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Chain Conformation of Ring Comb-like Polymers in Dilute Solution

LIN Ming-tao, PENG Er-kang, DING Ming-ming”
(School of Chemical Engineering and Light Industry, Guangdong University of Technology, Guangzhou 510006, China)

Abstract: Comb-like polymers have emerged as a new class of materials with a wide range of potential
applications. However, a prerequisite for developing these applications is the accurate characterization
of the chain structure concerning the molecular parameters. In this study, we use Brownian dynamics
simulations to explore the dependence of the chain size on the structural characterization parameters of ring
comb-like polymers and to obtain a general description of the chain conformation in solution. Combined
with Flory theory, we find that the ring comb-like chains are similar to linear comb-like chains in that the
effect of graft-graft excluded volume is significant enough only at high grafting densities. In addition, the
stretch factor can capture the nature of conformational changes in ring comb-like polymers, where the
radius of gyration and the stretch factor satisfy a scaling exponential relationship. In this paper, we reveal
the dependence of the size of the ring comb-like chains on the molecular parameters and clarify that the
stretch factor is a reliable covariate to describe the relative size of ring comb-like chains.
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Figure 1 Schematic illustration of a ring comb-like chain, where a backbone with the length of N,=120 (red) is grafted by
multiple side chains with the length of Ng=5 (green), and the grafting density is fixed as 65=0.2; (b) Simulation snapshots of ring

comb-like chains with Np=120 and Ng=>5, where o5 are 0.4, 0.6, 0.8, and 1, respectively
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Figure 2 Radius of gyration (Rg) of ring comb-like chains
as a function of the total degree of polymerization Ny +NposNg
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Figure 3 (a) Radius of gyration (Ry) of ring comb-like
chains as a function of the backbone length (Ny,) with different
grafting densities, where the data fitted by Rg~Ny (v is the
scaling exponent); (b) Scaling exponent (v) as a function of
the grafting density (o5) with different side chain lengths
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Figure 4 Ratio of the radius of gyration of ring comb-like
chains and the backbone itself (Ry/Rq) as a function of the
graft density (cs) with different Ny, where (a) and (b) represent
the data fitted by Eq. (3) with $=0 and 0, respectively
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3 #Eip

ARSI AR BB ) BT T AL T R
i R DR ) U BRAR T 36 4 M 7
IR R BRI, PRI A 0
1 T AR R R < EL B ek 1
Ky EFHMOOMIE. 44 Flory Big, FA1E &
5T (N - D SEHE R U RE R T, R B
RIS B 0L, T 7 ek e
i, O - DG T AR A 0 % .
5 BFIE T IR IR 6 2 5 e T 0
K Ry A 15 B RYR - 1~(oN )0570% f 5z

BRR, RYRLANE T o N, 7T LUR 5 Hi A 92 3 7%
FURZR SR SR IIA TR . AT 7S T IEAL
WEERAT 570 T 28O 2, B T S A
TRMREERN R E SR

IR, ASCEE R AR T gk &, tht 25
HWR AR, 3T AR R R SRR, (I8 -
M0 o) R B A AR AR TLAE 2 5 2 B i, A At
—BUE. BRAL, MIRHUIE IS I B4R
e, HL G5 Rt S T A I 5 s AT b e v R
XESREWEREDEH. o, AT
W THRRE RSB R, X T3 115288 7)
Wy R B, F EAE R R OISR T A
YEH, LAt — B A4 53 122 1R R

Sk

1 Xie, G. J;; Martinez, M. R.; Olszewski, M.; Sheiko, S.
S.; Matyjaszewski, K. Molecular bottlebrushes as novel
materials. Biomacromolecules, 2018, 20(1), 27-54.

2 MacFarlane, R. J.; Kim, B.; Lee, B.; Weitekamp, R.
A.; Bates, C. M.; Lee, S. F,; Chang, A. B.; Delaney, K.
T.; Fredrickson, G. H.; Atwater, H. A.; Grubbs, R. H.
Improving brush polymer infrared one-dimensional
photonic crystals via linear polymer additives. J. Am.
Chem. Soc., 2014, 136(50), 17374-17377.

3 Johnson, J. A.; Lu, Y.Y.; Burts, A. O.; Lim, Y. H.; Finn, M.
G.; Koberstein, J. T.; Turro, N. J.; Tirrell, D. A.; Grubbs,
R. H. Core-clickable PEG-branch-azide bivalent-
bottle-brush polymers by ROMP: grafting-through and
clicking-to. J. Am. Chem. Soc., 2011, 133(3), 559-566.

4 Abbasi, M.; Faust, L.; Wilhelm, M. Comb and
bottlebrush polymers with superior rheological and
mechanical properties. Adv. Mater., 2019, 31(26),
€1806484.

5 Watanabe, M.; Mizukami, K. Well-ordered wrinkling
patterns on chemically oxidized poly(dimethylsiloxane)
surfaces. Macromolecules, 2012, 45(17), 7128-7134.

6  Yethiraj, A. A Monte Carlo simulation study of branched
polymers. J. Chem. Phys., 2006, 125(20), 204901.

7 Hsu, H. P; Paul, W, Rathgeber, S.; Binder, K.
Characteristic length scales and radial monomer density
profiles of molecular bottle-brushes: simulation and
experiment. Macromolecules, 2010, 43(3), 1592-1601.

8  Theodorakis, P. E.; Hsu, H. P.; Paul, W.; Binder, K.
Computer simulation of bottle-brush polymers with
flexible backbone: good solvent versus theta solvent
conditions. J. Chem. Phys., 2011, 135(16), 164903.

9 Dutta, S.; Wade, M. A.; Walsh, D. J.; Guironnet, D.;



MERTEE IRRBUE R S WE R I I BER R

- 807 -

10

11

12

13

14

15

16

17

18

Rogers, S. A.; Sing, C. E. Dilute solution structure of
bottlebrush polymers. Soft Matter, 2019, 15(14), 2928-
2941.

Pan, T. Y.; Dutta, S.; Sing, C. E. Interaction potential
for coarse-grained models of bottlebrush polymers. J.
Chem. Phys., 2022, 156(1), 014903.

Patel, S. F.; Young, C. D.; Sing, C. E.; Schroeder, C. M.
Nonmonotonic dependence of comb polymer relaxation
on branch density in semidilute solutions of linear
polymers. Phys. Rev. Fluids, 2020, 5(12), 121301.

Mai, D. J.; Saadat, A.; Khomami, B.; Schroeder, C.
M. Stretching dynamics of single comb polymers in
extensional flow. Macromolecules, 2018, 51(4), 1507—
1517.

Bejagam, K. K.; Singh, S. K.; Ahn, R.; Deshmukh,
S. A. Unraveling the conformations of backbone and
side chains in thermosensitive bottlebrush polymers.
Macromolecules, 2019, 52(23), 9398-9408.

Morozova, S.; Lodge, T. P. Conformation of
methylcellulose as a function of poly(ethylene glycol)
graft density. ACS Macro Lett., 2017, 6(11), 1274-1279.
Morozova, S.; Schmidt, P. W.; Bates, F. S.; Lodge, T.
P. Effect of poly(ethylene glycol) grafting density on
methylcellulose fibril formation. Macromolecules, 2018,
51(23), 9413-9421.

Pan, X. J.; Ishag, M. W.; Umair, A.; Ali, M. W.; Li, L.
W. Evolution of single chain conformation for model
comb-like chains with grafting density ranging from 0 to
~100% in dilute solution. ACS Macro Lett., 2019, 8(12),
1535-1540.

Pan, X. J.; Ding, M. M.; Li, L. W. Experimental validation
on average conformation of a comblike polystyrene
library in dilute solutions: universal scaling laws and
abnormal SEC elution behavior. Macromolecules, 2021,
54(23), 11019-11031.

Tang, Z. X.; Pan, X. J.; Zhou, H. W.; Li, L. W.; Ding, M. M.
Conformation of a comb-like chain free in solution and
confined in a nanochannel: from linear to bottlebrush
structure. Macromolecules, 2022, 55(19), 8668-8675.

19

20

21

22

23

24

25

26

27

28

Mai, X. H.; Hao, P.; Liu, D. F.; Ding, M. M. Conformation
of a comb-like chain in solution: effect of backbone
rigidity. ACS Omega, 2023, 8(12), 11177-11183.
Nasongkla, N.; Chen, B.; Macaraeg, N.; Fox, M.
E.; Fréchet, J. M. J.; Szoka, F. C. Dependence of
pharmacokinetics and biodistribution on polymer
architecture: effect of cyclic versus linear polymers. J.
Am. Chem. Soc., 2009, 131(11), 3842-3843.

Wei, H.; Chu, D. S. H.; Zhao, J. L.; Pahang, J. A.; Pun, S.
H. Synthesis and evaluation of cyclic cationic polymers
for nucleic acid delivery. ACS Macro Lett., 2013, 2(12),
1047-1050.

Morgese, G.; Trachsel, L.; Romio, M.; Divandari, M;
Ramakrishna, S. N.; Benetti, E. M. Topological polymer
chemistry enters surface science: linear versus cyclic
polymer brushes. Angew. Chem. Int. Ed., 2016, 55(50),
15583-15588.

Lyubimov, I.; Wessels, M. G.; Jayaraman, A. Molecular
dynamics simulation and PRISM theory study of
assembly in solutions of amphiphilic bottlebrush block
copolymers. Macromolecules, 2018, 51(19), 7586-
7599.

Wessels, M. G.; Jayaraman, A. Molecular dynamics
simulation study of linear, bottlebrush, and star-like
amphiphilic block polymer assembly in solution. Soft
Matter, 2019, 15(19), 3987-3998.

Weeks, J. D.; Chandler, D.; Andersen, H. C. Role of
repulsive forces in determining the equilibrium structure
of simple liquids. J. Chem. Phys., 1971, 54(12), 5237-
5247.

Kremer, K.; Grest, G. S. Dynamics of entangled linear
polymer melts: a molecular-dynamics simulation. J.
Chem. Phys., 1990, 92(8), 5057-5086.

Ermak, D. L.; McCammon, J. A. Brownian dynamics
with hydrodynamic interactions. J. Chem. Phys., 1978,
69(4), 1352-1360.
Kumar, S.; Larson, R. G. Brownian dynamics
simulations of flexible polymers with spring-spring
repulsions. J. Chem. Phys., 2001, 114(15), 6937-6941.



