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Fig. 1 (a) Conformation of comb polymers with low grafting density; (b) Conformations of comb and bottlebrush polymers
with different crowding parameters @; (c) Diagram of states of grafting polymers in a melt with monomer projection length /,
Kuhn length of side chains b, and monomer excluded volume v (logarithmic scales). SBB: stretched backbone subregime,
SSC: stretched side-chain subregime, and RSC: rodlike sidechain subregime. The boundary between the accessible regimes

and the so-called forbidden region is defined by ¢! < nsc/n
Copyright (2022) American Chemical Society).
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Fig. 2 Dynamic master curves of G' (closed symbols) and G" (open symbols) for (a) aPP bottlebrushs and (b) PEP

bottlebrushs (Reprinted with permission from Ref.[24]; Copyright (2015) American Chemical Society).

Bates 55 It H] PEP Jf il 5 (1 5 K ny, 79 627,
AN 2 H B B R 4 2 . {HLER] Dy PEP 4 (1)
0 FEKT PEP MIELS 7y T &, MEBEBL b
(segment relaxation) 2 J& A] M %< B M BE 5 £ 8 45
WRIGIE T G (B 20b), GZ4N1MPa. %P &
1) %5 FEANBE ny, I EG NI AZ AL . Dobrynin S542 Hi (1)
L) A 28 o S A A 1 ) 2 &4 i 040, T S
by MIBEARAC I, 7t B 3 I A B B B
AIYEEEIN . HB R, EMNEERRIRT & 5
K i It Bl 2 (8] A7 7E H [A] 45 (intermediate regime),
AWERR G (0) =2G" (o)~ B (w)~0 ' (4"
NEFE), RWIXAB 73 112 3 #0E Zimm
B 71%: . Bates Iy, HIEMBEER IR 625

)2 St SR A P S50 000 2 1) F W (R s 3
H Zimm 7)) J) 5 RHIE 2 RO ST B AN B 5 B
B = ) B (self-concentration), Bl 1>k H
i ] At A0 e ) 2 A 24, 2 A B R — s S AR
FE FR SR (BRI — rUAIE), W22 R I
i 2> 4T T Rouse ) /1% . Gl(w)= G(w)~0?? )
B FE % 28 A FL AR IR & 2 5 Hh s AR B
Vlassopoulos 25\ A H AR |18 J/& Rouse 31 /1%,
FEIT 023 B bR FE O 2 7] e A2 i A Rouse A5 5
BOAR st A & 3 BN RS), FE R R B 4 1t
MRG0, McKenna Al Kornfield %5 1 2
R EPRAS I 73 T2 308 T Rouse 3)) /1 72 4122,

FERRRIBE AR i sl AP B, 9



1472 =]

n T

R 2023 4F

MR ERIR . FLREF R R®E
VIR RIS R E, SRR IR A S,
AR U T 6L Rl 4 11%) 4 51200, Sheiko 55 FOUL i ) 5
RN ABATE T — R LSRR T
(PBA) AMIEE IR 771, B 3(a)gath 7 —A
PBAURIEER) 2, Hone N34, ny#1792040,
ST 5.8x108 g/mol. F XUIE T AH Y (double-
reptation model) AJ LAR 47 #i 40L& 1% F b e . &l
X1 1 F1X (zone 1. X)5 PBAM4EH %, Hi#&
05 B A KO AR, 5 T4 T PBA I
BEIPMALZ S . X35 2 (zone 2) W1 PBA I BE 1)
HEFEMIPE R, Seiko S5 Ay A AR K ) g 45 5
W6 Z B EET B2 9 HIREE M.

245, KA BE g, Mast e s
55 . Bates LTI — N TARZ H 1R BE i 45 ¥ ]
R R A ER T — RV LR AR
(PLA) N EE (514 3500 g/mol). SR FFIKF ¥
(PNb) N FEE R LML, E3b)&AH T —1
AL N 0.25 [ PLA IR 155 50 T (ny,=1800) 1)
F 2k, AT ULTE Rouse ) /1% £ S HIm A IX 5 5
PR B £ T IRIX 2 18], A — T MW A5 P
&, G N1.0x10*Pa. R LEKIBELN, XfX—
PLAJRIEE, R Hny KT 640 2)5, G4
L. NGB R RE, BERIERMS “HHR”
{100 T e 20 & o W) 7 B2 AR KR 4 T (10~
107 g/mol), IXTESLBRA R £ o212 R HE .

a Double reptation analysis
@ i L ——
— G'BA-34 : 3 3
10°9 el G”BA-34 - i(h);enl [ Terminal| Entangle-| Rouse ]
== Model G’ o - flow 2
== Model G” 3
~ 107 — ]

© 5
< Gg c'F 1
b i 3 3
G H [ ]
FRTeCE N . ED g ]
[C] O 3
1 ]
G, # -
100 - 10°F
Zone 2: 5 ]
filaments
101 ] . o ot A e g
10-6 1073 100 103 106 109 0% #0* 490 100 o+ 40

Frequency (Hz)

a.o (rad/s)

Fig. 3 (a) Overlay of experimental dynamic master curves of PBA bottlebrush with the double-reptation fit. Two distinct

zones (1, 2) and a crossover (X) region are observed: (1) relaxation of grafted chains; (2) relaxation of bottlebrush filaments;

(X) internal relaxation modes of the effective monomer exhibiting power-law dependence G'=G"~w"® (Reprinted with

permission from Ref.[1]; Copyright (2015) Nature Publishing Group). (b) Dynamic master curve for a PLA bottlebrush

polymer, with the entanglement region highlighted in gray where G' plateaus (Reprinted with permission from Ref.[27];

Copyright (2018) American Chemical Society).
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Fig. 4 (a) Schematic illustration of possible structures of dendronized polymers that depend on the key structural parameters
of degree of polymerization of the backbone (P,) and the generation number of the dendrons (g) (Reprinted with permission
from Ref.[25]; Copyright (2016) American Chemical Society). (b) Chemical structure of a dendronized polymer with the side-
chain of the fifth generation dendron (PGS5). (c) AFM results of single chains of the first to the fifth generation dendronized
polymer (PG1-PG5), where the molecular chain diameter of PG5 is about 10 nm (Reprinted with permission from Ref.[28];

Copyright (2011) Wiley-VCH).
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Fig. 5 Schematic diagram of the self-assembly of Percec-type dendrons and their polymers. The dendrons and the
dendronized polymers can form supramolecular column and further pack into columnar liquid crystal phases (Reprinted with
permission from Ref.[30]; Copyright (1998) Nature Publishing Group).
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Fig. 6 Dynamic master covers of dendronized polymers with the grafted dendrons of (a) the fifth (G5) and (b) the third (G3)
generationl. In (a), a master curve of bottlebrush polymer with a similar backbone and side-chain molar mass is included for

comparison (Reprinted with permission from Ref.[36]; Copyright (2021) American Chemical Society).
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Fig. 7 (a) Schematic diagram of single chain supramolecular column and columnar liquid crystal phase of MJLCP; (b) Chemical

structure and rheology temperature sweep curves of PDAVT samples with different alkyl groups of butyl (P4), hexyl (P6) and
octyl (P8) (Reprinted with permission from Ref.[40]; Copyright (2017) Chinese Chemical Society).
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Fig. 8 (a) Chemical structure of a dendronized polymethacrylate; (b) Monomer stacking method with 8-fold spiral axis; (c) and
(d) 8 repeating units from the same polymer chain, forming 8, helix (c) or 8, helix (d) (Reprinted with permission from Ref.[34];

Copyright (1994) American Chemical Society).
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Fig. 9 (a) Chemical structure of a wedge-shaped side chain polymer containing two biphenyls (P-2B12) and schematic
diagram of MCSMC; AFM results for (b) high molecular weight and (c) low molecular weight P-2B12 (Reprinted with
permission from Ref.[48]; Copyright (2019) American Chemical Society).
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Fig. 10 (a) Chemical structure and MCSMC schematic of a wedge-shaped side chain polymer containing dicyanostilbene (P-
DCS12); (b) In situ cooling XRD results of P-DCS12; (¢) Rheology temperature sweep curve of P-DCS12 (Reprinted with
permission from Ref.[49]; Copyright (2023) Wiley-VCH).
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Fig. 11 (a) Chemical structure of P-1B12; (b) Rheology temperature sweep curves of P-1B12 (frequency: 1 rad/s, amplitude:
1%); (c) Rheology frequency sweeps curve of P-1B12 at 85 °C (Reprinted with permission from Ref.[50]; Copyright (2017)

Wiley-VCH).
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Fig. 12 (a) Comparison of PDMS bottlebrush elastomer and poly(acrylamide) (PAM) hydrogel, which possessed similar

volume fractions of backbones and polymer chains. left, true stresses () as functions of draw ratio (4); right, photographs of

bottlebrush elastomer and hydrogel under compression (Reprinted with permission from Ref.[1]; Copyright (2015) Nature

Publishing Group). (b) SEM image of different bubble pores of comb polystyrene (Reprinted with permission from Ref.[52];

Copyright (2020) Elsevier); (c) Schematic representation of a tissue-adaptive implant of bottlebrush elastomer. At a room

temperature of 25 °C, the implant is rigid, easily penetrating tissue followed by softening at a body temperature of 37 °C to

match the mechanics of the surrounding tissue (~10>-10° Pa) (Reprinted with permission from Ref.[60]; Copyright (2020)

Wiley-VCH).
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Review

Cylindrical Side-chain Polymers: Structure, Viscoelasticity and
Functional Applications

Yi-ning Fan, Zi-fan Yang, Jia-hui Wu, Ling Zhao, Wei Xia, Long-long Zhang, Jie Wang, Ji-yu Chen,
Ming-he Sun, Jia-hua Li, Shuang Yang®, Er-giang Chen”
(Beijing National Laboratory for Molecular Sciences, Key Laboratory of Polymer Chemistry and Physics of
Ministry of Education, Center for Soft Mater Science and Engineering, College of Chemistry and
Molecular Engineering, Peking University, Beijing 100871)

Abstract Due to their unique supersoft, superelastic, quick strain hardening, and other fascinating viscoelastic
features, cylindrical side-chain polymer systems, such as bottlebrush polymers, have gained significant interest
recently. In this mini-review, we intend to summarize the relevant research progresses. Several typical side-chain
polymers that demonstrate the structure of the single-chain supramolecular columns, including bottlebrushes,
dendronized polymers and mesogen-jacketed liquid crystalline polymers, are introduced along with their linear
viscoelasticity. Furthermore, the features of multi-chain supramolecular columns are illustrated by using the self-
assembly of wedge-shaped side-chain polymers as the example. After a brief overview of the functional
applications of cylindrical side-chain polymer systems, we give some comments on the obstacles and challenges
in this research field. Even though the physical mechanisms underlying the complex relaxation behavior of
cylindrical side-chain polymers caused by entanglement and microphase separation are still not fully understood,
research on these polymers will offer fresh perspectives and a theoretical foundation for creating brand-new
viscoelastic materials.
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