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ABSTRACT: Brush networks are intriguing materials that are able
to replicate the stress−strain behavior of soft tissue, but the effect
of the backbone chemical composition on the network mechanics
is largely unknown. Here, we show that brush elastomers made by
ring-opening metathesis polymerization (ROMP) of norbornene-
terminated poly(dimethylsiloxane) macromonomers are less
extensible than brush elastomers with the methacrylate backbone
yet not as extensible (λmax) as predicted by the strain-stiffening
parameter (β) derived from fitting the experimental stress−strain
curves. The softness (E0) and firmness (β) of the norbornene-
based networks decrease with decreasing cross-link density as
expected, but the λmax significantly drops when the grafting density becomes low enough, which has not been previously observed in
this class of materials.

■ INTRODUCTION
Polymeric brush elastomers are an emerging class of synthetic
materials that display unique nonlinear elastic character where
the materials stiffen with deformation. The mechanical
properties of these elastomers are best characterized by tensile
stress−strain measurements to determine their “softness”
(Young’s modulus, E0) and “firmness” (β).1−7 The unique
super-softness of brush-like elastomers is enabled by polymeric
side chains densely grafted to the backbone, which dilute the
network strands and hinder chain entanglements.1,8,9 By
contrast, linear polymer-based elastomer networks fail to
achieve comparable softness due to the inherent entanglement
of network strands.
Similar to linear polymer-based elastomers, the mechanical

properties of brush elastomers can be tuned by varying the
cross-link density (∼nx−1), where nx is defined as the average
number of C−C−C units between cross-links, in the case of
most common vinyl monomer-based backbones. However,
side chains offer additional mechanical tunability by altering
the degree of polymerization of the side chains (SC, nsc) and
the grafting density (∼ng−1), where ng is the average number of
C−C−C units between neighboring grafts (Figure 1). The
ratio between nsc and ng dictates the transition between the
bottlebrush and comb regimes.8,9

The effects of every architectural parameter (nsc, ng, and nx)
on the stress−strain behavior of polymeric brush elastomers
have been extensively studied for methacrylate backbone-based
networks (one such example by Sheiko et al. is shown in Figure
2),7 but limited studies feature other classes of backbones.
According to computational studies done by Dobrynin et al.,10

mechanical properties of graft copolymers with chemically

different backbone and side chains may change with stiffer
backbones (e.g., poly(norbornene)11,12 and cellulose5), but the
effects of the backbone on brush networks have not been
thoroughly examined.
In recent years, ring-opening metathesis polymerization

(ROMP) has also been explored for the bottlebrush polymer
synthesis,13−20 in particular, owing to the robust functional
group tolerance of the catalysts used in ROMP.21−24 Two
important featuresfast living polymerization kinetics25 and
zero-order dependence with respect to catalyst concentra-
tion26allow such polymerizations to be carried out at low
molar concentration.27 The latter feature is particularly
desirable when polymerizing large macromonomers (MMs)
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Figure 1. Grafting density defined by the average number of C−C−C
units in the backbone between neighboring side chains (SC). The
lowest possible ng values for methacrylate and norbornene are 1 and 2,
respectively.
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while still achieving ultralong bottlebrush polymers.28 Never-
theless, the first demonstration of a ROMP-based brush
elastomer was only recently published in 2018 by Beers and
co-workers using poly(n-butyl acrylate)(pBA) side chains and
a poly(norbornene) backbone (Figure 2).29 More recently,
Bates and co-workers have also reported ROMP-based brush
elastomer networks using a universal photo-cross-linking
methodology of premade brush melts (Figure 2).30,31

However, the effects of architectural parameters (nsc, ng, and
nx) on the stress−strain response of such networks have not
been studied in these examples.
This study aims to compare the stress−strain response of

norbornene-based brush networks (Figure 2) with previously
reported methacrylate-based brush networks bearing similar
side chains8 (i.e., similar nsc) when altering nx and ng. We find
that our norbornene-based networks exhibit lower firmness (β)
than that of brush networks with the methacrylate backbone,
which is ascribed to higher stiffness of poly(norbornene).
Furthermore, our networks are less extensible (defined by
elongation-at-break λmax) than predicted from fitted β values
(λmax =1/ β )8 (Table 1). Decreasing the cross-linking density
(nx) leads to lower softness (E0) and firmness (β) and higher
extensibility (λmax) as expected.

8 In addition, increasing the ng

(i.e., lower grafting density) resulted in higher λmax; however,
the λmax unexpectedly drops once the grafting density becomes
low enough (ng = 8).
Previous works by Sheiko and co-workers have established a

facile one-pot grafting-through strategy to generate bottlebrush
elastomers by photoinitiated free-radical polymerization of
methacrylate-terminated poly(dimethylsiloxane) (PDMS)
macromonomers (MMs) and cross-linkers (XLs). We adopted
a similar strategy by using a PDMS-grafted norbornene-based
MM and XL to prepare ROMP-based bottlebrush elastomers
(Figure 2). In doing so, we largely maintain the chemical
structure of the network in previous studies by only switching
the PMMA backbone with poly(norbornene) in order to focus
on the impact of the backbone on the network mechanics.

■ EXPERIMENTAL SECTION
Materials and Instrumentation. Unless stated otherwise, all

reagents were purchased from Sigma-Aldrich, Fisher Scientific, and
Gelest and used as received. All NMR spectra were recorded on a 400
MHz spectrometer in CDCl3 with a solvent residual peak as the
internal standard (1H NMR at 7.26 ppm).

Macromonomer Synthesis. In an oven-dried 250 mL round-
bottom flask (RBF) containing a magnetic stirrer, hexamethylcyclo-
trisiloxane (30.0000 g, 4.48 equiv, 134.86 mmol) was dissolved in

Figure 2. Structural comparison of brush elastomer components of this work to literature studies (Sheiko et al.,7 Beers et al.,29 and Bates et al.30).
Degree of polymerization of the side chain (nsc), grafting-density (ng), and cross-link density (nx).

Table 1. Gel Fractions, Swelling Ratio, Extensibility, Modulus, and Strain-Stiffening of the Synthesized Networks

ng
a nx

b gel fractionc (%) λmax
d λtheo

e Qf Gg (kPa) Ge
h (kPa) E0

i (kPa) βj

2 50 80.0 2.1 3.3 11.3 17.2 N/A 59.1 0.093
2 100 84.2 2.3 3.5 12.5 4.3 N/A 14.6 0.080
2 200 92.5 3.3 6.1 16.8 0.2 N/A 0.6 0.027
4 200 98.8 4.5 6.4 17.5 1.3 N/A 3.9 0.024
6 200 96.7 5.7 10.7 19.1 1.4 0.3 5.1 0.009
7 200 90.1 6.9 11.4 20.2 3.2 2.3 16.5 0.008
8 200 90.1 3.6 13.5 20.5 12.0 5.1 51.6 0.006

aGrafting density defined as the ratio of total backbone C−C−C units and C−C−C units containing side chains = 2([NB] + [MM])/[MM].
bEffective backbone chain length = 2[MM]/[XL]. cGel fraction determined from the weight of the elastomers before and after washing (see the
Supporting Information). dMaximum extensibility, experimentally determined. eTheoretical extensibility determined from 1/theoλ β= (β from
fitting eq 1, last column).8 fEquilibrium swelling ratio in chloroform. gStructural shear modulus. hEntanglement shear modulus. iYoung’s modulus.
jStrain-stiffening or firmness parameter.
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anhydrous hexane (50 mL) and purged with argon. To initiate
polymerization, n-butyl lithium (12.041 mL of 2.5 M in hexanes, 1
equiv, 30.102 mmol) was added and then stirred for 1 h before adding
tetrahydrofuran (15 mL) as a polymerization promoter. After 3 h, [(5-
bicyclo[2.2.1]hept-2-enyl)ethyl]dimethylchlorosilane, endo/exo iso-
mers (6.4662 g, 1 equiv, 30.102 mmol), was added, and the reaction
was stirred overnight. To remove precipitated lithium chloride and
quench any residual n-butyl lithium, the reaction mixture was washed
with water (3 × 50 mL), dried with magnesium sulfate, and
concentrated via a rotary evaporator. The polymer was precipitated in
methanol to remove unreacted monomers and then dried on high-
vacuum (24.5645 g, 77.56%). The polymer was analyzed by 1H NMR,
and the nsc was determined to be 11. 1H NMR (400 MHz, CDCl3) δ:
6.11−5.88 (m, 2H), 2.80−2.73 (m, 2H), 1.96−1.79 (m, 2H), 1.40−
1.25 (m, 10 H), 1.22−1.20 (d, 1 H), 1.11−1.03 (m, 2H), 0.90−0.86
(t, 3H), 0.60−0.45 (m, 6H), 0.12−0.01 (m, 66H).
Cross-Linker Synthesis. To an oven-dried 50 mL RBF with a

magnetic stirrer, 5-norbornene-2-methanol, endo/exo isomers (0.4184
g, 1 equiv, 3.3697 mmol), was dissolved in 11.3 mL of anhydrous
toluene and purged with argon. To this solution, n-butyl lithium (1.35
mL of 2.5 M in hexanes, 1 equiv, 3.3697 mmol) was added dropwise
at room temperature and stirred for 10 min. Next, hexamethylcyclo-
trisiloxane (1.1111 g, 4.9946 mmol) dissolved in 9.37 mL of toluene
was purged with argon and then added to the initiator solution. The
reaction mixture was allowed to stir for 30 min before introducing a
second addition of hexamethylcyclotrisiloxane (3.8889 g, 17.48
mmol) dissolved in 11.06 mL of tetrahydrofuran. Polymerization
was allowed to proceed for 3 h, and then [(5-bicyclo[2.2.1]hept-2-
enyl)ethyl]dimethylchlorosilane, endo/exo isomers (0.7238 g, 1 equiv,
3.3697 mmol), was added, and the reaction was stirred overnight. The
mixture was washed with water (3 × 25 mL), dried with magnesium
sulfate, and concentrated via a rotary evaporator. The cross-linker was
precipitated in methanol and dried on high-vacuum (3.9011 g,
70.70%). 1H NMR analysis was done on the polymer, and the nsc was
found to be 18. 1H NMR (400 MHz, CDCl3) δ: 6.12−5.88 (m, 4H),
3.76−3.17 (m, 2H), 2.92−2.73 (m, 4H), 1.94−1.74 (m, 2H), 1.62−
1.59 (m, 2H), 1.43−1.03 (m, 6H), 0.60−0.42 (m, 4H), 0.11−0.00
(m, 108H).
Bottlebrush Elastomer Polymerization and Purification. The

synthesis of the bottlebrush polymer networks was done in a nitrogen-
filled glove-box. In a scintillation vial, the mononorbornene-
terminated poly(dimethylsiloxane) macromonomer (MM) and
dinorbornene-terminated poly(dimethylsiloxane) cross-linker (mol
XL = (mol MM/nx)/2) were stirred together until a homogeneous
mixture was formed. A 0.1 g/mL solution of a third-generation
Grubbs catalyst was formed by dissolving the second-generation
Grubbs catalyst M204 (0.0250 g, 0.0294 mmol) in toluene (0.25 mL),
adding pyridine (23.7 μL, 0.294 mmol), and allowing 5 min for ligand
exchange to occur. The Grubbs III solution (mol XL/10) was
dropped into the polymer mixture, rapidly stirred, and then quickly
transferred into a Pyrex glass Petri dish in order to easily cut out dog-
bones for tensile testing. The network formation appeared to be done
within 2 h, but the reaction was left for 18 h to ensure completion.
The networks were taken from the glove-box, massed, and then
washed with chloroform. Samples were dried in a vacuum oven at 50
°C and massed again to give the gel fraction.
Comb Elastomer Polymerization. Formation of the comb

elastomers were done in a nitrogen glove-box. In a scintillation vial,
the macromonomer, norbornene (mol NB = (ng − 1)mol MM), and
cross-linker (mol XL = ((mol MM + mol NB)/nx)/2) were mixed
together. Grubbs III solution (mol XL/10) was dropped into a
separate scintillation vial containing anhydrous toluene (mL Toluene
= 1000(mol MM + mol NB)). Such diluted catalyst solution was
transferred to the monomer mixture, vigorously mixed, and quickly
moved to a glass petri dish. The elastomer appeared to be formed
within 1 h and was left to react to completion like the first set.
Samples were removed from the glove-box, massed, and then washed
with chloroform. Elastomers were dried in a vacuum oven at 50 °C
and massed, yielding the gel fraction.

Gel-Fraction Calculation. The gel fraction was determined by
measuring the mass before and after chloroform washing. This was
calculated using the following formula:

mass of prewash elastomer
mass of postwash elastomer

100 gel fraction× =

Dynamic Mechanical Analysis. Samples were cut into dog-
bones with the bridge dimensions 12 mm × 2 mm × 1 mm and
loaded in an RSA-G2 DMA instrument. Uniaxial extension was done
at a constant strain rate of 0.006 s−1 and a temperature of 22 °C until
the materials ruptured. The stress−strain curves presented show the
dependency of the true stress on the elongation ratio λ, which is
classified as the material’s extended size L to its initial size L0 (λ = L/
L0).

■ RESULTS AND DISCUSSION
Both PDMS-based MMs and XLs were synthesized by anionic
ring-opening polymerization (AROP) of hexamethylcyclotrisi-
loxane to achieve the desired end groups (i.e., norbornene)
and chain length (nsc). Specifically, the monofunctional
norbornene PMDS MMs (1) were prepared using n-butyl
lithium as the initiator, which was then end-capped with
norbornene species containing an electrophilic chlorosilane
moiety (Figure 3). Comparable nsc to the literature8 was

confirmed by end-group analysis from 1H NMR spectroscopy
(nsc = 11, Figure S1). Using a similar AROP, bifunctional
norbornene PMDS XLs (2) were synthesized using the same
end-capping strategy but initiated from 5-norbornene-2-
methanol instead (see the Supporting Information for details).
To be consistent with earlier studies,8 we targeted the chain
length of the XLs (nc) to less than three times that of MMs (nc
= 18 by 1H NMR, Figure S2). A slight mismatch in reactivity
between the MM and cross-linker is expected due to the
differences in stereochemistry (exo/endo) and the functional
group anchored to the norbornene unit.14,32,33 In our case,
while the ω-end of the XL and the MM bears an exo and endo
isomer mixture of the same pendent norbornene functionality,
the α-end of the XL has a different exo and endo isomer
mixture of norbornene due to the synthetic strategy employed
(Figure 3). Given the reported differences in reactivity due to
exo/endo isomers and anchor groups (to norbornene), these
reactivity differences between the α-end and ω-end of the XL
may affect the local cross-link density.14,34

Figure 3. Reaction scheme for anionic ring-opening polymerizations
of the mononorbornene PDMS MM (1) and dinorbornene PDMS
XL (2).
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The brush network by design has three tunable parameters,
nsc, ng, and nx. We first investigated the effect of varying the
cross-linking density (nx = 50, 100, and 200) with densely
grafted bottlebrush networks where each monomer repeat unit
contains a side chain. It should be noted that due to the
poly(norbornene) monomeric unit length, the highest grafting
density possible is roughly twice that of methacrylate (i.e., ng =
2) (Figure 1). All reactions were carried out in a glove-box to
prevent side reactions from oxidations. During our experi-
ments, we found that the synthesis of bottlebrush networks
required to be carried out at a near-bulk concentration of MM
for higher nx (i.e., nx = 200). No network formation was
observed for nx above 200, which indicates a lower limit of
[XL] to ensure its incorporation into the network via the
ROMP of the MM and XL. Using the density of PDMS (0.965
g/mL)35 to calculate the volume of the MM and the ratio of
200 for [MM]/[XL] (for nx = 200), we determined that the
lowest possible [XL] in the MM for cross-linking in our system
to occur was [XL] = 4.6 mM. Interestingly, Beers and co-
workers were able to use a much lower concentration of XL
(∼0.5 mM in THF) to create their poly(norbornene)-based
network.29 We noticed that the length of their XL (22 kg/mol,
nsc ∼171) was 5.5 times that of the MM (4 kg/mol, nsc ∼31)
(nsc,XL/nsc,MM = ∼5.5), whereas our XL is just 1.6 times that of
the MM (nsc,XL/nsc,MM = ∼1.6). These results indicate that a
longer XL could more easily cross-link brushes at low
concentration, likely due to the steric repulsion between
brush polymers that restricts the accessibility of one brush
polymer from the other; a much longer XL (than the length of
the MM) would allow easier access to the backbone of another
brush polymer. Nevertheless, all the brush elastomers in this
set were synthesized at identical bulk concentrations while
keeping the ratio of the XL to the Grubbs Gen III catalyst
constant ([XL]/[catalyst] = 10). Since ROMP is a living
polymerization,25 the number of catalysts determines the
number of propagating polymer chains, and thus the [catalyst]
should not theoretically exceed the [XL] to ensure proper
formation of the network. Experimentally, each network
prepared became rapidly viscous soon after the addition of
the catalyst with visible signs of gelation within 2 h. To ensure
full monomer conversion, the polymerization was left to
continue for 18 h. The gels were then washed with chloroform
to remove the unreacted MM and XL and dried in a vacuum
oven prior to mechanical testing. The gel fraction was
determined from the weight of networks before and after
purification in order to ascertain the amount of integrated MM
and XL (Table 1).
The gel fraction of these networks (ng = 2) is higher for

lower cross-link densities, i.e., larger nx (Table 1), which can be
ascribed to the reaction required to be conducted at a bulk
concentration; a higher concentration of [XL] could promote
the propensity of the XL to react with itself, thus being
removed during washing. A higher concentration of XL could
also cause it to entangle with other XL molecules, which
prevents propagating network strands from reaching the
reactive XL ends.29 Both factors could contribute to a lower
gel fraction. Nonetheless, the gel fractions are all equal to or
greater than 80.0%, so the ratio of [MM]/([XL]/2) (as the XL
has two norbornene end groups) should provide a decent
representation of the true nx, assuming minimal improper
integration of the cross-linker (i.e., intramolecular cyclization).
Another qualitative method for gauging the true nx is by
measuring its equilibrium swelling ratio, Q = V/V0, the ratio

between the network volume when swollen with solvent (V)
and at the dry state (V0), which decreases with increasing
cross-link density for our set of networks (Q = V/V0 in Table
1).
We next evaluated the stress−strain (σtrue−λ) response of

the networks by dynamic mechanical analysis (DMA). The
softness (E0) and firmness (β) were determined by fitting
stress−strain curves (σtrue − λ) with Dobrynin’s equation of
state for polymer networks (eq 1):8

G G
G3

( ) 1
3

2 1
( 2 )

3

true
2 1 e

2 1 2

σ λ λ
λ

β λ λ

= − +

+ − −

−

− −

(1)

where G is the structural shear modulus, Ge represents the
modulus contribution from entanglements, which can be
neglected for dense brushes (ng ≤ 4), and β is the strain-
stiffening parameter defined as a squared ratio of the initial
network strand to the maximum strand end-to-end distance (β
= ⟨Rin

2 ⟩/(Rmax
2 )), within the interval 0 < β < 1. Each of these

values determines Young’s modulus E0 = G(1 + 2(1 − β)−2),
which denotes the linear region of the stress−strain curve at λ
→ 1 (λ = L/L0, where L is the extended length to its original
length L0).

36

Consistent with the general polymer networks’ behavior and
previous studies,8 increasing cross-linking density (smaller nx,
i.e., shorter network strands) results in a stiffer (higher E0),
firmer (higher β), and less extensible (lower λmax) material
(Table 1). Notably, the network made with lowest cross-
linking density (nx = 200) with the densest grafting (ng = 2) is
remarkably soft, exhibiting lower E0 (0.59 kPa) than any other
reported network made by ROMP.29−31 In general, β for each
of our networks indicates that they have a weak strain-
stiffening response (β < 0.1), comparable to the ROMP-based
bottlebrush elastomers reported by Bates and co-workers.30 In
contrast, methacrylate-based bottlebrush elastomers exhibit a
much stronger strain-stiffening character (β > 0.1).8 It is
noteworthy that as the mixture of exo and endo norbornene
isomers were employed in both MM and XL, exo and endo
blocks are expected due to the higher reactivity of the exo
isomer over endo.32 However, we do not expect the resulting
local spatial differences to make any significant impact on
mechanical properties of these network elastomers as such
local spatial differences should not affect the global side-chain
density.
We next investigated the effect of varying the grafting

density (ng = 2, 4, 6, 7, and 8) using the same cross-linking
density (nx = 200). Polymerization of the networks was carried
out as described above, except with the addition of the
norbornene (NB) as a comonomer to adjust the ng. The total
monomer concentration [MM + NB] was lowered to 1 M in
toluene because of the higher reactivity of the norbornene
spacer to maintain uniform monomer conversion throughout
the gel. In our experiments, the viscosity of the reaction
mixtures increased rapidly, noticeably with higher norbornene
content, and gelation occurred within an hour, but they were
left overnight to ensure completion. It is important to note that
the reactivity of NB is higher than exo-MM and exo-XL and
even more so when compared to endo-MM and endo-XL;32

such reactivity differences may result in uneven distribution of
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the side chains throughout the network strands. Here, the ng is
considered as the average grafting density. The gel fractions for
all of the networks were found to be above 90% (Table 1),
comparable to other ROMP brush elastomers.29 In addition,
the networks with reduced grafting density (i.e., higher ng)
exhibit higher swelling ratios as expected (Table 1). We then
examined the mechanical properties of these networks by
DMA, and the resulting stress−strain curves (Figure 4B) were
fitted with eq 1 without neglecting Ge for ng > 4.
In general, reducing the grafting density (ng) results in lower

β (Table 1), as expected, as decreasing the side-chain density
leads to reduced pre-straining of the backbone. In particular,
we observe a significant decrease in β and onset of
entanglements (finite Ge) when the grafting density was
reduced from ng = 4 to 6, likely indicative of the transition
from bottlebrush to comb. Further decreasing the grafting
density (ng = 7 and 8) results in noticeably higher moduli (G)
with significant contribution from network entanglement
(increasing Ge, Table 1). The observed small ng window for
the postulated regime transition from bottlebrush to comb is
consistent with the rheology study of ROMP-based molecular
polymer brushes reported earlier.11 Notably, the effect of
increasing ng with norbornene-backbone-based networks
results in much lower β values compared to methacrylate-
backbone-based ones.8 One possible explanation for low β of
the poly(norbornene)-based backbone is the tendency of the
poly(norbornene) backbone to fold onto itself due to the high
crystallinity of the helical backbone, which has been illustrated
by Haugan et al.11 Indeed, Takahashi et al. have previously
reported poly(norbornene) to have a helical structure by X-ray
crystallography.37 Furthermore, λmax increases with increasing
ng from 2 to 7, which is expected due to the more coiled
backbone conformation in lower grafting density strands.
However, we found the λmax to significantly fall for even lower
grafting density (ng = 8); by contrast, in the networks made
with methacrylate-terminated PDMS and n-butyl acrylate
spacer (nsc = 14, nx = 600), λmax continued to increase with
ng → 32.8 Assuming that our networks follow bottlebrush or
comb regimes, in theory, the fitted β determines the
extensibility of the networks, where λmax = 1/ β . However,
we found the observed λmax to be consistently lower than
theoretical λmax in our poly(norbornene) backbone-based
brush networks (Table 1), eluting to the possibility that the
theoretical description of bottlebrush and comb regimes might
not fully capture poly(norbornene)-based network strands.

Broad dispersity of mesh size could be a possible reason for
this, yet further study is required to establish the underlying
reason to account for this “unexpected” discovery.

■ CONCLUSIONS

In summary, our PMDS brush elastomers with a poly-
(norbornene) backbone exhibit much lower β values when
compared with similar brush elastomers (i.e., nx and ng) with a
poly(methacrylate) backbone. Sudden transition in β (derived
from Dobrynin’s model) from ng = 4 to 6 is likely indicative of
the transition between bottlebrush and comb regimes.11

However, the extensibility (λmax) of networks appears to be
much lower than expected from the theoretical description of
bottlebrush or comb regimes. Additionally, there is a significant
drop in extensibility at ng = 8. Further work is necessary to
understand the impact of the backbone conformation on
stress−strain characters of brush elastomers.
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