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Enhancing the Biomimetic Mechanics of Bottlebrush
Graft-Copolymers through Selective Solvent Annealing

Akmal Z. Umarov, Joseph Collins, Evgeniia A. Nikitina, loannis Moutsios,
Martin Rosenthal, Andrey V. Dobrynin, Sergei S. Sheiko, and Dimitri A. lvanov*

Self-assembled networks of bottlebrush copolymers are promising materials
for biomedical applications due to a unique combination of ultra-softness and
strain-adaptive stiffening, characteristic of soft biological tissues.
Transitioning from ABA linear-brush-linear triblock copolymers to A-g-B
bottlebrush graft copolymer architectures allows significant increasing the
mechanical strength of thermoplastic elastomers. Using real-time
synchrotron small-angle X-ray scattering, it is shown that annealing of A-g-B
elastomers in a selective solvent for the linear A blocks allows for substantial
network reconfiguration, resulting in an increase of both the A domain size
and the distance between the domains. The corresponding increases in the
aggregation number and extension of bottlebrush strands lead to a significant
increase of the strain-stiffening parameter up to 0.7, approaching values
characteristic of the brain and skin tissues. Network reconfiguration without
disassembly is an efficient approach to adjusting the mechanical performance
of tissue-mimetic materials to meet the needs of diverse biomedical

touch yet rapidly stiffens with deformation,
generating the so-called J-shaped stress-
strain curves, where the elastic modu-
lus increases by up to 2-3 orders of
magnitude.”]. Combining softness, firm-
ness, strength, and damping in one mate-
rial represents a difficult challenge for con-
ventional linear-chain polymers due to the
presence of chain entanglements and weak
strain-stiffening.®!

In contrast to linear chains, bottle-
brush macromolecules demonstrate much
lower entanglement densities,[>!%  pro-
viding access to very low mechanical
moduli and a tunable strain-stiffening
parameter,''"3] which depends on side-
chain length and grafting density. This
makes  bottlebrush-based  copolymers

applications.

1. Introduction

Bottlebrush-based copolymers have attracted increasing inter-
est due to their unique mechanical properties, combining ultra-
softness with intense strain stiffening, which is characteristic of
soft biological tissues.['"*] For example, the skin feels soft on
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promising candidates for applications in
organic optoelectronics,®1* 11 upcycling
and reprocessing,!'”*¥] 3D printing,!!*%"]

templating 1D  structures,?!l energy storage,?*?)] soft
robotics,?#%°]  wearable electronics,[?°?8]  pressure-sensitive
adhesives,”! and biomedical devices.*?**] Theoretical and

computational simulations offer valuable insights into the hi-
erarchical structure and complex dynamics of these systems,
complementing experimental observations and enabling a
deeper understanding of their underlying mechanisms. (3>
Recently, we have explored the structural and mechanical prop-
erties of ABA linear-brush-linear triblock copolymers that form
physical networks due to the microphase separation of bottle-
brush middle blocks (B) and terminal linear blocks (A).[**"] De-
spite their tissue-like softness and strain-stiffening, such net-
works possess a relatively low strength of o, 20.5 MPa, which
is an order of magnitude weaker than that of stress-supporting
tissues such as skin and blood vessels. The low strength of ABA
elastomers is due to the so-called “one strand — one molecule”
network assembly, where each bottlebrush backbone forms only
one mechanically active strand between the network nodes
formed by aggregated A blocks. These shortcomings can be
eliminated by switching to bottlebrush graft copolymers (A-g-B),
where linear A blocks are randomly grafted along the backbone
of the bottlebrush B block. These macromolecules self-assemble
into a network, where one bottlebrush backbone spans multiple
strands, yielding elastomers with up to 1 MPa strength."”] How-
ever, despite the improved strength, the studied A-g-B copoly-
mers exhibited moderate strain-stiffening (#<0.5), which corre-
sponded to a lower bound of biological tissues. Therefore, it is
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Figure 1. a) Controlled radical polymerization of assorted macromonomers yields c) A-g-B brush-like graft copolymers with controlled grafting density
of the PDMS brush b) block and fraction of linear PMMA A blocks distributed as long side chains in the brush block. c) Microphase separation of the
PMMA and PDMS block results in the formation of a physical network linked by PMMA domains dispersed in the PDMS bottlebrush matrix.

vital to find network (re)configuration pathways toward enhance-
ment of the strain-stiffening behavior.

There are several methods that are commonly used to improve
the packing of block copolymers (BCP), including thermal, vapor,
and selective solvent annealing.’**%1 Thermal annealing is not
very efficient due to an exponential decay of chain mobility with
increasing segregation strength, resulting in kinetically trapped
morphologies.***!) Annealing in solvent vapor significantly im-
proves the microdomain order in thin BCP films,[*? however it
does not work for bulk samples, requiring considerable time for
swelling. Structural reorganization can be facilitated by direct im-
mersion of BCP films in selective solvents.

Herein, we study the evolution of structure and mechanical
properties for a series of bottlebrush graft-copolymers containing
polydimethylsiloxane (PDMS) side chains polymethyl methacry-
late (PMMA) linear blocks during thermal annealing and direct
immersion in selective solvents. The objective of the work is to
find an optimal strategy to achieve the structural reconfigura-
tion of self-assembled networks, resulting in an enhanced strain-
stiffening behavior to better mimic the mechanical properties of
soft biological tissues. Itis important to note that swelling in a se-
lective solvent allows network reconfiguration without its disas-
sembly, which is vital for practical applications relying on sample
integrity.

2. Results and Discussion

2.1. Composition and Morphology of A-g-B Brush Networks

We synthesized a series of A-g-B graft copolymers using a
combination of reversible addition-fragmentation chain trans-
fer (RAFT) co-polymerization of polydimethylsiloxane (PDMS)
and Br-terminated poly(ethylene glycol) (PEG) macromonomers,
followed by atom transfer radical polymerization (ATRP) of
poly(methyl methacrylate) (PMMA) A-block grafted from the
terminal bromine (Figure 1a).'”] This yielded poly[MMA-g-
(PDMS/PMMA)] bottlebrush graft copolymers (Figure 1b) with
ny, = 1, volume fraction of the linear block ranging from 1.5 to
4.4%, and long backbone with a degree of polymerization (DP)
varying from ny, = 210 to 1935 (Table 1).

The A-g-B graft copolymers microphase-separate to form a
physical network, where one macromolecule may span several
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Table 1. Structural parameters of the studied bottlebrush graft-
copolymers.

Sample na? N ng? ny Mo

Variation of n, at constant n_and ny,

Al 27 0.015 1 149 1935
A2 62 0.034 1 149 1935
A3 81 0.044 1 149 1935
Variation of ny,, at constant n, and similar n,

B1 53 0.029 1 149 210
B2 63 0.034 1 149 607
A2 62 0.034 1 149 1935

% Number average de%ree of polymerization (DP) of PMMA side chains as deter-
mined by "H-NMR; " Volume fraction of PMMA, ppyma = 1.15 g mL™", pppus =
0.96gmL™}; 9 Number of spacer repeat units between A blocks; ¥ Number average
DP of brush backbone between PMMA side chains; and © DP of total brush backbone
in the A-g-B macromolecule.

network meshes (Figure 1¢)."”) Copolymers with a low volume
fraction of PMMA grafts form spherically shaped PMMA nan-
odomains that are covalently attached to the bottlebrush back-
bones. This configuration leads to increased crowding of the bot-
tlebrush blocks at the interface of the PMMA domains, resulting
in a much smaller interfacial surface area per bottlebrush seg-
ment compared to similar ABA systems.!**]

2.2. Network Reconfiguration upon Direct Immersion in a
Selective Solvent

In this section, we describe the evolution of the structure and
mechanical properties of the PMMA-g-PDMS elastomers upon
swelling in different solvents selective to A and B blocks. Initially,
the samples were cast from toluene, a non-selective solvent to
both blocks and subjected to thermal annealing.

2.2.1. Thermal Annealing

The results of an in-situ heating-cooling experiment, exemplified
for sample A1, are illustrated in Figure 2. The SAXS curves show
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Figure 2. SAXS profiles corresponding to a) heating and b) cooling of sample A1 (ny = 27, n, = 149, nyy, = 1935). Dashed line in a) represents the fit
of the curve at RT with the form-factor of polydisperse spheres. (c) Temperature dependencies of distances dj, d, and d;. A schematic of the network
structure with indications of distances dy, d,, and ds is provided on the right.

the following features: a primary interference peak at g, corre-
sponding to a d-spacing (d,); the form factor of PMMA spheres
with a diameter (d,), with the first minimum at q,; and a bottle-
brush peak at q;, corresponding to a d-spacing (d,). These fea-
tures are illustrated in the figure. These structural features align
with previous observations reported in refs.[8, 43] The diameter
of the PMMA domains was determined from the curves by fitting
them to the form factor of spheres.

P (q) = 3 [sin(qR) — qRcos (¢R)] /(qR)’ (1)

The analytical expression in Equation (1) was convoluted with
a Gaussian distribution to account for the scattering from a poly-
disperse population of spheres. A typical form factor resulting
from the fit is depicted in Figure 2A with a dashed line, suggest-
ing PMMA spheres ~13 nm in diameter, separated by a distance
of ~33 nm. Within the bottlebrush matrix, the backbones are
separated by a characteristic distance of d; = 3.3 nm. The sam-
ple was subjected to thermal cycling between room temperature
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and 130 °C, during which in-situ SAXS curves were continuously
recorded (Figure 2). It is evident that thermal annealing does not
significantly alter the SAXS curve (cf. Figure 2a,b). The observed
variations of the characteristic distances ds, d,, and d,; do not ex-
ceed 1.5% (Figure 2c). This demonstrates that the structure of the
graft copolymer remains largely unaffected by thermal anneal-
ing even above the glass transition of the PMMA block, which
is consistent with the lack of significant changes in mechanical
properties upon annealing up to 170°C (Figure S3, Supporting
Information). An additional variable-temperature SAXS experi-
ment performed up to 200°C demonstrates that the structure of
sample Al remains stable, showing no significant changes as a
result of the annealing process (Figure S5, Supporting Informa-
tion).

2.2.2. Selective Solvent Annealing

Hexane and acetone were chosen as solvents to selectively
swell the PDMS matrix and PMMA domains, respectively
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Figure 3. Annealing A-g-B elastomers in selective solvents. a) Annealing in hexane (selective to PDMS side chains) results in reversible swelling of the
bottlebrush matrix. b) Annealing in acetone (selective to the PMMA linear A block) results in irreversible re-assembly of the A domains. The corresponding
SAXS profiles are exemplified for samples B2 c) and A1 d) in their as-prepared condition, as well as in their swollen state in hexane and acetone. The
SAXS curves corresponding to post-dried samples are also included to evaluate the reversibility of the swelling process. The structural parameters d,

d,, and ds are depicted in Figure 1b.

(Figure 3a,b). Theresults of in-situ X-ray scattering experiments
during swelling and subsequent drying of the samples are
presented in Figure 3c,d. Taking sample B2 as an example
(Figure 3c), it can be seen that swelling in hexane significantly
increases the distances d; and d,, while the size of the PMMA
spheres remains practically unaffected. The latter conclusion is
deduced from the fact that the first minimum of the form-factor
of spheres does not shift (dashed line d, in Figure 3a). Such be-
havior is expected, as hexane should only swell the PDMS matrix
of the graft-copolymer. Moreover, the swelling-caused morpho-
logical changes are fully reversible (Figure 3a) as evidenced by
the nearly complete similarity between the pristine and dried X-
ray curves (Figure 3c).

In contrast, swelling in acetone caused substantial net-
work rearrangement, which was irreversible after evaporation
(Figure 3D). Since acetone selectively swells only the PMMA
domains, both d, and d, are increased as exemplified by sample
Al (Figure 3d). Furthermore, the final structure formed after
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drying from acetone is visibly different from the initial one,
characterized by significantly increased d; and d,. Specifically,
upon a swelling-evaporation cycle of sample A3 in acetone, the d,
spacing increases from 13.5 to 17.2 nm, while d; increases from
26.3 to 39.6 nm. This increase in the d;-distance is corroborated
by the corresponding low-q shift of the main maximum of the
SAXS structure factor (Figure S4, Supporting Information).
One can view the swelling of A domains as a process toward an
inverse micellar structure,!**] where PMMA grafts play the role
of corona blocks stabilizing the cores of interconnected PDMS
domains. This structural reorganization results in an increase in
the domain size as well as the distance between them due to the
stretching of the PDMS bottlebrush strands to satisfy the packing
constraints.

The stretching of the PDMS blocks in the PMMA-selective
solvent (acetone) is corroborated by a significant enhancement
of the strain-stiffening behavior (Figure 4). The stress-elongation
curves were analyzed by using the equation of state,!®! describing
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Figure 4. Impact of solvent annealing on mechanical properties of the bottlebrush graft-copolymer. Black curves represent the initial sample, blues
curves- the samples after immersion in hexane for 30 min and subsequent drying, and red curves- the samples after immersion in acetone for 30 min
and subsequent drying. The acetone-annealed sample A1 in a) replicates the mechanics of the porcine brain,[*®l while samples A3 and B1in b,c) display

a perfect match with the porcine skin measured perpendicular and parallel to the spine line, respectively.

the evolution of the true stress with the elongation ratio A at a
constant volume as

B (4% +247")

Crrue (A):% (P=a")[1+2(1- 3 ()

In this expression, the structural shear modulus (G) and
the strain-stiffening parameter f describe materials mechanical
properties and are obtained from the fitting of the deformation
curves. The strain-stiffening parameter § = (R} )/R%  is de-

[47]

fined as a ratio of the mean square end-to-end distance, (R ), of
undeformed strands to the square of their end-to-end distance
in the fully stretched state, R,,,,.**] The Young’s modulus, E,,
at small deformations, A — 1, corresponding to Equation (2), is
given by

Ey= G(1+2(1-57?) (3)

For a small value of # <« 1, it recovers the classical relationship
between the Young’s and shear modulus, E, = 3G, for incom-
pressible systems.

Table 2. Variation of mechanical and structural parameters of the studied samples upon immersion annealing in hexane and acetone.

Treatment?) Eo (kPa)®) B9 Ao O max [kPa]®) dy [nm]" d, [nm]e) dy [nm]"
Sample Al: ny =27, n, = 149, ny, = 1935

pristine 7.7 033 2.86 84.4 335 133 36.1
hexane 7.2 0.33 2.74 66.5 3.35 133 36.1
acetone 9.3 0.46 2.53 82 3.35 17.8 52.4
Sample A2: ny = 62, n, = 149, ny, = 1935

pristine 31.4 0.40 2.92 605 32.2 15.2 3.4
hexane 28.8 0.41 2.96 542 31.8 14.8 3.4
acetone 34.8 0.63 2.09 256 46.2 20.0 3.4
Sample A3: ny =81, n, = 149, ny, = 1935

pristine 453 0.53 2.26 359 3.35 13.6 27.6
hexane 56.8 0.50 2.48 627 3.35 13.45 26.2
acetone 62.4 0.71 1.86 313 335 17.8 52.4
Sample B1: ny =27, n, = 149, n,, = 1935

pristine 12.8 0.42 1.92 29.2 3.35 13.2 28.6
hexane 10.8 0.45 2.04 38.4 3.35 13.3 28.6
acetone 22.9 0.57 1.87 67.0 3.35 16.0 38.1
Sample B2: ny = 63, n, = 149, ny, = 607

pristine 20.9 0.48 2.14 96.9 3.35 14.4 311
hexane 23.8 0.47 2.10 106 3.35 14.2 314
acetone 333 0.62 1.79 101 3.35 18.2 42

% Non-treated (pristine) samples and samples annealed by direct immersion for 30 min in hexane or acetone and subsequently dried; )Young’s modulus determined either
as the tangent of a stress—strain curve at A—1 or from the fitting Equation (3) at A = 1; 9 Strain-stiffening parameter obtained by fitting stress—strain curves with Equation
2); ) Elongation at break; ) Stress at the break; and ' Microstructural parameters d;, d, and d; (Figure 1B), extracted from SAXS measurements.
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The fitting results are summarized in Table 2. The annealing in
hexane does not cause significant changes in mechanical proper-
ties, which is consistent with the X-ray data. In contrast, selective
swelling in acetone brings about a significant increase in g from
0.40 to 0.63, which is consistent with the d; increase from 32.2
to 46.2 nm. The bottlebrush strands connecting the A domains
become more extended, i.e. larger (R’ ), resulting in a stronger
strain-stiffening effect. The achieved level of strain-stiffening in
acetone-annealed elastomers allowed for exact matching of the
deformation response of soft tissues such as porcine skin and
brain tissue (Figure 4).

2.3. Dimensionality of Swelling in a Matrix-Selective Solvent

To address the details of the swelling process in graft-copolymers,
it is instructive to correlate the degree of swelling with the struc-
ture evolution. Such correlations were established by monitoring
the swelling-drying process in hexane with in-situ synchrotron
SAXS using a specially designed liquid cell. Considering d, as a
characteristic mesh size of the network structure, one can write:

\% d

sw 35w
T )
Vdry d; dry

where Q,,, = % is the ratio of the macroscopic volumes of the
dry
swollen and dry samples (V,,, = V,,, + V), and d; , and d; 4,

are the corresponding distances d,. Since the swelling in hexane
involves only the bottlebrush matrix (Vg;), one can be written:

3 _ 5
VBB, sw d3,sw g0d3, dry

VBB,dry (1 - (P) d; dry

©)

where the volume fraction ¢ occupied by the physical nodules
is excluded from the swelling ratio. The swelling of the bottle-
brush matrix can also be determined from the dilatation of d,
which is proportional to the parameter of the 2D unit cell formed
by neighboring bottlebrushes. In this model, it is implied that
the contour length of the bottlebrush backbones does not change
with swelling and that they pack as rigid cylinders on a 2D lattice.
Therefore, the swelling ratio can be expressed as:

VBB, sw disw (6)
VBBrdry di dry

If the model is correct, one can expect that

d? & —od

1,sw 35w 3, dry
~ )
di dry (1-9) d; dry

One of the ways to validate the model and, consequently Equa-
tion (7), is to directly compare the swelling ratio of a graft-
copolymer sample with the corresponding variation of d, and d,.

The mass swelling ratio Q,,,., is measured by directly weighing
the dry and swollen samples as:

mSW

Q)’VLESS = mdry (8)
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Figure 5. SAXS curves of sample A2 in the dry state, as well as swelling in
hexane at volume swelling ratio Q,, = 5.96.

where the mass ratio is related to the corresponding volumes by
the following equation, including the mass densities of the sol-
vent and polymer (p,, and p,)

M VeolventPsot + Vol
MSW _ suventVsu pol¥ pol _ [QWl _ 1]psol +1 (9)
dry polppol ppol
Therefore, Q,,, can be expressed as:
ppul
Qvol = [anass - 1] +1 (10)
Psolvent

The results of such verification are exemplified for sample A2
in Figure 5 and Table 3.

It is evident that the estimates of the volume swelling ratio
from the sample weight and from the spacings d, and d, are in

Table 3. Correlation between the macroscopic and microscopic swelling
ratios measured for sample A2.

dg sw7¢d§ d 4
Sample state dq[nm] ds[nm]  Quo? == 21'5”’
“7(1))‘13, dry dl, dry
dry 3.4 32.0 5.96 5.94 6.38
swollen 8.5 57.4

? Swelling ratio Q,,, is calculated from Q... using Equation (10).
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Figure 6. In situ SAXS experiment on the drying of sample A1, which was
initially swollen in hexane.

good agreement with each other, which supports the model and
eliminates the need to weigh the sample at each stage of swelling.

Figure 6 shows the results of a typical SAXS experiment during
which sample Al, initially swollen in hexane, was drying. The
curves indicate gradually decreasing distances d; and d, in the
course of the drying process (cf. frames 0 through 90).

The results of all in-situ drying experiments are displayed in
Figure 7. It can be seen that most of the data merge on the line
y =xin the coordinates of the V;; , versus V, ... ., normalized
by the corresponding values in the dry state. This shows that the
model of concurrent 3D swelling of the nodular structure and 2D
swelling of the spacing between bottlebrush backbones is valid.

If one analyzes Figure 7 more closely, a deviation from lin-
earity can be noticed for sample B1, which contains the shortest
bottlebrush block. We speculate that in this case, the bottlebrush
block is in the most extended conformation. The observed devia-
tion can be explained by the further stretching of the bottlebrush
backbones, which starts to become significant at a certain stage
of swelling. The deviation can be rationalized using the following
equation:

2

Vmutrix, sw dl,sw V ﬁsw
2

v, dl, dry ﬂ dry

matrtix,dry

(11)

Equation (11) takes into account not only the 2D swelling of
the distance between bottlebrush backbones but also the possible

stretching of the bottlebrush backbone. It is then instructive to
2
‘matrix, sw  1dry

plot the ratio i— <

matrtix,dry %1 gy

as a function of the swelling ratio in

order to monitor the variation of § (see Figure 8).
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Figure 7. Concurrent 3D swelling of the bottlebrush nodular structure
in hexane (see Equation 6) and two-dimensional swelling of the bottle-
brush matrix (see Equation 8) are observed. The notation ‘after acetone’
indicates that the samples were immersion-annealed in acetone prior to
swelling in hexane.

I I I I
= Sample B1
£ 14F -
=]
= [ )
>
E
z
£
£
5 1.2
=
'} No change in the
% BB conformation
£
<
E
>; 1.0+ —
i L ¢
2 Stretching of the
\>_, BB backbone
0.8 | | | 1
1 2 3 4 5
2 2
dl,sw /dl,dry

Figure 8. The ratio of the normalized volumes of the bottlebrush nodu-
lar structure and bottlebrush matrix as a function of the 2D swelling of
the bottlebrush matrix. The deviation from unity indicates a change in the
conformation of the bottlebrush backbone.

Figure 8 shows that the experimental data starts to deviate
from unity for the matrix swelling ratios above approximately
three. This upward turn corresponds to a noticeable increase in
the stiffening parameter () and indicates a significant change in
the conformation of the bottlebrush backbone occurring during
swelling. It can be seen that /B,,/+/B,, reaches ca. 1.34 at the
highest extent of swelling, which is equivalent to the increase
of B, by ca. 1.8 times. Using the value of f obtained by fitting
the stress—strain curves with Equation (2) (cf. Table 2) it can be

© 2024 Wiley-VCH GmbH

A ‘T °STOT “LTEEITST

:sdny woiy

ASUAOIT SUOWILIO)) 2ANRAIY) d]qedtjdde ayy £q pauIaAoS ae sajonIe YO asn Jo sa[nl 10 AIeIqIT auluQ A3[IA\ UO (SUONIPUOI-PUB-SULI)/W0D A[IM " ATRIqI[duI[uo//:sd)) SUONIPUO) pue SULI T 3y 23S *[S707/€0/6] U0 AreiqiT autuQ AopiA [IHH [odey)) 18 eurjore) YuoN Jo ANSIAIUN £q 69S00FTOT AIBW,/Z001 0 1 /10p/Wod K[


http://www.advancedsciencenews.com
http://www.mrc-journal.de

ADVANCED
SCIENCE NEWS

{M}gggulor

Rapid Communications

www.advancedsciencenews.com

concluded that at the highest extent of swelling the value of g
reaches approximately 0.76.

3. Conclusion

In this work, we study the effect of annealing on the mechani-
cal and structural properties of bottlebrush graft copolymers. It
was shown that the strain-stiffening parameter (f) can be sig-
nificantly increased up to 0.7 by treating the materials in a sol-
vent selective for the linear A blocks grafted to the brush B block.
This allows for bringing the mechanical properties of the copoly-
mers closer to those of soft biological tissues, such as the brain
and skin. The structural reorganization of the self-assembled net-
works was monitored by the real-time synchrotron small-angle
X-ray scattering. This showed that selective solvent annealing re-
sulted in a substantial, irreversible reconfiguration of the spheri-
cal domains of grafted side chains in the bottlebrush matrix, lead-
ing to an increase in domain size and the distance between them.
In contrast, the evolution of the structure in a selective solvent
for the bottlebrush matrix was found to be reversible. The data
for all studied samples merged onto a single straight line, indi-
cating that the bottlebrush nodular structure was undergoing 3D
swelling, whereas the bottlebrush matrix displayed a 2D swelling
characteristic of the spacing increase between bottlebrush back-
bones.

4. Experimental Section

Synthesis:  Two series of samples with systematically varied degrees
of polymerization of brush backbone (np,) and linear A block (n,) were
made by first synthesizing a bromine-terminated PEG macromonomer to
be used as an ATRP initiating site for growing the PMMA blocks. Using a
two-step polymerization where first grafting through RAFT of the PDMS
macromonomer and the bromine terminated PEG macromonomer were
copolymerized to each of the targeted ny,’s. Next, the brush polymers were
used as macroinitiators with the bromine-terminated PEG sidechains serv-
ing as initiating sites for grafting from ATRP of linear MMA. A full detailed
description of the synthesis can be found in the previous publication.[™°]

Small-Angle X-ray Scattering (SAXS): The SAXS experiments were car-
ried out at the BM26 beamline of the European Synchrotron Radiation
Facility (ESRF) in Grenoble (France). The measurements were conducted
in transmission geometry using a photon energy of 12 keV. The accessed
q values, with |q| = 4z sin(0)/4, where 6 is the Bragg angle and 4 is the
wavelength, cover a range from 8.0 x 1072 nm~' to 4.0 nm~". A Pilatus TM
detector (169 mm x 179 mm active area) was employed for recording SAXS
intensity at a sample-to-detector distance of 3 m. The swelling/drying ex-
periments in selective solvents were performed with a custom-built liquid
cell.

Solvent Annealing: The A-g-B elastomers were dissolved in toluene
and poured into Teflon petri dishes and left to dry for 3 days under am-
bient conditions. The samples were removed from the dishes and a dog
bone-shaped cutter (bridge dimensions: 12 mm x 2 mm x 1 mm) was used
to punch out samples. The dog-bone-shaped samples were then individu-
ally placed on Teflon sheets and put in glass petri dishes filled with either
acetone or hexane and left immersed in the solvent for 30 min. After this
time, samples were removed from the solvent dishes and left to dry under
ambient conditions and periodically weighed until a constant mass was
reached.

Mechanical Tests: Dog bone-shaped samples with bridge dimensions
of 12 mm X 2 mm X 1 mm were loaded into an RSA-G2 DMA (TA In-
struments) and subjected to uniaxial extension at 20 °C and a constant
strain rate of 0.005 s~'. Samples were stretched until rupture, delivering
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the entire mechanical profile. In each case, tests were conducted in tripli-
cate to ensure the accuracy of the data. All stress—elongation curves show
the dependence of the true stress oy, on the elongation ratio 4 in accor-
dance with Equation (2) at small and intermediate deformation ranges,
but switch to a linear scaling with 4 at the later stages of deformation. The
elongation ratio 4 for uniaxial network deformation is defined as the ratio
of the sample’s instantaneous size L to its initial size Ly, 4 = L/L,.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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