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ABSTRACT
We developed a robust and systematic approach to synthesize well-defined polyolefin bottlebrush homopolymers and block
copolymers using ring-opening metathesis polymerization (ROMP) of tailored norbornene-functionalized highly branched
polyolefin (PE) macromonomers (MMs). Pd-diimine catalyst chelates are chosen to yield active ester chain-end functionalized
PEs from living polymerizations which are converted to norbornene-functionalized PEs (MMs) with high control over molecular
weight (Mw). From a series of MMs with molecular weights of 2.3, 5.1, 10.5, and 15.2 kg/mol, bottlebrush (BB) homopolymers
with Mw of 3800, 4800, and 6400 kg/mol, as well as a bottlebrush block copolymer with a Mw of 3700 kg/mol, were synthesized
and subsequently investigated. WAXS studies confirm the typical molecular BB microstructure in our BB homopolymers, where
the backbone-to-backbone distance is a linear function of the MMs size. Linear viscoelastic measurements reveal that the BB
homopolymers are ultra soft (with plateau modulus < 1.5 kPa) and have very large entanglement molecular weight (>1 Mg/mol).
The presented approach establishes a pathway toward polyolefin BB with tunable properties to serve as robust but ultra-soft
adhesives with potential to be developed into soft elastomers.
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Introduction

ottlebrush polymers represent a class of macromolecules con-
aining densely grafted side chains per every repeating unit of a
inear backbone [1]. Based on the relationship between structural
arameters (architecture), chain conformation, mechanical, and
heological properties, BB polymers have shown great poten-
ial as materials for diverse applications with tunable physical
roperties, including super-soft elastomers [2, 3], pressure sen-
itive adhesive [4–6] drug-delivery agents [7], surface active
dditives [8], optoelectronic [9], and energy storage materials
10]. Extensive research has been conducted on a variety of BB
rchitectures featuring polyacrylate, polylactide, polycarbonate,
nd polystyrene side chains, driven by their promising potential
2026 Wiley-VCH GmbH
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for practical applications [11]. However, it is evident that BB archi-
tectures with polyolefin side chains have not been investigated in
great detail yet [12].

Polyolefin brushes possess the capability to alter the viscosity of
liquids, depending on the structure, density, and properties of the
attached side chains. Because of this characteristic, brush archi-
tectures consisting of polyolefins have the potential to be utilized
as viscositymodifiers in the oil and cosmetic industries [13–15]. In
another application, polyolefin BBs can serve as compatibilizers
in polymer blends to aim formaterials with enhancedmechanical
properties and performance [16]. The hydrophobic character
of these BB polymers enables to selectively adsorb oil while
repelling water, making these materials promising candidates for
1 of 12
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FIGURE 1 Top: Previousworks using polypropylene andpolyisoprene for polyolefin bottle brush architectures.Bottom: Schematic representation
of this work to synthesize tunable polyolefin macromonomers with norbornene anchor groups from chain-end functionalized polyolefins to yield
bottlebrush homopolymers and block copolymer architectures with variable polyolefin side chains.
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il spill cleanup [17, 18]. In addition, BBs can find applications in
rug delivery for the controlled release of poorly soluble drugs.
here are two critical challenges that limit access to tailored
olyolefin BBs with desired structural features. First, the poly-
erization forming the BBs from polyolefin macromonomers
MMs) should be controlled and living. Ring-opening metathesis
olymerization (ROMP) using the third generation Grubbs cata-
yst, is non-stereospecific and living and appears to be the most
uitable method to meet the desired criteria [19, 20]. In addition,
ther complexes such as vanadium(V)-alkylidene catalysts are
apable to produce living BB backbones with a distinct cis/trans
onformation. This stereo chemical control has been utilized to
ontrol the crystallinity of BBs with long alkyl side chains to
nfluence their properties as described in the work of the Nomura
roup [21, 22]. ROMP uses the grafting-through technique, which
nvolves polymerizing MMs to create a BB polymer with uniform
rafting density. Second, the formation of tailored polyolefin
Ms designed for controlled radical polymerization [23], or
OMP formingBBshave emphasized important factorswhich are
ritical for future designs. For example, Matyjaszewski reported
olyolefin graft copolymers, in which methyl methacrylate PE
Ms were copolymerized with n-butyl acrylate using atom
ransfer radical polymerization (ATRP) [23]. Here, due to the dif-
erent viscosities and polarity/incompatibility of the component’s
onomer a controlled formation of copolymer BBs could not
e achieved [23]. On the other hand, other suitable polyolefin
Ms contain a norbornene (NBN) unit at the chain end to be
ransformed through ROMP to BBs. Hillymer and coworkers
eported on polypropylene (PP) and hydrogenated polyisoprene
nd functionalization transforming an OH─ group to an ester
inkage carrying the NBN group and BBs with PP and PP-like
ide chains (Figure 1) [14, 24]. However, Troya and Matson et al.
of 12
demonstrated that the anchor group (atoms linking the polymer
to a polymerizable NBN) in MM can significantly affect the rate
of propagation of ROMP with a third generation Grubbs catalyst
(G3) [25]. An ester anchor group which is placed away from
the metal center during polymerization with G3 can increase
the rate of propagation significantly and improves the maximum
obtainable degree of polymerization [26]. Furthermore, studies
from the same group confirmed that the exo isomers are favored
compared to the endo isomers as these also do not interact with
the metal center during ROMP [27]. Therefore, a dependable,
straightforward, and efficient approach for synthesizing poly-
olefin MMs containing exo isomers of NBN and ester groups
with the advantageous orientation which display the favorable
anchor group effect is desirable (Figure 1). This design would
provide new opportunities to improve polyolefin BBs synthesis
and exploration of this category of materials.

In this work, polyolefin-based BB homo- and block copoly-
mers are prepared from a series of ROMP compatible PE-NBN
MMs. Diimine Pd(II) catalyst chelates (Pd-HFIP) of 1,1,1,3,3,3-
hexafluoroisopropyl acrylate (HFIPA) are fundamental to provide
α-chain-end functionality in the form of an active ester in
polyolefin (PE-HFIP). It is demonstrated that the nature of the
active ester chain-end functionality plays a pivotal role to form
the PE-NBN macroinitiator for ROMP polymerization as the
pentafluorophenyl acrylate (PFPhA) analog ester groups show
a lower transesterification ability. Due to the ability of the Pd-
HFIP complex to facilitate a living polymerization of ethylene, a
range of PE with different chain lengths and active ester chain-
end functionalities can be prepared to then be transformed to
PE-NBN for ROMP polymerization. A detailed study of cata-
lyst/monomer ratios gave access to a range of BB homopolymers
Advanced Functional Materials, 2026
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ith high molecular weight and control over dispersity. The
igh chain-end fidelity allowed a sequential chain extension with
PE-NBN macroinitiator of a longer chain, forming a PE BB
lock copolymer in which the length of the PE chains is varied.
his approach enables precise control over side chain length
f the MM to be transformed into the macroinitiator and be
ubsequently transformed into BBs allowing us to systematically
xplore the resulting mechanical properties and evaluate their
otential for diverse applications. Linear viscoelastic measure-
ents of the poly(PE-NBN) homopolymers reveal the typical
esponse of molecular BBs, namely two modulus plateaus are
bserved in the dynamic master curves, which is referred to as
he double relaxation mechanism [28]. The diffraction patterns
f the poly(PE-NBN) homopolymers, measured by Wide-angle
-ray scattering (WAXS), correspond to the typical diffraction of
olecular BBs, consisting of two broad peaks. Analysis of the
AXS diffraction reveals correlations between the characteristic
istances between backbones and between side chains and the
ength of the MMs.

Results and Discussion

.1 Synthesis of Hexafluoroisopropyl Ester
hain-End Functionalized Polyolefins (PE-HFIP)

n 2022, the Harth group reported on the PFPhA chelated catalyst
omplex (2a-PFPh) for ethylene polymerization which can intro-
uce PFPh chain-end functionality in PE [29]. Previous studies
onducted by Percec et al. in 2015 reported that PFPhA is suitable
or aminolysis to form an amide linkage. However, according to
his study, transesterification reactions with PFPh is slower and a
ull conversion was never achieved while HFIP can attain faster
uantitative conversion [30]. It is known that NBN derivatives
ontaining amide linkages may hinder the efficiency of ROMP
sing theG3 catalyst (Figure S5)while the ester connectivity serve
s the most optimal anchor group for NBN in ROMP reactions
26]. Hence, we introduced the HFIP in Pd-diimine precursor
Figures S1 and S2) to obtain Pd-HFIP catalyst complex (Figures
3 and S4) for synthesizing HFIP ester end-functionalized PE
Figure 2a).

or synthesizing end-functionalized polyolefin (PE-HFIP), ethy-
ene polymerization using Pd-HFIP should be a living process.
o confirm the livingness of the polymerization facilitated by
he catalyst, we conducted a kinetic study in which the complex
d-HFIP was subjected to a temperature of 5◦C and an ethylene
ressure of 400 psi using Parr reactor (Figure S6). Aliquots were
ollected at various time intervals (15, 30, 45, 60, 90, 120, 150
in) while maintaining the continuous flow of ethylene. The
ollected aliquots were immediately quenchedwith triethylsilane
o obtain chain-end functionalized polyethylene PE-HFIP. After
recipitating and drying, each fraction of the sample was ana-
yzed using gel permeation chromatography (GPC) to determine
he molecular weight (Mn) of the polymer. The GPC data clearly
ndicate an increase in molecular weight over time. At 15 min,
he initial aliquot yields a molecular weight of 8.9 kg/mol and
radually reaches 68 kg/mol at 150 min. A linear relationship was
stablished fromMn versus time, and the narrow dispersity range
f the polymers confirms the living nature of the polymerization
y Pd-HFIP (Figure S8).
dvanced Functional Materials, 2026
The single HFIP end functionality of the synthesized PEs was
confirmed by 1H NMR spectroscopy. A sharp multiplet was
observed at 5.76 ppm corresponding to the HFIP proton, exhibit-
ing a perfect 1:2 integration ratio relative to the distinct triplet at
2.49 ppm, which originates from the α-protons adjacent to the
ester functionality (Figure S7). The synthesized polyolefins are of
high branching density (100–110 branches per 1000 carbons) and
are amorphous in nature [31].Weharnessed the established linear
correlation between time and Mn to produce four chain-end
functionalized PEs (PE-HFIP), with specific molecular weights of
2.2, 5.2, 10.3, and 14.9 kg/mol as confirmed by 1H NMR and GPC
(Figure 2b,c).

2.2 Synthesis of Polyolefin Norbornene
Macromonomers (PE-NBN)

Polyethylene norbornene macromonomers (PE-NBN) were syn-
thesized from the PE-HFIP through transesterification with
exo-5-Norbornene-2-methanol (exo-NBN-OH). We initially syn-
thesized the compound by chemically isolating the exo isomer,
(Figure S9), of 5-norbornenecarboxylic acid from the exo-endo
mixture and then reducing the exo-5-norbornenecarboxylic acid
to exo-NBN-OH. Nevertheless, the final product consistently
retains a trace amount of endo isomers. Despite this minimal
presence of the endo isomers, full conversion of the MMs into
BBs was not achievable. To resolve the issue, we started the
synthesis of the MM precursor from the commercially available
exo-5-Norbornenecarboxylic acid. The corresponding exo-NBN-
OH was prepared through a reduction using lithium aluminum
hydride (Figures S10 and S11). The obtained exo-NBN-OH did
not contain any trace amount of endo isomers and was used
to synthesize four MMs (PE-NBN-1, PE-NBN-2, PE-NBN-3, PE-
NBN-4) by a transesterification (Figures S12 and S13) reaction
with corresponding PE-HFIP (Figure 3a). All the synthesized
MMs were analyzed using GPC (Figure 3c) and 1H-NMR. Molec-
ular weights of PE-NBN-(1-4) were confirmed from proton NMR
to be 2.3, 5.1, 10.5, and 15.2 kg/mol, respectively, which are in good
agreement with the PE-HFIP polymer precursors (Figure 3b).

To test the hydrolytic and thermal stability of the BBs containing
ester linkages, we utilized the PE-NBN-2 MM precursor as
a model substrate. The hydrolytic stability was tested in the
presence of water, water-toluene, and water THF combination at
RT. The ester linkage endured all these conditions and remained
stable as evidenced by 1H-NMR spectra of the respective samples
(Figure S18). PE-NBN-2 MM were also tested for thermal and
extended thermal stability tests. In one experiment, the MM was
heated in 10 min intervals up to 120◦C and no indication of
thermal degradationwas observed (Figure S19). An extended time
and temperature test for 12 h at 120◦C, also did not show any
degradation of the ester linkage group as confirmed by 1H NMR
(Figure S20).

2.3 Synthesis of Polyolefin Bottlebrush
Copolymers

G3 was employed for the ROMP reaction of the PE-NBN MMs to
formBBarchitectures (Figure 4a, Figure S14). A series of reactions
were performed with different MM to catalyst ratios (MM:G3) in
3 of 12
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FIGURE 2 (a) Synthesis of chain-end functionalized polyolefins (PE-HFIP), (b) characterization of synthesized PE-HFIP, and (c) normalized GPC
traces of PE-HFIP.

FIGURE 3 (a) Synthesis of polyolefin norbornene macromonomers (PE-NBN), (b) characterization of synthesized PE-NBN, and (c) normalized
GPC traces of PE-NBN.

a
t
M
a
1
a
L
w
s
h
a
a

4

 16163028, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.76811 by U
niversity O

f H
ouston, W

iley O
nline L

ibrary on [07/07/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C
glove bag under inert (N2) conditions for testing the viability of
he ROMP polymerization with the G3 catalyst and the PE-NBN
Ms. Initially, we performed the polymerization of PE-NBN-1
nd PE-NBN-2 with a ratio of (MM:G3) 100:1, 200:1, 500:1, 1000:1,
500:1, 2000:1, and 4000:1 (Figure 4b,c). Due to the compact
nd dense structure of the received bottle brushes, Multi-Angle
ight Scattering (GPC-MALS) combined with the GPC system
as used to determine the molecular weight (Mw) of all the
ynthesized brushes (Figure 4e,f) [32, 33]. The analysis revealed
igh molecular weights for both MMs PE-NBN-1 (2.3 kg/mol)
nd PE-NBN-2 (5.1 kg/mol) of 3800 kg/mol (Figure 4b, Entry 7)
nd 4800 kg/mol (Figure 4c, Entry 7), (dn/dc value 0.0606mL/g).
of 12
The degree of backbone polymerization (Dbb) for the polymers
with 1652 and 941 values surpasses those reported for polyolefin
BBs from comparable PP BBs [23]. Data from the polymerization
of the 10 kg/mol polyolefin MMs (Figure 4d,g) achieved BB
polymers with a molecular weight of 6400 kg/mol with a Dbb
of 610 (Figure 4d, Entry 2), which are the highest in terms of
polyolefinMMandpolyolefinBBs as per our best knowledge from
reported data.

ROMP polymerization with the largest PE MM synthesized PE-
NBN-4 (15.2 kg/mol) was set up with a MM:G3 of 2000:1, follow-
ing the same polymerization protocol used for BB homopolymer
Advanced Functional Materials, 2026
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FIGURE 4 (a) General scheme of bottlebrush polymer synthesis by ROMP, (b–d) Reaction conditions for bottlebrush polymer synthesis from
three different macromonomers, (b) PE-NBN-1, (c) PE-NBN-2 and (d) PE-NBN-3, (e–g) Normalized GPC traces of synthesized bottlebrushes from (e)
PE-NBN-1, (f) PE-NBN-2 and (g) PE-NBN-3.

Advanced Functional Materials, 2026 5 of 12
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FIGURE 5 (a) Synthesis of polyolefin A-B block copolymer, (b) normalized GPC traces of the first block and the final block copolymer, and (c)
reaction conditions for polyolefin A-B block copolymer synthesis.
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ynthesis (Figure S14). Analysis of the obtained polymer using the
PC-MALS showed a broader dispersity and a weak multimodal
race, indicating the presence of dead polymer chains (Figure
15). We concluded that the 15 kg/mol chain is the limit by
hich PE-BBs can be prepared with high fidelity of the chain-
nd and control over polymerization. No further polymerizations
ere conducted with PE-NBN-4. Taken together, the obtained
olecular weights are the highest reported values for polyolefin
Bs produced through ROMP and are the first obtained from a
ailored PE-NBN macroinitiator.

.4 Synthesis of the Polyolefin Bottlebrush A-B
lock Copolymers

o synthesize the BB block polymers with different PE blocks,
e employed a sequential addition technique by introducing PE-
BNMMs of differentmolecular weights in a sequential addition
rocess (Figure 5a). To accomplish this goal, a high chain-end
idelity and quantitative consumption of the first MM to preclude
he formation of random copolymer architecture is required. To
etermine the kinetics for the full consumption of theMMs added
n the first step, we conducted a study with the G3 catalyst and
he PE-NBN-1 under the same reaction conditions used for BB
omopolymer synthesis. Aliquots were collected at different time
ntervals, 2, 5, 10, 20, and 30 min, with a fixed MM:G3 ratios
f 1500:1 and 2000:1. Using the GPC-MALS, we determined the
olecular weight of the polymer fractions obtained after each
ime interval. After 2 min of ROMP, the calculated molecular
eight for MM:G3 ratios of 1500:1 and 2000:1 was recorded
s 2127 kg/mol (Figure S16, Entry 1) and 2470 kg/mol (Figure
17, Entry 1), respectively. There was no significant change in
olecular weight observed for both cases even after 30 min
f the ROMP reaction (Figures S16 and S17). Based on this
bservation, we concluded that the MMs added in the initial step
of 12
are consumed and converted rapidly. As the molecular weight
is not changing over time and out of practicality, we decided to
introduce the second MM after 10 min of initiating ROMP with
the first MM.

For synthesizing A-B polyolefin BB block copolymers, PE-NBN-1
(MMA, 2.3 kg/mol) was converted with G3 (MMA:G3= 1000:1) to
the corresponding BB for 10 min. An aliquot was collected from
the reaction mixture before adding the second MM for analysis.
Then, the second MM PE-NBN-2 (MMB, 5.1 kg/mol) was added
and transformed, maintaining the same MM to G3 catalyst ratio
of 1000:1. Analysis through GPC-MALS confirmed that all the
MMs were consumed before the addition of the second MM, as
no traces of MMA in the GPC trace was observed (Figure 5b).
The molecular weight of the synthesized block copolymer was
found to be 3700 kg/mol with no peak of MMB in the GPC traces
(Figure 5b,c), ensuring the complete incorporation of the second
MMs in the block architecture. The final polymer has aDbb of 1155,
with block A contributing 48%, and block B accounting for 52% of
the finalmolecular weight of the copolymer, which consists of 782
units (68%) of PE-NBN-1 and 372 units (32%) of PE-NBN-2.

2.5 Thermal Behavior

Although the MMs are highly branched, they are not amorphous
at all temperatures. They crystallize at T < −10◦C (Figure 6a),
with onset crystallization temperature (Tc) being a decreasing
function of theMMmolecularweight (Figure 6c). Thismay reflect
larger degree of branching as the molecular weight increases.
However further research is warranted to verify this. The MMs
display very low glass transition temperature (Table 1). The Tg
of the BBs are comparable to those of the MMs with values
showing an increasing dependence with molecular weight of
the side chain (Figure 6b). Similar to the MMs, the BBs show
Advanced Functional Materials, 2026
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FIGURE 6 Thermal response measured by DSC. Thermograms of (a) MMs and (b) BB homopolymers (MM:G3 2000:1). Thermograms for BB
hompolymers (MM:G3 4000:1) are given in the SI. (c) Crystallization temperature as a function of MMmolecular weight.

TABLE 1 Thermal properties of synthesized bottlebrushes.

Sample MM:G3 Tg
◦C Tc

◦C 𝑮𝟎
𝑵
Pa

Me
kg/mol

PE-NBN-1 — −79.6 −10.9 — —
PE-NBN-2 — −75.5 −13.6 — —
PE-NBN-3 — −75.3 −16.2 — —
PE-NBN-4 — −79.6 −18.2 — —
Poly (PE-NBN-1) 2000:1 −77.9 −21.2 1260 1600

4000:1 −77.1 −21.3 1410 1430
Poly (PE-NBN-2) 2000:1 −75.9 −20.6 581 3470

4000:1 −77.8 −20.1 379 5320
Poly (PE-NBN-3) 2000:1 −73.4 −19.2 405 4980

4000:1 −76.9 −19.3 194 10400
Poly (PE-NBN-4) 2000:1 −71.2 −16.9 — —

4000:1 −69.5 −16.8 — —
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rystallization at low temperatures. However, their behavior is
pposite to the MMs, namely their Tc values are increasing
unctions of the MM molecular weight. This may indicate that
ide chain interdigitation, which is more pronounced in longer
Ms, favors side chain crystallization. This behavior is similar to
hat observed in poly(α-olefin) (PαO) BBs [34].

.6 Linear Viscoelastic Response

aster curves of the dynamic moduli of six representative BBs
re shown in Figure 7. The master curves were constructed
sing the time–temperature superposition (tTs) principlewith the
eference temperature T0 = 50◦C, and dynamic frequency sweep
atameasured at temperatures ranging from−10◦C to 150◦C. The
ime-shift factors (aT) are plotted in Figure S21. Two sequential
elaxation regimes are observed in all the samples, which is the
ypical behavior of BBs with long side chains [28]. At very high
requencies the elastic modulus (G′) approaches a plateau (better
dvanced Functional Materials, 2026
defined in samples poly(PE-NBN-2) and poly(PE-NBN-3)), which
is due to the relaxation of the side chains. A second plateau,
observed at intermediate frequencies, precedes the relaxation of
the whole polymer described by the terminal regime (where the
slopes of log G′ and log G″ versus logw are 2 and 1, respectively).

The modulus plateaus in the frequency sweeps (Figure 7) are
not well defined, which is because these polymers are not well
entangled. A way to determine the approximate value of the
plateau modulus is by means of the van Gurp–Palmen curves
(plots of the phase angle, δ = arctan G′′/G′ versus the magnitude
of the complex modulus, |G*|) [35]. These curves are shown in
Figure 8. The first minimum, at lowmodulus values, corresponds
to the rubbery plateau (𝐺0

𝑁) of the whole polymer, which can be
used to estimate the entanglement molecular weight of the BBs
with𝑀𝑒 = 𝜌𝑅𝑇∕𝐺0

𝑁 .

As shown in the inset of Figure 8, Me is an increasing function
of the side chain length, which is expected given that the bulkier
7 of 12
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FIGURE 7 Master curves of the dynamic moduli of selected BBs, constructed with time-temperature superposition principle with a reference
temperature T0 = 50◦C.
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FIGURE 8 van Gurp–Palmen plot of selected BBs constructed
using the data in Figure 7. The inset shows the entanglement molecular
weight as a function of MMmolecular weight.
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FIGURE 9 WAXS profiles of MMs and BBs measured at room
temperature (22◦C).

FIGURE 10 Characteristic distances as a function of side chain
lengths for the poly(PE-NBN) bottlebrushes and a series of PαOs [41].
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he side chain, the stiffer the backbone of the BBs. This behavior
as been observed in other polyolefin BBs [36] display high Me
alues, which supports the postulate made above that the degree
f branching, and therefore, the bulkiness of the side chains
ncreases with MW. The Me values for all the samples are larger
han 1 mg/mol, which reflects the high stiffness of the backbone
esulting from the bulky side chains.

n important aspect of these results is the fact that the plateau
odulus is very low in these polymers (Table 1). The well-known
ahlquist criterion states that polymer melts with G′ < 105 Pa
measured at 1 Hz) are expected to have good tack properties
37]. All the BBs in this study have plateau modulus at least
wo orders of magnitude lower than the Dahlquist criterion.
herefore, similar to other polyolefin BBs [6, 38] the BBs studied
ere are good candidates for adhesive applications (e.g., in
ressure-sensitive adhesives).

.7 Microstructure

igure 9 shows theWAXS profiles of six selected BBs. All of them
how the typical diffraction pattern of molten polyolefin BBs,
onsisting of two broad peaks [39, 40]. The low-q scattering peak,
abelled as 𝑞∗1 corresponds to the interaction between adjacent
B backbones, whereas the high-q scattering peak, labelled as 𝑞∗2 ,
rises from van der Waals interactions between side chains. This
eak is also present in the MMs, of which diffraction pattern is
lso shown in Figure 9. As expected, no BB backbone diffraction
as observed in the MMs, and the peak position of the 𝑞∗2 peak
oincides with that on the BBs.

he positions of the diffraction peaks in Figure 9 are used to
alculate the characteristic distances 𝑑1 = 2𝜋∕𝑞∗1 and𝑑2 = 2𝜋∕𝑞∗2 ,
hich are plotted as a function of the side chain length (Nsc) in
igure 10. d1 and d2 are the average distances between adjacent
dvanced Functional Materials, 2026
BBbackbones and between side chains, respectively. Note thatNsc
is calculated as the number of carbons in the MM, and therefore
it is not the exact length of the MM, but it accounts for the side-
chain bulkiness. The characteristic distances for a series of PαOs,
recently reported [41], are also plotted in Figure 10. Expectedly,
d2 has the same value for all the BBs (4.7 Å), including the PαOs,
which is independent of Nsc. d1 is a linear increasing function
of Nsc, which follows the same trend reported in the PαO BBs,
9 of 12
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FIGURE 11 Probe tack test results. (a) Stress–strain curves of aPP, POD, and three selected poly(PE-NBN) bottlebrushes. Inset: log–log plot of the
stress–strain curves. (b–e) Tack parameters as a function of the number-averaged side-chain length for the poly(PE-NBN) bottlebrushes studied here
(empty symbols) and the PαO bottlebrush homopolymers reported previously (solid symbols) [45].
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lthough with a smaller slope, which agrees with the behavior of
Bs with long side chains, recently reported [42].

.8 Tack Properties

ue to their inherent softness (characterized by their low elastic
odulus), BB polymers are good candidates for applications
n adhesives [43, 44]. It has recently been reported that PαO
Bs display improved tack performance in comparison with a
inear polyolefin (i.e., atacic polypropylene, aPP) [45]. In that
ublication, it was also shown that tack improves with the
ide-chain length, which correlates with increased softness. In
igure 11, we compare the tack performance of PαOBBswith that
f three of the BBs reported here.

igure 11a shows the tack stress-strain curves of aPP, poly(1-
ctadecene) (POD) and three selected poly(PE-NBN) BBs, mea-
ured at a detachment velocity of 0.1 mm/s. As discussed
lsewhere [45], for aPP, the rapid increase in stress followed
y a sharp drop indicates predominantly adhesive debonding
polymer internal cohesive strength, Gc, is larger than the
olymer–substrate bond strength, Ga). A more gradual stress
ecrease is observed in the POD, indicating a transition to fibrillar
ebonding associated with cohesive failure (where Ga > Gc).
he poly(PE-NBN) BBs also show this type of behavior, which is
ssociated with good tack performance.

he total adhesion energy per unit area, computed as 𝑊𝑎 =
0 ∫

∞
0 𝜎𝑑𝜀Wa, where h0 is the initial sample thickness, is plotted

s a function of side chain length in Figure 11b. This energy is an
ncreasing function ofNsc for the PαOBB and the trend continues
or the poly(PE-NBN) BBs, reaching very high energy values (73
/m2) for the BB with the longest side chain. Another measure of
he bond strength (tack) is themaximumdebonding stress, which
s plotted (normalized by 𝐺0

𝑁) as a function of Nsc in Figure 11d.
0 of 12
This quantity is also an increasing function of Nsc for both series
of BB polymers. The values of this parameter are more than one
order of magnitude larger for the poly(PE-NBN) BBs compared to
the PαO BBs.

The values of the energies dissipated during the initial elastic
deformation, 𝑊𝐸 = ℎ0 ∫

𝜀∗

0 𝜎𝑑𝜀, where ε* is the strain at the
peak in the stress–strain curve, and during the fibril formation
and growth, 𝑊𝐹 = ℎ0 ∫

∞
𝜀∗ 𝜎𝑑𝜀, provide additional insight into

the debonding mechanism. As shown in Figure 11c, the trend
for the PαO BBs is that as the side chain length increases,
fibrillation becomes more dominant (over elastic debonding).
For the poly(PE-NBN) BBs, debonding is almost exclusively by
fibrillation.

The maximum strain before complete debonding, εmax, measured
as the strain at which the stress falls below 1 kPa, represents
the maximum extensibility of the polymer during the fibrillation
regime of the probe tack test. Large differences in extensibility
are clear in the log–log plot of the stress-strain curves (Inset
in Figure 11a). Figure 11e shows that εmax is an increasing
function of Nsc, for both the PαO and the poly(PE-NBN) BBs.
However, the latter are more than an order of magnitude, more
ductile than the PαO BBs. Collectively, all the results shown in
Figure 11 reveal that the poly(PE-NBN) BBs display a very
superior tack performance, due to their large side chain length,
which in turn correlated to their low elastic modulus. This makes
them strong candidates as base polymers in tackifier-free (or
tackifier-poor) adhesive formulations.

3 Conclusions

Due to their hydrophobicity and highly grafted architecture,
polyolefin BBs are desirable materials to manage lubrication and
friction. In this work we developed robust synthetic routes which
Advanced Functional Materials, 2026
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rovide a systematic investigation of how the molecular weight
f PE brushes and their BB structures influence their thermal
ehavior, their microstructure and their viscoelastic properties.
he approach allowed the preparation of a range of PE BBs
nd block copolymer structures. Living ethylene polymerization
rom functionalized chelated diimine Pd(II)complexes enabled
urnishing a range of chain-end functionalized PE of 2, 5, and
0 kg/mol to be transformed into PENBNROMPmacroinitiators.
ltra-high molecular weight BBs with narrow dispersity were
ormedwith the highest knownmolecular weights for polyolefin-
ased bottle brush architectures of reaching up to 6400 kg/mol
nd are the first PE BBs. Moreover, the high fidelity of the BB
hain ends allowed the formation of unique BB block copolymers
n which blocks with PE shorter 2 kg/mol segments were
ombined with 5 kg/mol segments. WAXS studies revealed the
ypical microstructure of molecular BBs reflected by the double
iffraction peak patterns. The distance between backbones and
he entanglement molecular weight of the BBs are increasing
unctions of the size of the sidechains, which reveals the strong
ffect of the side-chain bulkiness on the backbone stiffness.
hese results lead to ultra-soft robust materials and represent
novel class of polyolefin materials which can be tailored

owards specific properties. For instance, melt softness is critical
n pressure sensitive adhesives and in ultra-soft elastomers in
edical or robotics applications. The tack test results indeed
emonstrate that the tack performance (characterized by the
ack parameters: Wa, 𝜎peak∕𝐺0

𝑁 , and εmax) follows a universal
mprovement with Nsc for PαO and the polyolefin BB presented
ere.
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