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Networks formed by crosslinking bottlebrush polymers are a class
of soft materials with stiffnesses matching that of ‘watery’ hydro-
gels and biological tissues but contain no solvents. Because of their
extreme softness, bottlebrush polymer networks are often subject
to large deformations. However, it is poorly understood how
molecular architecture determines the extensibility of the networks.
Using a combination of experimental and theoretical approaches, we
discover that the yield strain y, of the network equals the ratio of the
contour length L, to the end-to-end distance R of the bottlebrush
between two neighboring crosslinks: y, = Lmax/R — 1. This relation
suggests two regimes: (1) for stiff bottlebrush polymers, y, is inversely
proportional to the network shear modulus G, 7, ~ G %, which
represents a previously unrecognized regime; (2) for flexible bottle-
brush polymers, y, ~ G 2, which recovers the behavior of conven-
tional polymer networks. Our findings provide a new molecular
understanding of the nonlinear mechanics for soft bottlebrush
polymer networks.

In a bottlebrush polymer, a long linear backbone is densely
grafted by many relatively short linear side chains." Analogous
to “sausage versus spaghetti”’, a bottlebrush polymer is essen-
tially a type of ‘fat’ linear polymer, but with an entanglement
molecular weight (MW) much higher than that of linear
polymers. Compared to conventional elastomers formed by
crosslinking linear polymers, networks formed by crosslinking
bottlebrush polymers are often free of entanglements.>* Thus,
the stiffness of bottlebrush elastomers is solely determined
by the concentration of crosslinks. Because the MW of a
bottlebrush polymer can be very large, the concentration of
crosslinks can be very low; this results in networks with
stiffnesses orders of magnitude lower than that of conventional
elastomers. As such, in addition to the most commonly seen
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hydrogels,*® bottlebrush elastomers present a new class of soft
materials with stiffnesses matching that of most ‘watery’ bio-
logical tissues and cells.” Unlike hydrogels that contain a large
number of water molecules that can leach out and thus
deteriorate materials properties, bottlebrush elastomers are
‘solvent-free’.>° Moreover, the extreme softness allows bottle-
brush elastomers to be easily deformed to a large extent under
small mechanical stresses. The exceptional combination of
softness and deformability enables potential applications of
soft bottlebrush elastomers in ultrasensitive sensors,® dielec-
tric elastomer actuators,'™'? stretchable electronics,®'® and
soft robotics.™ Yet, these applications would require materials
with mechanical properties tailor-designed for specific needs,
which often involve large deformations. It is therefore critical
to be able to predict how the molecular architecture of
bottlebrush polymer networks determines their macroscopic
mechanical properties at large deformations.

Two key parameters, stiffness and extensibility, can be used
to describe the mechanical properties of soft bottlebrush
polymer networks. The equilibrium shear modulus presents
the linear mechanical properties of soft bottlebrush elastomers.
It is well-described by the classic phantom network model
that the modulus is kgT per volume of an elastically effective
network strand.” By contrast, the extensibility describes the
nonlinear mechanical behavior, which is dependent on both
the rate and the extent of deformation. In most experiments,
however, these two parameters are inevitably coupled, which
poses challenges in the development of molecular understanding
for nonlinear mechanics. Consequently, it remains to be eluci-
dated the molecular origin for the behavior of soft bottlebrush
elastomers under large deformations.

Here, we use a combination of experimental and theoretical
approaches to study the behavior of soft bottlebrush elastomers
at large deformations. Exploiting recently developed poly-
(dimethyl siloxane) (PDMS) bottlebrush elastomers as a model
system,” we use large amplitude oscillatory shear (LAOS)" to
quantify the quasi-equilibrium shear yield strain for networks with
stiffnesses ranging two orders of magnitude from 1 to 100 kPa.
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Experimentally, we discover a new regime in which the yield strain
7y is inversely proportional to the stiffness G: 3, ~ G . This
is qualitatively different from what has been reported: for
conventional networks formed by crosslinking linear polymers,
Wy~ G 12, for networks formed by end-crosslinking loosely grafted
comb-like polymers, 7, ~ G "% for networks formed by end-
crosslinking densely grafted bottlebrush polymer, y, ~ G"*.*%"
Remarkably, our experimental observation can be quantitatively
explained by a molecular theory: the yield strain equals the ratio of
the contour length, L., to the end-to-end distance, R, of the
bottlebrush between two neighboring crosslinks: y, = L,a/R — 1.
This theory predicts two regimes: for stiff bottlebrush polymers,
Yy ~ G, which captures our experimental observation; whereas
for flexible bottlebrush polymers, 3, ~ G2, which recovers the
behavior of conventional networks. Our findings reveal a new
molecular understanding in mechanics of soft bottlebrush elasto-
mers under large deformations, and therefore, provide insights in
the design of soft bottlebrush elastomers with prescribed nonlinear
mechanical properties.

The mechanical properties of polymer networks and gels are
known to be sensitive to their preparation condition.'®2°
To this end, we explore a model system in which the bottle-
brush elastomers are prepared without chemical solvents.
In our study, the bottlebrush PDMS elastomers are formed by
chemically crosslinking three types of precursor linear PDMS
polymers: backbone, side chain, and crosslinking chain
(Fig. 1a, b and ESI,+ Materials and Methods). The backbone
is a long linear PDMS of a MW 50 000 g mol ™" and carries about
300 vinyl groups, the side chain is a short linear PDMS with a
MW 4750 g mol " and carries a hydride group at one of its two
ends, and the crosslinking chain is a relatively long linear
PDMS with a MW 17 200 g mol " and carries a hydride group
at both ends (Fig. 1c and Fig. S1, ESIt). The reaction between
vinyl and hydride groups allows the formation of the bottle-
brush elastomers (Fig. 1c). Importantly, the MW of the cross-
linking chain is about 4 times of the side chain, such that its
end-to-end distance is about twice of the side chain in a melt.
This ensures that the crosslinking chain is long enough to
bridge two neighboring backbone molecules without being
pre-stretched. Moreover, the short linear PDMS act as an effective
solvent to facilitate the reaction. However, once reacted, they are
chemically attached to the backbone, becoming part of the
network and do not have to be removed. Therefore, the formation
of the bottlebrush PDMS elastomers is a one-step, solvent-free
process, such that all polymers are in a melt, where linear chains
adopt the same ideal chain conformation before and after net-
work formation. This contrasts with bottlebrush elastomers that
must be crosslinked in the presence of small solvent molecules
and the subsequent removal of the solvents, which would result in
the change of polymer chain conformation compared to the
preparation state. Thus, the bottlebrush PDMS elastomers provide
an ideal model system for investigating the deterministic relation
between molecular architecture and macroscopic mechanical
properties.

We cure in situ the mixture of precursor linear chains at
80 °C for > 40 hours to ensure the complete crosslinking of the
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Fig. 1 Molecular structure of soft bottlebrush elastomers. (a) A schematic
view of a soft elastomer formed by crosslinking bottlebrush polymers: a
multifunctional linear polymer chain acts as backbone (black); it is grafted
by many side chains (blue), which are relatively short, mono-functional
linear polymers carrying one reactive site, and crosslinking chains (red),
which are di-functional linear polymers. (b) A schematic view of a section
of the bottlebrush polymer between two neighboring chemical crosslinks.
The section has an end-to-end distance of R and a contour length of Lyax.
(c) Three types of precursor reactive linear PDMS polymers form the

structure illustrated by (a) through the hydrosilylation reaction between a
hydride and a vinyl with the aid of platinum (Pt) catalyst at 80 °C.

bottlebrush PDMS elastomers (see ESI, i Materials and
Methods). We perform LAOS measurements at an oscillatory
shear frequency of 1 rad s~ " to determine the shear yield strain,
Jy, at above which the loss modulus, G”, becomes larger than
the storage modulus, G, as denoted by the arrow in Fig. 2a.
Below 7y, the elastomers deform elastically without strain
stiffening, as evidenced by the nearly constant shear storage
moduli (solid lines in Fig. 2a). Above 7y, the elastomers fracture
rather than being further elongated, as evidenced by the
vanished shear moduli (lines in Fig. 2a). These indicate that
the elastomers are brittle. Indeed, cyclic tensile tests reveal that
the materials are elastic, non-dissipative; the loading and
unloading stress-strain curves nearly perfect overlap, and this
overlap applies not only to strain rates ranging from 1.67 x
1077 to 1.67 x 107" s (Fig. S2, ESIf) but also to different
extents of strain (thick and medium lines in Fig. 2¢). Moreover,
for elastomers of similar stiffness, the strain at break measured
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Fig. 2 Mechanical properties of bottlebrush elastomers under large
deformations. Dependencies of storage (G’, solid lines) and loss (G”,
dashed lines) moduli on the shear strain y at an oscillatory shear frequency
of 1 rad s~ at 20 °C. (a) and (b) represent independent measurements for
samples from two different sets of reactive linear PDMS polymers.
(c) Stress—strain behavior of a bottlebrush elastomer with a Young's
modulus 65.0 kPa, or a shear modulus 21.7 kPa, under cyclic tensile tests
at a constant strain rate 1.04 x 107> s~* but various extents of strain: 0.13
(thick gray line), 0.26 (medium green line), and until the sample breaks (thin
red line). The elastomer breaks at a tensile strain of 0.44, which is nearly
the same as the shear yield strain of elastomers of similar stiffness (blue
lines in a and b).

by the tensile test is nearly the same as the shear yield strain
measured by the LAOS (red, thin line in Fig. 2c). Therefore, for
the elastic, non-dissipative bottlebrush networks, in addition to
the elongation at break measured by tensile test, the shear yield
strain provides an alternative describing the extensibility of
elastomers.

Importantly, in the LAOS measurements, the samples are
cured in situ, enabling a seamless contact between the samples
and the geometry of the rheometer, and thereby avoiding
possible error due to sample preparation and loading. Moreover,
the shear frequency is relatively low of 1 rad s *, corresponding to
a time scale of 6 s; and each data point at certain strain is
collected over the period of 30 s. These time scales are longer
than the relaxation time of the polymers in the bottlebrush
elastomers.” Such measurements prevent strain-rate dependent
mechanical behavior common to polymer networks,”"** enabling
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us to focus on the behavior of the elastomers under a quasi-
equilibrium, large amplitude shear.

To explore the relation between the network modulus and
the yield strain, we tune the modulus by varying the number
fraction of crosslinking chains while keeping constant the
molar ratio between vinyl and hydride groups at 2:1 using a
previously reported procedure.” Doing so keeps a constant the
grafting density of the bottlebrush polymers, preventing the
decrease of bottlebrush flexibility due to the increased grafting
density. By decreasing the equilibrium shear modulus, G, of the
network from nearly 100 kPa to 10 kPa, we find that the yield
strain increases from 0.1 to 1.3, as shown in Fig. 2a. To further
test this finding, we use another set of precursor polymers to
lower the modulus by one order of magnitude to ~1 kPa, at
which the yield strain increases to 4, as shown in Fig. 2b. Both
measurements are consistent with the classical understanding
that the extensibility of an elastic, non-dissipative network
increases with network strand size, which decreases with the
modulus.

The data sets from the two independent experiments agree
well with each other, as shown by the circles and squares in
Fig. 3. Surprisingly, the yield strain appears to be inversely
proportional to the shear modulus, G ~ y, ', as shown by the
dashed line in Fig. 3. This is qualitatively different from
recently reported experimental studies, which suggest that for
conventional networks formed by crosslinking linear polymers
G ~ y, ? and for bottlebrush elastomers G ~ y, >.'°

To understand these controversial findings, we propose a
theory that the elastomers yield when the bottlebrush polymer
between two neighboring crosslinks is stretched to its contour
length, L ax:

R ! )

in which R is the average end-to-end distance of the bottlebrush
polymer without being stretched. The contour length is independent
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Fig. 3 Dependence of stiffness on yield strain. The symbols are experi-
mental data points extracted from Fig. 2a (circles) and Fig. 2b (squares).
Solid line: theoretical prediction for the dependence of network stiffness G
on the shear yield strain y, calculated based on y, = Lmax/R — 1 (egn (1)),
where both L. and R are determined by the G (egn (2), (3), (9), and (11)).
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of the side chain MW and is proportional to the number of side
chains, ng:

Liax = nscl (2)

in which [/ is the distance between two neighboring grafting
sites along the backbone. A densely grafted bottlebrush mole-
cule is effectively a ‘fat’ semiflexible polymer, the end-to-end
distance of which can be obtained using the worm-like-chain
model:*

Lmax
R* = 2y Lipax — 21,7 (1 — exp (7 7 >) (3)
p

in which [, is the persistence length of the bottlebrush polymer.
For a stiff bottlebrush, Lya/l, < 1, this expression can be

approximated as:
] Lmax 1 Lmax : 1 Lmax ’
— J’_ — P
2\ I o\

Rzzszmx—zzpz{l -
+0 (Lmax>4
lp
1L Lnax\’ 1L
:Lm'xz 1__ max max %Lm'xz 1__ max
-dtpee(() )| =5

4)
which gives the dependence of yield strain, y,,
Lmax 1 LH]&X
Ty =% — 1~ - e, for Limax/lp <1 (5)

A

For a flexible bottlebrush, Ly./I, » 1, eqn (3) can be
approximated as:

R2 ~ leLmax - lez ~ leLmax (6)

Thus, the dependence of yield strain on the number of side
chains per bottlebrush is:

1

L L 2 1

Yy =—mm =1 (=) ~ g2, for L/l > 1 (7)
R I

Therefore, depending on the stiffness of the bottlebrush,

eqn (1) can be re-written as:

Lmax/[p ~ Ngc, for Lmax/lp <1

=g~ (8)
1/2 1

(Lmax/lp) "~ 12, for Liax/l, > 1

The shear yield strain (eqn (8)) describes the maximum
extent to which the backbone of a network strand can be
stretched. This physical picture is also described as the locking
strain of a polymer chain under tension, which is a term
introduced by Arruda and Boyce in a continuum mechanics
model for large deformations of elastomers.>® Yet, in bottle-
brush elastomers, the network strand is not a simple linear
chain but a more complex bottlebrush polymer, in which the
dangling side chains cannot sustain stress and are not elasti-
cally effective; and only the backbone of the bottlebrush is
elastically effective. Importantly, here L,,.x is not the contour
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length of a whole bottlebrush, but the contour length of a
section of the bottlebrush between two neighboring crosslinks,
as schematically shown by the section between the two red lines
in Fig. 1b.

For the regime Lp,./I, > 1, the section of the bottlebrush
molecule becomes a ‘fat’ yet flexible linear polymer. For the
regime Limay/l, < 1, it indicates that the section has a contour
length smaller than the size of the side chain while maintaining
a bottlebrush molecular architecture. This would not be
possible if the section is not part of a large bottlebrush
polymer, at which the side chains tend to occupy the space
near the two ends of the polymer backbone, resulting in a
star-like molecular architecture.>**> Therefore, the approxima-
tions for eqn (8) are physically meaningful and are applicable to
the soft bottlebrush elastomers.

The value of ng is directly related to the network modulus.
Because the network is unentangled, its shear modulus is
kgT per volume, V, of the bottlebrush section between two
neighboring crosslinks: G = kgT/V. Here it is neglected the
correction to stiffness from the fluctuation of network junctions,
which is inversely proportional to the crosslinking functionality
and is much smaller than one.” The contribution to the MW of
the bottlebrush polymer is predominately from long side chains,
and therefore: V = MyngNs./(0Nay), where M, is the molar mass of
a Kuhn monomer, Ny is the number of Kuhn monomers per side
chain, p is the density of the polymer, and N,, is the Avogadro
number. As a result, the number of side chains per bottlebrush
polymer is related to the network shear modulus by:

kgTpNay

G! 9
MONsc ( )

Nge =
Using this expression, one can correlate the yield strain (eqn (8))
to the network modulus:

“/y_la Lmax/lp <1
G~ (10)
7y 2 L/l > 1

This suggests two regimes for the dependence of yield strain on
network modulus. For Ly, /I, > 1, the network strand is flexible,
and therefore, the network extensibility follows what observed for
conventional networks formed by crosslinking linear polymers:
7y ~ G ' This relation is the so-called “golden rule” for the
mechanics of conventional networks and gels.'® By contrast, for
Lnax/l, < 1, the network strand becomes semiflexible with the
end-to-end distance comparable to the contour length. Therefore,
it becomes stronger the dependence of L,,,/R on the modulus or
MW of the network strand (eqn (8)): 3, ~ G~ . This relation is
qualitatively different from that reported for end-crosslinked
bottlebrush elastomers, where both 3, ~ G ** and y, ~ G**
have been identified."®"” Thus, our theory suggests a previously
unrecognized regime in which the yield strain is inversely propor-
tional the stiffness.

The yield strain (eqn (1)) can be precisely calculated
provided with Ly, and R: L. can be determined from the
measured network modulus (eqn (2) and (9)), and R can be
calculated provided the persistence length (eqn (3)). The persistence
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length of a densely grafted bottlebrush is determined by its
molecular architecture. Consider a bottlebrush formed by n.
side chains of Ny, Kuhn monomers each. The side chains are
densely grafted to a backbone polymer, occupying a cylindrical
space surrounding the backbone. The cross-section size of the
cylindrical space is about the size Ry, of a side chain. Within
such a cylindrical space, a side chain occupies a volume, Ry,
that is the product of the cross-section area R,.> and the distance
between two neighboring grafting sites [. This volume is equal to
the volume of a side chain itself, Ns.v,, in which v, is the volume
of a Kuhn monomer and N, is the number of Kuhn monomers
per side chain. Therefore, the cross-section size of the bottle-
brush is Ry, & (Nsvo/). The persistence length of the bottle-
brush polymer is about its cross-section size,

lP = ﬂ(Nscvo/l)l/Z (1)

where f is a scaling prefactor on the order of unity." For the
PDMS bottlebrush elastomers, the mass of a PDMS Kuhn
monomer is M, = 381 g mol ', the number of Kuhn monomers
per side chain is Ny, = M/M, with M = 4750 ¢ mol ™', and the
distance [ between two neighboring grafting sites along the
contour of backbone polymer is the length of four PDMS
chemical units. The length of a chemical unit for PDMS
(Si-0) bond is 1.64 x 10~' nm,*® which gives [ = 6.56 x
10~* nm. The volume of a PDMS Kuhn monomer is v, = 6.50 X
10" nm”. For a known shear modulus, we use these parameters
and f=1.2 (eqn (11)) to calculate the yield strain. The theoretical
prediction agrees with experiments remarkably well, as shown by
the solid line in Fig. 3. Importantly, unlike typical scaling
analysis that does not capture the crossover between different
regimes, the theory precisely describes the transition from stiff
to flexible bottlebrush polymers. Taken together, our results
demonstrate the simplest possible molecular understanding
for large deformations of soft bottlebrush elastomers: the macro-
scopic yield strain is equal to microscopic strain at which the
network strand is stretched to its contour length.

In summary, we use a combination of experimental and
theoretical approaches to study the behavior of soft bottlebrush
networks under large deformations. We experimentally dis-
cover a previously unrecognized regime in which the yield
strain is inversely proportional to the network stiffness. This
relation is qualitatively different from that recently reported by
experimental and computer simulation studies.'”*" Moreover,
the extensibility of the bottlebrush elastomers is quantitatively
explained by a molecular theory that the yield strain, 7y, is equal
to the ratio of the contour length, L., to the end-to-end
distance, R, of the bottlebrush between two neighboring cross-
links: 9y = Lypax/R — 1. The ratio Lyna«/R is correlated to the
macroscopic network shear modulus G: for stiff bottlebrush
polymers, 7, ~ G~ '; whereas for flexible bottlebrush polymers,
Ty ~ G "2, Our studies provide a new molecular understanding
for the large deformations of soft bottlebrush polymers networks,
which will enable the development of soft, stretchable, and
solvent-free materials with nonlinear mechanical properties
tailor-designed for specific applications.®'**
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