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Abstract

Understanding the structure and dynamics of ring or cyclic polymers is a long-standing challenge in polymer science, with important
implications for emerging biological phenomena such as chromosome territories. This Perspective article provides a comprehensive
overview of the current state of ring polymer physics and rheology, highlighting emerging challenges and opportunities for
future research. Key scientific questions are considered regarding the properties of synthetic and biological ring polymer systems
using theory, simulations, and experiments. This article was inspired by stimulating discussions at a CECAM Flagship workshop
on Ring Polymer Dynamics in Prato, Italy, in June 2023. Several of the concepts and results discussed here are also presented in
the Journal of Rheology virtual issue on ring polymers (https:/pubs.aip.org/jor/collection/1392/Ring-Polymers). Broadly, this
article aims to spark conceptual advances in polymer physics and rheology by exploring new phenomena and open scientific
questions that are unique to ring polymer systems.© 2025 Published under an exclusive license by Society of Rheology.
https://doi.org/10.1122/8.0001099

. INTRODUCTION and dynamics compared to linear chains [3,4]. Ring polymers
call into question our fundamental understanding of polymer
dynamics because the absence of free ends alters flow behav-
ior [5,6], diffusion [7], phase behavior [8], and ordering tran-
sitions [9] compared to linear macromolecules. Their cyclic
topology [10] gives rise to unusual viscoelastic properties
that cannot be explained by classic theories based on the
tube model [1,2]. The unique properties of ring polymers
makes them promising candidates for several materials

YAuthor to whom correspondence should be addressed; electronic mail: science applications [11,12]. Moreover, ring polymers are
cschroeder@princeton.edu essential to fundamental life processes and play a key role in

A key challenge in developing new functional materials
lies in understanding how molecular architecture affects bulk
viscoelastic properties [1,2]. Ring polymers (or cyclic or cir-
cular polymers) have a unique molecular architecture lacking
chain ends, which results in qualitatively different structure

© 2025 Published under an exclusive license by Society of Rheology.
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biology and biotechnology, including DNA replication and
maintenance of circular genomes [13], DNA looping [14],
and biologically active macrocycles such as drugs [15].
Structure-property relationships for polymeric materials
critically depend on macromolecular architecture and compo-
sition, which ultimately governs their bulk-scale viscoelastic
properties. A relevant fundamental material function describ-
ing the mechanical response of a polymer is the stress relaxa-
tion modulus G(#). For entangled linear polymer melts (with
molecular weight exceeding the critical entanglement molec-
ular weight M,), the dynamics are described by the tube
model [1,2], which is a single-chain approximation to
uncrossability topological constraints imposed by neighbor-
ing chains. In linear polymer melts, individual chains reptate,
i.e., relax stress by diffusing curvilinearly along a confining
tube, a process facilitated by the presence of free ends.
Complementing reptation with additional nonreptative pro-
cesses such as contour length fluctuations and constraint
release yields quantitative predictions of rheological data for
linear chains [2,16]. In general, the stress relaxation modulus
G(¢) for linear polymer melts shows a plateau at intermediate
times and exponential decay at longer times. However, the
stress relaxation response for branched polymers is qualita-
tively different. Star polymers are the simplest branched
architecture and relax stress by arm retraction because one
end of each arm is fixed to the core [2,16]. Macromolecules
with more complex branched architectures (e.g., combs)
relax hierarchically in the melt state: branching generations
relax sequentially starting from the outermost dangling ends
and moving inward, often combining retraction and reptation
[17]. Up to this point in the discussion, stress relaxation criti-
cally relies on a free chain end. A natural question then
arises: how is stress relaxed in ring polymer melts given the

(a)
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absence of polymer chain ends? The answer lies in consider-
ing the topology of polymeric materials.

The microscopic topology of polymeric materials is
governed by molecular architecture. In turn, the dynamic
motion of polymer chains is subject to topological constraints
[18,19], an effect which is familiar to the common human
experience of untangling knotted strings. The topological
constraints of linear polymers are fransient and tend to domi-
nate the viscoelastic behavior of high molecular weight poly-
meric liquids by slowing down chain equilibration after a
deformation or during diffusion. In contrast, the microscopic
topological state of ring polymer systems is fixed during syn-
thesis [18,19], at least in terms of the presence or absence of
interlocked rings or concatenated structures. In ring polymer
systems, all subsequent conformational changes preserve
such topology together with invariants characterizing the
internal degree of knotting or the degree of linking of pairs,
triplets, and higher order linkages of rings. The ring polymer
analog of the transient network structure in linear chain melts
is an arrangement of several adjacent rings with interacting
or interpenetrating loopy segments. Understanding how the
microscopic topological structures in ring polymers lead to
stress accumulation and relaxation in high molecular weight
systems is an open challenge in the field.

For identical chemical composition, molecular weight,
and density, the large-scale structure and dynamics of ring
polymers can be radically different than their linear chain
counterparts. Figure 1 illustrates the differences betweeng
linear and ring polymers by comparing simulation results for §
the prototypical equilibrium structure in the melt state. In the%
well-known case of linear polymer chains [1,24], polymerg
molecules mutually and strongly interpenetrate and exhibit z
nearly ideal Gaussian chain statistics [Fig. 1(a)]. In contrast, 3

5

256000
1

FIG. 1. Simulations of linear chains and nonconcatenated ring polymers in the melt state: (a) Visualization of a melt of N = 1000 linear polymer chains of
N, = 15000 beads with periodic boundary conditions with individual chains shown with randomly chosen colors. To illustrate the mutual interpenetration of
chains, all polymers are shown in the left-hand side of the box. In the right-hand side of the box, ten randomly selected polymers are shown to illustrate the
random walk-like single chain structure. Reproduced with permission from Svaneborg et al., Phys. Rev. E 94, 032502 (2016). Copyright 2016, American Physical
Society [20]. (b) A melt of N = 142 nonconcatenated ring polymers of N, = 10082 beads with periodic boundary conditions shown without projecting the beads
back into the central simulation box [21]. Individual ring polymers are represented with individual colors to show their territorial packing. Reproduced with the per-
mission from Vettorel, et al., Phys. Today 62, 72 (2009) [22]. Copyright 2009, AIP Publishing LLC. (c) An individual hierarchically crumpled ring polymer of
length N, = 256000 beads from a similar melt of N = 629 rings. The cyclic color code following the monomer index reveals the fractal nature of the territorial
packing. Although most of the ring contour length appears to be tucked into densely crumpled sections, the randomly chosen ring also displays a large penetrable
open loop. Reproduced with permission from Schram et al., Soft Matter 15, 2418-2429 (2019) [23]. Copyright 2019, Royal Society of Chemistry.
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FIG. 2. Midplane light optical section through a chicken fibroblast nucleus
showing segregated chromosome territories rendered visible via chromosome
painting using fluorescence in situ hybridization (FISH). Reproduced with
permission from Cremer and Cremer, Nat. Rev. Genet. 2, 292-301 (2001)
[30]. Copyright 2001, Nature Portfolio.

in a melt of unknotted nonconcatenated rings, individual ring
polymer molecules interpenetrate to a lesser degree and
exhibit territorial behavior [Fig. 1(b)] [6,22,23,25-28], with
high molecular weight rings further displaying self-similar
territorial packing in their crumpled internal structure
[Fig. 1(c)]. The stark differences in molecular structure
between linear and ring polymers hold important implica-
tions for understanding their dynamics and thermodynamics
in the melt state.

Implications for understanding ring polymer physics
extend beyond synthetic ring systems. A common real world
example of long linear unentangled macromolecules [29] is
found in the cell nuclei of eukaryotic organisms, where the
chromosomes occupy territories [30] resembling those found
in ring polymer melts (Fig. 2) [31]. Although the crumpled
internal structure of chromosomes [32] was theoretically pre-
dicted [33] on topological grounds, the applicability of the
analogy to linear chromatin fibers depends on a separation of
time scales [34,35]. Notably, computer simulations of decon-
densing model chromosomes [35] revealed territories that are
stable over biologically relevant time scales and chain struc-
tures, in good agreement with both experimental data for
chromosomes and the local crumpled equilibrium statistics
for corresponding melts of nonconcatenated rings [35,36].
More recent work has shown how biological processes like
loop-extrusion can drive chains to adopt nonequilibrium con-
formations with higher fractal dimensions, altering their func-
tion and rheology [37]. Overall, these studies have motivated
new research on understanding chromosome territorial
arrangement and related biophysical problems that define the
current state of the art in ring polymer physics.

A. Brief history: From early studies to recent
developments

The study of ring polymers has a rich history spanning
experiments, computational modeling, and theory. In the
early to mid-20th century, scientists identified naturally
occurring cyclic DNA molecules, including the genomes of
bacteriophages [38] and extrachromosomal circular DNA
molecules in eukaryotic organisms [39]. In terms of synthetic
ring polymers, experimental studies in the 1970s and 1980s
focused on preparing and characterizing synthetic noncon-
catenated rings in dilute solutions and melts [40]. Early work
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focused on ring polymer chemistries including poly(dime-
thylsiloxane) (PDMS), polystyrene (PS), and polybutadiene
(63% 1,2-addition and 37% 1,4-addition) [40—48], and rings
were typically purified and characterized using a variety of
methods including size-exclusion chromatography, light scat-
tering, and shear rheology. In the regime corresponding to
the moderately entangled equivalent linear chain system
[Z=M,/M, <15, where M,, is the mass average molar
mass (referred to as molecular weight) and M, is the entan-
glement molecular weight of the equivalent linear chain],
linear viscoelastic (LVE) measurements on ring polymers
revealed a weak rubbery plateau region with a modulus that
was approximately 20%—50% compared to linear chain coun-
terparts [47,48], though it was shown much later that no
plateau was observed in molecular dynamics simulations of
ring melts in this Z regime [27,49]. At high molecular
weights, the viscosity of linear polymer melts was reported
to significantly exceed that of ring polymers [47,50].
Addition of linear chains to ring polymer melts was reported
to increase the viscosity of these materials [47,51,52].

Early work on ring polymers began to reveal the influence
of linear chain impurities on the rheological properties of
ring polymer melts, which motivated methods to improve
ring purity. Initial ring synthesis work used fractional precipi-
tation of PS rings from benzene-methanol solutions, and
purity was monitored by gel permeation chromatography and
ultracentrifugation sedimentation [44]. Fractionate precipita-
tion was also used to study the effects of linear chain addition
on refractionated ring samples, which were (at the time)
thought to be of the highest purity available [51]. Additional
attempts to further purify rings focused on subjecting ring
polymer samples to extensive refractionation by size-exclusion
chromatography [48]. Overall, these early studies highlighted
the need for improved methods for ring polymer purification
while further revealing the complexities in preparing high
purity ring polymer samples.

In the early 2000s, the development of liquid chromatog-
raphy at the critical condition (LCCC) was shown to provide
enhanced purification of ring polymers [53,54], which set the
stage for subsequent rheological characterization of ring
polymer melts. In the LCCC method, the critical condition
for a linear polymer of a given chemistry is determined: the
entropic repulsion that a polymer feels with respect to the
packing material used in a column for conventional size
exclusion chromatography is balanced by the enthalpic attrac-
tion of interaction chromatography when a temperature gradi-
ent is introduced. At the critical condition, all linear
polymers chains are eluted at the same time regardless of
molecular weight and, therefore, separated from rings whose
elution depends on their molecular weight [53]. Using
LCCC-purified rings [55,56], it was reported that low to
moderate molecular weight ring polymer melts (Z < 11) do
not exhibit an entanglement plateau, but rather show power-
law stress relaxation behavior [5], consistent with predictions
from the lattice animal model [4,5,57,58]. This work further
showed that the viscoelastic properties of rings are extremely
sensitive to the presence of linear chains [5], in qualitative
agreement with simulations [6], as discussed in more detail
in Secs. II-IV. Taken together, these early studies motivated
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the need for additional synthesis, preparation, and characteri-
zation methods for rings discussed in this article.

B. Motivation, goals, and overview of article

In this Perspective article, we discuss the current state of
ring polymer physics and rheology, focusing on recent pro-
gress in experiments, theory, and computational modeling.
We further discuss emerging challenges and opportunities in
the field, highlighting several fundamental questions that
need to be addressed at the interface of polymer chemistry
and polymer physics. Broadly, this article highlights the need
for new synthetic strategies to enable the design and prepara-
tion of scalable quantities of high molecular weight rings.
New methods are needed for the enhanced purification of
ring polymers to understand and control the influence of
linear polymer chains in ring polymer samples. In addition,
an improved understanding of structure-property relation-
ships, specifically focusing on the nonlinear rheological
response of rings and ring-based mixtures, is necessary to
advance the current state of the art and to elucidate methods
and strategies for polymer processing. Major opportunities lie
in exploiting nonconcatenated rings for developing new
material structures and applications [59]. Additional research
is needed to further advance basic scientific knowledge in
the field, which will enable the development of ring poly-
mers as versatile building blocks for materials engineering
with unique topological interactions and corresponding flow
properties.

A primary goal of this Perspective article is to identify
open scientific questions that can only be solved by a united
community approach and meaningful collaborations to
address such important interdisciplinary challenges. This
article was prepared based on extensive discussions from a
recent Ring Polymer Workshop held in Prato, Italy between
June 14 and 16, 2023, which provided a venue for in-depth
discussions on a relevant set of publications included in the
recent virtual issue on ring polymers in the Journal of
Rheology. We also refer the reader to a recent review article
focusing on the internal structure and dynamics of ring
polymer systems at relatively small length and time scales
[60]. This article is organized by discussing the state of the
art of the field and emerging challenges facing the prepara-
tion and study of ring polymers in dilute solutions (Sec. II),
melts and concentrated solutions (Sec. III), and the study of
biological and active ring polymers (Sec. IV).

Il. SYNTHESIS AND DILUTE SOLUTION
PROPERTIES OF RINGS

A. Synthesis and characterization of rings

The synthesis, preparation, and characterization of ring
polymers have been extensively discussed in prior literature.
We refer the reader to textbooks edited by Semlyen [61] and
Tezuka [62], and a book chapter coauthored by Ederle et al.
[42] for detailed discussions of early efforts in the synthesis
and preparation of ring polymers. In addition, a more recent
review article by Grayson and co-workers [63] provides
extensive discussions of synthetic strategies for cyclic

macromolecules. In general, ring polymers are typically pre-
pared by ring-closure reactions, which involve end-to-end
cyclization reactions of linear polymers synthesized by ionic
polymerization methods [42]. As discussed below, the ring-
closure reaction plays a key role in the structural properties
and the purity of ring polymer samples.

Experimental measurements of dilute solution properties
are commonly used as a principal means of characterizing
linear polymers [16,64] and model polymers of different
molecular architectures [65-78]. In addition, such measure-
ments are frequently used to test predictions of molecular
theories and simulations [65,70,75,79,80]. Ring and linear
polymers are commonly characterized in dilute solutions in
either theta or good solvents to determine radius-of-gyration
R, by static light scattering, hydrodynamic radius Ry by
dynamic light scattering, or the effective size obtained from
intrinsic viscosity measurements [7]. The dilute solution
properties of model polymers such as rings can also be char-
acterized using small angle x-ray scattering and small angle
neutron scattering (SANS), for example, in determining the
particle scattering function (or form factor) P(q) [81,82].
Additional characterization methods commonly rely on bulk
rheology (linear or nonlinear viscoelastic measurements),
single molecule polymer dynamics [83], atomic force micros-
copy (AFM), electron microscopy, nuclear magnetic reso-
nance (NMR), mass spectrometry, and infrared spectroscopy.

In the following discussion, we consider a few key proper-
ties of rings and linear chains, including the ensemble-averaged
root-mean-square radius-of-gyration R, and the 6-temperature
for dilute solutions of rings and linear chains. Interestingly,
Zimm and Stockmayer predicted the ratio of the R, of a ring to
that of a linear polymer of the same molecular weight
(Rer/Rgr) for ideal Gaussian chains several years before its
experimental measurement [84]. Subsequent to the first system-
atic investigation of dilute ring solutions by Semlyen [85],
several studies focused on the characterization of ring polymers
by measuring dilute solution properties [7,81,82,86-92].
Experimental measurements have been accompanied by
extensive analytical [65,70,84,93-97] and simulation-based
[98-102] property predictions.

A significant aspect of dilute ring polymer solutions is
that the unique topology of having no chain ends leads to the
O-temperature for solutions of rings, ©g, being lower than
that for linear polymer solutions, ©;, in identical solvents
[81,82,88,90,92]. For example, experiments on solutions of
ring or linear PS chains of identical and high molecular
weight M,, in dj;-cyclohexane revealed a ring 6-temperature
of 31.5 + 1°C, whereas the linear chain counterpart has a
value of 38.3°C [82]. Consequently, a ring polymer at a
given temperature essentially experiences better solvent con-
ditions than a linear chain with the same molecular weight.
The improved solvent quality for ring polymer solutions is
considered to arise from both 3-body interactions and topo-
logical constraints [101]. Ensuring that solutions of rings and
linear chains with identical chemistry and molecular weight
have the same solvent quality requires that their temperatures,
Tg and T;, are equally distant from their respective
O-temperatures. Using the definition of the solvent quality
parameter [94,103-107] z = ko (1 — ©/T)\/M,,, where T is
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TABLE 1. Reported values of ratios of various observables for ring polymers and their linear counterparts including radius-of-gyration R, hydrodynamic
radius Ry, and intrinsic viscosity [n]. Subscripts R and L indicate rings and linear chains, respectively. Symbols with 6 as a superscript indicate 8-conditions
for the particular architecture, while the remaining symbols represent measurements carried out under good solvent conditions.

Variable  Definition Experiment Theory Simulation
g’ (RgR/Rg'L)z 0.50 [81,82,88], 0.56-0.73 [113] 0.500 [84,94,97] 0.50 [97,114]
g (R[’,R/RKL)2 0.55 [82], 0.53 [86,90] 0.47-0.51 [61] 0.568 [95], 0.516 [65] 0.536 [98], 0.56 [99,102], 0.55 [114],
0.53 [115]
g4 RO /RS, 0.84 [87], 0.86-0.89 [88] 0.848 [65] 0.833 [114]
8H Rur/Rur 0.89 [81], 0.83-0.9 [116], 0.74-0.79 [7] 0.85 [65] 0.89 [115]
g’ [n]Z/[n]z 0.60-0.66 [116], 0.66 [90] 0.658 [117], 0.645 [118], 0.57 [119]
0.662 [65]
g [nl&/[n]L 0.57-0.63 [120], 0.56-0.67 [116], 0.673 [65], 0.561 [121] 0.59 [115], 0.58 [119], 0.58-0.64 [120]

0.71-0.74 [90]

the temperature, © is the theta temperature, and ky is a
chemistry-dependent constant, the two temperatures are
related by the expression, Tk = (Og/©.)T,. Finally, the
effect of knots on the O-temperature of ring polymers has
been studied using simulations [100], revealing a decrease in
the ring O-temperature upon introducing trefoil or fivefold
knots in an unknotted ring but no difference in the
O-temperature between these two knotted molecules.

B. Ring-closure reactions and solvent quality
effects

It is well known that the overall size of a polymer chain in
dilute solutions depends on the molecular architecture,
molecular weight, and solvent quality [16]. In contrast to
linear and branched polymers, the size of ring polymers also
depends on the preparation conditions. For example, rings
formed by end-to-end cyclization reactions of linear poly-
mers in a theta solvent and subsequently characterized in
good or theta solvents are smaller than the same molecular
weight rings formed by end-linking the same linear polymers
in a good solvent. The reason for this difference is that the
size of ring polymers depends on the number and distribution
of knots locked-in during the ring-closure process. This phe-
nomenon created significant controversy in the 1980s, when
it was argued that there is a higher probability of knot forma-
tion for rings synthesized in theta solvents (rather than good
solvents) [90], which leads to more compact conformation
and reduced size [108]. Knots formed during ring-closure
reactions in synthetic polymers are permanent due to
cyclization.

A ring polymer with a particular knot (e.g., trefoil knot)
has a well-defined size. More and higher order knots are
thought to be locked-in during ring-closure reactions in theta
solvents than in good solvents, resulting in smaller sizes of
rings prepared in theta-solvent conditions. The complexity of
knots locked-in at preparation increases with the molecular
weight of the ring; that is, the order of Alexander polynomial
increases as the 1/4 power of molecular weight in theta-
solvent prepared rings. The ratio of the sizes of ring and
linear chains in a particular solvent (theta or good) depends
on the preparation condition of rings through the distribution
of locked-in knots and also on the measurement technique

and corresponding quantity: radius-of-gyration R, = (R;}l/ 2,
hydrodynamic radius Ry = kgT/67n,D, where kg is
the Boltzmann constant, 7, is the solvent viscosity, and D
is the long-time diffusivity, or effective size obtained
from intrinsic viscosity measurements [7]. Comparison of
different molecular architectures is often performed using
the following parameters: [94] g = (RD)R)/UR) D,
24172 2\1/2

gn = ((Ri)x )/(Ryy), "), and ¢ = [U]R/[n]L’ where  the
subscripts R and L refer to rings or linear chains (Table I).
These quantities are typically determined using ring and
linear polymer samples of the same chemistry and molecular
weight under identical conditions. However, the ratio of sizes 3
quantified by g, gu, and g’, measured by different techmques$
under different solvent conditions, are of similar order ofm
magnitude. In addition, the relatively small size differences §
of ring and linear polymers make their separation during:—g
purification challenging, requiring more advanced tech- 3
niques, such as LCCC to enable purification (Sec. TA). "
Interestingly, supercoiled rings [109,110] can be significantly
larger than nonsupercoiled polymers with the same molecular
weight. Moreover, the distribution of knots in ring DNA can
be modified by enzymes (Sec. IV).

The phenomenon of knot formation in rings was
addressed by performing ring closure reactions for linear PSs
in a good solvent (tetrahydrofuran, THF) [43,81,90,111] or a
theta solvent (cyclohexane at the theta temperature) [44,88].
The two sets of rings exhibited nearly identical values of R,
and [7n] at the theta condition in cyclohexane for a range of
molecular weight up to nearly 200 000 g/mol, where a devia-
tion was attributed to the effect of solvent during synthesis.
A compilation of the PS ring data [43,44,81,88,90,111]
reveals the following: in theta conditions, a universal value is
observed for g9 ~ 0.5, whereas in good solvent conditions, g
varies between 0.47 and 0.51 [61], with some additional pub-
lications reporting slightly larger values of g [86,89,90].
Recent work by Takano and co-workers focused on the syn-
thesis of knotted PS rings, which indeed exhibit a size that
decreases as the estimated fraction of knots increases [112].
The same research group synthesized and critically purified a
series of PS rings with molecular weights ranging between
17000 and 570 000 g/mol and reported g? values between
0.557 and 0.73 in theta solvent conditions (cyclohexane)
[113]. In terms of the hydrodynamic radius, gy was 0.89 for
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PS rings synthesized in good solvent [81], and g% varies in
the range 0.86—0.89 (depending on the molecular weight) for
rings synthesized in theta solvent [88].

In terms of intrinsic viscosity, a nearly universal value of
g’9 ~ 0.64 was determined from PS data in theta solvents,
with small deviations appearing with increasing molecular
weight and being more pronounced around 100 000 g/mol
and above. Positive deviations are thought to reflect the pres-
ence of linear chains. Closer inspection by analyzing individ-
ual pairs of linear and ring polymers indicates that g’® values
range between 0.64 and 0.68, with the larger values suggest-
ing linear chain contamination. Experimental evidence sug-
gests that g% values for rings synthesized in theta conditions
slowly decrease with increasing molecular weight [88],
which was attributed to the presence of knots [43]. Whereas
the knots indeed yield a decrease in g, gy, and g’ [122], it
was reported that the ring polymer samples were contami-
nated by linear chains of lower (approximately half) molecu-
lar weight, which could explain the results [44,61]. It was
further argued that the available experimental results suggest
that, even if knots exist in ring polymers, the related differ-
ence of expansion will be small. In good solvents, the
average value of g’ was found to be 0.64, but with much
larger variations in the data at different molecular weights
compared to theta solvents [61]. A recent study of a series of
PS rings from 16 000 to 370 000 g/mol, synthesized in THF
and critically fractionated, revealed that the values of g’ in
THF ranged from 0.57 to 0.63 with increasing molecular
weight, in agreement with simulations [120]. Finally, it is
possible that there are subtle changes in the solvent draining
through the linear and cyclic polymer coils, which could
influence the g’ values in different solvents.

A summary of experimental measurements, theoretical
predictions, and simulation results for several properties of
rings and linear chains is shown in Table I. The citations are
not exhaustive but rather serve to illustrate characteristic
values for these quantities. The main takeaway message is
that any ratio of the observable quantities of the ring to the
linear polymer is less than unity. In many cases, prior litera-
ture generally does not report all experimental values with a
careful consideration of the difference between the solvent
quality of ring and linear polymer solutions (e.g., for experi-
ments performed at the same temperature), as discussed
above. In addition, the precise values of these quantities
depend on the solvent quality and relative “goodness” of the
solvent in the thermal crossover regime. The simulation
results shown in Table I have all been obtained using coarse-
grained models for polymers using a variety of techniques.
In simulations, the determination of the intrinsic viscosity is
particularly challenging due to the need to account for hydro-
dynamic interactions (HI), the influence of boundaries, and
the presence of significant noise. Its calculation for linear
chains has required the adoption of variance reduction
methods [80,123]. Undoubtedly, this will be required for the
estimation of the intrinsic viscosity of ring polymer solutions.
As pointed out in prior work [70], although there are predic-
tions of ratios of the intrinsic viscosity [120] of rings to
linear polymers listed in Table I, they may not reliable due to
their inadequate treatment of HI.
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It is important to make a distinction between the static and
dynamic properties of polymer chains. In the case of linear
polymer chains, experimental measurements have shown
some apparent differences between static and dynamic prop-
erties in terms of their molecular weight M scaling in good
solvents. For instance, the radius-of-gyration R, (a static
property) has been reported to scale as R, ~ M and the
hydrodynamic radius (a dynamic property) has been reported
[124-127] to scale as Ry ~ M%>3*002 However, we note
that the apparent exponents in these scaling relations sensi-
tively depend on several factors, including the solvent quality
in the thermal crossover regime between theta and athermal
solvents, and hence should be considered as effective
exponents.

There is a long history of theoretical attempts to explain
the molecular weight scaling behavior of linear and ring
polymers, which is beyond the scope of this Perspective
article [128-131]. First, the long-time diffusivity D is a
dynamic property [132] requiring the presence of fluctuating
HI to be taken into account in order to obtain a precise esti-
mate [133]. Second, accurately predicting the scaling behav-
ior of a dynamic property in theta and athermal solvents not
only requires accounting for the presence of fluctuating HI,
but also the development of a systematic procedure to
compute properties in the long chain limit that establishes the
universal nature of the predictions, free from finite size
effects and independent of the choice of simulation parame-
ters. In the case of linear chains, this was demonstrated [80]
for theta solvents using Brownian dynamics (BD) simula-
tions [79,134-138] along with a variance reduction tech-
nique. Third, in the thermal crossover regime (0 < z < 00), it
is necessary to account for solvent quality. Recent work has
used parameter-free BD simulations that account for fluctuat-
ing HI, a narrow Gaussian potential that accounts for solvent
quality, and an extrapolation procedure to obtain results in
the asymptotic limit of long chains, enabling prediction the
observed swelling of R,, Ry, and the viscosity radius for
linear chains with quantitative accuracy [123,130,138,139].
Ratios of quantities involving the long-time diffusion coeffi-
cient for rings were also recently reported using BD simula-
tions with fluctuating HI [114].

C. Single polymer dynamics

The dynamics of DNA-based ring and linear polymers
have been extensively studied using single molecule tech-
niques (Fig. 3) [83]. Single molecule experiments allow for
the direct observation of linear chains or architecturally
complex polymers at equilibrium [7] or under nonequilib-
rium conditions in shear and extensional flow [137,143,144].
In recent years, experiments on single polymer dynamics
have expanded the field of molecular rheology, focusing on
dynamics in shear, extensional, and mixed flows across con-
centration regimes spanning dilute, semidilute unentangled,
and entangled [83].

Single molecule experiments on ring polymers are gener-
ally carried out using monodisperse DNA-based rings
[83,145]. High molecular weight DNA rings are readily pre-
pared using plasmids and fosmids [145,146]. In extensional
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FIG. 3. Single molecule experiments and simulations reporting ring polymer dynamics in dilute solution extensional flow and shear flow. (a) Coarse-grained
Brownian dynamics (BD) simulations showing “swelling” of ring polymers in the direction orthogonal to flow (z-direction) in planar extensional flow, where the
x-direction is the extensional flow axis. Reproduced with permission from Hsiao et al., Macromolecules 49, 1961-1971 (2016) [140]. Copyright 2016, American
Chemical Society. (b) Schematic of the custom feedback-controlled shear flow device allowing for single molecule imaging in the flow-gradient plane of shear.
Reproduced with permission from Tu et al., Macromolecules 53, 9406-9419 (2020) [141]. Copyright 2020, American Chemical Society. (c) Single molecule snap- £
shots and transient measurements of ring DNA polymer extension x/L and orientation angle 6 in the flow-vorticity plane of shear flow at Weissenberg number Wi
=y7 = 6.2, where ¥ is the shear rate and 7 is the longest relaxation time of ring conformation determined from single molecule imaging. Ring DNA molecules con-
sisted of a 114.8 kbp bacterial artificial chromosome (K16). Reproduced with permission from Tu et al., Macromolecules 53, 9406-9419 (2020) [141]. Copyright
2020, American Chemical Society. (d) Simulations showing vorticity-direction swelling of ring polymers in steady shear flow at Wi = 145 and Wi = 544, respec-
tively. Reproduced with permission from Liebetreu and Likos, Commun. Mater. 1, 1-11 (2020) [142]. Copyright 2020, Nature Portfolio.

flow, single molecule experiments were used to study the
nonequilibrium dynamics of DNA rings in dilute solution,
revealing an unexpected shifted coil-stretch transition and a
less diverse set of transient stretching pathways compared to
linear chain analogs [147]. Intramolecular HI was found to
induce an “open loop” chain conformation for rings in the
direction perpendicular to flow in planar extensional flow
[Fig. 3(a)] [140], giving rise to the shifted coil-stretch transi-
tion compared to linear chains.

In shear flow, single molecule experiments provided for
the direct observation of ring DNA stretching using a custom
feedback-controlled flow device allowing for imaging in the
flow-gradient plane of shear [Fig. 3(b)] [141]. Ring polymers
were observed to undergo repeated end-over-end tumbling
events in steady shear flow, qualitatively similar to linear
chains, determined from direct measurements of transient
ring extension x/L and orientation angle 0 [Fig. 3(c)] [141].
In addition, multiparticle collision dynamics (MPCD) simu-
lations provided a new understanding of ring polymer
dynamics in steady shear, reporting a vorticity-direction
swelling of ring polymers in steady shear flow [Fig. 3(d)]
[142,148]. The MPCD technique has further shed light on
the emergence of new tumbling modes for ring-based, topo-
logically complex molecules, namely, mechanically linked
poly[2]catenanes (PC) and pairs of chemically bonded rings
(BR) [149]. Indeed, the vorticity swelling mechanism present

for single rings is ineffective for PC’s due to the high twist-
ing penalty at the mechanical junction that would be associ-
ated with the alignment of both rings on the flow-vorticity
plane. Accordingly, the PC rings attain double-folded config-
urations in shear flow and exchange positions via slip fum-
bling. On the contrary, the BR rings swell but the random
lack of synchronization in their vorticity swelling sets in rota-
tional motions around the gradient axis, in a mode termed
gradient tumbling [149]. Shear flow has also been shown to
convert writhe to twist for supercoiled rings (see also Sec.
IV), which are in general more robust under shear than their
relaxed and flexible counterparts regarding their deforma-
tions and orientation in shear flow [150]. In semidilute solu-
tions, ring polymers were observed to undergo large
fluctuations in chain extension in background solutions of
majority linear chains in extensional flow [151]. Fluctuations
in ring extension generally arise due to ring-linear threading
events (Sec. III B 2) [151]. Additional studies of biologically
relevant ring polymers (e.g., relaxed or supercoiled DNA
ring polymers) are discussed in Sec. IV.

D. Challenges, opportunities, and open questions

The synthesis and preparation of ultrahigh molecular
weight rings with controlled levels of purity and dispersity
remains an open challenge. Broadly, there is a need for new
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synthetic strategies to enable the synthesis and preparation of
scalable quantities of high molecular weight rings with high
degrees of purity. At present, the conventional methods used
for ring polymer synthesis provide samples in small
amounts, typically less than 200 mg, which become even
smaller by 50% or more after purification by LCCC or
related methods. Moreover, continuous rheological character-
ization and thermal treatment of a ring polymer sample will
inevitably lead to some degree of degradation via unlinking
of the precursor’s chain ends. From this view, the develop-
ment of new ring synthesis methods that avoid the need for
ring-closure reactions (e.g., ring-expansion synthesis
methods) [63,152,153] could improve both the yield and
purity of ring polymer samples, while further avoiding poten-
tial complications arising from knot formation during ring-
closure reactions.

In addition to ring-expansion synthesis methods, addi-
tional degrees of control can be brought to bear on intramo-
lecular cyclization strategies for high molecular weight linear
polymer chains. Recent work has demonstrated the synthesis
of rings with high degrees of spatiotemporal control over
intramolecular cyclization that avoids undesired side reac-
tions that can compete with target ring synthesis [154]. In
particular, ultrahigh molecular weight (>2M g/mol) cyclic
polythioesters were recently prepared using ring-opening
polymerization of gem-dimethylated thiopropiolactone, fol-
lowed by macromolecular cyclization triggered by protic
quenching [154]. Such strategies enable selective access to
desired cyclic polythioesters, while avoiding the need for
high dilution to suppress linear polymer contaminants during
ring-closure reactions. In addition to synthetic methods, new
strategies are needed for the enhanced purification of ring
polymer samples to control and ultimately minimize the
influence of linear polymer chains.

Additional investigations of ring polymer solutions are
needed that focus on both structure and dynamics, including
linear and nonlinear dynamics, single polymer dynamics
[83], rheology, and center-of-mass (COM) diffusion experi-
ments [155-157]. Bulk rheology and single molecule experi-
ments should be combined with simulations to achieve a
deeper understanding of the underlying physics in dilute and
semidilute solutions. Regarding nonequilibrium dynamics,
additional single molecule experiments are needed to directly
observe the stretching dynamics of rings in time-dependent,
oscillatory flow fields [158,159] or 3D flow fields such as
uniaxial extensional flow or biaxial extensional flow, which
has been enabled by recent advances in automated flow
control [160]. Such molecular-scale experiments will provide
a window into viewing and understanding how the unique
molecular architecture of rings results in a rich set of dynam-
ics under nonequilibrium conditions. Additional work is also
needed to understand the LVE properties of rings in dilute
and semidilute unentangled solutions, in addition to COM
diffusion behavior, over a wide range of solvent qualities in
the thermal crossover regime.

Additional progress is also needed in the development of
numerical methods and computational modeling of rings in
solution. Significantly extended numerical simulations will
require large computational resources, which will greatly
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benefit from new hardware-specific optimized simulation
codes. From this view, computational modeling under realis-
tic solution conditions (e.g., including solving quality effects
and HI) is not just a problem of running the existing simula-
tions longer, in part, due to the cost and energy requirements
for high-performance computing.

lll. MELTS AND NONDILUTE SOLUTIONS OF RINGS
A. Current state of the field: Theory/simulation
1. Double-folded randomly branched ring model

Early theories of polymer dynamics and rheology [1,2]
were originally developed for individual molecules topologi-
cally confined and diffusing through an array of fixed obsta-
cles. In the case of linear chains, the presence of the
obstacles has no effect on the chain conformations, but on
short time scales suppresses chain motion to a tubelike
region [161] and forces the chains to diffuse (reptate [162])
along the tube contour. This reptation process results in the
delay of the loss of the memory of initial chains’ conforma-
tions. The experimentally observed signature of this delay is
the rubbery plateau of the stress relaxation function of entan-
gled linear polymers. Note that the concept of the confining
tube was first proposed for polymer networks with entangled
strands [161]. On the microscopic scale, tube confinement
has been observed by several numerical simulations and
experiments such as neutron spin echo (NSE) experiments in
terms of the dynamic structure factor [163,164].

The interest in understanding the structure and dynamics
of nonconcatenated rings traces back to early studies in the
mid-1980s [4,57], which predicted several peculiar properties
of topologically constrained rings based on the idea that ring
polymers confined to a lattice of obstacles behave as double-
folded randomly branched lattice animals (Fig. 4). Although
it is far from obvious that the obstacle model applies to ring
melts [165], the analogy suggests that the crumpling of rings
in a melt can be understood as the successive application of
three different strategies for entropy maximization: double-
folding, branching, and swelling. First and most importantly,
the theory predicts that rings adopt double-folded configura-
tions to minimize the threadable surface as this reduces the
importance of the topological constraints they impose on each
other (or which are imposed by the obstacles in the model).
Second, and in contrast to linear chains, double-folded rings
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FIG. 4. Double-folded randomly branched lattice animal models for ring
polymers. (a) A ring polymer constrained in a matrix of fixed obstacles can
be mapped to (b) a randomly branching tree [4,57]. Reproduced with permis-
sion from Rosa and Everaers, J. Chem. Phys. 145, 164906 (2016) [172].
Copyright 2016, AIP Publishing LLC.
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can increase their entropy by branching, suggesting that much
about the ring systems can be understood by studying random
trees [4,58,166—168], which are tightly wrapped by ring poly-
mers [169]. Finally, as systems exhibiting random branching
become too dense, rings and trees in the melt state adopt terri-
torial conformations exhibiting the minimal required amount
of swelling due to a combination of path swelling and a modi-
fication of the branching statistics [28,170-172]. However,
we note that such double-folded structures have not yet been
identified by experiments [173].

The dynamics of a ring polymer in an array of fixed
obstacles was described analytically [58] as the self-similar
diffusive transport of the mass stored in smaller side branches
of a tree along larger branches and finally along the tree
trunk; this model was further confirmed using Monte-Carlo
(MC) simulations. Later, the model was extended to include
excluded volume interactions in good solvents or at melt den-
sities [174,175], including predictions for rheological proper-
ties [174]. Recently, MC simulations of double-folded,
randomly branched rings were used to explore the meso-
scopic dynamics that emerge from local dynamical modes
[176]. However, predictions for the static and dynamic struc-
ture factors that would allow for a quantitative comparison
with scattering experiments [177-180] are still missing.
Nevertheless, we note that the static structure factor for rings
in the melt has been developed on the basis of elementary
loops and experimentally verified [173].

2. Fractal loopy globule model

If most of the contour length is neatly tucked away in
crumpled, double-folded ring sections, then rings can safely
open some loops without violating topological constraints.
The decorated loop model [181] and the fractal loopy
globule (FLG) model [182] allow double-folds to open up on
all length scales in a self-similar way (Fig. 5). As a conse-
quence, smaller loops can penetrate larger ones and the “fat”
branched assembly of loops of all sizes gains in entropy
compared to skinny double-folded lattice animal configura-
tions (Fig. 4). The self-similarity of loopy globules was
imposed by topological constraints of fixed number of loops
overlapping with each other on all length scales so that the

(a)

FIG. 5. Theoretical models for ring polymer melts. (a) The decorated loop
model [181] and (b) the FLG model [182] allow double-folds to open up on
all length scales. Reproduced with permission from Obukhov et al.,
Europhys. Lett. 105, 48005 (2014). Copyright 2014, IOP and Ge et al.,
Macromolecules 49, 708-722 (2016) [181,182]. Copyright 2016, American
Chemical Society.

fractal dimension of nonconcatenated ring polymers is equal
to three.

The dynamics of the FLG model proceeds by a combina-
tion of self-similar reptation and constraint release [182]. The
stress relaxation modulus G(f) predicted by the FLG model
for entangled nonconcatenated rings is

G ~ G, (t
T,

> Te <t < Trelaxs

)

e

) —(dy—(1-6)d,)/(2d;+(1—6)d,+0)

where G, is the entanglement plateau modulus for the corre-
sponding linear chain, 6 is the tube dilation parameter (6 = 1
corresponds to full tube dilation), dy is the fractal dimension
of a nonconcatenated entangled ring, d, is the fractal dimen-
sion of the primitive path of a ring, 7. is the relaxation time
of an entanglement strand, and 7., is the relaxation time of
a ring [182]. With complete tube dilation (6 =1) and a
fractal dimension dy = 3, the FLG model predicts a power-
law stress relaxation function G(¢),

f -3/7
G(t) ~ Ge () 5 Te <t < Trelax- (2)
T

e

{

The power-law stress relaxation behavior has been observed 5
in experiments for low to moderate molecular weight ring§
polymer melts [5]. In the FLG model, the dynamic behavior §
is presumed to occur only on length scales larger than the §
entanglement length or tube diameter of the equivalent linear§
chain. On smaller length scales, rings behave similarly, albeit 3
not identically, to unentangled chains. The open question is -
whether such self-similar dynamics continues on all length
and time scales beyond the entanglement length scale, or
whether there is another qualitatively different dynamical
process that cuts it off on some large enough length scale.
Which of the competing models (randomly branching
double-folded model or FLG model) provides a better
description of the conformations and dynamics of noncon-
catenated entangled ring polymers? The difference between
the predictions of these models is not very large, and in order
to distinguish between them, careful simulations and experi-
ments are required. A detailed primitive path analysis pro-
vided additional insight into these issues [182,183].

Before proceeding, a few comments about the key role of
molecular simulations are warranted. As discussed above,
simulations play a key role in both testing and validating the-
oretical models, while also providing critical insight into
polymer structure and dynamics at the molecular scale. The
following sections discuss key results from molecular simula-
tions, including coarse-grained molecular dynamics (MD)
simulations, that continue to inform our understanding of
ring polymer systems by complementing and adding to the
body of knowledge provided by theoretical models and
experiments. As one example, a single-chain slip-spring
model was recently developed to describe the behavior of
entangled melts of nonconcatenated ring polymers [184].
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3. Force-based theory for ring polymer liquids

A statistical mechanical theory for the COM dynamics of
dense solutions and melts of flexible and semiflexible rings
was recently constructed [185]. This force-level theory
focuses on unconcatenated rings and captures the effects of
strong intermolecular interactions and topological compac-
tion on ring dynamics. Intermolecular ring-ring packing cor-
relations are determined from the polymer reference
interaction site model (PRISM) integral equation theory
[186]. The theory enables predictions of the COM diffusion
constant D, the longest conformational relaxation time, and
the intermediate-time non-Fickian transport of dense ring
solutions and melts [185,187]. The central idea is that high
molecular weight rings behave like fluctuating soft particles
that significantly interpenetrate to a degree that depends on
molecular weight, concentration, and backbone stiffness. The
interpenetration of neighboring rings imposes dynamic con-
straints on their motion due to long-lived correlations in
intermolecular excluded volume forces [185,187].

In the force-level theory, the new physics enters via corre-
lations of intermolecular forces exerted on ring segments.
The theory is described by two key regimes: a “weak-caging”
regime and a “strong-caging” regime [49,188]. The onset of
the weak-caging regime corresponds to the initial breakdown
of the Rouse model as the ring molecular weight increases
and interpenetrations begin to play a role on dynamics. In the
weak-caging regime, intermolecular ring-ring excluded
volume force correlations relax on the longest fractal Rouse
timescale, and a molecular weight-dependent slowing down
of ring COM diffusion is predicted. A key variable is Np,
which is a DOP that defines the onset of the weak-caging
regime and quantifies a dynamic crossover beyond which
intermolecular effects are nonperturbative. At the onset of the

~ 12r NN, =279 1
xm r 1 od
~a 10 4 EQ
w 1 2o
o 3 caging 1 DO
_E 8- barier FolksT ] 809
S IEMroroTTT ]
S 6o 2 4
o RIR,
Q 4-
(©) [
= C
c oL
w

L 1 1 1 1 \

01 2

FIG. 6. Entropic activation barrier Fj relative to thermal energy (kzT) as a
function of ring degree of polymerization (DOP) N normalized by the onset
value N,, [187], where kg is Boltzmann’s constant and T is absolute temper-
ature. Inset: Dynamic free energy in units of thermal energy (kgT) as a func-
tion of the ring COM displacement in units of distance relative to the radius
of gyration R, for a specific value of N/N,,, where N,, is a DOP beyond
which ring COM diffusion becomes thermally activated. In the lower right
schematic, A indicates the entanglement length. Reproduced with permission
from Mei et al., ACS Macro Lett. 10, 1229-1235 (2021) [187]. Copyright
2021, American Chemical Society.

weak caging regime, the intermediate non-Fickian time-
dependence is predicted to change at a DOP around N,
(entanglement DOP), because it is at this scale that single
ring conformations crossover from ideal coils to compact
globules due to topological effects. The parameter Np is a
function of the macromolecular packing fraction, Kuhn
length, chain equivalent N, or tube diameter, and liquid
dimensionless compressibility, which quantifies the ampli-
tude of nm-scale density fluctuations. In the weak-caging
regime, the theory predicts the COM diffusion constant
D ~ Np /Nz, which differs from the FLG prediction of D ~
N?/3/N>/3 [182]. Quantitative comparisons with simulations
for flexible and semiflexible ring melts and semidilute stiff
ring solutions show good agreement [185,187,189] and
provide a framework to qualitatively interpret new experi-
mental observations for high molecular weight rings [188].
However, extension of this theory to predict stress relaxation
has not yet been achieved, and hence, the existing theory
cannot make direct predictions for G(¢).

At very high molecular weight, the weak-caging scenario
of COM ring diffusion eventually breaks down. To address
this regime, a self-consistent strong-caging theory has been
constructed for both ring melts and semidilute solutions with
variable backbone stiffness [187,188]. The theory predicts a
second crossover for N > N,, > Np, where N,, is a DOP
beyond which ring COM diffusion becomes thermally acti-
vated (Fig. 6). The theory predicts that N,, oc Np, and sys-
tematic analysis of MD data for ring melts over a range of §
backbone stiffness values found that N,, ~ 30Np collapsed§
all results onto a universal curve [189]. The specific value of §
N,, and its dependence on molecular model parameters is §
thus inherited from Np, and decreases dramatically withE
increasing backbone stiffness. Drawing on the analysis in 3
recent work [189], Fig. 7 shows how both N, and N,, vary -
with the underlying chain stiffness in the Kremer—Grest
bead-spring model. For the typical range of bead-spring stiff-
ness coefficients kg/kgT = 0 — 5, the analysis predicts N,,
varies from 6210 to 90 monomers, or equivalently Z,, varies
from 138 to 9 entanglements. Physically, the strong-caging
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FIG. 7. The dependence of the linear entanglement DOP N, and the onset
DOP for strong caging N,, with varying backbone stiffness kg/kpT.
Model melts were simulated at a monomer number density p = 0.8507;
and kgT = leg; [189].
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regime corresponds to when the intermolecular force-time
correlations acquire a transiently arrested component and
long-time dynamics are described by an activated process
with an entropic barrier that grows linearly with N (Fig. 6).
Recent evidence for a crossover to an exponentially slow
regime was observed in ring melt simulations [189].
Moreover, results from NSE experiments showed evidence of
a crossover from two different subdiffusive regimes to a
Fickian regime in the short time COM diffusion of high
molecular weight poly(ethylene oxide) (PEO) rings [190].
However, the mechanistic origins of slow dynamics in high
molecular weight rings are not yet fully understood
(Sec. I C 4).

B. Current state of the field: Experiments
1. Stress relaxation & ring purity

Understanding the rheological properties of ring polymer
melts and concentrated solutions is a frontier problem in
polymer physics. As discussed in Sec. I, the development of
LCCC (critical condition for linear chains) provided a
method for enhanced purification of synthetic rings, setting
the state of the art for preparing and characterizing ring
polymer melts [53,54]. Using LCCC-purified samples of PS
rings, it was found that rings with Z = M,,/M, values corre-
sponding to moderately entangled conditions for the equiva-
lent linear chains (Z < 11) do not exhibit an entanglement
plateau but rather show power-law stress relaxation behavior
(Fig. 8), such that G(t) ~t %, where 04 <a<0.5,
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FIG. 8. Stress relaxation modulus G(¢) for polyisoprene (PI) rings and PS
rings at T —T, =65°C. Data showing experiments from PI rings
M,, = 38kDa (red squares, Z = 6.1), PI 81 kDa (blue triangles, Z = 12.9),
PS 160kDa (black squares, Z =9.3), PS 198kDa (black diamonds,
Z = 11.5). Stars and crosses are results from MD simulations on coarse-
grained bead-spring chains with Z ~ 3.6 and 14.4 [49]. Red and blue lines
are predictions from the lattice animal model for PI 38 kDa and PI 81 kDa
rings, respectively, and predictions from the FLG model are similar
[182,195]. The dashed-dotted line is the relaxation modulus for the PI
81kDa linear polymer, showing an entanglement plateau. The Rouse time
for entanglements 7, of the linear PI 81 kDa is shown. Inset: Scaled version
of the same plot, without the linear polymer data. Power-law scaling is con-
sistent with the lattice animal model such that G(¢) ~ t~%*. Reproduced with
permission from Pasquino et al., ACS Macro Lett. 2, 874-878 (2013) [191].
Copyright 2013, American Chemical Society.
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consistent with predictions from the lattice animal model
G(t) ~ 704 (see Sec. Il A1) [5,191]. Note that the power-
law exponent of o = —0.4 is indistinguishable experimen-
tally from —0.43, the FLG exponent, as discussed in
Sec. IIT A 2.

It was reported that the viscoelastic properties of rings
(including the stress relaxation power-law exponent «) are
extremely sensitive to the presence of linear chains, suggest-
ing great sensitivity of rheological properties to linear chain
contaminants even below linear chain volume fractions 0.001
(corresponding to 0.1% v/v) [5,47,51,191,192]. These find-
ings were confirmed by MD simulations, which, however,
provided qualitative confirmation that the sensitivity of rings
to linear chains was less significant than that reported experi-
mentally [6]. These results prompted concerns about the stabil-
ity of the synthetic rings because the amounts available after
LCCC fractionation are very small (typically less than 100 mg),
and the continuous deformation and thermal treatment of these
samples during rheological characterization may cleave the ring
backbone, opening the ring and resulting in linear chain con-
tamination. Nevertheless, the power-law stress relaxation
behavior for ring melts was further observed with different
polymer chemistries (e.g., PS, 1,4-polyisoprene, and polybuta-
diene rich in vinyl content) in the range 3.9 < Z <22
[191-194]. Prior work has shown that the stress relaxation
modulus G(t) [or complex modulus G*(w)] in LCCC-purified
ring polymer melts is well described by the ring Rouse model
for relatively low molecular weight rings [193].

2. Threading interactions

The power-law stress relaxation behavior of ring polymer
melts (Z522) at intermediate times or frequencies [195,196]
is well described by the FLG model (see Sec. III A 2) [182].
However, analysis of the stress relaxation function G(f) with
the FLG model and comparison with simulations suggests
the occurrence of slow relaxation modes at long times.
Available evidence from simulations indicates that these
modes are collective beyond the level of single polymer mol-
ecules [151,197,198]. Their exact molecular origin is still
debated but could arise due to linear chain contamination,
ring-linear threading, and/or ring-ring threading [199].

Ring-ring and ring-linear chain threading has been con-
firmed experimentally and by simulations and modeling in
the melt [200-206] and in concentrated solutions
[197,207-211]. The case where small fractions of rings are
added to a linear chain matrix is of particular importance
because ring purity is not an issue, yet the rheological impli-
cations can be significant, as noted from prior work in the
1980s [47,51]. A recent joint experimental-modeling investi-
gation indicated that the addition of up to 30% PS rings with
Z = 11 to the respective linear matrix increases its viscosity
by up to a factor of 2 and can slow the ring relaxation time
by orders of magnitude due to the constraint release effects
of the linear chains on the rings [202]. Qualitatively similar
experimental observations were recently reported with other
polymer chemistries [poly(3,6-dioxa-1,8-octanedithiol) or
polyDODT rings] [212] and poly(ethylene oxide) [201].
Threading has been directly observed in single molecule
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experiments [197] and corresponding simulations of semidi- lower slope) appearing at longer times and corresponding to
lute solutions of ring-linear blends [198]. These studies show a lower value of modulus compared to the linear rubbery
that the presence of threading can be inferred from large fluc- plateau modulus. Molecular simulations of high molecular
tuations in ring extension as threads are convectively released weight rings N, = 6400 (Z = 229) with flexible backbones
during nonequilibrium flow (Sec. III B 6). (k¢ = 1.5) show evidence of a slowdown in stress relaxation

with a smaller magnitude power-law slope than predicted by
the FLG model with full dynamic dilution [Fig. 9(b), inset].
This behavior coincides with a dramatic slowdown in ring
Given challenges in preparing high molecular weight syn- COM diffusion that prevented carrying out brute-force diffu-
thetic rings using traditional methods, alternative chemistries sion in simulations. Finally, an additional set of MD simula-
have been developed. In a recent study, cyclic poly(phthalal- tions was performed by varying backbone stiffness
dehyde), cPPA, was prepared in large amounts (>1-10g ke =0—4 at fixed N, =1600 [Fig. 9(c)]. Simulations
scale) without linear contaminants due to the metastable showed a monotonic decrease (slower relaxation) in the
backbone chemistry that rapidly unzips and depolymerizes to steepness of the power-law slope of G(r) with increasing
monomer if the ring backbone is cleaved (Sec. III C 2) [188]. stiffness kg. Simulated ring melts display a continuous
Ring polymers up to Z =59 were prepared in concentrated  change in terminal power-law that crosses through the regime
samples, and evidence of a slowdown in relaxation dynamics of values predicted by the FLG model as chain stiffness is
(or an intermediate frequency “plateaulike” relaxation behav- varied, which is consistent with a crossover from flexible to
ior) appeared for rings with a linear equivalent of Z = 26 semiflexible behavior. This work suggests that slow relaxa-
and was clearly evident for Z = 59 [Fig. 9(a)] (Sec. Il C4). tion modes may become important for high molecular weight
Stress relaxation experiments for cPPA rings show agreement  rings, but additional work is needed in terms of experimental
with the predicted power-law slope in G(#) from the FLG  characterization and molecular simulations.
model for Z < 26, followed by significant deviation and a In a second study, a series of poly(3,6-dioxa-1,8-octanedi-
smaller magnitude slope than predicted by the FLG model  thiol) or polyDODT polymers was prepared under conditions
with full dynamic dilution for Z =59 [Fig. 9(a), inset]. to produce linear (LDODT), cyclic (RDODT), and linear-
However, the magnitude of the apparent plateau modulus for ~ cyclic mixtures (LRDODT) [212]. Ultrahigh molecular
cPPA rings (Z =59) is nearly identical to the plateau weight rings were prepared reaching Z ~ 300, with claimed
modulus G, of entangled linear cPPA with (Z = 10). Due to linear chain content based on LCCC fractionation of lessg

3. New ring chemistries to address long-time dynamics

the cationic polymerization method required for synthesis, than 2% for the highest molecular weight rings [212]. Based§
cPPA ring samples are relatively polydisperse, and the role on a new catalytic activity assay for purity and an 800 MHz §
of dispersity on the mechanical properties is not yet clear. NMR characterization and detection for chain ends, the 3

Simulations of Kremer—Grest melts were also used to  authors reported less than 2% linear contaminants for:—g
determine G() while systematically varying the ring DOP  Z ~ 300 RDODT samples, but it is not yet clear how this 3
(number of beads) N, = 100 — 6400 at fixed backbone stift- compares to standard characterization methods using LCCC. ~
ness kg = 1.5 [Fig. 9(b)]. Simulations show that the self- PolyDODT is amorphous (7, < —50°C) and highly flexible
similar modes observed in rings with Z < 114 are preserved, (entanglement molecular weight M, ~ 1850 g/mol for
with the observed new behavior (appearance of a foot with ~ LDODT). LVE experiments on seven different RDODT
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FIG. 9. Stress relaxation and LVE behavior of linear and ring polymer systems using new chemistries. (a) Stress relaxation G(f) master curves from experi-
ments on entangled linear and concentrated cPPA samples as a function of molecular weight. The inset shows derivative slope of G(#) curves, and the dashed
line indicates the FLG prediction of G(r) oc t~3/7. Estimates of equivalent Z = M,,/M, values for the equivalent linear chain for linear samples L-180
(180 kDa) and ring samples R-80 (80kDa), R-150 (150 kDa), R-500 (500 kDa), and R-1000 (1 MDa) samples are Z = 10, 4.3, 8.6, 26, 59, respectively. (b)
Stress relaxation G(f) master curves from MD simulations of ring polymer melts as a function of ring degrees of polymerization or number of beads Nj,. The
inset shows power-law slopes of G(f) curves. MD simulation parameters correspond to the canonical Kremer—Grest flexible backbone model with ky = 1.5.
Equivalent N/N, values for MD simulations as a function of N, and stiffness kg = 1.5 are as follows: N, = 50, 100, 400, 800, 1600, 3200, 6400 corresponds
to Z=N/Ne =138, 3.6, 14.3, 28.6, 57.1, 114, 229, respectively, for the equivalent linear chain. (c) Stress relaxation G(z) curves from MD simulations of ring
polymer melts with N, = 1600 for varying backbone stiffness ky. The inset shows instantaneous power-law slopes of G(f) curves. All melts are simulated at
p = 0.85, and the Lennard-Jones (LJ) timescale is 7,; = y/mo? /e, where m is the bead mass and o and € are the LJ length and energy scales, respectively.
Reproduced with permission from Tu et al., ACS Polymers Au 3, 307-317 (2023) [188]. Copyright 2023, American Chemical Society.
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melts and eight of their solutions show a rubbery plateau in
the intermediate frequency region for Z > 15. Extensive rhe-
ological data obtained with melts and solutions generally
confirmed the evolution of an intermediate-frequency
rubbery plateau as the molecular weight increases. In addi-
tion, upon dilution of the highest molecular weight rings (to
a concentration corresponding to Z < 15), the rubbery
plateau disappeared and the relaxation dynamics quantita-
tively matched the shapes of the LCCC-fractionated PS
systems of similar Z-values. However, these interesting
results appear to contradict recent experiments with well-
characterized polybutadienes [194]. In this context, the
authors referred to these polymer samples as “putative” rings
[212]. For the ultrahigh molecular weight ring samples, a
second, low-frequency plateau in G’ was reported and identi-
fied as a slow mode attributed to deep ring-ring interpenetra-
tions. Nevertheless, quantitative analysis of the terminal
relaxation time is not yet fully understood (Sec. IIIC4)
[160,191,200,213].

4. Zero-shear viscosity

Prior work reported that linear chain contaminants signifi-
cantly affect the ring melt viscosity at concentrations well
below their overlap concentration [6], in qualitative agree-
ment with the experimental results [5]. Analysis of simula-
tion results for zero-shear viscosity 7, versus molecular
weight M of flexible coarse grained rings yielded a power-
law scaling relation of 77, oc M for Z < 30 [49]. Moreover,
an increase of viscosity by 10% occurred at a volume fraction
of linear chains of ~0.01 in simulations, whereas experimen-
tally a twofold viscosity increase was reported for a fraction
of ~0.0007 [6]. These results suggest that ring purity is a
significant albeit subtle issue. Subsequent atomistic simula-
tions compared with limited PEO data suggested a molecu-
lar weight power-law scaling of viscosity as 1, o< M7 for
Z < 12 [214], however, the increase of viscosity appeared
earlier in rings compared to linear chains. Further analysis of
LCCC-purified PS data, including those of [5], yielded dif-
ferent values of the zero-shear viscosity 7, which was
described by slow modes at low frequencies or long times
[196,200]. These complications create some confusion and
point to uncertainties regarding the true zero-shear viscosity
value of pure rings, as summarized in [215] and [212].
Zero-shear viscosity was also studied for a few different
chemistries, though the data were quite scattered, given the
issues discussed above regarding putative linear chain con-
tamination. Nevertheless, the 77, were more consistent than
prior experimental data, and their molecular weight depen-
dence seemed to conform to a power-law exponent larger
than 1.0 (for Z < 13), consistent with simulations and pre-
dictions from theory [191].

In another study, a series of LCCC-fractionated PS
samples (0.7 < Z < 14) was characterized, revealing a molec-
ular weight power-law scaling of viscosity as 7, oc M'°
over the range 0.7 < Z < 5, which is a weaker dependence
on M compared to prior experiments and simulations [193].
Later, the same group presented an approach to obtain
highly pure ring samples by fractionating the highest
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molecular weight ring sample (240 kg/mol or Z ~ 14) multi-
ple times, measuring the viscoelasticity of the ring-linear
blends at different linear contaminant concentrations and
extrapolating to zero linear chain concentration [192]. These
results showed that the stress relaxation modulus G(¢) for the
highly purified Z ~ 14 sample cannot be fully described by
the ring Rouse model, and there were contributions from
weak but slow additional relaxation modes (Sec. I C4). In
addition, the resulting viscosity value was found to be much
lower than that of the originally LCCC-fractionated sample
[193], which raised concerns regarding the level of purity of
different samples achieved by different LCCC fraction-
ations in the literature and questioned the degree to which
the respective experimental data refer to the properties of
pure rings. A recent compilation of viscosity data, in par-
ticular, those of [192] and [193] suggested a molecular
weight power-law scaling of viscosity as 7, oc M'? (for
Z510) [212,213,215], in contrast with earlier reports
[49,191,196,214]. Finally, the recent rheological characteriza-
tion of putative polyDODT rings showed that samples with
Z > 10 suggests a molecular weight power-law scaling of
viscosity as 7, oc M>3 [212]. However, careful characteriza-
tion of these samples and more experiments are necessary
before drawing more definitive conclusions.

In view of the above results and contradictions, an effort
was made recently to reanalyze the available data with
LCCC-purified rings of different chemistries, including PSs,
polyisoprenes (PIs), and polybutadienes [216]. These results
showed that all data exhibited a G(¢) with a slope conforming
to the FLG model prediction, but they exhibited slow modes
as well. Analysis of the data by integrating the G(¢), or using
simply the FLG model or the FLG combined with slow
modes [200] has yielded a rigorous determination of experi-
mental zero-shear viscosities and respective errors and rela-
tive contributions of different slow modes (attributed to
ring-ring and ring-linear threading). The emerging picture is
the following: below the entanglement threshold, the
zero-shear viscosity exhibits Rouse scaling with a power-law
dependence on molecular weight with an exponent of 1.
Above the entanglement threshold, there is a moderately
entangled regime with an exponent clearly above 1 (experi-
mental data on PS indicate a value of 1.3) (Fig. 10). The
extent of this regime is yet unknown, but the largest Z value
examined in experiments is Z ~ 22 and in simulations is
Z ~60. In addition to the results discussed above
[160,194,212], another regime showing slow dynamics has
been postulated (Sec. III C4). However, additional work is
needed to validate this picture.

5. Structure and dynamics: NMR and neutron
scattering experiments

A series of PEO rings up to Z = 44 was synthesized and
characterized in sufficient amounts to perform SANS, NSE,
and pulsed field gradient-nuclear magnetic resonance
(PFG-NMR) experiments [178,180,190,201,217]. Results for
PEO rings with 5 < Z < 44 revealed the compact structure
of ring polymers in the melt such that R, oc N>3°, which
reflects an effective crossover exponent that differs from the
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FIG. 10. Zero-shear viscosity of linear PS samples and LCCC-fractionated
PS rings as a function of molecular weight (at 160°C). Different symbols
refer to different origins of the data (see [216]). The lines with slopes of 1.0
and 1.3 denote the unentangled and moderately entangled regimes for rings,
respectively. The cartoon illustrates partially interpenetrated rings.
Reproduced with permission from Peponaki et al., Macromolecules 57,
7263-7269 (2024) [216]. Copyright 2024, American Chemical Society.

predicted asymptotic results for crumpled globules of
R, c N 1/3, Scattering studies provided a detailed analysis of
the loop structure in rings, indicating Gaussian structures at
small length scales only. The loop displacement was consis-
tent with predictions from modeling, and the best agreement
was found with the FLG model for Z =20 and 44.
Threading of rings by linear chains was also reported, and
the PFG-NMR data revealed the appearance of two diffusive
modes in ring-linear mixtures [178,180,201,217]. The NSE
data with Z = 44 did not reveal any unambiguous evidence
of the emergence of a rubbery plateau in the range of param-
eters studied in this work [180,190], though it is thought that
the presence of the intermediate-frequency plateau in G(z)
may depend on chemistry and backbone flexibility of the
rings [188,189]. The structure and local dynamics for PEO
rings up to Z = 10 were confirmed by atomistic MD simula-
tions [218]. Recently, an analysis of NSE results on relatively
large rings was well described by the FLG model [173,190].
Figure 11 shows that the best fit of the dynamic data over short
timescales is achieved using the FLG model (Sec. III A 2).
Moving forward, additional characterization of the high
molecular weight rings for polyDODT and cPPA chemistries
demonstrating a number of interesting rheological effects
should be studied by SANS and NSE to understand the rela-
tion between macroscopic and microscopic properties.

6. Nonlinear rheology

Concerning nonlinear rheology, there is some limited evi-
dence from state-of-the-art experiments and simulations
clearly showing that unconcatenated ring melts exhibit drasti-
cally different responses compared to their linear counter-
parts. Bulk rheology experiments using moderately entangled
rings with Z values comparable to the equivalent linear
chains (Z = 5 and 11) show weak shear thinning (power-law
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FIG. 11. NSE experiments were used to address the intraring pair correla-
tion function (single chain dynamic structure factor) from PEO ring polymer
melts with molecular weights of 87.3 kDa at 140 °C; the g values are 0.042,
0.049, 0.055, 0.069, 0.078, 0.086, 0.11, 0.12, 0.13 A~1. The solid lines
present the best fit using a scaling model based on the FLG assumption for
the internal ring motion [182], COM mean-square displacement (MSD)
extrapolated from experiments on lower molecular weight rings (10 and
20kDa) [180,190], and structural parameters determined by SANS [173].
Reproduced with permission from Kruteva et al, Phys. Rev. Lett. 125,
238004 (2020) [190]. Copyright 2020, American Physical Society.

scaling of shear viscosity with shear rate 7 such that
noc }'/*0‘57) (Fig. 12) [195,220]. Nonlinear microrheology
experiments on DNA rings similarly show weak shear thin-
ning (power-law scaling of shear viscosity with shear rate y
such that 7 oc 7'/*0‘37) [221]. These results are in sharp con-
trast to their linear entangled counterparts, which show an
exponent of —0.7 for microrheology experiments on linear
DNA polymers [221] and between —0.8 and —0.9 from bulk
rheology experiments on synthetic polymers. Notably, this
experimental dependence of viscosity on shear rate was con-
firmed by MD simulations as well by theoretical modeling,
compared in Fig. 12(b) [195]. The latter is based on the
development of the shear slit model which involves two dis-
tinct length scales associated with shear blobs in the velocity
gradient direction & and (smaller) tension blobs in the flow
direction &,, shown in Fig. 12(a). Dissipation that contributes
to viscosity, which takes place via modes in the velocity gra-
dient direction that are constrained to within the scale of
shear blobs. These modes are uncoupled from the longer
wavelength modes that do not contribute. Experiments, mod-
eling, and simulations also confirm the validity of the Cox—
Merz rule.

An important aspect of the shear slit model is that it pro-
vides scaling predictions for the normal stresses as a function
of the shear rate [195,196]. The first and (negative) second
normal stress differences Ny and —N, are controlled by the
tension and shear blobs, respectively, and their associated
power-law exponents of their shear rate dependence at rates
exceeding the inverse terminal time are around 0.6 and 0.4
[195,196]. Experimental data on normal stresses are more
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FIG. 12. Ring dynamics and rheology during nonlinear shear. (a) Schematic
of a ring polymer in shear flow. Two distinct length scales are considered in
the context of the shear slit model including shear blobs in the velocity gra-
dient direction &, and tension blobs in the flow direction &,. (b) Normalized
steady-state viscosity vs shear Wi from MD simulations, experiments, and
shear slit model predictions of flowing ring melts. Reproduced with permis-
sion from Parisi et al., Macromolecules 54, 2811-2827 (2021) [195].
Copyright 2021, American Chemical Society.

fragmented but suggests that the ratio of second to first
normal stresses —N, /N is larger for rings compared to their
linear counterparts [196]. The available experimental data
conform to this general picture [196] but are limited, and
there is clearly a need for more data with different molecular
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weight ring polymers. The same holds for the simulation
results, which are insightful and support the available data
[222,223].

Moderately entangled rings (Z = 11) have also been sub-
jected to uniaxial extensional fields and found to exhibit
unique response, markedly different from that of linear chains
[219,224]. In particular, both linear and ring polymers strain-
harden, but the hardening of rings is much stronger.
Importantly, the extensional viscosity of the rings exhibits a
dramatic thickening at very low stretch rates, a regime where
the viscosity of the respective linear polymer is higher but
exhibits extensional thinning with the well-known slope of
—0.5 [224]. This unexpected phenomenon occurred even
during very weak elongation flows (the range of stretch rates
below the inverse terminal time of the ring, Wi < 1), as can be
seen in the start-up flow curves for the extensional viscosity in
Fig. 13(a). This behavior was explained using MD simulations,
which unambiguously showed that under these conditions, sep-
arate rings can spontaneously interlock, i.e., they form topolog-
ical links known as hitch knots that connect them into
supramolecular chains [Figs. 13(b)-13(d)] [219]. The experi-
mental data also indicated extensional thinning at high stretch
rates, identical to that of entangled linear polymers (their pre-
cursors) [224]. These trends were also reproduced by the MD
simulations, which were able to resolve steady-state viscosities
at even the very low rates where experiments could not.

The nonlinear shear rheology of symmetric ring-linear
polymer blends (of the same Z = 11) with low ring fractiong
(15% rings) appeared to be dominated by the contribution of §
the linear chains. A key result is the strong shear thinning §
viscosity [211], with a thinning exponent nearly identical to §
that of linear polymer melts [196]. The same blend with dif—§
ferent ring fraction (30% rings) exhibited a peculiar transient 3
response in uniaxial extension which reflected the topologi- -
cal ring-linear interactions [225]. Experiments showed that
the blend exhibited strain hardening, which was more
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FIG. 13. Ring dynamics and ring-ring linking in ring melts in elongational flow. (a) Startup extensional stress growth curves [219]. Extensional flow predic-
tions from MD simulations (solid color lines) reproduce the anomalous thickening of the viscosity at low Wi observed in experiments (dashed black lines).
Simulated curves are marked with an X at the strain where experimental filaments failed, capturing the nonmonotonic terminal viscosity measured by experi-
ments. (b) A train of hitched rings in extensional flow. (c) Close-up of an individual hitch knot from (b) before and after primitive path analysis. (d) Illustration
of how hitch knots between rings form and are stabilized by an applied tension and can transmit forces even though the rings are not linked from a strictly topo-
logical point of view. Reproduced with permission from O’Connor et al., Phys. Rev. Lett. 124, 027801 (2020) [219]. Copyright 2020, American Physical
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substantial than that of its linear component and less than
that of the ring. However, unlike its components, the blend
exhibited an overshoot in the extensional stress growth coef-
ficient, without reaching steady state. With the help of MD
simulations and in situ SANS measurements, this overshoot
was explained as the consequence of a transient
threading-unthreading transition of the rings embedded in the
linear network. Up to the overshoot, the rings deformed
affinely and contributed to stronger elongation of the linear
chains in the blend compared to their pure melt, whereas
beyond the overshoot, unthreading dominated the response of
the blend [225]. Overall, these findings show how rings can
alter the rheology of linear polymers and call for more data
from experiments and simulations, to establish scaling rela-
tions, as well as understand the role of molecular weight and
composition in the case of ring-linear blends.

In semidilute solutions of ring/linear blends, single-
molecule experiments [197] and corresponding simulations
[198] found that ring polymers undergo large fluctuations in
extension in background solutions of majority linear chains
[151] and ring-linear blends [197] in extensional flow.
Fluctuations in ring extension generally arise due to ring-
linear threading events [151], demonstrating the coupling
between loopy topology and intermolecular interactions in
flow. In semidilute solutions of ring-linear blends, ring relax-
ation was characterized from high extension, and transient
and steady-state stretching dynamics were studied in exten-
sional flow for a series of ring-linear blends with varying
ring fraction [197]. Results showed unexpected heterogeneity
in ring stretching dynamics of ring-linear blends with multi-
ple molecular subpopulations for ring relaxation, in addition
to large conformational fluctuations for rings in a steady
extensional flow [197]. A unique set of ring polymer confor-
mations were observed during the transient stretching
process, which highlights the prevalence of molecular indi-
vidualism that arises, in part, due to intermolecular interac-
tions in ring-linear polymer blends [197]. Experiments were
complemented by Brownian dynamics (BD) simulations of
rings in ring-linear blends with intra- and intermolecular HI
and showed that, quite unexpectedly, the large conforma-
tional fluctuations of rings arise largely due to HI-driven dis-
turbances to the local extensional flow field instead of being
solely dominated by ring-linear topological interactions
[198]. Finally, in concentrated solutions, single molecule
DNA diffusion experiments at equilibrium have shown that
the COM diffusive motion of rings is hindered in solutions
of linear chains compared to background solutions of rings
due to ring-linear threading interactions [155-157].

7. Glass transition temperature of ring polymers

In addition to the rheological properties of ring polymers,
understanding the glass transition temperature is essential for
materials applications. Linear polymers are known to exhibit
a significant decrease in the glass transition temperature 7,
upon decreasing molecular weight. In contrast, the molecular
weight dependence on T, for ring polymers is not fully
understood. As discussed below, prior work has reported that
the T, values for rings can show decreases, increases, or no
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changes as the molecular weight is decreased, but in all
cases, smaller magnitude 7, changes are observed compared
to linear counterparts. In the case of linear polymers, rheo-
logical properties are normally compared at a temperature
increment above the nominal glass transition temperature 7T,.
In some cases, prior literature does not explicitly state T,
values for ring polymers. In such instances, the results are
typically given at a reference temperature such as T, + 50°C
by using the T, value of the linear chain counterpart, which
is used to compare the dynamic properties or viscosities
between linear and ring systems. In the case of linear chains,
a significant amount of prior literature has reported the
molecular weight dependence of the T, which is often con-
sidered conceptually in terms of conformational entropy or
free volume. To first order, both of these frameworks suggest
that there should be little to no effect of molecular weight on
T, for rings, either because the conformational entropy of the
chains is only weakly dependent on molar mass to low
molecular weights or because rings have no free ends to con-
tribute free volume to the melt. Therefore, it is of fundamen-
tal interest to examine the molecular weight dependence of
T, for low molecular weight ring polymers.

Early work from Semlyen and co-workers showed that
low molecular weight ring polymers exhibit different behav-
ior compared to their linear counterparts using PDMS rings
with M,, between 500 and 24 370 g/mol [226]. This work
showed that rings and linear chains exhibit a qualitatively dif-
ferent dependence of T, on M,. The linear chain 7, depends
nearly linearly on 1/M,, as expected from free volume argu-
ments [227] and consistent with the expectations of confor-
mational entropy [228,229]. In 1985, Roovers published data
suggesting a weaker reduction in the T, values of PS rings
relative to linear analogs as molecular weight decreased
[230], but commented “The reason for the residue [residual]
decrease of T, with decreasing molecular weight of the rings
is not known,” indicating the expectation that rings should
not show a significant change in 7, as the molecular weight
decreased. However, Semlyen and co-workers [226] found
that 7, increased as M, decreased. Subsequent work from
McKenna et al. [43] indicated that the Vogel-Fulcher—
Tammann temperature 7 of the rings, including the low
molecular weight rings, was similar to that of the high molec-
ular weight linear PS samples, though there was evidence
that 7* increased for the lowest molecular weights. At that
time, however, it was unknown if the results for PDMS and
PS were specific or universal. Additional work [231,232]
reported that the upturn in 7, at low molecular weight rings
may be followed by a subsequent decrease, with one study
suggesting that the peak in 7, may be due to effects of the
choice of ring closure moiety in low molecular weight rings.

Recent work on PS rings examined the role of linear chain
contamination, suggesting small decrease in T, of purified
rings as molecular weight decreases [233]. Additional work
on PS rings reported that the T, values increase at low M,
similar to PDMS rings [234]. Interestingly, this work also
reported that the specific volume of linear and ring polymer
samples increased as a function of M, suggesting that con-
formational entropy plays an important role in the glass for-
mation of rings. On the other hand, multiple prior studies
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[43,235-237] on PS that suggest essentially no change in 7,
values for rings as molecular weight decreases, yet other
studies have reported decreases in T, at low M, values
[238-240]. Recent work by Song et al. [241] used MD simu-
lations to determine the relationship between T, and M, for
rings, with results suggesting a nearly constant 7, vale for
rings down to low molecular weights. Based on these
studies, at least from an experimental perspective, the role of
linear chain contamination on 7, values for rings remains a
topic of investigation. Broadly, there is a need for additional
experiments on purified ring samples and further exploration
of theories that might provide insights into the impact of the
ring architecture on the 7, values of rings and the role of
ring-closure moieties on ring stiffness (conformational
entropy) or free volumes at low M,,.

C. Emerging challenges with melts and dense
solutions of synthetic rings

1. Universality

For linear and branched polymers without loops, dynamic
entanglement effects are universal, i.e., one observes the same
behavior with similar effective contour length and overall
chain architecture independent of details of the molecular
structure on monomeric length scales [1,2]. To a lesser extent,
the behavior of intrinsically flexible chains depends (at least)
on the number of Kuhn segments per entanglement length. Of
course, this picture of entanglements changes slightly for bot-
tlebrush or dendronized polymers with relatively large molecu-
lar backbone thicknesses. It is not yet clear if quantitative
predictions require atomistic simulations or if all universal
aspects are captured by coarse-grained models describing
chains on the Kuhn length scale [183]. Material-specific tube
diameters or obstacle densities can be inferred via primitive
path analysis (PPA) [242-247] by simultaneously reducing all
polymers to a minimum set of lines with the same topology
[248,249] corresponding to pairwise topological interactions
[250]. Numerical PPA results are in good agreement with
entanglement lengths inferred from rheological experiments
for a wide range of polymeric systems [251].

FIG. 14. Snapshots of conformations of nonconcatenated semiflexible rings
(N = 50, monomer density = 0.4, persistence length ~7.5¢, where o is the
Lennard-Jones length scale) from molecular simulations of concentrated ring
solutions. Simulation results show that rings arrange into complex meso-
phases containing columnar structures of stacked rings where oblate rings
can be penetrated by bundles of prolate rings [254,255,258].
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It is not yet clear whether the length scale controlling the
static properties of rings scales proportionally with the length
scale controlling the dynamics of linear chain analogs
[6,252]. Atomistic simulations might thus turn out to be even
more important for rings [177,200] than linear chain systems.
SANS experiments on a set of rings of different molecular
weights showed that the size of the elementary loop does not
depend on the ring molecular weight and is close to the
entanglement length of the corresponding linear chain [173].
In addition, it is not yet clear if the standard dynamical
entanglement length [251] is relevant in the more complex
mesophases of semiflexible rings [253] that form because the
strong energetic penalty for crumpling favors interpenetra-
tion, clustering, and stacking of rings (Fig. 14) [254,255].
For such systems, physical properties such as a nonlinear
bending rigidity and the ability to kink [36] might be impor-
tant. Recent simulations have shown that helicity in isolated
polymers can affect the topological chirality of polymer
knots [256], which suggests that extremely interesting
phenomena and topological features could arise for helical
polymers. Future studies could address such challenging
problems.

As an additional probe into the universality of topological
effects, it might also be interesting to explore the structure
and dynamics of ring polyelectrolyte solutions such as ring
DNA molecules to understand if such phenomena can shed
new light on the poorly understood behavior of linear entan-
gled polyelectrolytes [257].

2. Ring purity and high molecular weight rings

Achieving high-purity ring samples and developing accu-
rate and precise methods to characterize sample purity
remain a major challenge in ring polymer physics. LCCC is
an indispensable tool and arguably the best available method
for enhancing the purity of synthetic ring polymer samples,
but it is not easy to use and is only available in a few labs.
Moreover, although useful, the LCCC method does not gen-
erate perfectly pure ring polymer samples and has been
shown to yield purified rings with linear contamination
levels between 0.1% and 4.5% for PS [192], and possibly up
to 6% for different chemistries such as polyDODT [259],
which can influence the dynamics and rheology of ring
samples. On the other hand, rings with some amount of
linear chains may be useful for other studies, for example,
when considering the properties of majority linear polymer
samples with small fractions of rings [202]. The systematic
characterization of rings, including the new chemical families
of rings, in the dilute solution and different solvents is impor-
tant as discussed above. PS rings from the 1980s were syn-
thesized in theta or good solvents, and the more recent
samples were prepared in good solvent. Knotting is another
concern, and careful analysis of the form factor at different
conditions is important. There is limited work with the
LCCC fractionated rings on these topics, but available
studies show differences depending on the solvent [82].
Nevertheless, additional work needs to be done, especially in
view of recent simulations [114].
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Some important considerations for preparing ring samples
and characterizing ring purity include: (i) deuteration as a
function of molecular weight: it is known that deuteration
may induce enthalpic effects [260]. However, published data
for PEO ring melts up to Z =44 show that the Flory—
Huggins parameter values in a blend of deuterated and
hydrogenated polymers were negligible. Similar behavior is
expected for polybutadiene, but the behavior for extremely
high molecular weight rings (e.g., polyDODT rings with
Z =~ 300) is unknown. (ii) Development of protocols of
sample preparation: it is essential to ensure that ring poly-
mers are prepared in equilibrium states, and this is particu-
larly important for polymers with high glass transition
temperatures [261]. Blending in the solution and subsequent
freeze drying appears to be a reasonably safe method to
achieve equilibrium, though it is important that the rate of
drying does not inhibit internal relaxation.

A second open challenge relates to the synthesis of high
molecular weight ring samples including new ring chemis-
tries. The vast majority of rings synthesized by anionic poly-
merization have been prepared with relatively small Z values
corresponding to the linear chain analogs (Z $44) and are
only available in small amounts (e.g., PEO, PS, polybutadi-
ene, and PI). Polybutadiene (1,4-addition) would be particu-
larly useful for NSE experiments and rheology; indeed, a
recent study with polybutadiene rich in vinyl content and
Z = 22 suggests this system could provide a path forward
[194]. Extremely high molecular weight polymers prepared
using new chemistries (e.g., cPPA or polyDODT) would be
highly interesting in studying short timescale dynamics,
because the COM diffusion will be well separated in time
compared to the internal mode relaxation [188]. Additional
characterization and experiments with a broader range of
molecular weights would be particularly helpful.

Recent experiments on ring polymer melts and concen-
trated solutions have led to additional open questions regard-
ing ring purity and kinetic degradation (Sec. III B 3) [212].
Experiments on polyDODT showed that the plateau moduli of
putative ring samples were indistinguishable from G, values
of the corresponding linear polyDODT (melt or matched-
concentration solutions). Although these results are interesting,
it is not yet clear whether the LVE data for ring polyDODT
are affected by linear chain contaminants. Moreover, the role
of kinetic degradation of ring polymers during characterization
is not yet fully clear. Prior work based on LCCC characteriza-
tion has shown that linear chain contaminants in anionically
prepared rings can increase by several weight percent during
rheological characterization [192].

On the other hand, metastable cPPA rings are considered
to be topologically pure, as recent NMR experiments on
cPPA rings show extremely rapid and complete kinetic deg-
radation to monomer within <10 seconds upon chemical trig-
gering [188]. The timescales for cPPA ring degradation to
monomer are much shorter than the timescales for rheologi-
cal characterization, suggesting that any putative cleaved
rings rapidly convert to monomer during rheological charac-
terization, which precludes the possibility of linear chain con-
taminants in these samples. Nevertheless, LCCC purification
has not yet been attempted on cPPA ring polymer samples.
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Overall, these results challenge the field to reconsider the
role of linear chain contamination for high molecular weight
ring systems, which play an increasingly significant role in
the viscoelastic properties as molecular weight increases. The
cPPA data of Z =59, with indisputable purity in terms of
linear chains, suggest that the PEO samples with Z = 44
should be further investigated by rheology and the results
compared with NSE data [190]. Additional coarse-grained
MD simulations for large Z > 200 values are needed, and
more computational and experimental work in these direc-
tions, in terms of the linear and nonlinear responses, without
and with the addition of small amounts of linear chains, is
needed.

3. Ring interpenetration, threading, topological glass
transition, and knots

In melts and concentrated solutions, ring polymer dynam-
ics are ultimately governed by conformation and structural
properties. Schematics of topologically constrained ring
polymer conformations from theoretical models shown in
Fig. 5 show large open loops, which are indeed observed in
simulation snapshots [23,27,49] such as those shown in
Fig. 1(c). Studies of the minimal [262,263] and the “mag-
netic” [23,26] surface enclosed by crumpled rings reveal that
the former scales linearly with the ring contour (as expected
by the double-folded randomly branched ring model, as
shown in Fig. 4), whereas the latter is dominated by open
loops with a characteristic size on the order of the
radius-of-gyration R, of the ring polymer (as predicted by
the decorated loop and the FLG models, as shown in Fig. 5).

Clearly, there are no open “holes” in dense ring melts. For
example, not only is the visible open loop in Fig. 1(c)
threaded by at least one additional ring, there may be other
invisible open loops that are threaded by other parts of the
same ring (Fig. 15) [264]. MD simulations of ring melts
revealed substantial ring-ring interpenetrations upon increas-
ing the ring molecular weight or local backbone stiffness
[27,188], which suggests that ring polymers are globally
compact yet highly porous structures that strongly interpene-
trate in concentrated systems [28]. Therefore, ring-ring
threading interactions cannot be neglected when considering
the dynamics of ring polymers [199]. Additional studies
[200,263] showed that ring-ring topological constraints
survive for smaller characteristic timescales compared to ring-
linear threading interactions at equilibrium. It is not yet clear if
these intermolecular effects play a significant role on ring
polymer dynamics near equilibrium. Prior work has suggested
that threading could lead to slow relaxation modes [5,200] and
eventually to a topological glass transition [200,265-267]. A
schematic of topological glass formation in a ring polymer
liquid is shown in (Fig. 16), where loop 1 slows down due to
its interpenetration by loop 2, which in turn slows down due
to interpenetration by loop 3 and so forth.

To model concentrated solutions of unknotted and non-
concatenated rings on larger scales, it is desirable to coarse-
grain over the internal structure of the rings. If explicit
topological constraints in an atomistic or mildly coarse-grained
polymer model are replaced by effective interactions, the
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FIG. 15. Rheology of ring polymer melts highlighting the role of threading
interactions. (a) Snapshots of polymer conformations from MD simulations
(Kremer—Grest model, kg = 1.5, N, =400) in a ring-linear blend (50%
linear chains) showing a selected ring polymer (red) threaded by or entangled
with additional rings (green) and linear chains (blue). For clarity, not all
polymers are shown. Reproduced with permission from Halverson et al.,
Phys. Rev. Lett. 108, 038301 (2012) [6]. Copyright 2012, American
Physical Society. (b) Two mutually threaded rings from a melt of noncon-
catenated ring polymers, shown with their minimal surfaces and threading
depth analysis [263,264]. Top: Minimal surfaces of a pair of rings modeled
as double-folded polymers on interacting branched primitive trees. Bottom:
Schematic of one ring (black and gray) penetrating the minimal surface of
another ring (orange) of total contour length L.. Here, L, is the contour
length of subchain i penetrating the second ring. Four surface penetrations
(n, = 4) split the penetrating ring into the segment pairs (L;,, L;,) and (L,,,
L,,) on opposite sides of the surface: this defines the separation length, Ly,
and its complementary, L. — Ly,. Reproduced with permission from Smrek
and Grosberg, ACS Macro Lett. 5, 750-754 (2016) [263]. Copyright 2016,
American Chemical Society.
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FIG. 16. Schematic of topological glass transition in ring polymer liquids:

relaxation of loop 1 (red) is delayed due to its threading by loop 2 (green),
which itself is trapped due to threading by loop 3 (blue), and so forth.

latter depend on the knottedness of the rings [268].
Concentrated solutions of unknotted and nonconcatenated
rings can be described via multi“blob” models [269].
Although this approach can be used to study the threading
interactions between asymmetric ring polymers [270], the
standard approach with distance-dependent interactions needs
to be augmented by including the relative orientation of
semiflexible rings [253] to properly describe clustering, as
shown in Fig. 14.

Recent simulations also showed the existence of an entan-
glement network in large nonconcatenated ring polymers
when they are cooled well below the glass transition tempera-
ture and undergo crazing [271]. This network formation
involves only a fraction of the topological constraints of rings
and can support stable craze formation in ring polymer glass
under tensile loading. This work offers new routes for charac-
terizing the mechanical properties of ring glasses and also
contributes to the understanding of the nature of the entangle-
ments of rings in crazing and beyond. These developments
call for experimental studies of glassy ring polymers and
ring-linear blends, which will help to elucidate the role of the
topology on the physical properties of blends, and may have
practical consequences (compared to the crazing properties
of entangled linear polymer glasses). In this regard, the pos-
sibility of a topologically induced glass transition needs
careful assessment by experiments and simulations. In the
context of topological effects, the recent simulations showing
that cross-linked rings are more stretchable than their linear
chain counterparts [59] will certainly motivate new experi-
mental work, as it provides a path to enhance mechanical
properties by altering topology. Along the same lines, concat-
enated rings were recently shown to give rise to enhanced z
elasticity [272], and slide-ring networks are also highly 3
stretchable. h

Finally, whereas much recent work has focused on melts or
dense solutions of nonconcatenated unknotted rings, there are
many interesting unanswered questions concerning the proper-
ties of knotted [100,273-279], supercoiled [207,280-284],
and multicyclic [285] rings. Although several prior studies
have focused on single molecules and their structure and
dynamics as a function of the solvent quality, stiffness, and
topological state, the melt limit is highly relevant for genomic
applications (Sec. IV).
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4. Slow dynamics in ring concentrated solutions and
melts

There are several open questions regarding the dynamics of
high molecular weight ring polymer melts and concentrated
solutions. Based on current understanding, the research on
LVE properties of ring melts can be organized into three
apparent regimes: unentangled, entangled, and highly entan-
gled. The first unentangled regime (Z < 1) follows Rouse-ring
dynamics with the ring viscosity equal to half of its linear
counterpart and with the same molecular weight scaling
dependence of zero-shear viscosity (1, o< M'9) [191,193]. A
comparison of linear and ring PEO dynamics by NSE experi-
ments in the Rouse regime revealed that the COM diffusion of
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rings was unexpectedly faster compared to linear reference
polymers with identical molecular weight [177].

The second regime corresponds to an entangled regime
with respect to the N, of the linear chain equivalent (approxi-
mately 1 < Z <44 in experiments [194] and 1 <Z < 114
in simulations [49]). This regime is characterized by a power-
law stress relaxation due to self-similar loop relaxation [182],
which has been observed in simulations and experiments for
common flexible polymer chemistries such as PS [191-194].
However, it remains an open question whether there is an
upper limit to this behavior upon increasing the ring molecu-
lar weight for a given backbone chemistry. As discussed in
Sec. I C 2, experimental characterization of ring polymer
systems at high molecular weights is challenging due to the
extreme sensitivity of the rheological properties to linear
impurities. Thus, mapping out the potential limits of the
power-law stress relaxation behavior requires addressing
current challenges regarding purity, yield, and stability of
synthetic ring polymers even after careful LCCC purification.

The current set of experimental and simulation data also
show that the molecular weight dependence of zero-shear
viscosity 7, of entangled rings is weaker than for linear
polymer melts over a broad range of molecular weight.
Careful analysis of zero-shear viscosity data with three differ-
ent polymer chemistries and accounting for slow modes indi-
cates a power-law exponent of 1.3, consistent with
simulations, as discussed above [216]. However, more work
with different chemistries and a broader range of molecular
weights is needed to the establish whether power-laws are
truly chemically universal, for example, when accounting for
properties such as backbone flexibility.

The third regime remains an open question, but it has
long been postulated that sufficiently high molecular weight
rings might develop new forms of topologically mediated
constraints that drive fopological localization either by
forming highly correlated and percolated intermolecular
threadings (see Fig. 16) or through the colloidal-like
jamming of globular ring conformations. Recent work sug-
gests that rings can show a slowdown in stress relaxation for
sufficiently high molecular weight or chain stiffness [188].
MD simulations revealed a slowdown in G(¢) relaxation
behavior by varying either chain length N, or chain stiffness
ke (Sec. III B 3). Such behavior could suggest that an inter-
mediate length scale emerges to break the self-similarity of
loop relaxation predicted by models such as the FLG model.
Simulations further showed a substantial increase in ring
packing number, with more chains coexisting in the volume
pervaded by one chain, in addition to suppressed diffusion
with increasing chain stiffness, to the point that simulations
could no longer resolve bulk diffusion for the highest molec-
ular weight considered (N, = 6400). The origins of the sup-
pressed diffusion in high molecular weight rings were
recently investigated using a combination of MD simulations
and theory [189], and such dynamic behavior is predicted to
depend on backbone stiffness [189]. However, the link
between strong ring interpenetration and stress relaxation in
G(t) behavior has not yet been definitively established.
Nevertheless, these results show that the apparent power-law
behavior displayed by G(f) becomes highly sensitive to small
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changes in the backbone stiffness and N, at sufficiently high
molecular weight [Fig. 9(c)].

There are multiple possible mechanistic interpretations for
explaining the dependence of G(¢) on stiffness and molecular
weight in the highly entangled regime. First, inter-ring thread-
ing events become more common at high molecular weight,
and the lifetime of such threadings has been found to be much
longer than the ring relaxation time and increases with increas-
ing molecular weight [193]. Such threadings might result in
large clusters of slowly relaxing material [208] or even a topo-
logical glass transition (Sec. III C 3). Second, recent PRISM
theory calculations and complementary MD simulations show
that the globular conformations of ring polymers become
increasingly localized with increasing molecular weight and
stiffness, resulting in suppressed and thermally activated
regimes of ring diffusion [189]. Such jamming-like localiza-
tion could result in partial or complete vitrification at the mac-
roscopic scale. Third, it is possible that rings could display
loop-size dependent dynamic dilution that varies with chain
size and stiffness. The current FLG model assumes that as
small loops relax, they act as a dynamically diluting solvent of
larger loops. However, the scaling theory permits varying the
effectiveness of this dilution, possibly making it length-scale
dependent, which could alter or break the self-similarity of the
relaxation. Nevertheless, the relevance of any of these possible
mechanisms remains an open question. Broadly, developing
these new directions would benefit from additional experi-
ments, including further dilution experiments with rings, and
additional simulations to understand the molecular origins of
the apparent plateaus and power-law behavior in G(¥).

Finally, we note that the scenario of a slowdown in ring
polymer dynamics due to an activated process is qualitatively
different than theoretical predictions of this scenario for linear
chain melts [286-288], which predicts that for extremely high
molecular weight chains, chain ends become so dilute that the
reptation process becomes activated and polymers become
trapped in their tubes. For linear chains, the barrier height is
predicted to scale as N>/3 [287,288]. There are possible hints
of this effect in Monte Carlo simulations of lattice models of
linear polymer melts using a reptation algorithm [286], but so
far neither experiments nor MD simulations of linear polymer
melts have observed this theoretically predicted limit, and the
available data are consistent with nonactivated reptation.

5. Ring-linear blends

Rings prefer to be threaded by linear chains rather than
being constrained by other rings [5,6,201]. This leads to the
negative topological Flory interaction parameter y between
rings and linear chains in a blend [205,289] due to the
increase of the rings’ entropy if topological interactions
between rings are replaced by their interactions with linear
chains. The negative topological y could result in the misci-
bility of weakly immiscible polymers if one of the compo-
nents of the blend consists of linear chains while the other
contains primarily ring polymers [290].

The dynamics of ring-linear blends is extremely
heterogeneous and dominated by threading
[6,197,198,203,204,206,217,221,291,292]. Interestingly, adding
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rings to linear polymers at low ring volume fractions
increases blend viscosity and relaxation time, even though
the viscosity of pure rings is much lower than that of linear
polymers of the same molecular weight. This can be under-
stood based on a theoretical model in which ring dynamics
are dominated by constraint release due to the reptation of
linear chains threading through rings [202]. This theory pre-
dicts an increase of ring-linear blend viscosity with increas-
ing ring composition below significant ring-ring topological
interactions.

For ring-linear blends consisting of a relatively small
fraction of rings (<50% v/v), the viscosity increases with
increasing ring fraction due to ring-linear threading
[51,195,203-205,221,289]. Upon increasing the ring fraction
in the ring-linear blend, one expects the blend viscosity to
reach a maximum and then decrease, as observed in prior sim-
ulations [6] and experiments [221]. It is not clear how the rela-
tive height of this maximum depends on the molecular weights
of blend components and on the difference of the molecular
weights between the linear and ring components. Recently,
NSE spectroscopy has been used to study ring-linear blends
with identical molecular weights, focusing on the internal ring
dynamics and its dependence on ring volume fraction. With
increasing linear composition, a dynamic crossover from self-
similar ring-like relaxation to local reptation-like dynamics was
observed. Around a volume fraction of ~0.5, the blend viscos-
ity exhibits its maximum, and the spectral shapes change from
ring- to local reptation- type dynamics. For smaller ring
volume fractions, the ring motion is completely enslaved by
the linear host. Moving away from equilibrium, the viscosity
overshoot in ring-linear blends [293] and multicyclic ring-
linear blends [294] was studied in biaxial extensional flow
using coarse-grained MD simulations.

Theoretical predictions [202] depend on whether the con-
straint release process is coherent or ordinary. Coherent con-
straint release refers to a scenario in which a single linear
chain, upon reptating away from its original confining tube,
releases \/N/N, common entanglements between it and an
adjacent (ring) polymer, whereas in ordinary constraint
release, one entanglement is released. Previous experiments
and models of linear and star-linear polymer blends
[295,296] suggested that constraint release is coherent, but
these results were not conclusive because there was constraint
release due to the motion of both components of the blend.
In ring-linear blends with small ring fractions, constraint
release is the only mechanism available for the relaxation of
rings. Therefore, such blends are ideal to test the coherence
of the constraint release process.

Despite recent work, there is no convincing molecular
model describing the dynamics of ring-linear blends with a
large fraction of ring polymers and only a small ($5%) fraction
of linear chains. A quantitative model describing the limit of
large ring content would be crucial for understanding the effect
of linear impurities on dynamical properties of ring melts.

Overall, these findings call for additional systematic
experiments of ring-linear blends with different molecular
weights, new ring chemistries, and additional blend composi-
tions. Blending of low and high molecular weight rings
would allow miscibility to be studied in these systems
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[205,289]. Moreover, the recent predictions of the depen-
dence of topological constraint relaxation time as a function
of the ring and linear molecular weights, based on MD simu-
lations, can be tested [206]. Finally, as discussed above, the
role of the sample preparation protocol needs to be examined
in conjunction with simulations, and together these studies
can guide experimental work.

6. Nonlinear rheology

Nonlinear rheological properties of melts of nonconcaten-
ated rings are qualitatively different than melts of linear chains
with similar molecular weight. The shear viscosity of ring
melts (Z < 15) decreases with a smaller power-law exponent
of shear rate y than the shear viscosity of linear polymers melts
(Sec. III B 6), as predicted by the recently developed shear slit
model [195,196]. The most dramatic nonlinear rheological sig-
nature of rings is the strong increase of the extensional viscos-
ity as a function of the extension rate at Weissenberg numbers
Wi less than unity due to the formation of hitch knots (Fig. 13)
[219,224]. Note that hitch knots do not change the topological
state of the rings in a mathematical sense because they can
form and disassemble without backbone crossing or the
opening and closing of one of the involved rings. However,
once formed, they are locked in by the strong ring extension in
flow and can then transmit stresses in a similar manner as two
topologically linked rings.

In terms of bulk rheological characterization, there is a
need for additional experimental investigations of ring
polymer dynamics in shear and extension using different ring
polymer chemistries and high molecular weight ring samples,
including nonlinear damping, relaxation upon flow cessation,
and normal stress measurements. Recent work using
state-of-the-art experiments and complementary simulations
suggests that this is a highly interesting and critically impor-
tant research direction [195,196,219]. Of particular signifi-
cance is the study of the nonlinear rheology of ring-linear
blends [197,207,209,209,211,221], together with simulations
and structural studies, in the direction of enhancing stretch-
ability or exploring new phenomena associated with inter-
locking rings. Recent simulation results revealing topological
heterogeneities of stretched polymers [297] could serve as a
guide for this important new direction, and experiments
involving the filament stretching rheometer would greatly aid
in understanding the nonlinear rheological behavior in exten-
sional flow.

7. Loopy soft materials beyond rings

The study of rings has shown that loops play a crucial role
in the dynamics of polymeric materials. From this view,
examination of other loopy structures (e.g., single chain
nanoparticles [298], ring bottlebrushes [299], multicyclic
polymers [285], dumbbell-shaped polymers [300], tadpole-
shaped polymers [301-304], and folded proteins [305])
would be highly useful to inform the study of ring polymer
physics. In 1989, Antonetti and co-workers reported the syn-
thesis and characterization of PS micronetworks, which are
materials consisting of small particles of cross-linked PS
with a fractal distribution of local monomer density [306].
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Subsequent work reported the rheological characterization of
small spherical PS microgels of size 5< R < 50 nm prepared
by microemulsion polymerization [307]. These compact,
fluctutating “rubbery nanospheres” exhibited a zero-shear
viscosity that is remarkably smaller than that of linear chains
of the same molecular weight. Moreover, the frequency
dependence of the mechanical response appears to follow the
well-known classic linear chain reptation-type response,
including an intermediate time rubbery plateau modulus of
essentially identical value as the linear chain analog (similar
to high molecular weight cPPA and polyDODT ring experi-
ments [188,212]), along with chain-like power-law scaling of
the viscosity with polymer molecular weight. However, it
was noted that the putative reptation-like motion of these par-
ticles is strictly excluded by the spherical architecture of the
molecules. These results suggested the existence of a strong,
secondary type of polymer mobility beyond reptation that is
more cooperative in its nature than a single-chain mobility.

In 1997, Fuchs and Schweizer modeled this behavior
using a nonreptation-based polymer mode coupling theory
for dense liquids of compact fluctuating polymeric spheres
[308]. Similar phenomena have also emerged in melts of
single chain nanoparticles (SCNPs) consisting of dense
liquids of collapsed fluctuating fractal globules. Such loopy
structures can be threaded by linear chains, giving rise the
rheological phenomena analogous to those with ring-linear
blends, as shown recently [298]. These findings render the
systematic investigation of blends comprising SCNPs and
linear chains over a wide material parameter space necessary.

8. Metastable crumpled linear chains

Linear chains can be prepared in the unentangled crum-
pled state in dilute solutions by a rapid quench to poor
solvent conditions [309], by melting of polymer crystals
[310], or by the decondensation of internally unknotted chro-
mosomes during interphase [35]. In general, these crumpled
polymer conformations are likely to be qualitatively different
on large scales. However, because the samples are unen-
tangled, they should locally reproduce the generic equilib-
rium behavior of ring melts on scales up to a slowly
relaxation growing length [35]. Such systems can be
extremely long lived [34,35], which provides an intriguing
scientific motivation for studying crumpling and suggests a
possible alternative method to address the challenging syn-
thesis of high molecular weight rings. Preparing equilibrated
melt samples for increasing ring molecular weights and
studying their dynamics remains a challenge for computa-
tional as well as experimental studies [311,312]. Interesting
lessons in controlling bulk properties can also be learned
from different polymer topologies. As one example, a new
class of elastomers was recently reported by end-linking and
then deswelling star polymers with low amounts of trapped
entanglements, enabling high levels of strain-induced crystal-
linity of up to 50% [313].

9. Aclive systems

There are several different classes of active ring systems.
One class of active rings is achieved by a different effective
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temperature, corresponding to a higher mobility, in a small
section of each ring [314,315], which then diffuses more
quickly with the passive part dragged behind. Rings in this
nonequilibrium system tend to thread and trap each other in a
topological glass scenario with hitch knots playing a crucial
role in the final arrested state. It is known that phase segrega-
tion occurs in analogous active systems based on linear poly-
mers from both simulations [316] and analytical theory
[317], where mobility induces phase segregation in different
“hot” and “cold” domains. However, an open question
remains regarding whether or not such behavior mechanisti-
cally leads to threading in ring-based systems.

IV. BIOLOGICAL AND ACTIVE RING POLYMERS

In biology, living organisms have developed the ability to
replicate, transcribe, and separate chromosomal DNA reach-
ing macroscopic contour lengths. Large-scale conformational
changes such as the separation of the replicated sister chro-
matids and the condensation of mitotic chromosomes utilize
active loop extrusion [318-320] (Fig. 17) and the enzymatic
action of topoisomerases [321,322], which can actively
change and regulate the topological state of DNA. Even
during interphase, the statistical properties of genomic DNA
are better described by stationary rather than equilibrium pro-
cesses. For example, loop extrusion can lead to observable
modifications of the local chromosome structure
[318,323-326] which goes beyond the simple analogy to the
equilibrium ring melt. The quantitative investigation of these
fascinating processes, which are central to life, offers interest-
ing new directions for future research in polymer physics.

Interest in ring polymers was initially motivated decades
ago by its importance to understanding naturally occurring
circular DNA plasmids and genomes [58,109]. Although our
understanding of the physics underlying monodisperse ring
polymer solutions has greatly advanced since those seminal
studies, several remaining challenges hinder our understand-
ing of more complex biological and active ring polymer

(a) (b) (c) (d)

A
AN e N
—& condensin ~—~ chromatin

(e)

FIG. 17. Biological phenomena involving active loop maintenance chroma-
tin. (a)—(d) Model of loop extrusion from chromatin fibers by condensins.
(e)—(g) The conformations of two initially entangled sister chromatids
(shown in red and blue) at different time points show that the combination of
Brownian dynamics and loop extrusion activity leads to their segregation and
disentanglement. Reproduced with permission from Goloborodko et al.,
eLife 5, e14864 (2016) [319]. Copyright 2016, eLife Sciences Publications.
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systems, such as supercoiled rings [207,284,327], topological
composites [210,328], topologically active DNA rings [329],
“hot” rings [314,330], kinetoplasts [331,332], and chromatin
loops [326]. In the following, we summarize key challenges
that need to be addressed to advance our understanding of
biological and bioinspired ring polymer systems.

A. Open issues and new directions
1. Theory for complex biological ring systems

Much work has been devoted to developing theoretical
models for ring polymer dynamics, as described in Secs. II
and III. However, prior theory and experiments have been
largely limited to relaxed open circular rings, which represent
only a small subset of biological ring polymers. For example,
in biology, double-stranded circular DNA (e.g., plasmids) is
typically supercoiled [109,110], with substantial torsional stress
and writhe, which can act to reduce its radius-of-gyration by
promoting intrachain interactions [333], as well as induce
branching and extended conformations [284], depending on the
DNA length and environmental conditions. Moreover, recent
studies have shown that highly concentrated supercoiled DNA
polymers adopt more swollen conformations compared to open
ring counterparts while at the same time exhibiting faster
dynamics, seemingly at odds with the Stokes-Einstein relation
describing a collapsed macromolecule [Fig. 18(a)] [284]. DNA
and RNA also regularly adopt loopy conformations that bring
together two well-separated sections of the long chains
[326,334]. The number and spatial distribution of loops, as
well as their sizes, have a clear impact on the dynamics of the
rings, in particular, in the highly overlapping regime that is
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typical in biology; yet, the nature of this impact and the under-
lying physics remains an open question. Another common bio-
logical motif is concatenation of rings, as most clearly
exemplified by kinetoplasts that comprise a percolated chain-
mail structure of concatenated rings that form a larger flat
gel-like ring that can fold, bend, and crumple while maintain-
ing its structural integrity [Fig. 18(b)] [331,332]. How can we
leverage and extend existing models for ring, branched, and
linear polymers to understand these complex structures? What
is the role of chirality in determining the local structure and
dynamics in unknotted and knotted rings?

2. Bridging microscopic and macroscopic length
scales

Although monodisperse ring polymer systems can be fully
parameterized and characterized by only a few key length
scales, e.g., persistence length, radius-of-gyration, mesh size,
and tube diameter, biological or biopolymer-based ring
systems often have distinct structural and mechanical proper-
ties at different length scales, such that microscopic and mac-
roscopic measurements often yield distinct results
[51,209,210]. Yet, methods to characterize rheological prop-
erties at intermediate mesoscale ranges that connect these
scales remain elusive [209].

The effect of threading of rings by linear chains is particu-
larly sensitive to scale-dependent dynamics due to the dra-
matic impact that a few threading events can have on bulk§
dynamics (Sec. IIIC5), and the sensitivity to the number of 8
rings and linear chains participating in each discrete thread- 8
ing event. For example, microrheology measurements on S
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FIG. 18. Naturally occurring topologies and networks of circular DNA and time-varying rheological properties of topologically active DNA solutions and
composites. (a) Simulations of dense solutions of supercoiled DNA show that long supercoiled strands can exhibit branching that leads to swelling of the super-
coiled conformations above that of open rings. Degree of supercoiling is given by ¢ = 1/p, where p is the pitch of twisted backbones. Reproduced with permis-
sion from Smrek et al., Sci. Adv. 7, eabf9260 (2021) [284]. Copyright 2021, American Association for the Advancement of Science. (b) Fluorescent images of
kinetoplasts being deformed in planar extensional flow with increasing Wi (left to right, blue) and accumulated strain (top to bottom, purple) show varying
degrees of stretching and crumpling. Reproduced with permission from Soh and Doyle ACS Macro Lett. 9, 944-949 (2020) [335]. Copyright 2020, American
Chemical Society. (c) and (d) In situ conversion of 6 kbp supercoiled circular DNA to linear topology via single-cutter enzyme BamHI causes a steady increase
in viscosity 17 of concentrated DNA solutions as a function of enzymatic digestion time 7, for different DNA concentrations (1.5, 3, 6 mg/ml). Reproduced with
permission from Michieletto et al., Nat. Commun. 13, 4389 (2022) [329]. Copyright 2022, Nature Portfolio. (¢) Composites of varying mass fractions of
11 kbp DNA, ¢y, and 500 kDa dextran at total fixed polymer concentration of 11 ¢*, where ¢” is the overlap concentration, (f) pushed out of equilibrium by
the multisite DNA cutter Apol that first linearizes supercoiled DNA and subsequently cleaves it into 13 polydisperse fragments, (g) resulting in discrete
state-switching of bulk rheological properties (G, storage modulus at 1 rad/s) for all composite compositions with the time course and amplitude of state jumps
tuned by ¢py,. Reproduced with permission from Marfai ef al., Adv. Mater. 35, 2305824 (2023) [208]. Copyright 2023, Wiley.
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ring-linear blends of double stranded DNA of identical
molecular weight revealed a nonmonotonic dependence of
the plateau modulus and shear-thinning exponent as a func-
tion of linear chain fraction, both reaching a maximum
around a linear fraction of ~60%—-70%—owing to pervasive
ring-linear threading events [221]. Single polymer dynamics
experiments [83] allowed for direct observation of DNA
rings in ring-linear blends, with experiments and comple-
mentary simulations showing that transient threading events
in flow led to large conformational fluctuations and the
broadest range of relaxation timescales for blends with com-
parable ring and linear DNA fractions [151,197,198].
However, bulk rheology measurements on the same system
reported a much weaker dependence of the plateau modulus
on blend fraction (i.e., linear chain content) and more pro-
nounced shear thinning of blends [215]. Results from micro-
rheology experiments on DNA-based biopolymer systems
were compared, at least qualitatively, to the shear rheology of
synthetic ring/linear blends, as previously described [195].
Moreover, such length scale-dependent properties are
expected to be even richer in systems of concatenated rings
that display hierarchical topological structures that are not
self-similar, like kinetoplasts [331], polycatenanes, and
olympic rings [336].

3. Emergent properties in biological materials

Mixtures of ring biopolymers with other biological and
synthetic polymers—ubiquitous in biology—have been
shown to result in emergent properties that are not a simple
sum of the properties of the two components
[207,210,328,337]. For example, incorporating ring DNA
into solutions of polymerizing microtubules has been shown
to enhance miscibility of the two components, thereby sup-
pressing microtubule polymerization and reducing the elastic
strength of the composite [328]. This phenomenon is unique
to ring topologies, whereas linear DNA was shown to induce
the opposite effect of enhanced demixing and network stiff-
ening. Moreover, highly overlapping composites of DNA
and dextran were shown to exhibit emergent anomalous sub-
diffusion of ring DNA and enhanced shear-thinning in com-
posites compared to pure solutions of either DNA or dextran
[210]. Finally, semidilute blends of supercoiled and open
ring DNA were shown to exhibit emergent signatures of
entanglement dynamics at concentrations well below the crit-
ical entanglement concentration c, (at around 0.15 c¢.) for
monodisperse solutions of linear DNA [207]. Although inter-
esting, most of these emergent properties reported in biologi-
cal ring systems could not be predicted by existing theories
and are not yet fully understood.

4. Rheological properties of demixed, heterogeneous,
or anisotropic materials

Many biological ring systems are heterogeneous on meso-
scopic scales (e.g., the scale of multiple polymers)— arising
from demixing, bundling, knotting, or concatenation of dif-
ferent components—and are often anisotropic. For example,
kinetoplasts, comprising interconnected networks of concate-
nated rings, are largely flat circular membranes showing a
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mechanical response that is highly dependent on the direction
of the applied stress [331,332]. Ring-ring concatemers [336]
and “daisy-chains” [219] can also adopt directionality associ-
ated with the orientation of the linkage, which can make
applicability and understanding of bulk rheological properties
challenging. Although microrheological methods can be used
to probe spatial heterogeneities [209], these methods often
require 3D geometries and rely on assumptions that the mate-
rial can be considered a continuum at the scale of the mea-
surement probe and that material heterogeneities are larger
than the probe size. Large sampling is also required for suffi-
cient statistics to characterize heterogeneities measured by
data acquired in different spatial regions of the system.
Addressing these challenges requires new methods to quan-
tify the dynamics of heterogeneous and anisotropic poly-
meric materials, as well as new theories to understand the
dynamics arising from these complex systems and how they
couple with the heterogeneous network structure.

5. Active systems and thermally driven dynamics

Many biological ring polymers undergo active restructur-
ing via the action of enzymes and motors that cut, twist,
connect, and loop them. These out-of-equilibrium (or active)
dynamics introduce additional relaxation timescales beyond
the thermal relaxation timescales of the polymers (of which
there are multiple). As enzymes change the size, shape, or
structure of the rings, the intrinsic thermal relaxation time-
scales (determined by the properties of the polymer of inter-
est and its neighbors) also change.

Differentiating between the active and passive contribu-
tions to the stress relaxation modulus remains a grand chal-

lenge. For example, light scattering measurements of active 3

olympic rings [336], i.e., solutions of relaxed ring DNA that
are continuously cut and reconnected via topoisomerase II to
form transient concatemers, have shown that this transient
concatenation reduces the longest relaxation timescale of the
system by eliminating prolonged constraints. However, for
timescales shorter than the cutting timescale, the rings are
effectively fixed in concatenated states with slower thermal
relaxation timescales compared to individual chains.
Moreover, because there is expected to be a distribution of
concatemer sizes, which has so far proven difficult to quan-
tify, one would expect a distribution of timescales that are
not easily separable. Further complicating the issue is the fact
that when these systems are in a static concatenated state, the
relaxation timescales are quite long, which introduces chal-
lenges when using conventional bulk rheological techniques.
However, in principle, appropriate implementation of creep
and conversion [195] may allow for accurate characterization
of these samples.

Similar challenges arise in simulations of active ring
systems in which a small fraction of the ring is made to be
“hotter” than the rest of the chain, mimicking an athermal
“active” contribution to the fluctuation spectrum [314,330].
Of course, it should be noted that there are several different
classes of activity that rely on the action of enzymes, artifi-
cially higher temperatures (which mimics activity), or the
action of motor proteins (e.g., condensin, cohesin, and
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polymerases) that can drastically modify polymer conforma-
tions and dynamics. Nevertheless, the specific rheological
signatures of such activity, and the extent to which they can
model experimental biological ring systems, remains an open
question.

6. Measuring rheological properties of time-varying
systems

In nature, biological rings are out-of-equilibrium, with
their structure, dynamics, and interactions changing over
time due to enzymatic processes such as cleaving, ligating,
and looping. In fact, a characteristic feature of biological
systems is that they continuously consume and dissipate
energy to remain in a stationary “living” state. A major chal-
lenge in characterizing these nonequilibrium systems is that
measurements of rheological and dynamical properties
require a finite amount of time which can often be longer
than the active restructuring timescale. Therefore, interpreta-
tion of the stress relaxation modulus is nontrivial. Because
these systems violate the fluctuation-dissipation theorem,
interpreting passive particle-tracking microrheology results
becomes problematic [338]. Current methods to overcome
this issue focus on slowing down the active dynamics com-
pared to the measurement timescale, such that the system can
be considered in quasisteady state on the timescale of each
time-resolved measurement of the modulus [208,329].
However, this approach is limited and may not be feasible in
many biological systems subject to active processes driven
by molecular-motors or rapid-polymerization and digestion
kinetics. Moreover, this quasisteady approach cannot capture
the rheological signatures of the active nicking/cleaving/
twisting/looping processes. For example, time-resolved
particle-tracking microrheology measurements showed that
concentrated solutions of ring DNA undergoing slow lineari-
zation via single-cutting enzymes exhibited steady viscous
thickening over the course of several hours as the fraction of
linear chains in the system increased [Figs. 18(c) and 18(d)]
[329]. Moreover, bulk rheology measurements on DNA-dextran
composites showed that enzyme-driven linearization and
fragmentation of ring DNA induced an abrupt switch to a
more elastic-like state, in contrast to the steady increase mea-
sured in micrortheology measurements [Figs. 18(e)-18(g)]
[208]. The timing of this abrupt switch did not universally
correlate with the linearization timescale across composites,
suggesting that the relaxation rate of the DNA undergoing
digestion may be slower than the digestion rate. Generally, it
is reasonable to expect that any sufficiently strong active
driving force (e.g., processes requiring hydrolysis of stored
chemical energy such as ATP) will perturb chains to deviate
from their equilibrium structure and dynamics. These intrigu-
ing results demonstrate the need for experimental and theoret-
ical methods that can couple together and separate the active
and thermal contributions to the dynamics of biological ring
systems.

V. SUMMARY

Interesting and unexpected phenomena continue to be
observed for a wide range of both synthetic and biological

ring polymer systems. Although seemingly disparate systems,
several overarching themes and grand challenges emerge
when considering the full range of synthetic and biological
materials. As discussed above, synthetic and biological ring
polymers would benefit from additional chemical characteri-
zation and control over molecular weight, polydispersity, and
purity. It should be noted that nearly all technologically rele-
vant synthetic and biological ring-based materials are neither
pure nor prepared in the extremely high molecular weight
limit. Moreover, several key questions regarding structure-
function relations emerge when considering ring polymer
materials with mixed compositions. For example, what can
be learned from well-controlled, high molecular materials to
better understand industrially relevant materials systems? Are
these asymptotic systems relevant references or ‘“‘anchor
points” for understanding more compositionally complex or
technologically relevant ring (or other generally loopy)
polymer materials? Additional studies will be essential to
address these key questions.

Regarding theory and simulations, several key scientific
questions remain to be addressed. For example, is it possible
to model most relevant ring polymer systems using full atom-
istic or fine-grained simulations for concentrated systems at
very high molecular weight? Alternatively, can we develop
new approaches, e.g., data-driven methods, that could poten-
tially provide alternative routes for an improved physical
understanding of the relevant phenomena? In addition, the
role of chain flexibility or chirality (i.e., weak, tight, racemic
variants, packing, and braiding) is not currently well under-
stood for ring polymers, which provides ample opportunities §
to explore rich and interesting physical phenomena in termsg
of structure and dynamics. Nevertheless, despite several chal- 2
lenges, the state-of-the-art instrumentation currently available 3
allows for the study of small amounts of samples, weak -
signals, extended ranges of frequencies and/or rates, single
molecule dynamics, and strongly nonlinear responses.
Moving forward, a combined approach uniting simulations,
theory, and well-controlled experiments, often involving
advanced techniques and/or protocols, will be required to
address these key questions.
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