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ABSTRACT: Brush-like elastomers with crystallizable side chains
hold promise for biomedical applications requiring the presence of
two distinct mechanical states below and above body temperature:
hard and supersoft. The hard semicrystalline state facilitates
piercing of the body whereupon the material softens to match the
mechanics of surrounding soft tissue. To understand the transition
between the two states, the crystallization process was studied with
synchrotron X-ray scattering for a series of brush elastomers with
poly(e-caprolactone) side chains bearing from 7 to 13 repeat units.
The so-called bottlebrush correlation peak was used to monitor
configuration of bottlebrush backbones in the amorphous regions
during the crystallization process. In the course of crystallization,
the backbones are expelled into the interlamellar amorphous gaps,
which is accompanied by their conformational changes and leads to partitioning to unconfined (melt) and confined (semicrystalline)
(conformational) states. The crystallization process starts by consumption of the unconfined macromolecules by the growing crystals
followed by reconfiguration of macromolecules within the already grown spherulites.

Bottlebrush polymers are unique systems where the
counteraction between the backbone elasticity and steric
repulsion of densely grafted side chains imposes strong effect
on molecular packing and mechanical properties. Such
materials hold promise for applications as photonic crystals,'
materials for organic electronics® and biomedicine.” In
particular, the architectural disentanglement of macromole-
cules allows for the design of ultrasoft and hyper-elastic
materials that can replicate the deformation response of soft
tissues.” ® Introduction of crystallizable side chains’ affords
thermoplastic materials with a sharp transition from a hard
state to supersoft state, where the elastic modulus drops by
unprecedented 6 orders of magnitude from ~1 GPa to ~1 kPa,
unmatched by conventional thermoplastics.'” Furthermore,
controlling the side chain length allows tuning the melting
temperature, which empowers as the design of tissue-adaptive
microneedles that soften upon insertion to the body to
mechanically blend with the surrounding tissue.'’

Recent studies of crystallizable bottlebrushes polymers have
focused on crystallization kinetics and semicrystalline mor-
phology.""'* The so-called bottlebrush correlation peak was
observed in X-ray scattering curves at gi and interpreted as an
average distance between the neighboring bottlebrush back-
bones."” In contrast to linear polymers, where interchain
correlation vanishes upon melting, the bottlebrush peak
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remains distinctly visible in the melt state due to side chain
repulsion, which both separates the backbones and generates
strong electron density contrast at the backbones. In a melt of
bottlebrushes with short aliphatic side chains (up to Cg), the
peak position, gf, was shown to linearly shift with degree of
polymerization (DP) of side chains, n..'* However, for longer
polydimethylsiloxane side chains (up to n, = 156), the
correlation becomes nonlinear and can be approximated by a
scaling law with a power of 0.41.° Upon crystallization, the
appearance of the bottlebrush peak becomes strongly
affected,'’ suggesting changes in the conformation and packing
of bottlebrush backbones in the semicrystalline state. During
side-chain crystallization, the backbones are rejected into
interlamellar amorphous regions. The variation of the peak
position and intensity can serve as a marker for configuration
of bottlebrush backbones in amorphous regions."> Such
information is complementary to the conventional assessment
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of crystallinity and semicrystalline microstructure by wide- and
small-angle X-ray scattering (WAXS and SAXS), as it adds a
new dimension to the analysis of the crystallization process.
This provides a unique opportunity for characterization of
microstructure of confined amorphous regions that are
typically inaccessible in linear chain systems. As mentioned
above, linear polymers usually do not generate a distinct single-
chain structure factor, which prohibits using X-ray scattering
for monitoring molecular conformation in the amorphous
phase of semicrystalline polymers.

So far, the state of confined interlamellar amorphous chains
and its evolution during polymer crystallization process has
been successfully acquired from their relaxation behavior. For
example, for semirigid-chain semicrystalline polymers, it was
shown that confining polymer chains in the interlamellar
amorphous regions might result in significant increase of the
glass transition temperature.'®™'® Monitoring the relaxation
behavior of such polymers during crystallization allowed
observing two distinct relaxation processes, where the signal
of the initial bulk amorphous phase was gradually decreasing at
the expense of a new relaxation pertinent to the growing
fraction of the amorphous regions confined in the intercrystal-
line gaps. The modified state of the confined amorphous
chains was further elucidated by transmission electron
microscopy.19

In the present work, we use the bottlebrush X-ray correlation
peak to extract information about the configuration of
bottlebrush backbones in a semicrystalline state (or during
side-chain crystallization). This is implemented by monitoring
variation of the gf-peak intensity and position during
crystallization process. Simultaneously, real-time character-
ization of the semicrystalline microstructure (thickness of the
crystalline and amorphous regions, and bulk crystallinity) using
the classical SAXS and WAXS data analysis.

A series of chemically cross-linked bottlebrushes with
systematically varied degree of polymerization (DP) of
poly(e-caprolactone) (PCL) side chains was synthesized
(Table 1). The resulting cross-link density corresponds to

Table 1. Molecular and Thermal Characteristics of the
Synthesized Bottlebrush Networks

sample d,’ T, TS T,? T4

name n” (nm) (°C) (°C) (°C) (°C)
PCL_7 7 3.9 20.4 -5.8 22.3 21.1
PCL_9 9 4.1 26.2 1.3 34.2 26.8
PCL_11 11 4.5 33.7 10.5 40.1 30.4
PCL_13 13 4.9 38.5 11.3 43.5 29.3

“DP of the poly(e-caprolactone) side chains. bd-spacing of the gff
-peak of the bottlebrush melt determined as 27/gf. “Melting and
crystallization temperatures of the bottlebrush networks. “The
corresponding macromonomers.

approximately one cross-link per S0 monomers of the main
backbone. The details of the synthesis, the chemical structure
and parameters of the molecular weight distribution are
provided in the Supporting Information.

Basic thermodynamic and structural features of the
synthesized bottlebrush networks were characterized by
Differential Scanning Calorimetry (DSC) and SAXS (Table
1). The bottlebrush architecture imposes constraints on chain
mobility during crystallization process, which explains the
decrease of both melting temperature (T,,) and crystallinity
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compared to linear oligomers of the same length as well as the
corresponding macromonomers used in the synthesis. Thus,
the difference in T,, between bottlebrush elastomers and the
corresponding macromonomers can reach 27 K (cf. Table 1
and Figure S2).

Figure 1 displays 1D SAXS curves of the sample with n, =
13 measured in the melt at 80 °C and in the semicrystalline
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Figure 1. Top: SAXS patterns of sample PCL_13 recorded in the
melt at 80 °C and after 30 min of isothermal crystallization at 20 °C.
Dashed lines represent the background intensity used to correct the
data. Inset shows the background-corrected regions of the curves with
the bottlebrush peak shifted vertically for clarity. Bottom: 1D SAXS
curves of the bottlebrush melts at 80 °C with subtracted background
showing the d, correlation peak. The PCL_13 curve is given in black,
PCL_11 in purple, PCL_9 in green, and PCL_7 in orange. Inset
shows the scaling of the d;-spacing with the side-chain DP (n,.).

state at 20 °C. These curves exemplify two characteristic
features of all studied materials: (i) bottlebrush correlation
peak, d;, in both amorphous and semicrystalline states and (ii)
Bragg peak (L,) originated from the interference between the
crystals.

By examining the bottlebrush correlation peak with more
scrutiny, we can see that the peak shape and position are
different for the amorphous and semicrystalline states. This
difference becomes apparent in the corresponding background-
corrected curves (Figure 1, inset). Upon completion of
crystallization, the bottlebrush peak notably weakens, broad-
ens, and shifts to higher g-values. Therefore, the incorporation
of side chains into growing crystals causes significant
modification of the bottlebrush configuration by expelling
the backbones to the neighboring intercrystalline amorphous
layers. The envelope of a bottlebrush polymer is likely to lose
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its initial symmetrical shape due to disordering of the
backbones arrangement and squeezing them closer to each
other.

For the bottlebrush networks, the position of the bottlebrush
peak in the melt correlates with their side-chain length (Figure
1B). The dependence of d; on n, can be approximated by a
scaling law with an exponent of 0.42 + 0.03, which is in good
agreement with the theoretical prediction mentioned in the
introduction.” This allows extending the observed scaling
behavior to a broader family of bottlebrushes with side chains
of very different chemical structure, for example, ranging from
poly(dimethylsiloxane) to aliphatic polyesters.

The results of a typical isothermal melt crystallization
experiment are shown in Figure 2. In the measurement, the
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Figure 2. Selected 1D-reduced SAXS (top) and WAXS (bottom)
patterns of sample PCL_13 recorded during isothermal melt
crystallization at 20 °C. The color code bar represents the elapsed
time of crystallization.

10

sample was shortly brought to the molten state at 80 °C after
which it was cooled down to the temperature of crystallization
at a rate of 80 °C/min. The SAXS/WAXS frames were
acquired every 6 s with exposure of 6 ms. Selected time-
resolved SAXS and WAXS curves show that the fast stage of
crystallization completes within several minutes. The pro-
gressive increase of the L, peak intensity occurs simultaneously
with enhancement of the crystalline peaks’ intensity in WAXS.
In parallel, the changes occur in the g-region of the bottlebrush
correlation peak, as discussed earlier.
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To provide a quantitative description of the crystallization
process based on the evolution of the bottlebrush correlation
peak, the intensity in this g-region was approximated as a linear
combination of the initial and final intensities as follows:

I(q; t) = a(t)lmelt(q; t) + ﬂ(t)lsc(q; t) + Ibckgr(q; t)

(1)
where I,y I, and I, stand for the intensity of the quiescent
melt before the onset of crystallization, intensity of the final
semicrystalline state of the sample, and the background
intensity. The functions a(t) and f(t) reflect the fractions of
the initial (i.e., bulk amorphous) and final (i.e., confined
semicrystalline) phases contained in the sample at time t. The
I and I, were obtained by averaging about 10—20 frames
and were subsequently approximated by an appropriate
analytical function. The example of decomposition of the
intermediate state recorded during crystallization of sample 13
at 20 °C is given in Figure 3 for the elapsed time of 220 s. At
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Figure 3. Variation of the bottlebrush peak during crystallization of
sample PCL_13 at 20 °C. The color code is the same as in Figure 2.
Experimental points are shown in dots, solid lines correspond to fits of
the data with eq I. Inset: intermediate state of the bottlebrush
correlation peak at t = 220 s (light gray dots). Light red solid line
denotes the bottlebrush correlation peak in the melt with @ = 0.41,
blue solid line is intercrystalline confined state with f = 0.59.

this stage of the crystallization process, the bottlebrush peak
exhibits a pronounced composite character being approx-
imately 0.4:0.6 mixture of the initial and final states.

The results of deconvolution of the SAXS intensity on the
initial and final states (eq 1) are given in Figure 4A. The
computed a(t) and f(t) vary between 1 and 0 as expected.
The progress in the crystallization process is marked by a decay
of a(t) with simultaneous increase of 3(t). Moreover, the sum
of the two functions stay close to unity at all times meaning
that the intensity of the bottlebrush peak can be indeed well
approximated by a linear combination of the initial and final
states, that is, the I and I, functions. As expected, the a(t)
and f(t) level out when all the initial amorphous phase is
consumed. In the considered case this occurs after about 300 s
of crystallization, which corresponds to the stage of spherulites’
impingement when all the amorphous phase in the sample
becomes confined. It is, therefore, clear that the bottlebrush
peak provides a means to monitor the consumption of the bulk
amorphous phase and its gradual replacement by the
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Figure 4. (A) Evolution of a(t) and (¢) for isothermal crystallization
of PCL (n, = 13) at 20 °C. Optical micrographs in crossed polars
show growth and impingement of banded spherulites resulting from
crystallization. (B) Comparative behavior of SAXS invariant (black
symbols) and WAXS crystallinity index (green symbols). Inset shows
the evolution of crystal thickness computed from SAXS data using 1D
correlation function analysis.

amorphous regions confined in-between the crystals. This
information is somehow similar to what has been achieved in
the past by monitoring the intensity of the a-relaxation peak
during crystallization.'® Here, the bottlebrush peak can also
serve as a indicator allowing to discriminate and quantify the
bulk and confined amorphous regions based on the
configuration of the polymer chain. However, the information
contained in the acquired data has broader implications
discussed below.

Figure 4B displays the computed f(t) together with the
simultaneously measured SAXS invariant and WAXS crystal-
linity index. The three curves follow similar paths during the
rapid stage of crystallization (stage I), where the bulk
amorphous phase is consumed. However, upon leveling out
of the f(t) function, the SAXS invariant continues to increase
for about 300 s more (stage II), suggesting that secondary
crystallization processes take place within the grown
spherulites. At an even later stage (stage III), when the
invariant does not change anymore, the WAXS crystallinity
index continues showing a slight increase. This development
can be understood by analyzing the crystal thickness from the
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1D correlation functions computed from SAXS data. The inset
in Figure 4B shows that crystal thickness exhibits a monotonic
increase, which continues even after 900 s of the isothermal
crystallization process. Such slow crystal thickening in PCL was
previously observed based on real-time imaging with Atomic
Force Microscopy.”’ Later, some evidence for crystal
perfectioning processes was found from X-ray scattering data
by Strobl and co-workers.”'

The described findings allow us to conclude that the
crystallization process in the PCL-based bottlebrush elastomers
is multistage. At the first stage, the side chains of the
bottlebrush elastomers get progressively involved in the crystal
growth process whereas the backbones are being rejected in
the intercrystalline amorphous gaps. This is schematically
illustrated in Figure S showing possible packing of the

Twisting

Figure 5. Schematics of the backbone and side chain arrangement in
the molten and semicrystalline states.

bottlebrush backbones inside the interlamellar amorphous
regions. The full consumption of the unconfined material
occurs after about 450 s, which corresponds to the end of stage
I. From the morphological point of view, this corresponds to
impingement of growing banded spherulites of the bottlebrush
as shown in the figure inserts. At stage II (up to 780 s), the
entire structure formation processes occur inside the already
grown spherulites. Here, the SAXS invariant still exhibits a
noticeable increase (cf. Figure 4, bottom), which is likely due
to some postcrystallization processes. Some of these processes
continue beyond ~780 s (stage III), where the SAXS invariant
levels out but the WAXS crystallinity index is still increasing
(i.e., the third stage of crystallization). Importantly, the SAXS
crystal thickness L, displays a logarithmic increase throughout
the whole process, which is consistent with our earlier
observations on blends of linear PCL and poly(vinyl
chloride).*®

The computed L -values correspond to the crystalline stems
of the length varying from about 4.5 to 5.2 repeat units, which
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is slightly more than one-third of the total side-chain length.
Therefore, it is logical to assume that the ends of the side
chains enter lamellar crystals leaving the parts of the side
chains located closer to the main backbone in the amorphous
region.

To understand the universality of the described crystal-
lization behavior, it is instructive to compare the crystallization
process occurring in the studied bottlebrushes with the longest
and shortest side chains, that is, for PCL samples with n, = 7
and 13. Figure S3 shows selected SAXS and WAXS curves
corresponding to isothermal melt crystallization of PCL_7 at
—10 °C. Application of the same strategy for the analysis of the
bottlebrush peak shows much similarity in the crystallization
behavior of the two samples. Indeed, the a(t) and S(t)
functions add up to 1 as is the case of the PCL (n, = 13)
crystallization (cf. Figure SS, left), which shows that the
bottlebrush peak provides indeed the means of quantifying the
unperturbed bulk and confined intercrystalline fraction of the
bottlebrushes. Also, the crystallization process is multistage and
is characterized by postcrystallization in the interior of the
spherulites with a long-term thickening of the crystals. The
difference in the behavior of the two samples is in the kinetics,
which can be accounted for by the different degree of
supercooling and in crystal thickness.

Since the remaining amorphous part of the bottlebrush
molecules become smaller, the position of the bottlebrush
correlation peak shifts to larger g-values. Also, perturbation of
the bottlebrush packing causes the bottlebrush peak to become
broader. The interlamellar amorphous regions can in principle
host a couple of layers of the bottlebrush backbones as shown
in the figure. The details of packing and orientation of the
bottlebrush backbones are still to be explored. It is noteworthy
that during melting the evolution of the bottlebrush correlation
peak shows an opposite trend: the bottlebrush peak typical of
the semicrystalline state vanishes and the one characteristic of
the bulk polymer melt reappears as the melting process
advances (cf. Figure S7).

The impact of soft confinement of the PCL side chains
imposed by the bottlebrush backbones can be analyzed in
comparison with hard confinement, which can be generated for
example by infiltration of linear PCL into the well-studied
nanoporous anodic aluminum oxide (AAQO) templates.””*’
The walls of the AAO pores well isolate each polymer domain
and can cause a dramatic depression in the PCL crystallization
temperature T.. By contrast, crystallization of the bottlebrush
networks studied in the present work does not show such an
effect on T, (cf. Figure S2). Therefore, contrary to the hard
confinement the mechanism of crystal nucleation in the
bottlebrushes is likely to be unchanged with respect to the bulk
linear polymer. In our case, the resulting semicrystalline
morphology of banded spherulites is typical of polymer
crystallization at small and moderate undercoolings and
testifies the fact that crystallization proceeds via breakout
growth. In this process, the bottlebrush phase-separated
morphology becomes disrupted by the growing lamellar
crystals which “pass through” the interfaces delimited by the
backbones and eventually trap the backbones in the inter-
lamellar amorphous gaps.

In conclusion, the synchrotron time- and temperature-
resolved SAXS and WAXS techniques with an aid of optical
microscopy unveil the hierarchical organization of the
bottlebrush elastomer with crystallizable side chains. Moreover,
the presence of a unique bottlebrush correlation peak provides
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a unique probe to observe configuration of chains in the
amorphous regions. Using this peak as an amorphous phase
marker makes it possible to follow the consumption of the
unconfined material during crystallization and address the state
of the bottlebrushes in the interlamellar amorphous gaps.
However, a more detailed evaluation of the structure of such
crystallizable bottlebrushes is required, including nano X-ray
beam diffraction experiments on the banded spherulites grown
from these materials.
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