micelles may not have the same size as
those formed from a solution with a slightly higher overall
polymer concentration (to the right of the dotted black vertical
line), where upon cooling, micellization proceeds first through
a uniform phase of crew-cut micelles and only subsequently
separates to yield a concentrated phase of micelles.
Furthermore, the macrophase separation exhibited by solutions
to the left of the dotted black vertical line kinetically thwarts
the formation of a uniform phase of crew-cut micelles; once
the solution has split into two macroscopic phases,
resuspension of micelles into a uniform phase would be an
extremely slow process, even if thermodynamically favored.

A summary of the observed phase behavior as a function of
the interaction parameter () between the homopolymer block
and the solvent and the random copolymer block and the
solvent is shown in Figure 8. The critical y (y.) for each block
is shown by the dotted black lines. Equal compatibility
between each block and the solvent (i.e., when the polymer is
completely random) is shown by the black dashed line. For
polymers with either solvophobic end blocks or midblocks,
starlike micelles will form when the homopolymer block is
suitably incompatible with the solvent (y sufficiently greater
than y.) and the random block is suitably compatible (¥
sufficiently below y.). This region is colored purple in the top
left corner of the phase diagram. When the homopolymer
block is solvophilic, the phase behavior of end block- and
midblock-containing polymers differs, with regard to the
presence or absence of a region of crew-cut micelles. A
polymer with a solvophilic end block can form crew-cut
micelles, though over only a narrow interaction range; this
narrowness reflects the fact that y between the large random
block and the solvent must not be substantially greater than y,,
or the polymer simply macrophase-separates. By contrast,
crew-cut micelle formation was not observed for solvophilic
midblock copolymers. In this case, the solvophilic midblock
would need to loop to form the crew-cut structure, which
would be entropically unfavorable. Therefore, the bottom right
of the phase diagram for midblock-containing polymers does
not show any microphase separation.

B CONCLUSIONS

In this study, styrene—isoprene copolymers were synthesized
with small variations in the monomer sequence, which
nevertheless exert substantial control over the phase behavior.
By designing systems that can microphase-separate, the
polymer becomes more stable in solution, and T\ is reduced.
In contrast, by decreasing the compatibility between the ends
of the polymer chain and the solvent without promoting
microphase separation, T, is elevated. Furthermore, the
experimental results observed here align closely with coarse-

923

a T T
- (,/\Lff‘,\)’\ -
[ YS9 Two-Phase 7]
¢ [ starlike AT A -
° E Micelles -
[ _
E'4
8 - -
z r PSREL_ -~
el IRy AT—=(;
x Unimers ¢ -
| AT, = ]
- . . -
Xe
X Random Block-Solvent
b T T
- ({fx\_\ -
e [ vSh Two-Phase 7]
@ [ starlike AT A+ n
o = Micelles —
[ BN -
£
8 - -
5 Pl_ _
g, ___BSREL
W=l __---=""" \aT=~ i
> Unimers
[ A= i
Crew-Cu
C 1 Micelles .
X

X Random Block-Solvent

Figure 8. Summary of the observed phase behavior for polymers with
(a) a homopolymer midblock and (b) a homopolymer end block.
Diagrams correspond to a fixed homopolymer:random copolymer
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represents the critical value of the interaction parameter (x0.53
here, see Figures S6 and S7); note that the y-axis scale spans a much
greater range of y than the x-axis scale.

grained molecular simulations.”® Both results indicate that the
ends of a polymer chain have a larger impact on the phase
behavior than the units at the center of a chain and that small
changes in the sequence (5—10 wt %) can modulate absolute
T. by 5%. Finally, we demonstrate an enthalpically driven
system that can both micro- and macrophase-separate by
changing thermodynamic conditions. By carefully tuning
solvent/polymer interactions, large (N, ~1000) crew-cut
micelles form spontaneously at room temperature and can
macrophase-separate into a dilute unimer phase and a
concentrated micelle phase upon cooling. These insights can
be used to engineer new thermoresponsive systems that have
improved control over micro- and macrophase separation for
the development of new smart materials for healthcare and
environmental applications.
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