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ABSTRACT

Block copolymer-based nanoproducts including particles, fibers and films show promise in
high-end applications including nanotemplating, nanolithography, and nanoporous membranes
due to their advantageous self-assembled structure. However, few studies probe the
nanofabrication process in detail and monitor the concomitant self-assembled structural transitions.

Herein, time-resolved small-angle X-ray scattering (SAXS) is exploited to follow such
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nanostructural changes. Evaporation-induced casting, electrospraying or electrospinning, followed
by a final solvent vapor annealing step, have been used to create a series of nanoproducts with
reversibly tunable morphologies from a model block copolymer, polystyrene-b-poly(ethylene-co-
butylene)-b-polystyrene (SEBS). During evaporation-induced casting, which is considered as an
unconfined system, a selective (co)solvent system composed of tetrahydrofuran (THF) and
dimethylformamide (DMF) can lead to the formation of various SEBS structures. For DMF-based
unconfined systems, the final SEBS lamellar structures were found to be different from the
structure formed from THF only, demonstrating the critical role of solvent selection in
evaporation-induced casting. The comparison of SEBS electrospun fibers reveals the unique and
complex self-assembled structural transition occurring in a confined system. Time-resolved SAXS
studies of our model triblock copolymer provide guidelines for a more general approach to access

various nanostructures from self-assembling block copolymers.
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1. Introduction

Self-assembled block copolymers (BCPs) provide a powerful platform to tailor, template and
control systems with well-ordered nanofeatures for bottom-up nanofabrication, and have received
great interest for approximately the past five decades [1-4]. The ability to manipulate molecular
composition and thus resultant morphology has led to BCP-based nanoproducts being utilized for

electronics [5, 6], biotechnology [7] and nanoscale lithographical applications [8] [9], amongst
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others. Studies of the nanoscale morphology and architecture that can be fabricated using BCPs
have been widely reported [2, 10-13]. For example, BCP thin films with sub-100 nm thickness [14,
15] and electrospun BCP fibers with high surface area-to-volume ratio and controlled surface
morphology [16, 17] have been explored. In these reports, not only were the fabrication methods
described, but the post-processing treatment and feature geometries of tailored BCP nanoproducts
were also highlighted [18], demonstrating the importance that processing plays in realizing and
achieving the BCP structure prescribed within its molecular chain structure.

Since BCPs are made up of chemically distinct polymer segments that are joined together by
covalent bonds [2], they can self-assemble into a wide range of ordered shapes, including spheres,
gyroids, cylinders, and lamellae [19]. Notably, the different polymer segments within BCPs can
have varying interactions with solvents, depending on the chemical structure of the monomeric
building blocks [20, 21]. Selective solvents (including solvent vapor) can act as plasticizers for
one or more of the blocks within a BCP, reducing their glass transition temperature (Ty) below
room temperature and increasing the mobility of these blocks. Induced by selective solvents, BCP
structural rearrangements have been observed in solution, particles, fibers, and thin films [22-24].
Combining membrane emulsification and solvent annealing processes, polystyrene-b-poly(1,4-
butadiene) (PS-b-PB) [25], polystyrene-b-polydimethylsiloxane (PS-b-PDMS) [26], and
polystyrene-b-poly(4-vinylpyridine) (PS-b-P4VP) [27] nanoproducts with controlled size, shape,
and internal structure were prepared. Bulk amphiphilic polystyrene-b-poly(2-vinylpyridine) (PS-
b-P2VP) [28] was soaked in ethanol at 70 or 75 °C to form three-dimensional perforated fibers,
and the porosity increased with increasing degree of swelling. Polystyrene-b-poly(N-
isopropylacrylamide)-b-polystyrene (PS-b-PNIPAM-b-PS) thin films with diverse, well-defined

periodic nanostructures were observed during selective solvent annealing [29]. Solvents typically
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do not pose any risk of polymer degradation and also provide the possibility of solvent selectivity
for specific blocks within the BCP, which is a useful strategy to access non-equilibrium
morphologies during BCP nanofabrication [20, 30, 31]. However, in such reports, very few studies
[32] have probed the nanofabrication process in detail and monitored the concomitant self-
assembled structural transitions.

Herein, in this study, polystyrene-b-poly(ethylene-co-butylene)-b-polystyrene (SEBS) films
were produced via an evaporation-induced method in THF/DMF cosolvents within unconfined
configurations. We wanted to use this model to investigate the nanofabrication process in detail
and monitor the concomitant self-assembled structural transitions. The roles that the solvents play
need to be considered in terms of both imparted mobility (enabling the polymer chains to achieve
their predicted equilibrium structures), as well as their partitioning between mobile blocks, which
influences the volume fractions of the blocks (where one block will be swollen more than the other
in a selective solvent). SEBS films constructed under confined conditions were prepared using
electrospun SEBS fibers. To observe the self-assembled SEBS film nanostructures, time-resolved
small-angle X-ray scattering (SAXS), one of the most advanced and powerful characterization
technologies for probing nanoscale features, was used to identify and monitor the potential face-
centered cubic (FCC) and lamellar (LAM) self-assembled structures [33] and any associated
structural transitions. SAXS modelling of these time-resolved SAXS data provides detailed
information of the self-assembled structure of SEBS films prepared in both unconfined and
confined conditions. For unconfined configurations, time-resolved SAXS measurements and
modelling results can reveal the role of (co)solvent during the nanofabrication of triblock
copolymer self-assembled structures. Moreover, for confined systems, SAXS can first reveal the

confined nanostructures fabricated by the electrospinning method, and time-resolved SAXS can
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be used to understand how the self-assembled structures evolve within the electrospun fibers
during solvent vapor annealing (SVA). These time-resolved SAXS studies highlight the significant
role of (co)solvent selection and the resultant effect on the self-assembled structure during
nanofabrication in an unconfined system. In contrast, SAXS analysis of the nanostructures within
the electrospun fibers provides valuable insights of the mechanism of self-assembled structural

transitions in a confined system.

2. Experimental section

2.1. Materials

Triblock copolymer, polystyrene-b-poly(ethylene-co-butylene)-b-polystyrene (SEBS) (Kraton
G1650, My = 75.1 kg/mol, polystyrene (PS) volume fraction ¢ = 0.30), was obtained from Kraton
Performance Polymers, Inc. Laboratory grade tetrahydrofuran (THF) and dimethylformamide

(DMF) were purchased from Aladdin and used as received.

2.2. SEBS solution and thin film preparation

Triblock copolymer SEBS powder was dissolved in THF/DMF mixtures (from 100/0 to 0/100,
wi/w ratio, in 10% increments — 11 samples in total) at a total concentration of 14% w/w. All
solutions were stirred overnight at 25 °C prior to use. SEBS solution was poured into a
polytetrafluoroethylene (PTFE) mold (a PTFE ring with 8 mm inner diameter and 1 mm thickness)
in a sample holder cell (Fig. S1) and the SEBS thin film was prepared by the evaporation-induced

method at 25 °C until the stable SEBS thin film formed.
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2.3. SEBS fiber/particle preparation and SVA treatment

Electrospinning/spraying experiments were performed using homemade apparatus described in
previous reports [33, 34]. SEBS solutions at a total concentration of 14% w/w were drawn into a
1 mL syringe connected to a metallic needle and fed at 2 mL/h using a syringe pump (Aladdin-
220, World Precision Instruments Ltd., USA). A high voltage supply (Genvolt-73030, Genvolt
High Voltage Industries Ltd., UK) was connected to the metallic needle and fixed at 20 kV. The
distance between the needle and collector was fixed at 15 cm. The collected SEBS fibers were
dried in a vacuum oven at 60 °C for 24 h to remove any residual solvent. SVA treatment was

performed using a custom-designed device [24].

2.4. Characterization

For time-resolved SAXS studies, SAXS patterns of SEBS films during the evaporation-induced
method from SEBS solutions at 14% w/w in THF/DMF mixtures were recorded at 30 min intervals
until no further change in the SAXS pattern was observed using a Bruker NanoStar Laboratory
SAXS instrument equipped with a Cu Ke radiation source (1 = 1.54 A) and a 2D position-sensitive
gas detector (Hi-Star, Siemens AXS). SAXS patterns were collected over a g range of 0.01 to 0.1
A [q = (4n/2)-sind, where @ is half of the scattered angle and A is X-ray radiation wavelength].
The (co)solvent of the deposited solutions evaporated during in situ SAXS measurements. The
SEBS fibers were fixed in a sample chamber between Kapton windows with a thickness of 60 pm.
The chamber was sealed during the SVA process to ensure that fibers were exposed to solvent
vapor. Time-resolved SAXS measurements of SEBS electrospun fibers during THF vapor
annealing have been described elsewhere [24]. Briefly, SAXS patterns were recorded every 133
seconds for 130 min using a Xeuss 2.0 laboratory SAXS instrument equipped with a liquid gallium
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MetalJet-D2 X-ray source (1 = 1.34 A) (Excillum, Stockholm, Sweden) and a Pilatus 1M hybrid
pixel detector (Dectris, Baden, Switzerland). SAXS patterns were collected over a g range of 0.003
to 0.16 A1, 2D SAXS patterns were reduced (integrated and divided by the sample transmission
coefficient) to 1D SAXS profiles using SAXSutilities software supplied by ESRF [35]. SAXS data
analysis was performed using either Scatter [36] or Irena [37], a macro package for small-angle
scattering (SAS) data analysis within the commercial Igor Pro software.

Gel permeation chromatography (GPC) was used to assess diblock copolymer molecular weight
distributions using Agilent 1260 Infinity Il LC System (Agilent Technologies, Santa Clara, United
States). The GPC set-up comprised two 10 pm (30 cm) ‘PLgel MIXED-B’ columns and a G7162A
refractive index detector. THF eluent purchased from Fisher Chemical (Waltham, United States)
containing 0.02% v/v water and 0.015% w/v peroxide was used at a flow rate of 0.50 mL-min™2,
A series of eight near-monodisperse linear polystyrene standards (Mw ranging from 162 to
6,545,000 g-mol™) provided by Agilent Technologies were employed for calibration using the
above refractive index detector.

The surface morphologies of the electrospun or electrosprayed SEBS samples were studied by
scanning electron microscopy (SEM) using a JSM-7900F instrument operating at an accelerating
voltage of 15 kV. Samples were mounted onto SEM studs using adhesive conducting pads and

then gold-coated prior to analysis.
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3. Results and discussion

3.1. Self-assembled structures of SEBS in solutions

Solvent-assisted polymer nanofabrication is an attractive method for functional material
manufacturing as solvent-polymer interactions can be effectively used to tune processing
conditions [38-41]. Herein, SEBS powders were dissolved in (co)solvent systems of THF and/or
DMF, and the My and the relatively narrow molecular weight distribution of SEBS have been
confirmed by GPC (Fig. S2). In this respect, the Hansen solubility parameters (HSPs) [42-44]
could be employed to estimate the Flory-Huggins interaction parameters (y) [45, 46] of DMF-PS,
DMF-PEB, THF-PS, and THF-PEB pairs. Calculated by Eq S1, the y values for PEB-PS, DMF-
PS, DMF-PEB, THF-PS, THF-PEB were calculated to be 0.10, 0.55, 1.30, 0.14, and 0.37,
respectively. These y values indicate that PEB is incompatible with DMF than PS end-blocks,
while THF is a good solvent for both PS and PEB blocks. Due to the different affinities of these
blocks towards the two solvents, the turbidity of a series of SEBS solutions at 14% wi/w for
potential different degree of molecular chain entanglement could be observed by naked eye (Fig.
1a). As the amount of DMF in the solvent system increases, the homogeneous SEBS solution
(THF/DMF = 100/0 w/w) gradually transforms into a gel (THF/DMF = 90/10 - 60/40 w/w), and
then to a macrophase separated state (THF/DMF = 50/50 - 0/100 w/w) due to the poor affinity of
DMF for the SEBS triblock copolymer. The extent of molecular entanglement in the SEBS
solutions and gels on the 14% w/w (co)solvents was further confirmed by SAXS (Fig. 1b and 1c).
There was no peak in the SAXS profile of SEBS solution with neat THF, indicating little or no
aggregation of the polymer chains. Indeed, this SAXS pattern at THF/DMF = 100/0 w/w can be

well-fitted to the diblock linear copolymer model [47] (Fig. 1c), revealing that the SEBS chains
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behaved as Gaussian chains in solution. Introducing a small amount of DMF in the solvent system
(THF/DMF = 90/10 w/w), a peak at g = 0.019 A in the SAXS profile of this SEBS gel was
observed, which highlights the structural transition of SEBS associated with the selectivity of DMF.
However, this was the only peak observed indicating a possible packing of spheres with a short-
range order. When the DMF content reached 20% w/w and 30% wi/w, the resolved diffraction
peaks had the relative g-positions of 1:/8/3:,/20/3, corresponding to (111), (022), and (024)
faces of FCC structure [33] formed within the SEBS gel (Fig. 1a). The FCC lattice structure
formed by possible PS spheres [33] has been estimated by a model developed by Forster et al. [48]
(Fig. 1c). For THF/DMF = 80/20 w/w, the lattice period was 79.7 nm, while for THF/DMF =
70/30 wiw, the lattice period was 72.9 nm. The sphere radii of FCC for THF/DMF = 80/20 and

70/30 wiw were 16.5+2.6 nm and 15.1+1.7 nm, respectively. The SAXS analysis and the

hexagonal ‘six-spot’ patterns observed for THF/DMF = 80/20 w/w (Fig. 1b) indicated that the
self-assembled SEBSs in such cosolvent form well-defined FCC structure. The closest PS sphere
distances in the FCC structures were 23.4 nm and 21.3 nm for 80/20 and 70/30, respectively, which
were both close to the end-to-end distance value of PEB blocks (Re peg) when v = 0.5, where v is
the Flory exponent (see the Supporting Information). These also indicated that the PS blocks might
form emulsions as the spheres of the FCC structures to capture DMF, which is incompatible with
PEB blocks. Interestingly, FCC structures constructed by self-assembly of the block copolymers
are rarely [49-54], because of the strong thermal fluctuations [55-57]. However, the low SEBS
concentrations led to the weak interactions and the low level of overlap between the coronas (the
PEB blocks) of the PS spheres [50, 58]. Meanwhile, the bridged configurations should be the
dominant morphology of the ABA triblock copolymers [59], and therefore, the PS spheres were

linked by the bridging PEB blocks to form FCC structures, rather typical BCC structures. When
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the solvent system became increasingly bad for the PEB blocks (THF/DMF = 60/40 w/w and 50/50
wi/w), a structural transition was observed, which was indicated by the formation of two broad
peaks with their position ratio of g* : 2g*, possibly corresponding to a lamellar (LAM) phase.
Indeed, a LAM structural model composed of the lamellar structure factor and the disk form factor
[33] produced a good fit to the experimental data (Fig. 1c). These fitting results enabled
determination of additional information about the formed nanostructures including the disk
thickness (T), the lamellae inter-plane distance (D), and a relative mean square displacement for
the LAM translational disorder (o). The SAXS analysis indicated that D was 37.3£1.9 nm in
THF/DMF = 60/40 w/w and 38.9+2.8 nm in THF/DMF = 50/50 w/w and T was 11.2+2.9 nm in
THF/DMF = 60/40 w/w and 12.5+5.9 nm in THF/DMF = 50/50 w/w. The measured T values were
both close to 4Rq ps (= 11.5 nm) when v = 0.5 (see the estimation in Supporting Information),
which indicated that the PS sublayers of the LAM phase were constructed of two PS coils with
head-to-head configuration. The thickness of the PEB sublayer, calculated as (D — T), was 26.1
nm and 26.4 nm for THF/DMF = 60/40 w/w and THF/DMF = 50/50 w/w solvent compositions,

respectively, which were close to Rr pes (= 24.3 nm) when v = 0.5.
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Fig. 1. Characterization of SEBS solutions or gels at 14% w/w in a solvent mixture with various
THF/DMF ratio (w/w): (a) digital photos of prepared samples, (b) representative 2D SAXS
patterns and (c) their corresponding 1D SAXS profiles. The resolved diffraction peaks are labeled
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by their position (g/q* ratio). For clarity purposes, the 1D SAXS patterns have been shifted upward
by a multiplication factor indicated on the right side of the plot. Representative standard deviation
bars are shown for the 1D SAXS pattern associated with THF/DMF = 100/0 w/w. Structural model
fits to the 1D SAXS patterns are shown by the solid red lines.

3.2. Final products of self-assembled structures of SEBS in films via evaporation-induced

method

After the preparation of stable SEBS films via the evaporation-induced method of various
THF/DMF solutions when no further change in the SAXS pattern was observed, all SEBS films
exhibited lamellae nanostructure, as confirmed by SAXS data showing clear peaks with the
diffraction peak position ratio (g/g*) of 1:2:3 (Fig. 2a). The LAM structural model was also
employed here to analyze the LAM phase structure (Fig. 2a and Fig. 2b). It was found for
THF/DMF = 100/0 w/w - 60/40 w/w solvent compositions that the PS sublayer thickness (T) was
approximately 11 nm, which was close to 4Rq ps When v = 0.5. These results indicated that the two
PS coils with head-to-head configuration constructed such PS sublayers in all the studied solvent
compositions including the final film of THF/DMF = 100/0 w/w (Fig. 2c). Meanwhile, the PEB
sublayer thickness (D — T) for all solvent compositions containing DMF remained around 28 nm
and dropped down to 24.2 nm for the final film with no DMF (THF/DMF = 100/0 w/w), which
was close to Rr pes When v = 0.5 (Fig. 2c¢). However, the 28-nm PEB sublayers when containing
DMF may be packed by SEBS chains in different configurations in a comparison with the 24-nm
PEB sublayers. Considering that the length of such PEB sublayers approximately quadruples the
radius of gyration of the folded PEB blocks (4Rg pes foided = 28.0 nm) (see the estimation in
Supporting Information), 28-nm PEB sublayers could likely to be constructed by two folded PEB

coils with head-to-head configuration (Fig. 2d).
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symbols) and corresponding fitting curves using the LAM structural model [33] (red dashed lines),
each profile is labelled by the THF/DMF mixture composition used for the film preparation.
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calculated from SAXS patterns using the LAM structural model. (c) Cartoon illustration of the
self-assembled structure of SEBS in films for THF/DMF = 100/0 w/w. (d) Cartoon illustration of
the self-assembled structure of SEBS in films for THF/DMF = 90/10 w/w - 50/50 w/w.
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3.3.Self-assembled structure transitions during the SEBS film formation from a solution

To further our understanding of the self-assembled structural transitions from solution to film,
time-resolved SAXS measurements were firstly used to follow the dynamics during the THF
evaporation process (Fig. 3a). For 10 h of THF evaporation, the SEBS sample demonstrated
scattering patterns corresponding to dissolved polymer chains (Fig. 3a). After 17 h of evaporation
a broad peak appeared at q = 0.22 A* indicating that phase separation of SEBS occurred. However,
this single broad peak provides unclear structural information of the potential SEBS phase
separation. However, the orientation of the phase separation structure may provide more
information about the condition during the THF evaporation process, and herein, Herman’s
orientation factor [60-62] at q = 0.0185 A (Fig. 3b) is introduced to represent such structural
orientation. Meanwhile, the potential lattice period is estimated by 27n/q". Between 17 h and 30 h
of the THF evaporation process, the estimated lattice period was increasing with the relatively
stable Herman’s orientation factor, approximately equal to 0.5, possibly indicating of the
homogeneous nucleation of the SEBS Gaussian chains. After 27.5 h of evaporation, two diffraction
peaks with g/g* of 1:2 were observed indicating that the SEBS phase-separated structure might
begin to form sublayers stacked in a periodic lamellar structure (Fig. S2), but the clear lamellar
phase with D = 33.4+3.0 nm and T = 12.2+2.7 nm, measured using the LAM structural model
fitting to the SAXS patterns, was observed at 30.0 h. Then, from 31.0 h to 35.0 h of the solvent
evaporation, T remained at 11.6 nm while D increased from 34.0 £ 2.0 nm to 36.3 = 1.8 nm. The
increase of both (D — T) and Herman orientation factor (Fig. 3b) indicate that SEBS gradually

formed a relatively well-defined oriented LAM structure. However, from 35.0 h to 39.0 h, T
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decreased from 11.3+1.6 nm to 10.3+1.7 nm, and D reduced from 36.3%£1.6 nm to 35.2+1.7 nm.
Therefore, the (D — T) value remained around 25.0 nm, while the Herman’s orientation factor
reduced from 0.639 t0 0.602. The (D — T) values during this period indicated that the PEB sublayers
were relatively stable, because they were close to Rr pes = 24.3 nm when v = 0.5. The reducing T
between 35.0 h and 39.0 h indicated that PS blocks become interlocked during the THF vapor
annealing process (Fig. 3a). Since THF has preference for PS blocks according to the y values of
THF-PS and THF-PEB, significantly more THF might be captured in PS sublayer regions rather
than PEB sublayer regions when the THF evaporation process approached its completion.
Therefore, the THF evaporation at this stage affected sufficiently the interdigitating of PS coils.
Also, fast THF evaporation introduced defects during the self-assembling process towards film
formation, as observed by the decrease of the Herman’s orientation factor between 35.0 h and 39.0
h. From 39.0 h to 42.0 h, T remained around 10.0 nm, and the (D — T) value slightly decreased
from 24.9 nm to 24.3 nm. Furthermore, PEB blocks were shown to be stretched to Gaussian chains,
estimated by (D — T) due to Rr_pes = 24.3 nm when v = 0.5. Finally, after 42.0 h, when D, T, and
the Herman orientation factor were remained virtually constant the formation of SEBS self-

assembled structure was complete.
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Fig. 3. SAXS analysis of the evaporation-induced film formation from 14% w/w SEBS solution
in THF. (a) Selected time-revolved SAXS patterns recorded during the evaporation. The
corresponding fitting curves (black solid lines) were obtained using the LAM structural model [33].
Corresponding multiplication factors used to shift the scattering curves on the plot for the sake of
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represented as a red coil, PS block is represented as a blue coil, and THF molecule is represented
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as a green dot. (b) Evolution of lamellar period (D) (red down-pointing triangles), PS sublayer
thickness (T) (blue squares), PEB sublayer thickness (D — T) (purple up-pointing triangles), and
the Herman orientation factor (open red diamonds) with time recorded during the evaporation. The

error bars correspond to the standard deviations of D and D —T.

Similarly, the nanostructure transformation of the evaporation-induced SEBS film preparation
in THF/DMF = 80/20 w/w at 14% w/w was monitored by SAXS (Fig. 4a-b). These 1D and 2D
SAXS patterns indicate that the nanostructure transition of SEBS in this cosolvent composition
was more complex than in pure THF (Figure 3), and the first three or four clear peak positions
and the corresponding peak position ratios are highlighted to demonstrate this nanostructure
transformation (Fig. 4c-d). From 0 to 27.5 h, there was no obvious change of q”, and the peak
position ratios of g2/q", qs/q”, and ga/q” were 1.5, 2.4, 3.5, respectively. The calculated ratios

indicate that the SEBS copolymers formed an FCC structure where q:02:q3:04 Was approximately

1:\/8/3:4/20/3:,/35/3. From 27.5 to 39 h, g peak position continuously decreased, while gz, gs,
and qa also shifted towards lower q values. During this time interval, the peak position ratios of
02/q", gs/q”, and qa/q” were 1.2, 2.4, and 3.5, respectively. The obtained ratios suggest that SEBS
formed a BCC structure where 01:G2:03:04 Was approximately 1:v/2:y/7:4/13. After 35 h, the BCC
sphere radius was 18.0 nm (Fig. S3) and the lattice period was estimated to be 72.9 nm, which
indicates that the packing density of this BCC structure was 16.6%. The packing density has
slightly increased from 16.2% calculated for SEBS in the FCC structure after 30 h. The possible
reason for this FCC-to-BCC transformation might be the sample compression perpendicular to the

SEBS film plane [63]. After 40 h, the SEBS nanostructure transformed into a hexagonally packed

cylinder morphology where q™:02:03:04 was approximately 1:2:v/13:v/21, corresponding to 100,
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200, 310 and 410 diffraction peaks of a hexagonal close-packed (HCP) cylinder structure [64].
Since the 210 diffraction peak at around 0.035 A™* partially overlaps with the 200 diffraction peak
(Fig. 4a), the 210 peak was not labelled and the peak at q ~ 0.46 A (gs peak) was assigned to 310
Miller indexes. The cylinder cross section radius was estimated to be 18.5 nm (Fig. S3) which was
close to the PS sphere radius within the previously adopted BCC structure. This value together
with 47.2 nm inter-plane spacing for the 100 diffraction peak suggest that the packing density of
the close-packed cylinders was 35.1%, which matches the volume fraction of PS in SEBS. After
40 h of the solvent evaporation the peak position ratios of g»/q” and gs/q” changed to 2.0 and 3.0,
respectively, revealing the formation of a lamellae nanostructure. No further nanostructure
transformations were observed during the SAXS data collection. The HCP-to-LAM
transformation also indicated that the fusion of PS hexagonally packed cylinders forced the folded
PEB blocks to form LAM structure (Fig. 2). The kinetic of HCP-to-LAM transformation can be
described by the clear peak position ratio change of gs/q” and then estimated Avrami equation [65-
68] for ga/q” as 93/q"(t) = 93/q"(te) + A-exp[- t"/ 7], where ga/q"(t) is the time-dependent ga/q” value,
tistime, A is a temperature-dependent constant, n is Avrami exponent, and z is characteristic time.
The fitting of gs/q” via Avrami equation, gs/q”(t) = 2.91 + 1.70 x 10° - exp(- t*% / 2.71), with n =
1.00 indicates that the HCP to LAM transformation is a interface-controlled phase transition.

As self-consistent field theory (SCFT) prediction of symmetric ABA triblock copolymer melts,
the bridged configurations (Fig. 2c) of the ABA triblock copolymers are about 40%-45% [59].
However, the bridged configurations were dominant for no DMF (THF/DMF = 100/0 w/w), but
the loops configurations (Fig. 2d) were dominant when the solutions were contained DMF. With
time-resolved SAXS studies, it observed that the SEBS self-assembled transformations depended

not only on the y values between PS and PEB blocks and the Rgs of the PS and PEB blocks but
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also on the gradually increased SEBS concentrations and remained (co)solvents. Therefore, the

nanofabrication method could affect the block copolymer configurations.
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Fig. 4. SAXS analysis of the evaporation-induced film formation from 14% w/w SEBS solution
in THF/DMF = 80/20 w/w. (a) Selected time-revolved 1D SAXS patterns recorded during the
evaporation. Corresponding multiplication factors used to shift the scattering curves on the plot
for the sake of clarity and evaporation times are shown at the top of each profile. Representative
intensity error bars are shown for SAXS pattern associated with 0 h. First three or four resolved
diffraction peaks (q°, 0z, gs, and qa) are labeled on the SAXS patterns. (b) Representative 2D SAXS
patterns recorded in situ during the evaporation-induced SEBS film preparation. (c) Peak (q”, gz,
g3, and g4) positions measured from the time-resolved 1D SAXS patterns. The error bars provided
for the q" and q. peaks show full width at half maximum of the peaks. (d) Peak position ratios
(92/97, gs/q”, and qs/q”) calculated from the SAXS patterns. The kinetic of HCP to LAM
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transformation can be estimated by Avrami equation for gs/q” labeled with the fitting result, qs/q"(t)
=2.91 +1.70 x 10% - exp(- t+%°/ 2.71) (solid orange line).

3.4. Self-assembled structure of SEBS electrospun fiber and self-assembled structure

transitions from SEBS electrospun fiber to SEBS film

To compare the self-assembled nanostructure adopted by SEBS fibers with the SAXS
measurements obtained during annealing via the evaporation-induced method, electrospun or
electrosprayed products were prepared from SEBS solutions of 14% w/w in THF/DMF = 100/0,
90/10, 80/20, 70/30, 60/40, and 50/50 w/w, respectively (Fig. S4). However, according to the SEM
results (Fig. S4), only SEBS product prepared in THF/DMF = 100/0 was fiber formation.
According to the discussion above of the SEBS film formation from a solution, SEBS chains
primarily formed FCC and LAM structures in cosolvents, and the SEBS chains were folded in
looped configurations to form the diblock copolymer formations in the final products (Fig. 2). This
indicated that the degradation of the SEBS triblock copolymer into a diblock copolymer formation
might lead to a reduction in the SEBS chain entanglements (Fig. S4), and therefore, the electrospun
or electrosprayed products of SEBS solutions in THF/DMF mixtures cannot produce well-defined
fiber formation. Accordingly, only SEBS product prepared in THF/DMF = 100/0 can be used for
further time-resolved SAXS studies of THF vapor annealing of SEBS electrospun fibers.

The THF vapor annealing of SEBS electrospun fibers was recorded by time-resolved SAXS
(Fig. 5a-b). While the scattering intensities from ¢ = 0.005 to g = 0.015 A might be contributed
by orient electrospun fibers, the time-resolved SAXS cannot be independently fitted by the LAM
structural model [33] (Fig. 5b). Thus, the LAM modelling only focused on from g =0.015to g =
0.10 A, and therefore, only the lamellar period (D) (Fig. 5d) of LAM modelling results were

reliable, while the PS sublayer thickness (T) (Fig. 5d) can only be treated as circumstantial
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evidence. Since 75 min, there was no obviously LAM structure observed by LAM structural model,
and from 77 min, no notably SAXS pattern was detected (Fig. 5a-b). Meanwhile, the orientation
of electrospun fibers and the LAM structures (Fig. 5a) can be observed the Herman’s orientation
factor at g = 0.006 A*and q = 0.023 A (Fig. 5c), respectively. These two orientation indexes
about the macro- and nano-structural information can possibly provide more evidence about the
morphological transition of the electrospun fibers.

According to SAXS patterns, the primary SEBS electrospun fibers already contained LAM
structure of D = 19.14+0.44 nm, and after 2 min of THF vapor annealing, D increased to
24.29+1.18 nm, which is close to Rr pes = 24.3 nm when v = 0.5. Interestingly, D continuously
increased 28.61+0.13 nm at 18 min, and then gradually decreased to 26.41+0.02 nm at 73 min.
With T as references, in the primary SEBS electrospun fibers, D and T were nearly the same, which
implied that the PS blocks of different SEBS chains might be aggregated, possibly due to the fast
THF solvent evaporation, and thus, the PEB blocks were compressed (Fig. 5e-i). Once THF vapor
annealing process occurred, the aggregations PS blocks of different SEBS chains separated and
the compressed PEB blocks were relaxed (Fig. 5e-ii). T mainly declined in the first 20 min and
then remained around 12 nm from 20 min to 60 min, which was close to 4Rq ps (= 11.5 nm).

Since the SEBS electrospun fiber was collected onto a cage rotor with 2200 rpm [24], the SEBS
fiber remained relatively high level orientation with 10 min charactered by the Herman’s
orientation factor at ¢ = 0.006 A (Fig. 5¢). From 10 to 20 min, the Herman’s orientation factor at
q = 0.006 A reduced, possibly because the sticky SEBS fibers were stained together [24]. The
Herman’s orientation factor at q = 0.023 A (Fig. 5d), representing the level of the LAM structure

orientation, gradually increased to the same orientation level as the fibers at 60 min. Meanwhile
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with 2D SAXS pattern at 60 min (Fig. 5a), the orientations of the LAM structure and fiber were
the same.

From 60 to 77 min, T gradually increased from 12.6+4.8 nm to 16.4+8.2 nm, which might
suggest that the interdigitated PS blocks were gradually detached by the increasing amount of THF
vapor invaded in the SEBS electrospun fibers (Fig. 5e-iii). At 77 min, the invaded THF vapor
nearly fully broke the physical cross-linking constructed by the PS block domains, and thus, the
well-ordered lamellae nanostructure broke into fractions and the SEBS electrospun fibers totally

collapsed.
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Fig. 5. (a) 2D SAXS patterns collected during THF vapor-annealing of electrospun SEBS fibers
after 0, 15, 30, 60, and 75 min. (b) Time-resolved 1D SAXS patterns recorded during THF vapor-
annealing of electrospun SEBS fibers after 0, 2, 15, 30, 60, 73, 75, and 77 min. The corresponding
fits (solid black curves) were obtained using the LAM structural model [33]. The 1D SAXS
patterns are shifted by a factor labeled beside the patterns, for the sake of clarity. (¢) Herman’s

orientation factor at g = 0.006 A (red squares) and at q = 0.023 A (green squares) during THF
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vapor-annealing of electrospun SEBS fibers from 0 to 75 min. (d) Sublayer thickness (T) with
standard deviation (blue squares) and inter-plane distances (D) (orange squares) with standard
deviation of the LAM structure vs time recorded during THF vapor-annealing of electrospun SEBS
fibers from 0 to 73 min. (e) Structure illustrations of the LAM structural morphological transitions
via THF vapor-annealing. PEB is represented as a red coil, PS is represented as a blue coil, and
THF molecule is represented as a green dot. | stage represents the primary LAM structure of the
SEBS electrospun fibers. 11 stage represents the LAM structure before SEBS electrospun fibers
collapsed. 111 stage represents the LAM structure during the collapse of the SEBS electrospun
fibers collapsed.

4. Conclusion

SEBS triblock copolymer macromolecules in THF have been shown to adopt Gaussian chains.
During the evaporation-induced method, SEBS forms a LAM morphology, as confirmed by time-
resolved SAXS measurements, with PS coils with head-to-head configuration. However, by
adding DMF in the system to form THF/DMF cosolvents, SEBS can form FCC self-assembled
structures in addition to LAM with two PS coils with head-to-head configuration. However, SAXS
measurements suggest that in LAM prepared in the THF/DMF cosolvent systems, PEB blocks in
such LAM are always folded. Time-resolved SAXS measurements indicated that SEBS
sequentially forms FCC, BCC, HCP, and LAM self-assembled structures in THF/DMF = 80/20
w/w. Also, time-resolved SAXS measurements suggest that the folded SEBS in LAM formed by
evaporation-induced method in THF/DMF = 80/20 w/w were constructed when PS blocks fused
during the HCP-to-LAM transition, which indicated that such transition could induce the folded
PEB blocks in final LAM products. To establish an example of SEBS film forming the confined

SEBS chains, electrospinning was utilized. SAXS measurements indicate that the electrospun
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SEBS fibers contain LAM structure, and time-resolved SAXS measurements suggest that the LAM
morphology formed via the electrospinning preparation method comprise from interdigitated PS
blocks rather than head-to-head PS sublayer structure. This finding of the self-assembled SEBS
structures in electropsun fibers and structure transition during vapor annealing can inspire the
design of electrospun fibers to improve their mechanical properties. The SEBS film prepared under
the unconfined and confined situations indicates that the preparation methods are significantly
critical to the self-assembled block copolymer structures. However, the (co)solvent effects and the
conformations of SEBS triblock copolymers still influence the precise self-assembled structures

formed in unconfined or confined environments.
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