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Flexible Two-dimensional Polymers: a New Dimension in Polymer
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Jilin University, Changchun 130023, China)

Abstract Compared with one-dimensional (1D) and three-dimensional (3D) polymers, the theory framework of two-
dimensional (2D) polymers is still incomplete, especially for flexible 2D polymers. Their unique conformation and
properties are one of the mysterious questions in the polymer science. This article comprehensively reviews the theo-
retical and simulation research progress of flexible 2D polymers, aiming to systematically sort out the development of
the field of flexible 2D polymers from early theoretical prototypes to recent conformational physics research. First,
this article reviews theoretical research on tethered membranes from the 1980s. Early molecular dynamics simulations
revealed that self-avoidance causes 2D networks to approach a flat state at the thermodynamic limit, rather than
undergoing a crumpled transition. Building on this foundation, this article further elaborates on significant break-
throughs in the field since the 21st century. Computer simulations have not only validated the scaling relationships
between the equilibrium conformations of 2D polymers and their transport properties (such as intrinsic viscosity) , but
also theoretically unified the long-debated flat and crumpled conformations by introducing an adjustable mesh model,
thereby revealing the physical mechanism of their coexistence. Furthermore, a complete conformational evolution
path-ranging from flat to multi-level folded, and ultimately to collapsed states has been systematically established.

Finally, this article provides an outlook on the opportunities and challenges facing the field, particularly regarding
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the precise preparation of ordered flexible networks and the utilization of theoretical insights to guide the design of
intelligent responsive materials.

Keywords Two-dimensional polymer; Flexibility; Conformation; Scaling relation
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1.1 REEMSFHAZFE Fig. 1 Planar configuration of a tethered membrane of
Abraham 25558 4 M43 115007 1 R 5 linear dimension L=5"

iﬂ‘T ? ﬁﬂ% E’J@Ei‘]‘j}i’ﬁﬂﬂ *ﬁﬂ:u 2 jﬁ EEIEI*%%% L: diameter. Copyright 1988, American Physical Society.
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Fig.2 Configurations of a self-avoiding tethered membrane of 4219 particles(L=75) and o=1
The individual particles are denoted by dots, and tethered bonds are not drawn. The different views for the four configurations are
at 0. 65%10%A), 0. 80x10%B), 0. 95x10%C) and 1. 10x10%(D) time steps, respectively.
Copyright 1989, American Physical Society.
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Fig.3 Lg-lg plot of the radius of gyration(R,) of tethered membranes for various values of the parameter
o (A), the shape parameter A=A ,/A, plotted as a function of o for various L(B)*”
(A) Straight-line segments are drawn through the data points and have slope equal to the effective exponent v (L) , which, for all
o#0, increases with L and is consistent with the asymptotic value (% )=1. (B) As discussed in the text, we believe this shows that

tethered membranes with o > 0. 2 are asymptotically flat and suggests that the same conclusion holds for all o>0.

Copyright 1989, American Physical Society.
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Fig.4 “Perpendicular” structure factor Si(k) for wave vectors in the direction of the eigenvector corresponding to

the smallest eigenvalue of the inertia tensor plotted as a function of the scaled variable kL’ with »=0. 65(A),
the in-plane structure factor S,(k)(with k& in the direction of the eigenvector corresponding to the largest
eigenvalue of the inertia tensor) plotted as a function of the scaled variable kL’ with »=0. 975(B)“%

(A) Crosses, L=5(total number of particles, N=19); open circles, L=11(N=91); filled circles, L=19(N=271).

(B) Symbols correspond to the same membrane sizes as in (A).

Copyright 1988, American Physical Society.
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Fig.5 R, scaling of the dominant observed Fig. 6 Approximate “sheet morphology phase
morphologies™ diagram” shown for N=400(L=20) as a
Note that for N>1600(L>40), the crumpled and folded sheets un- function of K, and K 53
dergo a change in morphology. See the text for further discussion. Copyright 2010, American Chemical Society.
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Fig. 7 Intrinsic viscosity[»n] as a function of sheet size(A) and hydrodynamic radius(R,) as

a function of sheet size(B)""

(A) The dotted lines indicate theoretically predicted scaling behaviors. Note that the collapsed sheets have nearly constant [1]; for comparison,

[1]=5/2 is the theoretical Einstein value for a hard sphere. (B) The scaling with N directly tracks the variation of parallels that of R, inFig. 4.

Copyright 2010, American Chemical Society.
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Fig. 8 Schematic of a regular 2D polymer network having N,=4 branches in each direction(A), the

structures of 2D polymer networks at different N, shown respectively(B—F) and radius of

gyration R, of 2D polymer networks as a function of molecular mass M, (G)*"

(A) Screenshots of typical equilibrated 2D polymer networks are also presented. For clarity, the repeating units located at the edge of

the polymer network are in blue and for the units in the middle in red. (G) The highlighted regimes approximately outline the emer-

gence of crumpling(pale yellow) and flat sheet regimes (pale blue). The dotted lines are power laws with an exponent of 0. 588 and 1/2

and the dashed line is a power law with an exponent of 1/2. 7; all lines are guides for the eye. The uncertainty estimates correspond to

two standard deviations. Inset: Rg normalized by M and [ as a function of V. The dashed line is RﬁlUM“m( 1. 3/N])]‘ 3+1). Here, lyis

a prefactor dependent on the mesh size M.

Copyright 2023, American Physical Society.
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Fig. 9 Form factor P(q) of polymer networks having chain length M=20 based on our simulation

model(A), combined static light scattering(SLS) and small angle neutron scattering
(SANS) measurements of the scattering from 0. 1%(mass fraction) aggrecan solutions
with no salt(circles) and 100 mmol/L CaCl,(squares)(B)"!
(A) The highlighted regimes approximately outline the different power-law regimes that the polymer networks exhibit.
The dashed lines indicate power laws as guides to the eye. The drawings illustrate structural features probed at different
length scales in 2D polymer networks. The vertical arrows approximately point to the size of the corresponding polymer
network , o =27/R,. (B) The drawings illustrate aggrecan assemblies probed at different length scales; an outline of the
self-assembled structures is drawn for the case of low ¢ to highlight the 2D polymer network formation. 1 A=0. 1 nm.

Copyright 2023, American Physical Society
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Fig. 10 Initial structure of =12 2D polymer™ Fig. 11 Lg-Ilg plot of the relationship between the radius

L is defined as the number of P beads on one side.

Copyright 2024, AIP Publishing.

of gyration R, and the size of the 2D polymer L
under different solvent conditions™
Copyright 2024, AIP Publishing.
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Fig. 12 Relationship between the shape parameter(Q) and the solvent condition(a,s) with the different

size of the 2D polymer(A), a,=25. 0, snapshot and schematic structure of a 2D polymer with size
L=96(B), a,¢=29. 0, snapshots and schematic structures showcasing 2D polymers with sizes L=24,

72, and 96 in equilibrium states, respectively(C—E), a,,;=35. 0, snapshots and schematic struc-
1551

tures for 2D polymers with L=60 and 96, respectively(F, G)
Copyright 2024, AIP Publishing.
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