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Abstract

Here we report dynamic and thermodynamic aspects of the self-assembly in a
series of branched-chain soybean-oil-derived styrenic block copolymers produced via
reversible addition-fragmentation chain transfer (RAFT) polymerization. These biobased
materials display unusual domain expansion which has not been seen in conven-
tional petroleum-based block copolymers. The chain architecture of poly(styrene-b-
acrylated epoxidized soybean oil) (PS-PAESO) block copolymers varies from star-like
to star-brush-like owing to the bulk and multifunctionality of the PAESO repeat unit.
The self-assembly behavior is evaluated through a combination of (ultra) small-angle
X-ray scattering (SAXS), transmission electron microscopy, and dynamic shear rheol-
ogy. Microphase separation in PS-PAESO is kinetically limited due to sluggish chain
dynamics that cannot be thermally accelerated due to interference from crosslinking
reactions. Selective hydrogenation of the residual PAESO vinyl groups retards but
does not eliminate crosslinking reactions, indicating that transesterification is also at

play. SAXS experiments show that the PS-PAESO domain size scales nearly linearly
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with number of statistical segments, with structures as large as d = 155 nm observed.
We believe that domain dilation is related to bulky aliphatic side chains in PAESO
domains that extend the primary chain backbone to produce a brush-like conforma-
tion. The understanding of the structure-property relationships of these new biobased
block copolymers gives insights on the design of novel polymer architectures benefit-

ing new applications.
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Introduction

Block copolymers, comprised of two or more distinct monomer sequences, are widely
known to phase separate at the nanoscale and form different morphologies. Common
morphologies in linear AB diblock copolymer systems include lamellae, hexagonally-
packed cylinders, body centered spheres, cubic networks (gyroids), orthorhombic net-
works (0O™) and close-packed spheres.!? The governing parameters for block copoly-
mer self-assembly are primarily the segregation strength between the different blocks,
denoted as Flory-Huggins interaction parameter y, the block composition f, and the
molecular weight or number of statistical segments N. Historically, the fundamentals of
block copolymer self-assembly were developed with nearly-monodisperse block copoly-
mers, usually synthesized by anionic polymerization. Since anionic polymerization only
deals with a certain class of monomers, various synthetic techniques such as controlled
radical polymerizations and polycondensation have been adopted to accommodate poly-
mers with manifold functional groups. The dispersity (D) of polymers is inevitably in-

creased with different synthetic techniques involved. With increasing D of polymers,



Leibler and Benoit first predicted in 1981 that the domain spacing expands in homopoly-
mer blends and block copolymers using the random phase approximation.?® This behavior
was later experimentally proven by Lynd and Hillmyer* and Noro et al.> Other simula-
tion predictions on the impact of D on block copolymer self-assembly include the shifts
of morphology and order-disorder transitions.®!! Though quantitative discrepancies ex-
ist, these shifts were verified experimentally in poly(ethylene-alt-propylene)-b-poly(DL-
lactide) and polystyrene-b-polyisoprene (PS-PI) systems. '

In addition to linear block copolymers, non-linear block architectures can be designed
through various synthetic approaches. For example, star (radial) block copolymers (AB),
and miktoarm copolymers (A, B,) are prepared by adding linking agents to linear block
copolymers and/or homopolymers. The linking agents serve as the core of these non-
linear copolymers from which polymer chains branch out as arms.'® The self-assembly
of these non-linear copolymers is governed by the number of arms, along with the com-
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position and molecular weight.' Both experimental and simulation
that these non-linear copolymer morphologies shift with the numbers of arms. For ex-
ample, Thomas et al. demonstrated that as the number of arms increases in asymmet-
ric star block copolymers, the morphology changes from hexagonal packed cylinders to
the ordered bicontinuous structure. ¥ The order-disorder transition (ODT) of these star
block copolymers is also affected by the number of arms, which is evidenced by the de-
crease of the segregation strength with increasing number of arms.?’ Besides using link-
ing agents to connect polymers for star block copolymer preparation, another method to
synthesize star-like block copolymers is copolymerizing linear homopolymers with mul-
tifunctional monomers.?! Multifunctional monomers, or crosslinkers, are monomers that
contain more than one active site that allows polymer chains to branch during polymer-
ization. Instead of branching arms from a single core, this type of block copolymer has

multiple branching points distributed stochastically throughout the chain.

The role of crosslinkers in block copolymer self-assembly varies depending on the



thermodynamic and dynamic states in which the crosslinks are formed. When block-
selective crosslinks are introduced in the ordered state, the structure is stabilized; for in-
stance block-selective crosslinks can preserve the melt-state morphology in solution.?” In
contrast, if block copolymers are selectively crosslinked in the disordered state, crosslink-
ers will hinder the phase separation process when approaching the ordered state. For
example, Sakurai et al. demonstrated that the increase of crosslinker content results in
the loss of long range order based on small angle X-ray scattering (SAXS) and trans-
mission electron microscopy (TEM).? With the formation of networks by crosslinkers,
the crosslinks pin the structure and trap the freely moving blocks from escaping. This
crosslinker pinning effect also affects the order-disorder transition. Balsara et al. revealed
that the order-disorder transition temperature (7 pr) increases with increasing crosslink
density in crosslinked PS-PI systems.?*2

In addition to using a crosslinking agent to prepare non-linear (block) copolymers,
bottle-brush block copolymers, another class of non-linear block copolymers, are ob-
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tained through grafting polymers or polymerizing macromonomers with long side

chains.?3! The self-assembly of bottle-brush block copolymers often presents extraordi-

narily large domain size exceeding 100 nm,* !

while the domain size of regular linear
block copolymers usually falls below 50 nm due to the synthetic limitation of the molec-
ular weight. It is revealed that the domain spacing is increased linearly with the degree
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of polymerization (DP) of the backbone, which indicates the domain expansion is
a result of backbone stretching-out. Moreover, the size of side chains also has a minor
impact such that increasing side chain length leads to a slight increase in domain spac-
ing. Besides domain spacing, both experimental and simulation results have shown the
lamellae and cylinder morphology of bottle-brush block copolymers by tuning the vol-
ume fraction and side chain lengths of different blocks.?**®> These sub-micron patterns

show a great potential in applications of optics and filtration fields.?

While the aforementioned block copolymers are mainly built from petroleum-based



chemicals, biobased polymers have become increasingly important for both environmen-
tal considerations as well as dramatic supply and price fluctuations faced by many petroleum-
based feedstocks.** The incorporation of biobased monomers has created block copoly-
mers with new and unique architectures that can be used in novel applications.®> Among
these biobased monomers, acrylated epoxidized soybean oil (AESO) has shown to build
various architectures including linear, branched and hyperbranched polymers.***” The
distinctive PAESO architectures are ascribed to their multi-functional nature and unusu-
ally bulky pendent groups. By conjugating rubbery PAESO with other hard-segment
blocks, PAESO-based thermoplastic elastomers with various architectures can be obtained.
Herein we synthesize polystyrene-block-poly(acrylated epoxidized soybean oil) (PS-PAESO)
thermoplastic elastomers by extending polystyrene macromonomers with AESO monomers
via reversible addition-fragmentation chain transfer (RAFT) polymerization. PS-PAESO
has demonstrated its competitiveness toward SBS in bitumen modification.*?° The blend
of bitumen and PS-PAESO showed a similar or better performance compared to SBS-
modified bitumen in terms of complex shear modulus. However, a detailed investigation
on the structure-property relationship of PS-PAESO is required. By thoroughly under-
standing the self-assembly behavior of PS-PAESO, the ability to adjust the performance
in applications will be enhanced. At a more fundamental level, the AESO monomer intro-
duces the extent of branching as an adjustable parameter for influencing the self-assembly
dynamics and thermodynamics independently of composition and molecular weight.

In this study we synthesize a series of PS-PAESO block copolymers with different
molecular weights, compositions, and the branching extent of AESO to investigate their
self-assembly and response to thermal treatment. Depending on the branching extent of
the PAESO block, the architecture of PS-PAESO varies from linear A-B block copolymers
to star-like and star-brush-like block copolymers. In contrast to conventional star block
copolymers, branches in PS-PAESO block copolymers extend from multiple points and

are statistically distributed. The self-assembly of pre-annealed PS-PAESO is investigated



by SAXS complemented with TEM. The residual acrylic functionality enables selective
crosslinking of PAESO domains, which is inevitable during high temperature melt pro-
cessing or annealing; this phenomenon is also studied from both rheological and mor-
phological aspects. Isochronal testing and master curves are conducted using dynamic
shear rheology, while any potential phase change is captured by temperature-dependent
SAXS. These findings will support our understanding of this new type of block copoly-
mer self-assembly behavior and thus help researchers design suitable block copolymer

architectures in applications.

Experimental

Materials

Methyl hydroquinone (Sigma-Aldrich), inhibitor remover (Sigma-Aldrich), styrene (Acros),
tetrahydrofuran (THEF, Fisher), 2-methyl tetrahydrofuran (methyl THE, Sigma-Aldrich),
dicumyl peroxide (DCP, Sigma-Aldrich), Eastman 168 non-phthalate plasticizer (P, East-
man), p-toluenesulfonyl hydrazide (tosyl hydrazide, Sigma-Aldrich), and o-xylene (Fisher)
were used as received. Soybean oil, epoxidized acrylate (AESO, Sigma-Aldrich) was di-
luted by methyl THF and passed through the inhibitor remover column before conduct-
ing polymerization reactions. Azobisisobutyronitrile (AIBN, Sigma-Aldrich) was recrys-
tallized from methanol. Ethyl(3-oxobutan-2-yl) carbontrithioate (OXCART) was synthe-

sized using procedures described elsewhere.*

Block copolymer synthesis

The block copolymer was obtained via two-step RAFT polymerization. The first step was
the preparation of polystyrene macromonomer with OXCART. For a typical synthesis,
styrene (40 g, 0.38 mol), OXCART (0.17 g, 800 umol), and DCP (0.04 g, 160 pmol) were



sealed and purged under argon for 15 min in a 100 mL round bottom flask. The reac-
tion was carried out for 8 hrs at 110 °C. The PS macromonomer was diluted in THF and
crashed in methanol three times (from THF solution) before further use. The second step
was the chain extension of PS macromonomer with AESO. PS macromonomer (7.17 g,
414 mmol), AESO (10 g, 8.33 mmol), AIBN (13.5 mg, 83 yumol), and methyl THF (51.51
g, 600 mmol) were sealed and purged under argon for 20 min in a 250 mL round bottom
flask. The reaction was carried out for 3.5 hrs at 75 °C. The product was then crashed in
methanol three times (from THF solution) followed by three cyclohexane washes. The
polymer was then inhibited using 2 wt% methyl hydroquinone via solvent blending. In
PS-PAESO/ plasticizer blending entries, 20 wt% of Eastman 168 non-phthalate plasticizer
(P) was added to PS-PAESO via solvent blending. Plasticized /non-plasticized samples
were thermally annealed at 80 °C/ 120°C for five day in vacuum before investigating

polymer morphology.

Selective hydrogenation of block copolymer

The pendent vinyl groups in PS-PAESO were selectively hydrogenated by tosyl hydrazide.*!
PS-PAESO (0.5 g, 211 umol of pendent vinyl groups determined by 'H NMR), tosyl hy-
drazide (0.31 g, 1.69 mmol, 8 equiv.), and o-xylene were charged in a two-neck flask and
purged under argon for 30 min. The flask was connected to a reflux condenser and a gas
bubbler. The reaction was heated up to 80 °C to fully dissolve tosyl hydrazide and then
gradually heated to 140 °C to reflux under argon blanket. The reaction was stopped when
the evolution of gases ceased. The product was recovered by crashing in methanol three

times (from THF solution) to wash out any excess tosyl hydrazide and byproduct.



Characterization

"H NMR spectra were recorded using a Varian MR-400 spectrometer (400 MHz). The
molecular weight distribution as synthesized was characterized by the integrated gel per-
meation chromatography (GPC) system in chloroform at 1 mL/min. The GPC system
consists of 515 HPLC pump (Waters), 717 autosampler (Waters), three PLgel individual
pore size GPC columns along with a PLgel guard columns (Agilent), an Optilab T-rEX re-
fractometer (Wyatt), and a dual 270 detector (Malvern) with viscometer and 2-angle light
scattering detectors (7°, 90°). The columns and detectors were calibrated by polystyrene
triple detection standards (Malvern) along with a series of polystyrene standards (Scien-
tific polymers) with molecular weights from 570 to 2 M Da. Samples were prepared at 5
mg/mL in chloroform and passed through the 0.45 ym PTEFE filter.

The glass transition temperature (7}) of block copolymers and homopolymers were
recorded by DSC Q2000 (TA instruments). Specimens were sealed in hermetic aluminum
pans and subject to three cycles of heating and cooling under nitrogen. The heating and
cooling rates were 20 °C/min and 10 °C'/min, respectively. All T, values were reported
from the second scan after erasing the thermal history of specimens.

The sol-gel fraction and swelling ratio of pre-annealed samples were recorded gravi-
metrically after soaking in excess toluene. After seven days, the gel part is weighed af-
ter blotted dry. The rest of solution was vacuum dried to obtain to sol part weight. The
weight-based sol fraction (W) is the fraction of the sol to the original sample; the weight-
based swelling ratio (()y) is the weight of the blotted dry gel part over the difference
between the original sample and the sol part.

Dynamic shear rheology was conducted on ARES-G2 Rheometer (TA instruments)
under nitrogen with 8 mm parallel plates. The linear viscoelastic region (LVR) of sam-
ples, the range of strain with constant modulus, was determined by strain sweep at dif-
ferent temperatures at 1 rad/s under ca. 0.2 N axial force. Subsequently, temperature-

dependent frequency sweep was performed between 1-100 rad/s using the same axial



force within the LVR of the material. Time-temperature superposition (TTS)** was ap-
plied to generate the master curve for each material. Isochronal testing, the temperature
sweep at constant strain and frequency, was conducted from 50 to 250 °C with a heating
rate of 10 °C/min under ca. 0.2 N axial force within the LVR of the material at 80°C.
SAXS measurements were conducted at beamline APS 9-ID-C in Argonne national
lab and also by in-house Xenocs Xeuss 2.0 SWAXS system. The experiment at APS 9-ID-C
beamline was set to a sample-to-detector distance of 546.44 mm and X-ray wavelength
(\) of 0.5904 Acollimated by Si(111). Detailed settings can be found elsewhere by Tlavsky
et al.* Samples were sealed in DSC aluminum hermetic pans, and fixed onto the tem-
perature controlled stage. Data acquisition was conducted from room temperature to
approximately 180 °C. Sample was equlibrated at the desired temperature for 300 s fol-
lowed by an acquisition of 60 s. Data are processed by Indra 2 and Irena macros run
on Igor Pro.#4° XENOCS Xeuss 2.0 SWAXS system is set with monochromatized X-ray
using Cu Ka radiation of the wavelength A\ = 1.5406 A. Data were collected by Pilatus
1M detector at the sample-to-detector distance of 2514 mm calibrated by silver behenate
standard. Samples were sealed between Kapton tape and acquired for a 600 s acquisition.
The real-space morphology of PS-PAESO was imaged by the STEM (JEOL 2100, 200
kV) in Microscopy and Nanolmaging Facility at lowa State University or the STEM (FEI
Tecnai G2-F20, 200 kV) in Sensitive Instrument Facility at Ames National Lab. The speci-
mens were sectioned at -70 °C by the cryo-ultramicrotome (Leica ultracut S) and stained
by 2% osmium tetroxide solution, which selectively stained the PAESO blocks, prior to

imaging.

Results

PS-PAESO block copolymers were synthesized according to Scheme 1. PS macromonomers

were polymerized in bulk due to the low reactivity of styrene in RAFT polymerization.



Subsequently, the chain extension was conducted by copolymerizing PS macromonomers
with AESO monomers. The final product was washed with methanol followed by cy-
clohexane, a f-solvent for selectively dissolving polystyrene,*® to separate out unreacted
AESO monomers and PS macromonomers. The properties of PS macromonomers and
PS-PAESO block copolymers are summarized in Table 1 and 2. Moreover, the normalized
refractive index (RI) traces of each PS-PAESO block copolymer and the corresponding PS
macromonomer are provided in Figure S1. In the following we discuss the architecture of
PS-PAESO block copolymers followed by their self-assembly behavior and thermal sta-
bility properties.

To characterize the architecture of PS-PAESO block copolymers, 'H-NMR spectra, as
exemplified in Figure 1, are used to calculate the composition, the degree of polymeriza-
tion (D P), and the branching extent of PAESO blocks. The composition as determined by
the ratio of styrene and the terminal methyl groups on the AESO side chains is summa-
rized in Table 2. The subsequent D P of the overall and individual blocks can be derived

based on the composition and the molecular weight of PS assisted by GPC as following;:

DPPS = Mw,ps/ws (1)
1—m

DPpapso = DPpg % ———> ()
mps

where D Ppg is DP of polystyrene block, wg = 104.15 Da is the molecular weight of
a styrene repeating unit, D Ppagso is the DP of PAESO block, mpg is the molar ratio of
styrene block based on "H-NMR spectra. Results are summarized in Table 3.

The quantification of the branched architecture in PAESO requires careful consid-
eration. In star polymers, the appropriate descriptor is simply the number of arms,
which follows directly from the functionality of the linking agent. However, while AESO

monomers are multi-functional, only a small fraction of this excess functionality is con-
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sumed. Once integrated into a parent chain, most of remaining pendent vinyl groups
may survive the entirety of the polymerization process unscathed; those that participate
in subsequent propagation reactions become branch points. Branching events will pri-
marily be intermolecular attacks by PS or PS-PAESO macroradicals or intramolecular
loop-forming reactions. Intermolecular branching leads to a star-like accumulation of
PS blocks throughout the PS-PAESO architecture. The placement of branch points will
be stochastically distributed throughout the PS-PAESO graph, as will be the composition
and molecular weight of each arm in PS-PAESO. Thus unlike precisely constructed star
polymers where the number of branches and characteristics of each branch are essen-
tially uniform, the architecture of hyperbranched PS-PAESO must be described through
the use of average properties. We define the branch number B = n — p, where n is the
number-average functionality of the branching monomer mixture (AESO, n = 2.6); and
p is number-average of vinyl groups remaining in the polymer. B is unity for a strictly
linear polymer and approaches the functionality of the branching monomer when all ex-
cess functionality is converted to branch points. B thus directly reflects the branch point
density although it cannot differentiate between the intermolecular and intramolecular
crosslinking. Scheme 1 illustrates the ideal block copolymer architecture of PS-PAESO
with different branch numbers assuming no intramolecular crosslinking is involved. The
number of PS arms in the block copolymer grows dramatically as B increases. The value

of B is summarized in Table 3.

11



S f
RAFT RAFI'_'FjZnn
Low DP Moderate DP% High DP
AESO branches=1  AESO branches > 1 AESO branches >> 1
%
® o |
I
. - oo T
/\F)ks%( é %Y\’V i /\v)i//v
R A
° W~
Chain transfer agent Styrene AESO

Scheme 1: RAFT polymerization for PS-PAESO of the different branch number and degree
of polymerization.
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Figure 1: The "H NMR spectra of a representative PS-PAESO, which contains an average
of 1.19 residual pendent vinyl groups according to peak b integral.

Table 1: Characteristic of PS macromonomer

Entry M,?/Da D T,ps/°C
H1 114166 1.16 112.80
H2 90629 1.18 111.90
H3 40351 1.10 107.78
H4 29045 1.14 106.75
H5 17342  1.09 103.43
H6 13686 1.06  102.96
H7 12529  1.08 100.46

“Weight-average molecular weight (M,,)
is obtained from triple detection.
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The self-assembly of PS-PAESO block copolymers was investigated using SAXS after
thermal annealing. To accelerate the annealing process at moderate temperature, 20 wt%
of Eastman 168 (P), a bis(2-ethylhexyl) terephthalate-based plasticizer, was blended with
the block copolymers. With its high boiling point and low vapor pressure, Eastman 168
is widely used in commercial purposes. The spectra of neat and plasticized (denoted
with suffix P) block copolymers are shown in Figure 2. Most of PS-PAESO entries reveal
broad signals from the primary peak except BAA3 and BAS3 which do not phase separate
given the smaller molecular weights. However, we do not observe the clear signal of
the higher-order peaks indicative of long-range order. The broad primary peak along
with the absence of higher ordered peaks implies that PS-PAESO block copolymers are
dynamically frustrated, i.e., they are unable to reach equilibrium. A report by Balsara et al.
revealed that the higher ordered peaks can be suppressed and even be absent in highly
crosslinked block copolymer systems.? Though lacking a crystallographically-defined
morphology, the domain spacing (d) of PS-PAESO microstructures can still be derived
from the equation d = 27/¢* based on the primary peak, which is summarized in Table
2. Itis apparent that d is highly related to the overall DP and the branch number. Entries
with a higher D P and branch number generally have a larger d.

Figure 3 displays representative TEM micrographs; PAESO domains are selectively
stained dark with OsO, through the residual vinyl groups.* Further evidence of kinetically-
trapped self-assembly can be observed in Figure 3c,e while Figure 3a, g remain more
disordered-like structures. Aggressive thermal annealing is precluded in PS-PAESO due
to the slow dynamics of morphology coarsening with respect to the speed of PAESO
crosslinking. Our previous study on the chain relaxation of hyperbranched PAESO ho-
mopolymers has pointed out the relaxation time of PAESO drastically prolongs with in-
creasing branching and molecular weight.?” Nevertheless, the softened plasticized blends
(Figure 3b,d,f h) reveals improved structures with similar domain spacing but compara-

tively more developed long-range order though dynamic frustration still exists. Micro-
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Figure 2: SAXS spectra of (a) neat and (b) plasticized PS-PAESO block copolymers at
room temperature. The enlarged spectra for (c) BS1/BS1P and (d) BAA1/BAA1P in log-
log scale.

graphs of BS3P, BAA1P and BAS2P suggest lamellar morphologies while BAS1P appears
to be hexagonally packed PAESO cylinders in a PS matrix. Both TEM micrographs and
SAXS spectra show that the incorporation of plasticizer does not significantly affect the
domain spacing. Despite the long-range order of microstructures being significantly im-
proved according to TEM micrographs, higher-order peaks remain undetectable in SAXS
spectra. The scattering length density of Eastman 168 is 9.01x105A~*, which is inter-
mediate to that of PS (9.57x10*6A_2) and PAESO (8.34x10*6A_2). Hence when blending
Eastman 168 with PS-PAESO block copolymers, the decrease of scattering contrast be-
tween blocks may have resulted in the lack of obvious higher ordered peaks.

The time and energy required for block copolymers to reach the equilibrium state are
highly related to polymer chain mobility, which is implied by the glass transition tem-
perature (7}). T;s of the block copolymers and PS macromonomers provide the informa-
tion of polymer chain mobility as listed in Table 1 and 2. The T} of PS blocks (7 ps) in
BAA2 and BAA3 is not detectable through DSC due to the large PAESO content. T, ps in

16



Figure 3: TEM micrographs of (a)BS3, (b)BS3P, (c)BAA1, (d)BAA1P, (e)BAS1, (f) BAS1P,
(g)BAS2, and (f)BAS2P. Black and white domains are PAESO and PS blocks, respectively.

the block copolymers generally drops compared to its macromonomer precursor, which
becomes more apparent as the molecular weight of polymers decreases. Since the seg-
regation strength is weakened by the decrease of the molecular weight, PS blocks are
softened by mixing with PAESO. For example, in BAS3, which does not show phase
separation in SAXS spectra, T, ps is about 30 °C' lower than its PS macromonomer coun-
terpart. T, papsos lie between -21 and 4 °C' and are affected by the molecular weight
and the extent of branching of PAESO blocks. Entries with higher molecular weight and
higher branch numbers show higher T, papso such as BS2 and BAA1. As the mobil-
ity of polymer chains is limited by the increased extent of branching in PAESO blocks,
T, parpso increases, as seen in Table 2. Moreover, the increase of polymer chain mobility
when blending with the plasticizer is also revealed by T;s. Figure S3 shows DSC curves
of BAA1 and BAAT1P pair. T, pg drops ~ 50 °C while T, pagso drops below the testing
range after plasticizing. This result suggests that Eastman 168 effectively plasticizes both
PS and PAESO blocks without strong incorporation preference.

Dynamic shear rheology was used to assess the response of PS-PAESO to heating, par-

ticularly in regard to the onset of crosslinking which interferes with thermal equilibration.
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Figure 4a shows the isochronal curves of BAA1 and BAA1P. Compared to BAA1, the stor-
age modulus curve G'(T") of BAA1P is shifted by about 50 °C' in agreement with DSC in
Figure S2. In the absence of curing reactions, polymers are softened by applying heat
until reaching the terminal relaxation regime. Conversely, in PS-PAESO system, PAESO
blocks cure during heating. In BAA1 and BAA1P this process becomes rapid near 180 °C
where G'(T') passes through a minimum and increases with further heating. The onset
of curing occurs at significantly lower temperature. In Figure 4(a), the initial heating of
BAAL1 is indicated by the light gray curve. At 190 °C, the sample is then cooled to 60
°C (gray). Between 190 and 150 °C, G'(T') fails to retrace the original curve, with a 50%
increase in the G’ value that persists as cooling continues to 60 °C. During the final heat-
ing cycle (black), G'(T') retraces the cooling curve until about 150 °C where the modulus
again begins to increase.

The curing process of PS-PAESO block copolymers is not governed only by radical
propagation through pendent vinyl groups of PAESO. To exclude the effect of radicals
propagating in curing, the pendent vinyl groups are selectively hydrogenated by reacting
them with tosyl hydrazide. The selective hydrogenation saturates on the pendent vinyl
groups as shown by the '"H NMR spectra in Figure S4. The vinyl group signals at § 5.86
and 6.13 in BAS1 vanish in hydrogenated BAS1H. Isochronal temperature ramps of pre-
annealed BAS1 and BAS1H are compared in Figure 4(b). Surprisingly, BAS1H shows
no evidence of softening at temperatures higher than 180 °C', which indicates PS-PAESO
is considerably cured through another crosslinking mechanism. The onset of curing in
PS-PAESO block copolymers is further explained in the discussion.

Another straightforward evidence of curing is provided by the sol fraction and swelling
ratio of the pre-annealed samples. Summarized in Table 2, except BAS1 remains mostly
in sol, the rest of samples show different level of gelation and swelling. Yet the most
ungelled BAS1 reveals the incline of G’ in Figure 4(b). Therefore, in other samples the in-

terference of thermal equilibration owing to crosslinking can be expected to be even more
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Figure 4: (a) Isochronal temperature ramp of BAA1 (l) and BAA1P (e). The heating
history of BAA1 is revealed by different colors. Lines of light gray, gray, and black are
1%t heating, 1% cooling and 2" heating, respectively; (b) Isochronal test of BAS1 (M) and
BAS1H(e¢) during heating cycle.

severe.

The dynamics of PS-PAESO are further investigated through the construction of mas-
ter curves from isothermal frequency sweeps. Figure 5 displays the master curve of H1,
BAA1, and BAAT1P. The frequency sweep test was performed on BAA1 from 40-200 °C
and BAA1P from 40-230 °C. The fact that the storage modulus G’ is always larger than
the loss modulus G” in both BAA1 and BAA1P implies these pre-annealed materials
crosslinked during the thermal annealing process before testing. The TTS failure pre-
sented at 1-100 rad/s of BAA1 and 10* — 10° rad/s of BAA1P is due to the transition
of glassy to rubbery state of PS blocks. Compared to H1 which shows an entanglement
plateau and reaches the terminal regime, BAA1 and BAA1P display the second plateau,
which indicates another relaxation resistance in place, without the evidence of full relax-
ation in the testing frame. The different plateaus can be identified by the minimum of the
loss factor tan §, which is defined as G” over ¢/, in Figure 5(b).

Studies have shown that the extra plateau in the low frequency regime reveals the
information of microstructures and phase transitions.**" Hence the second plateau in

the low frequency regime (1072 - 107° rad/s) may result from either the microstructure
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Figure 5: (a) Master curve and (b) the corresponding tand of H1, BAA1, and BAA1P at
the reference temperature of 100 °C. G’ and G” are black and gray, respectively.

of block copolymers or the cured network. To reach this low frequency regime experi-
mentally, the frequency sweep test has to be conducted above 180 °C' which corresponds
to the onset of G’ incline in Figure 4. Therefore, the second plateau is possibly caused
by the covalently bonded network structure rather than the physical constraints result-
ing from block copolymer microstructures. The evidence suggests that block copolymers
may not be capable of reaching the equilibrium state due to the pinning effect resulting
from PAESO crosslinking.

Additional insights on the response of PS-PAESO to heating can be studied in temperature-
dependent SAXS experiments. Figure 6(a) shows I(q) of pre-annealed BAS1 during a
heating and cooling cycle. The SAXS spectra of plasticized BAS1P is shown in Figure S3.
The maximum temperature, 181 °C, was determined based on the isochronal test results
so that BAS1 is cooled before fully cured. The intensity of the primary peak gradually de-
creases with increasing temperature and the behavior is reversible during cooling. Figure
6(b) shows the intensity change in temperature of BAS1 and BAS1P. BAS1P has a similar
intensity change behavior as BAS1. The decrease of the primary peak indicates that the
system becomes more homogeneous at elevated temperature, which is a sign of an upper

critical ordering temperature system. As mentioned before, since PS-PAESO cures during
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thermal annealing and does not have obvious higher ordered peaks in SAXS spectra, our
current data sets do not allow the precise evaluation of the order-disorder transition tem-

perature. However, it would seem that both BAS1 and BAS1P undergo a phase transition

between 150 and 180 °C.

(b)
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Figure 6: (a) SAXS spectra of BAS1 during heating(o) and cooling (©) cycle. (b) The inten-
sity of the primary peak of BAS1 heating (), BAS1 cooling ((J), BAS1P heating (e), and

BASI1P cooling (o).
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Discussion

The multi-functional characteristic of AESO contributes to different possible architectures
for PS-PAESO block copolymers. AESO monomers branch during the polymerization
and result in the star-like and star-brush-like architectures of PS-PAESO. Unlike single-
cored star polymers which have well-defined polymer arms, the arms in PS-PAESO block
copolymers are hard to define due to the stochastic branching nature of PAESO. The de-
termination of the number of PS arms (npg) in PS-PAESO block copolymers relies on the
accuracy of molecular weight along with the block molar ratio. Theoretically, the molec-
ular weight increases dramatically as polymer branches out. Assuming this deviation

could be used to calculate npg, we obtain

MWeqie = My ps + DPpagso * Wagso 3)
MWexp

— 4

nps MW ( )

where MW, is the calculated molecular weight, warso = 1200 Da is the molecular
weight of an AESO repeating unit, and M W,,, is the experimental molecular weight ob-
tained from GPC. The values of MW, and npg are summarized in Table 3, which are all
less than unity. These results suggest that the experimental molecular weight is generally
smaller. Experimentally, the fractionation by GPC columns relies on the hydrodynamic
radius of polymers. Differed from linear polymers, at a given hydrodynamic radius there
are multiple possible chain conformations for non-linear polymers. Hence, the mono-
tonic relationship of the molecular weight and the hydrodynamic radius is broken. More-
over, it is reported that GPC elution becomes abnormal when the degree of branching
increases.” The retardation of highly branched polymers in columns leads to negatively-
deviated molecular weight even when using the triple detection technique. This effect

may explain the negatively deviated experimental molecular weight of PS-PAESO block
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copolymers compared to the calculated results. This deviation becomes more severe as
the molar ratio of PAESO block increases which also suggests the architecture of PAESO
block affects the block copolymer behavior in solution. The deviation of the experimental
molecular weight impedes the accurate evaluation of npg and prompts us to find another
way, the branch number, in describing the architecture of PS-PAESO block copolymers.

Scheme 2 demonstrates the complexity of PS-PAESO block copolymer architectures
and the utility of the branch number in describing their architectures. In Scheme 2 three
PS-PAESO sub chains are considered with the exact same length of PS chains and equal
number (10) of AESO repeating units. In this way, the block copolymer will have the same
composition and molecular weight based on instrumentation. Since the average function-
ality of AESO is 2.6 and there are 30 AESO repeating units involved, the initial unreacted
vinyl group count is 78 (2.6 x 30). After the reaction, 46 pendent vinyl groups are left
in Scheme 2(a)-(d), while 45 and 44 are left in (e) and (f), respectively. In Scheme 2 the
branch numbers are thus (78 — 46)/30 = 1.07 for (a)-(d), 1.10 for (e), and 1.13 for (f). The
positions of branch points vary since AESO randomly branches during polymerization.
Though the overall composition, molecular weight, and branch number are the same for
(a)-(d) in Scheme 2, the number of arms and the composition on each arm are consider-
ably different. For example, Scheme 2(a) has three identical PS-PAESO arms and a single
branch point, while (b) has three arms with PS chains and one arm of PAESO chain only.
PAESO arms can grow longer if radicals continuously propagate after branching. Scheme
2 (e) and (f) demonstrate the more complicated cases when intramolecular crosslinking
takes place. As PAESO loops are formed by the intramolecular crosslinking, the number
of arms is even harder to define. Therefore, the expression of the branch number gives a
better insight of PS-PAESO architectures than the number of arms.

The consideration of PS-PAESO architectures cannot leave the unique AESO con-
formation without. As DP increases, the backbone of PAESO blocks elongates which

changes the conformational behavior of PS-PAESO from star-like to star-brush-like. This
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Scheme 2: An illustration of the different branched architectures of PS-PAESO block
copolymer with the same composition and sub chain length. The figure shows three sub
chains and each one has 10 AESO repeating units. The branch number B is the average
number of vinyl groups reacted in AESO monomers, which directly reflects the branch
density.

depends on the relative length of the brush and the backbone of PAESO blocks, which
can be evaluated by the contour length. The contour length of the furthest AESO pendent
group terminus from the acrylic backbone is ca. {4gso = 2.93 nm as illustrated in Fig-
ure S6; this value is an important characteristic of PS-PAESO architecture. Summarized
in Table 3, the contour length of PAESO backbones in the block copolymers is calculated
from ¢ = DPpagso * 0.154 x cos (109.5°/2) where 0.154 nm and 109.5° are the length and
angle of sp* C-C bond. If the backbone contour length is less than 3 nm, the architecture
of PS-PAESO resembles star block copolymers; whereas the others shall be described as
star-brush block copolymers.

The multi-functional characteristic of AESO not only results in the star-like and star-

bush-like architectures of PS-PAESO but also contributes to curing during the thermal
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annealing process. The pendent vinyl groups of AESO left from the polymerization fur-
ther cure through radical propagation. However, based on our isochronal test result in
Figure 4(b) we found out that radical propagation may not be the only cause of curing
since curing still takes place after all pendent vinyl groups are hydrogenated. We thus
suspect that the transesterification within PAESO also contributes to the curing process.
Soybean oil, the fatty acid ester, has three active sites for transesterification. The num-
ber of active sites further increases as acrylic groups conjugate onto soybean oil via ester
links. The transesterification reaction is a reversible reaction that takes places simply by
mixing reactants and can be accelerated with the assistance of catalysts.”® An exchange
of a subtle number of ester groups is enough to alter the polymer architecture and leads
to curing. The curing process prevents PS chains from escaping PAESO block and thus
leaves the morphology in the non-equilibrium state, which is evidenced by the drop of
T, ps in PS-PAESO compared to its PS macromonomer precursor. Sakurai et al. men-
tioned that the annealing time required for crosslinked block copolymers to show higher
ordered peaks in SAXS spectra is much longer even at low extent of crosslinking.? Their
pre-annealed samples show poor long range order in TEM micrographs, which indicates
that crosslinked block copolymers are harder to reach the equilibrium state. Balsara et
al. also observed a gradual loss of long-range order in block copolymer self-assembly
with increasing crosslink content in both SAXS spectra and TEM micrographs when PI
is selectively crosslinked in PS-PI block copolymers.*?® Our SAXS and TEM results are
consistent with previous studies. That is, the crosslinking-involved self-assembly of block
copolymers makes it hard to preserve the morphology with a good long-range order.
One critical parameter in block copolymer self assembly behavior is the system’s seg-
regation strength (y/V), where x and N are the interaction parameter and number of sta-
tistical segments, respectively. The self assembly of symmetric linear diblock copolymers
takes place when x/N > xNopr = 10.5 as first shown using the random-phase approx-

imation.” For star block copolymers, (xN-m)opr decreases with increasing number of
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arms calculated by mean-field theory.’'® This behavior is supported experimentally in
the well-defined PS-PI star block copolymer system.?’ Olmsted and Milner considered
A, B,, miktoarm star polymers with the strong segregation theory and showed that the
entropic stiffness of the B domain scales as ;7% this asymmetry expands the stabil-
ity of strongly curved interfaces favoring the less-branched domain. Grason evaluated
SCFT for AB diblock copolymers with a well-defined hyperbranched architecture of up
to 6 generations.” This work further illustrated the shift in phase boundaries favoring the
linear A block, and of particular interest to the present work, indicates xNopr € [11,13]
for f € [0.4,0.7] for the most heavily branched model. The stochastic nature of PAESO
branching and the dynamic frustration during annealing makes complicates the calcu-
lation of a precise value of xNopr for this system. Moreover, the different structure
between styrene and AESO repeating units results in the dramatic specific volume dif-
ference when calculating N as listed in Table 3. Nonetheless, the Grason result suggests
xNopr € [11,13] is a reasonable first approximation that can be used to estimate the x
value for PS-PAESO. Comparing N and Figure 2, we would be able to roughly locate the
order-disorder boundary since BAA3 and BAS3 are disordered while BS3, BAA2 and
BAS2 display characteristic peaks. The boundary seems slightly skew to PS-rich side as
BAS2 self-assembles at N = 382. Based on these observations, we estimate that the y
value of PS-PAESO to be in the range 0.019-0.035 depending on the composition. A more
precise evaluation of x will require a more detailed description of the PS-PAESO archi-
tecture and an accompanying model that properly accounts for dispersity, branch point
distribution including looping.

To investigate the influence of polymer architectures on the domain spacing, Figure 7a
compares the domain spacing (D) with respect to the branch number (B) for PS-PAESO,
or the number of arms (n) for the (PS-PI), star polymers reported by Ijichi et al.?* The
domain spacing is normalized by the number of statistical segments as -2 to exclude

the molecular weight influence on domain spacing; a properly chosen scaling exponent x
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will yield a horizontal line. Studies have shown that domain spacing of star block copoly-

56,57

mers***” and miktoarm copolymers® follow the same scaling as strongly segregated lin-

ear block copolymers with D « N?/3. The normalized domain spacing of PS-PAESO 2
vs. B is shown with gray filled symbols in Figure 7(a); there is clearly an increasing de-
pendence with the value of B. Conversely, the domain spacing of star (PS-PI), is nearly
independent of number of arms. This is consistent with simulation and experimental
results of star block copolymers which indicate the number of arms does not affect the
domain spacing at fixed arm length.!%2%°6 The domain scaling of PS-PAESO signifi-
cantly differs from star block copolymers and miktoarm copolymers. This implies that
another architectural feature, the inherently brush-like character of PAESO arising from
its bulky aliphatic acid side chains, plays an important role determining the domain size.
Figure 7(b) compares the domain spacing of PS-PAESO with the brush block copolymers
(BrBCP)s reported by Gu et al.*® against N. The BrBCPs are composed by two different
side chains, polystyrene and polylactide, with the same polynorbornene backbones. The
molecular weight dependence of D in PS-PAESQ is similar to that BrBCPs with a rod-like
scaling exponent x = 1.05. The slope of PS-PAESO is slightly higher than BrBCPs, which
implies that the non-linear brush-like character of PAESO promotes the domain expan-
sion more strongly than linear brushes. The PS-PAESO data sets shown in black in Figure
7(a) with x = 0.95 yields similar behavior to (PS-PI), such that the branch number does
not directly impact domain size. This finding implies that the unusual domain expansion
of PS-PAESO block copolymers in high N entries, especially in BS1 (D = 110 nm) and
BAA1 (D = 155 nm), is due to the brush-like character of the PAESO blocks.

The influence of D should also be taken into account on domain expansion. Since PS-
PAESO was prepared by RAFT polymerization with multi-functional AESO monomers,
D of the final products ranges from 1.21 to 1.58 for the phase-separated entries. Compared
to nearly-monodisperse block copolymers prepared from anionic polymerization, the do-

main spacing of polydisperse block copolymers is expected to increase. The increase of
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Figure 7: Analysis of the domain-size scaling behavior of PS-PAESO (BS series B, BAS
series A, and BAA series o) compared with block copolymer brushes with different brush
lengths® (O and o) and PS-PI stars® (A). (a) D/N* vs. B for PS-PAESO or n for star PS-
PI from jichi et al.? Gray symbols show failure of PS-PAESO to conform to the = = 0.67
scaling exponent. (b) Domain spacing vs. the number of statistical segments (V) for PS-
PAESO and BrBCPs from Gu ef al.*® The linear regression of PS-PAESO gives D oc N'*°
with 72 = 0.94.

domain spacing with increasing D is well-documented in linear block copolymer sys-
tems. Lynd et al. reported that the domain spacing expands about 1.5 times more than
the monodisperse block copolymer as D reaches 2 in poly(ethylene-alt-propylene)-block-
poly(DL-lactide) systems.* Noro et al. also revealed that the expansion of domain spac-
ing reaches 1.16 times more than the monodisperse counterpart in polystyrene-b-poly-2-
vinylpyridine systems.”> However, the scaling behavior of PS-PAESO block copolymers
revealed in Figure 7(b) indicates the extent of domain expansion is more than the contri-
bution of increasing D alone. We thus conclude that the domain expansion of PS-PAESO
is a combination effect of D and brushes from the unique structure of PAESO.

Figure 8 illustrates the expansion of domain spacing with increasing D P and branch
number. When the D P and branch number are small, the PAESO block primary chain is
short and AESO side chains act as the “arms” of the star structure. The self-assembly be-
havior of PS-PAESQO is therefore similar to star block copolymers as in Figure 8(a) and (d).

As DP increases, which usually accompanied by the increase of the branching number,
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Figure 8: Depiction of domain spacing change with respect to different PS-PAESO archi-
tecture. The branch number and the degree of polymerization increases from (a) to (c).
The polymer chain packing in (a) and (c) is superimposed on TEM micrographs of BAS2P
and BS1P in (d) and (e), respectively.

the backbone of PAESO blocks grows longer and AESO side chains become the “brushes”
as depicted in Figure 8(b), (c), and (e). These brushes impose a conformational constraint
on the primary chains which behave more rod-like. The stretching entropy penalty is off-
set through the packing frustration of the bulky AESO side chains. While these non-linear
side chains sufficiently fill the extra space from the expansion, the several-fold number of
chain ends compared to linear side chains further increases the systematic entropy. In
summary, the domain expansion observed in high DP PS-PAESO block copolymers is
mainly susceptible to the star-brush-like architectures with the minor impact of D. This
study shows that by utilizing the unique conformation of biobased AESO monomers,

non-linear star-brush-like block copolymers with distinctive self-assembly behavior can
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be obtained without tedious synthesis steps.

Conclusion

PS-PAESQO block copolymers are derived from the chain extension of polystyrene macromonomers
with AESO via RAFT polymerization. The architecture of PS-PAESO varies from star-like
to star-brush-like resulting from the DP and the multi-functional nature of AESO. Be-
cause of the bulky side chain of PAESO, PS-PAESO with a low DP resembles star block
copolymers as PAESO side chains serve as the star “arms.” When DP increases, the
backbone of PAESO blocks is further developed and PAESO side chains thus become the
“brushes.” Under this condition, PS-PAESO is better described as a star-brush-like block
copolymer, where the star-like character comes from the accumulation of multiple arms
during polymerization. Due to the stochastic branching nature of AESO, the architec-
ture of PS-PAESO is described by the branch number to account for the overall extent of
branching. A higher branch number means more branch points and a higher number of
arms in the star-like architecture.

In addition to branching during polymerization, PAESO blocks further cure during
thermal annealing or melt processing as gels present and swell in solvent. Since curing
reduces chain mobility, PS-PAESO morphologies will tend to be kinetically trapped with
poorly developed long range order; plasticizers improve long-range ordering slightly, but
the system remains dynamically limited. To gain further insight into the role of curing on
kinetic trapping, the residual vinyl groups in PS-PAESO were selectively hydrogenated.
While the rate of curing in hydrogenated PS-PAESO was reduced compared to its precur-
sor, the temperature-driven increase in storage modulus indicated that transesterification
was also an important mechanism of PS-PAESO curing.

The domain spacing of PS-PAESO is nearly linear with molecular weight. Similar do-

main scaling behavior has been reported in bottle-brush block copolymers. The domain
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expansion of PS-PAESO can thus be rationalized as: the PAESO side chain brushes in-
terfere the relaxation of its backbone and prevent the backbone from reaching the freely-
coil conformation; the entropy penalty of PAESO backbone stretching out is offset by the
crowding of AESO non-linear brushes. The degree of branching, as characterized by the
branch number B, appears to have no direct impact on the domain spacing. This ob-
servation is consistent with the invariance of domain spacing to the number of arms in
star-block copolymer self-assembly.

Our findings suggest that biobased monomers like vegetable oil derivatives can en-
able novel block copolymer architectures with distinctive self-assembly behavior through
facile synthetic procedures. The ease with which PS-PAESO forms structures with domain
spacings greater than 100 nm offers new strategies for designing biobased polymeric ma-
terials with sub-micron features, potentially offering a route to materials with properties

useful for optical or filtration applications.
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