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Abstract

Ring polymers exhibit unique flow properties due to their closed chain topology. Despite recent progress, we have not yet achieved a full
understanding of the nonequilibrium flow behavior of rings in nondilute solutions where intermolecular interactions greatly influence chain
dynamics. In this work, we directly observe the dynamics of DNA rings in semidilute ring-linear polymer blends using single molecule
techniques. We systematically investigate ring polymer relaxation dynamics from high extension and transient and steady-state stretching dynam-
ics in a planar extensional flow for a series of ring-linear blends with varying ring fraction. Our results show multiple molecular subpopulations
for ring relaxation in ring-linear blends, as well as large conformational fluctuations for rings in a steady extensional flow, even long after the
initial transient stretching process has subsided. We further quantify the magnitude and characteristic time scales of ring conformational fluctua-
tions as a function of blend composition. Interestingly, we find that the magnitude of ring conformational fluctuations follows a nonmonotonic
response with increasing ring fraction, first increasing at low ring fraction and then substantially decreasing at large ring fraction in ring-linear
blends. A unique set of ring polymer conformations are observed during the transient stretching process, which highlights the prevalence of
molecular individualism and supports the notion of complex intermolecular interactions in ring-linear polymer blends. In particular, our results
suggest that transient intermolecular structures form in ring-linear blends due to a combination of direct forces due to linear chains threading
through open rings and indirect forces due to hydrodynamic interactions; these combined effects lead to large conformational fluctuations of
rings over distributed time scales. Taken together, our results provide a new molecular understanding of ring polymer dynamics in ring-linear
blends in the nonequilibrium flow. © 2021 The Society of Rheology. https://doi.org/10.1122/8.0000219

. INTRODUCTION rings [4], and recent advances in synthetic organic chemistry
have enabled the synthesis of cyclic rings using olefin
metathesis [5]. In addition, synthetic ring polymers have
been used to generate transient materials with triggered deg-
radation properties [6], thereby providing promising new
routes toward the development of fully recyclable synthetic
materials [7-9].

The flow properties of ring polymer solutions and melts
have long been a topic of interest in the community. Early
efforts to understand the flow behavior of ring polymer
melts focused on synthetic polystyrene and polybutadiene
rings using shear rheology [10-13]. In general, ring
polymer melts exhibit a smaller zero-shear viscosity, 7,
and a larger recoverable compliance, JS, in the terminal
flow regime compared to linear melt counterparts [13].
Ring polymer melts also exhibit no rubbery plateau and
show a faster terminal relaxation that significantly contrasts
with linear polymer melts undergoing stress relaxation
[14-17]. The rheological response of ring polymers is

Ring polymers have a topologically closed structure with
no beginning or end. Due to their unique properties, ring
polymers have captured the attention of rheologists and soft
materials scientists for decades [1]. Beyond their intriguing
macromolecular structures, ring polymers are of practical
importance in several disciplines. In nature, mitochondrial
DNA and plasmid DNA generally occur in cyclic forms [2].
Genome organization in cell nuclei has been modeled as a
melt of nonconcatenated ring polymers, which represents the
simplest model where reptation is suppressed due to topolog-
ical constraints [3]. Prior work has examined the molecular
threading of linear chains through macrocyclic oligomeric

Note: This paper is part of the special issue on Ring Polymers.
DPresent address: Department of Chemistry, Stanford University, Stanford,

CA 94305.
®Author to whom correspondence should be addressed; electronic mail: highly susceptible to linear chain contamination [12,18]. It
cms @illinois.edu was reported that even a small amount of linear chains (as

© 2021 by The Society of Rheology, Inc.
J. Rheol. 65(4), 729-744 July/August (2021) 729


https://doi.org/10.1122/8.0000219
https://doi.org/10.1122/8.0000219
http://orcid.org/0000-0002-3105-7697
http://orcid.org/0000-0003-4762-645X
http://orcid.org/0000-0002-5676-9930
http://orcid.org/0000-0003-4475-4667
http://orcid.org/0000-0001-7231-2685
https://doi.org/10.1122/8.0000219
mailto:cms@illinois.edu
http://crossmark.crossref.org/dialog/?doi=10.1122/8.0000219&domain=pdf&date_stamp=2021-06-21

730 ZHOU ET AL.

small as 0.07% by volume) drastically increases the
zero-shear viscosity of ring polymer melts and causes the
rubbery plateau to reappear [14]. However, it has been chal-
lenging to precisely quantify trace amounts of linear polymers
in ring polymer melts, with subsequent experiments showing
some differences in rheological response with quantitatively
different linear chain content [15].

A major challenge in experimental characterization of ring
polymers lies in preparing high purity ring samples that are
essentially free of linear chains. To this end, advances in chro-
matography techniques (liquid chromatography at the critical
condition, LCCC) have led to improved separation of rings
from linear polymers [19], thereby enabling experimental
studies of linear viscoelasticity [14,20], nonlinear shear rheol-
ogy [20], and extensional flow properties of LCCC-purified
ring melts [21] and ring-linear blends [22]. Nevertheless, prior
work has shown that ring polymer samples obtained by post-
polymerization cyclization of linear chains followed by chro-
matographic purification invariably contain small amounts of
linear chains that affect rheological measurements despite rig-
orous purification using the LCCC method [23,24]. Such
observations strongly motivate the need to understand the flow
behavior of ring-linear polymer blends [22].

The equilibrium properties of ring polymer melts and
concentrated solutions, including ring polymer size and
center-of-mass diffusion coefficients, have been previously
studied in ring-linear blends [17,25-32]. Molecular architec-
ture and blend composition both play major roles in determin-
ing the conformation and size of ring polymers in these
systems. In ring-linear blend melts, increasing the fraction of
linear chains leads to an increase in the radius of gyration, R,,
for rings and a drastic decrease in the ring polymer diffusion
coefficient in the blend [25,30]. Interestingly, the excluded
volume exponent, v, for ring polymers remains relatively cons-
tant in good solvent conditions for ring polymer solutions in
the presence of linear polymers up to 5-10% linear chains in
solution [33].

Experimental and computational studies have further shown
that molecular topology significantly alters the diffusion coeffi-
cient of ring polymers. Single molecule experiments on ring
DNA show that rings diffuse ~1.3x faster than linear polymers
in concentrated ring DNA solutions [27]. Remarkably, rings
diffuse ~10x slower than linear polymers when the back-
ground matrix contains concentrated linear DNA molecules
[26,28]. A marked difference in the molecular weight scaling
dependence of polymer diffusion was observed for rings diffus-
ing in concentrated solutions of rings versus linear polymers,
implying different underlying mechanisms of chain diffusion in
ring versus linear backgrounds [26]. Ring polymers were also
reported to exhibit heterogeneous multimodal diffusion when
the concentration of the background linear polymer solution
increases well into the entangled regime [29]. In ring-linear
blends, the center-of-mass diffusion behavior of ring polymers
shows rich dynamics due to mixed chain topologies. For
example, the diffusion coefficient of rings was found to
decrease monotonically upon increasing the fraction of linear
polymers from 0 to 50% in a concentrated ring-linear polymer
blend [31]. This phenomenon emerges when the background
blend concentration approaches the critical entanglement

concentration for linear chains, c¢,, and becomes enhanced
when the blend is entangled at concentrations above c,.

In order to elucidate the key physical features of ring-
linear topological constraints, several theoretical models have
been proposed to explain the slow-down of ring polymer
dynamics in entangled solutions of ring-linear polymer
blends. Constraint release (CR) or restricted reptation (RR) of
background linear polymers, where rings relax through
amoebaelike motion in fixed obstacles formed by background
linear chains, was used to model the stress relaxation of rings
in melts of ring-linear blends [34,35]. The once-threaded
model (R1) was subsequently developed [36], wherein rings
diffuse along a threaded linear chain. Here, “threading” refers
to one or more linear chains in the background matrix pene-
trating into an open ring conformation, resulting in a signifi-
cant decrease in ring polymer diffusion [37]. Despite these
conceptual advances, the actual diffusion mechanism is not
fully understood and may be composed of elements from
several of these models [38].

The flow behavior of ring-linear blends is of paramount
importance for processing applications. In 2019, nonlinear
extensional rheology was performed on LCCC-purified ring
polystyrene melts, with results showing unexpected increases
in extensional viscosity at low stretch rates [21] due to topo-
logical linking of rings [39]. In 2020, nonlinear extensional
rheology combined with molecular dynamics (MD) simula-
tions and ex situ small angle neutron scattering was used to
probe the threading-unthreading behavior of ring and linear
polymers in the melts of ring-linear blends [22]. Although
shear and extensional rheology and small angle neutron scat-
tering (SANS) characterization provides useful insight into
ring-linear polymer blends, such bulk-level experiments only
provide information on ensemble-averaged properties, which
tends to obscure dynamics at the molecular level.

Recent advances in single molecule fluorescence micros-
copy (SMFM) and automated flow control enable the direct
observation of polymer dynamics under nonequilibrium flow
conditions [40]. SMFM can be used to identify and charac-
terize molecular subpopulations of polymer chains that adopt
different transient conformations or show molecular individu-
alism in flow [41-43]. In recent years, SMFM has been used
to study the dynamics of linear polymers in dilute solution
large amplitude oscillatory extensional flow (LAOE) [44,45]
and in semidilute unentangled solutions in extensional flow
[46—48]. Single polymer dynamics was also used to study
the relaxation of linear polymers in entangled solutions [49],
revealing unexpectedly heterogeneous dynamics.

The flow properties of ring polymers in dilute solutions
were recently studied using single molecule experiments and
simulations [50-53]. In the dilute solution extensional flow,
ring polymers show reduced molecular individualism during
transient stretching and a shifted coil-stretch transition (CST)
compared to linear chains due to combined effects of a
closed, constrained molecular topology and intramolecular
hydrodynamic interactions between the two ring strands
[50,51]. The dynamics of single ring polymers in the flow-
gradient plane of shear was recently studied using a combina-
tion of SMFM with a custom shear flow apparatus and
Brownian dynamics simulations [54], where it was observed
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that the probability of chain extension in the flow direction
was qualitatively different for rings compared to linear chains
in the shear flow [54].

Single molecule studies of rings have also been extended
to semidilute polymer solutions. Recently, Zhou et al. [55]
studied the extensional flow dynamics of ring polymers in
semidilute solutions of linear polymers near the overlap con-
centration ¢”, which is defined as the concentration at which
linear polymer molecules begin to overlap and interpenetrate
at equilibrium and therefore defines the transition between
the dilute and semidilute unentangled regimes [34]. In the
steady extensional flow, rings exhibit large conformational
fluctuations in semidilute solutions which was attributed to
the transient threading of linear polymers through open ring
stretching in the flow [55]. Remarkably, such large confor-
mational fluctuations of rings emerged at extremely low con-
centrations of background linear polymers (0.025 c).
Overall, these studies showcase the ability of single molecule
techniques to reveal the effects of molecular architecture on
the flow dynamics of ring polymers.

In this work, we study the relaxation and transient stretch-
ing dynamics of ring DNA molecules in semidilute ring-linear
polymer blends using SMFM (Fig. 1). Fluorescently labeled
ring DNA molecules (45 kbp) are introduced into ring-linear
DNA blend solutions of equivalent molecular weight. In this
way, we study the flow dynamics of three different ring-linear
blends containing 17% rings (R) and 83% linear (L) polymers
by mass (17% R-83% L), 50% R-50% L, and 83% R-17%
L. Results are compared to ring dynamics in semidilute back-
ground solutions of purely linear polymers (0% R-100% L).
Experimental results are complemented by Brownian dynam-
ics (BD) simulations of ring-linear blend solutions. Essential
points of comparison are included in this article, and a detailed
simulation study for ring dynamics is presented in a compan-
ion article [56]. Our results show that the magnitude of ring
conformational fluctuations exhibits a nonmonotonic response
with increasing ring fraction in blends, first increasing at low
ring fraction and then substantially decreasing for large ring
fractions in the blend (>80% R). Conformational fluctuations
are quantified in terms of an average fluctuation magnitude

(@) (b)

FIG. 1. Schematic of ring-linear DNA polymer blends. Fluorescently
labeled tracer ring DNA molecules (45 kbp) are uniformly dissolved in a
semidilute blend solution of rings and linear chains. Ring polymer dynamics
are investigated at (a) equilibrium or zero-flow conditions and in (b) a planar
extensional flow. The transient molecular stretch of ring polymers lix is
directly measured using SMFM.

(6) and a characteristic fluctuation time scale using the auto-
correlation analysis. Interestingly, we identify a unique set of
molecular conformations during the transient stretching
process for ring polymers, suggesting complex intermolecular
interactions between rings and polymer chains in the ring-
linear blend solution. We further determine average fractional
extension in semidilute ring-linear blends; in all cases, rings
show an overall decreased fractional extension for ring-linear
blends in the extensional flow compared to dilute solution
rings or pure linear chains in semidilute solutions. Taken
together, experimental and computational results show that
transient ring conformations in flow are driven by ring-linear
threading interactions and long-range intermolecular hydrody-
namic interactions (HI) in semidilute solutions.

Il. MATERIALS AND METHODS
A. Preparation of 45 kbp ring and linear DNA

Double-stranded 45 kbp ring and linear DNA molecules
are prepared via replication of fosmids in Escherichia coli,
followed by extraction and purification, as previously
described [27,57,58]. Briefly, circular DNA molecules are
extracted from bacterial cell cultures using alkaline lysis, fol-
lowed by the renaturation of the cloned DNA by treatment
with an acidic detergent solution. Genomic DNA and cellular
debris precipitate are removed by centrifugation, and super-
coiled DNA molecules are converted to relaxed circular con-
formations via treatment with topoisomerase-I (New England
Biolabs) [58,59]. To generate linear DNA, restriction endonu-
cleases are used to specifically cut the double-stranded DNA
ring backbone at precisely one location. Ring and linear
polymer samples are treated with RNase A to remove contami-
nating RNA, and excess protein is removed by phenol-
chloroform extraction followed by dialysis. Finally, DNA
samples are concentrated by a second isopropanol precipita-
tion, and the molecular topology and concentration are deter-
mined using gel electrophoresis [27,57]. In general, the
concentration of the prepared (stock) ring and linear DNA sol-
utions is = 500 pg/ml. The purity of ring DNA samples is
further characterized using single molecule visualization. Here,
small amounts of DNA samples are taken from each batch and
fluorescently labeled, as described below. Fluorescently
labeled samples are then diluted to a concentration of approxi-
mately 5 x 10~* ng/ul in the imaging buffer and introduced
into a cross-slot microfluidic device for imaging. In this way,
single DNA molecules are stretched in the extensional flow,
which allows for direct observation and classification of ring
or linear topology. This process is repeated for an ensemble of
at least 200 molecules for reliable statistics, enabling quantifi-
cation of the ring-linear fraction in each sample.

B. Preparation of semidilute ring-linear blends

For all experiments, the total polymer concentration in
ring-linear DNA blends was maintained at 50 ug/ml, which
corresponds to =~ 1 ¢ for 45kbp linear DNA [49]. In order
to prepare ring-linear DNA blends with varying ring frac-
tions, we first calculate the mass of ring and linear DNA
required at different target rings and linear DNA
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TABLE I. Ring-linear DNA blends studied in this work. The total DNA
concentration in all blends was maintained at 50 pg/ml.

Ring DNA Ring DNA Linear DNA Linear DNA Volume
(%) mass (1g) (%) mass (ug) (ml)
0 0 100 250 5

17 42.5 83 207.5 5

50 125 50 125 5

83 207.5 17 42.5 5

compositions with a desired total volume of 5 ml, which is a
typical sample volume used for single molecule imaging and
viscosity measurements. Next, based on the stock 45 kbp ring
DNA concentration and its ring-linear content, a working
volume of 45 kbp ring DNA solution is prepared and heated to
65 °C for 10 min, followed by snap cooling to 0 °C. A working
volume of 45kbp linear DNA is also prepared following a
similar procedure. Both working volumes are then concentrated
to ~ 50 ul using a MiVac Quattro concentrator (Genevac, UK).
Next, the concentrated working volumes of 45 kbp ring DNA
and linear DNA are mixed and diluted with viscous buffer sol-
ution containing 30 mM Tris/Tris-HCI (pH 8.0), 2 mM EDTA,
5mM NaCl, and sucrose (66.3 % w/w) to a final sample
volume of 5ml. Prepared semidilute ring-linear blends then
undergo a gentle rotational mixing procedure for approximately
4 h at 22.5°C to ensure sample homogeneity, followed by
overnight gentle rotational mixing at 4 °C. Ring-linear DNA
blends with varying ring fraction and their corresponding prop-
erties are shown in Table 1.

C. Fluorescent labeling of ring DNA

For single molecule imaging, DNA is fluorescently labeled
with an intercalating dye (YOYO-1, Molecular Probes,
Thermo Fisher) at a dye-to-base pair ratio of 1:4 for >1 h in
the dark at room temperature. Trace amounts of fluorescently
labeled ring DNA are then added to background solutions of
unlabeled semidilute ring-linear DNA blends, resulting in a
final labeled DNA concentration of 2 x 1073 pg/ml. In addi-
tion, a small amount of the reducing agent S-mercaptoethanol
(14 uM) and coupled enzymatic oxygen scavenging system
containing glucose (50 pg/ml), glucose oxidase (0.01 pg/ml),
and catalase (0.004 ug/ml) are added into the ring-linear DNA
blends to suppress photobleaching and photocleaving of fluo-
rescently labeled DNA molecules. The semidilute ring-linear
blend mixture is rotationally mixed for > 20 min before single
molecule imaging. Solvent viscosity 7, is determined using a
cone and plate viscometer (Brookfield, USA) at 22.5 °C.

D. Optics and imaging

Single molecule fluorescence microscopy is performed
using an inverted epifluorescence microscope (IX71, Olympus)
coupled to an electron-multiplying charge coupled device
(EMCCD) camera (iXon, Andor Technology). Fluorescently
labeled DNA samples are illuminated using a 50 mW, 488 nm
laser (Spectra-Physics, CA, USA) directed through a neutral
density (ND) filter (ThorLabs, NJ, USA) and a 488 nm single-
edge dichroic mirror (ZT488rdc, Chroma). Fluorescence

emission is collected by a 1.45 NA, 100x oil immersion objec-
tive lens (UPlanSApo, Olympus) followed by a 525 nm single-
band bandpass filter (FF03-525/50-25, Semrock) and a 1.6%
magnification lens, yielding a total magnification of 160x.
Images are acquired by an Andor iXon EMCCD camera
(512 x 512 pixels, 16 um pixel size) under frame transfer
mode at a frame rate of 33 Hz (0.030s™'). Images obtained
using fluorescence microscopy are analyzed using a custom
MaTLAB code to quantify the polymer conformations, as previ-
ously described [55]. The full contour length of fluorescently
labeled 45 kbp ring DNA is approximately 20 um, such that
the stretched contour length of the 45 kbp ring polymer is
Lgre = 10 um [55], which is equal to one-half of the fully
stretched contour length of the equivalent linear polymer of
identical molecular weight, Lj;,.

E. Microfluidics and flow field characterization

Two-layer PDMS microfluidic devices are fabricated
using standard techniques in soft lithography, as previously
described [45]. In brief, the microfluidic device contains a
fluidic layer situated below a control layer containing a
fluidic valve. The fluidic layer is fabricated to contain a
cross-slot channel geometry with 300 um in width and
100 um in height. In this way, the planar extensional flow is
generated in the fluidic layer, and the control layer contains a
pressure-driven valve to control the fluid flow. Flow field
characterization and strain rate determination are performed
in ring-linear blends prior to single polymer dynamics exper-
iments using particle tracking velocimetry (PTV), as previ-
ously described [44]. PTV experiments show that the flow
field within the 51.2 x 51.2 um? microscope field-of-view
near the center of the cross-slot device is well-described by a
planar extensional flow [60].

F. Modeling and simulation of semidilute ring-linear
blends

Ring-linear polymer solution blends are modeled by
coarse-grained bead-spring chains with approximately
1 Kuhn step per spring. We perform BD simulations to
evolve bead positions in an implicit solvent via the Langevin
equation of motion,

dr, . . - - ~
o A zjjn,-,v;ﬂ/) +&, (1)

where tildes denote dimensionless quantities. Polymer beads
experience the flow via the 3N x 3N block diagonal tensor
k, which has 3 x 3 diagonal blocks given by the solvent
velocity gradient tensor (V¥)”. Conservative interactions U
are given by the Kremer—Grest potential, which accounts for
finite extensibility and prevents spring crossings [61].
Solvent-mediated HI and Stokes drag are included via diffusion
tensor ]~),-j, for which we use the Rotne—Prager—Yamakawa
tensor [62,63]. The Brownian noise &; is approximated by the
truncated expansion ansatz [64]. Evaluation of the diffusion
tensor and Brownian noise is accelerated by the iterative con-
formational averaging method [48,65,66]. We simulate ring
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and linear polymers with an equal number of beads per chain ~ concentration of the background semidilute blend solutions.
Ng = Ny = 150. Generally, we consider Nc = 128 chains Ring-linear blends are subjected to a step strain in the planar
per simulation, with the number of rings and linear chains extensional flow at a strain rate € above the coil-stretch tran-
chosen to match the blend ratios in experiments. Further sition. The accumulated fluid strain or Hencky strain, €, is

details and verification of the method are available in the pre- calculated as € = (;" E()dt', where t; is the duration of the
vious work [48,66], and generalization to ring-linear polymer step strain rate input, €(r') = €H ('), and H is the Heaviside
blends is described in a companion article [56]. function. Following the step strain rate input (at times

t > t,), the flow is stopped and the polymer solution relaxes
ll. RESULTS AND DISCUSSION back to equilibrium. In this way, single polymer relaxation

trajectories are obtained as part of the step strain-relaxation
experiments, such that fluorescently labeled ring DNA mole-
cules experience at least € = 20 units of fluid strain prior to

We began by determining the longest relaxation time of  cessation of the extensional flow. During the flow portion of
ring polymers in semidilute ring-linear blends with varying  this step, fluorescently labeled rings are stretched to =~

A. Longest relaxation time of ring polymers in
ring-linear blends

ring fraction (Fig. 2). In all cases, the total polymer concen-  0.6L prior to flow cessation. Longest polymer relaxation
tration was maintained at 50 pg/ml, which corresponds to the  times are then determined by fitting the terminal 30%
overlap concentration, ¢*, of linear 45 kbp DNA. The con- average squared fraction extension (g /Lcirc)2 to a single-

centration of fluorescently labeled tracer ring DNA is on the =~ mode or double-mode exponential decay function, as previ-
order of 1075 ¢*, so it is not counted into the total  ously described [40,49,55] and elaborated on below.

—~
Q
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FIG. 2. Relaxation of ring polymers in semidilute ring-linear polymer blends. Single molecule relaxation trajectories (thin traces) and ensemble-averaged relaxa-
tion trajectories (thick traces) for molecular subpopulations corresponding to (a) single-mode and (b) double-mode exponential relaxation trajectories for ring poly-
mers in a semidilute background solution of 17% ring —83% linear blend at 50 pg/ml. Error bars are determined from standard deviation of molecular trajectories.
(c) Fraction of single-mode and double-mode exponential relaxation behaviors as a function of ring polymer fraction in blends. Uncertainties in classifying relaxa-
tion behavior are also plotted for cases where single molecule trajectories are not well described by single-mode or double-mode behavior. (d) Longest relaxation
times normalized by dilute solution values z'gir" for ring polymers and ‘L'ff” for linear polymers from experiments (diamonds and solid hexagons) and BD simulations
(dot center hexagons) in semidilute ring-linear polymer blends as a function of ring polymer fraction. Longest relaxation time for linear polymers in semidilute
unentangled solution is also shown as a reference (circle) [46]. Experimental molecular ensembles consist of n > 50 single molecules for each blend. Note that the

case of ring relaxation with ~ 0% rings (0% R-100% L) corresponds to observing tracer rings in a background solution of semidilute linear chains.



734 ZHOU ET AL.

Here, l;. denotes the experimentally measured span of
polymer extension in the two-dimensional flow plane.

Our results reveal two distinct molecular subpopulations
for ring polymer relaxation in semidilute ring-linear blend
solutions. One molecular subpopulation relaxes via a single
exponential decay, whereas the second molecular subpopula-
tion relaxes via a double exponential decay response. For
instance, ring polymer relaxation in a 17% R-83% L blend
shows that approximately 60% of the molecular relaxation
trajectories are well described by a single-mode exponential
decay [Fig. 2(a)], whereas approximately 40% of the relaxa-
tion trajectories are found to exhibit double-mode exponen-
tial decay [Fig. 2(b)]. Here, the single-mode relaxation time
7, is determined from (I /Lcirc)2 = Aexp( — t/75) + B,
where A and B are numerical constants. The fast and slow
double-mode relaxation times 7,; and 74, are determined
from (eire/Leire)” = Arexp( — 1/741) + Asexp( — 1/742) + B,
where A;, A,, and B are numerical constants. In order to dis-
tinguish between single-mode and double-mode exponential
decay behaviors, molecular relaxation trajectories are fit to
both functions to determine the best fit behavior, as previ-
ously described [55].

Interestingly, the fraction of single-mode versus double-
mode relaxation trajectories depends on ring-linear polymer
blend composition [Fig. 2(c)]. In particular, the fraction of
double-mode relaxation trajectories shows a maximum for
ring-linear blends with 17% R-83% L composition and
decreases upon further increases in ring fraction. A similar
trend of heterogeneous relaxation of ring polymers was
recently observed in ring-linear blend melts using MD sim-
ulations [67], where the distribution width of different
relaxation modes for rings decreased with increasing ring
composition in the blend. However, it is important to note
that the heterogeneous relaxation behavior for rings
observed here is qualitatively different than the relaxation
of linear polymers in ultradilute solutions (107> ¢*) [40],
linear polymers in semidilute background solutions of
purely linear chains (0% R-100% L) [46,49], and ring poly-
mers in ultradilute solutions (1073 ¢*) [50,51], all of which
exhibit a simple single-mode exponential decay for
polymer relaxation in the terminal regime. In semidilute
unentangled background solutions of purely linear chains
(0% R-100% L), tracer ring polymers similarly exhibit two
distinct molecular subpopulations showing single- and
double-mode relaxation behaviors [55].

The bimodal relaxation behavior is thought to arise from
transient intermolecular structures wherein linear polymer
chains thread into open ring polymers. Here, ring relaxation
is influenced by the presence of threaded linear chains,
resulting in a large fraction of double-mode relaxation trajec-
tories for blends with low to intermediate ring fractions (e.g.,
blend composition of 17% R-83% L). We posit that semidi-
lute ring-linear blends with low ring fractions provide a
diverse set of local environments in terms of intermolecular
HI between rings and linear chains and concentration fluctua-
tions that qualitatively differs from purely linear semidilute
polymer solutions, which could give rise to a higher fraction
of double-mode relaxation behavior. Upon further increasing
the ring fraction in ring-linear blends, threading interactions

between rings and linear polymers become increasingly less
likely such that, on average, rings tend to relax in the
absence of intermolecular threading interactions. In addition,
the slow phase of the double-mode ring relaxation can also
be influenced by solvent-mediated hydrodynamic coupling to
linear polymer chain relaxation, discussed in detail in the
companion article [56], which is supported by the observa-
tion that 7/" &~ 37" ~ 7,5, where 7, denotes the dilute solu-
tion longest relaxation time. Indeed, local concentration
fluctuations in lightly entangled polymer solutions are known
to give rise to multiple molecular subpopulations governing
polymer relaxation [49].

Longest relaxation times of ring polymers are plotted in
Fig. 2(d) as a function of ring fraction in ring-linear blends.
The longest relaxation time for linear polymers in semidilute
solutions (1 ¢”) of purely linear polymers is also plotted as a
reference [46]. Moreover, ring polymer relaxation times are
included from BD simulations. Relaxation times for ring
polymers, including the single-mode time scale 7, and
double-mode time scales 7,; and 7,45, and the longest relaxa-
tion time for linear polymers, 7j;,, are normalized by their
corresponding longest relaxation times in the dilute limit,
denoted as 75" and 7", respectively. Non-normalized quan-
tities for all relaxation times (not normalized by their corre-
sponding longest relaxation times in the dilute limit, but only
scaled with respect to solvent viscosity 7,) are tabulated in
Supplementary Table 1 [68].

Single- and double-mode relaxation times are relatively
independent of ring-linear blend compositions at a total
polymer concentration of 50 pg/ml or 1 ¢* corresponding to
the linear DNA polymer. The normalized single-mode relax-
ation time for ring polymers 7, in ring-linear blends is con-
sistent with the relaxation time for pure linear polymers in
semidilute solutions (normalized, single-mode), which sup-
ports the hypothesis that the single-mode exponential relaxa-
tion behavior corresponds to the relaxation of polymers free
from topological interactions with surrounding molecules,
regardless of chain topology. The scaled slower double-mode
relaxation time 74, is approximately 3x larger than the
scaled single-mode relaxation time 7,, whereas the faster
double-mode relaxation time 7, is nearly 10x smaller than
the normalized single-mode relaxation time ;. Interestingly,
the single- and double-mode relaxation times appear to be
insensitive to blend compositions. Therefore, similar to ring
polymer relaxation in pure semidilute linear polymer solu-
tions [55], we posit that double-mode relaxation behavior for
rings in ring-linear blends originates from the formation of
transient threaded structures between rings and linear poly-
mers. Moreover, our results suggest that these structures are
local and do not include long-range linked intermolecular
structures in semidilute solutions. However, the probability
of forming ring-linear transient structures varies with blend
composition, which is reflected in the different fractions of
single- and double-mode relaxation behavior in Fig. 2(c).
Interestingly, prior diffusion measurements show that ring
DNA polymer diffusion coefficients remain relatively cons-
tant in 100 pg/ml blends with different ring-linear composi-
tions [31], which are consistent with our results for longest
relaxation time.
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Overall, our results show clear differences between the
ring relaxation behavior in semidilute pure linear polymer
solutions and ring-linear polymer blends. For semidilute
unentangled solutions of purely linear polymers (c ~ c"),
strictly single-mode relaxation behavior for linear chains is
observed [46]. Interestingly, for solutions of purely linear
polymers, double-mode relaxation behavior begins to emerge
only when the solution concentration is above the critical
entanglement concentration c, such that ¢ > ¢, [49]. On the
other hand, our results for ring-linear blends show two dis-
tinct molecular subpopulations for ring relaxation in semidi-
lute unentangled solutions at concentrations ¢ ~ ¢". Taken
together, these results highlight the importance of molecular
topology on the relaxation dynamics of ring polymers in dif-
ferent ring-linear polymer blend solutions.

B. Transient stretching dynamics of rings in
ring-linear blends

We next investigated the transient stretching dynamics of
ring polymers in semidilute ring-linear blends with different
ring fractions. In all cases, the total polymer concentration
was maintained at 50 ug/ml. In these experiments, fluores-
cently labeled rings are first allowed to relax to an equilib-
rium conformation for at least 27, in the absence of a flow.
At time r =0, a step strain rate input with precisely con-
trolled strain rate € is imposed on the polymer blend sample
for total fluid strain €. The flow strength is characterized by
the Weissenberg number Wi = é€r,, which is defined by the
strain rate nondimensionalized by the single-mode relaxation
time ;. During the stretching phase, a single fluorescently
labeled ring polymer is confined near the stagnation point of
the planar extensional flow using an automated flow control
in a device known as the Stokes trap [44,69]. In this way,
ring polymers are trapped for long residence times in the
extensional flow with well-defined strain rates, enabling
direct observation of transient and steady stretching dynam-
ics. During this process, only minor corrections are made to
the inlet pressure for flow control, such that the strain rate
remains constant during the flow phase of the experiment
[44,69]. Following step deformation, the flow is abruptly
halted (denoted by the dashed line in Fig. 3), and ring poly-
mers are allowed to relax back to the thermal equilibrium, as
discussed in Sec. IIT A.

Figure 3 shows the transient fractional extension I /Leirc
of ring polymers in semidilute ring-linear polymer blend
near Wi~ 1.5 for four different blend compositions.
Additional results for Wi =1 and Wi =2.5 are shown in
Supplementary Fig. 1. In all cases, ring polymers are sub-
jected to € > 20 units of fluid strain, and 30—40 single mole-
cule trajectories are analyzed for each condition. In Fig. 3,
the black curves represent the ensemble-averaged fractional
extension over all single molecule trajectories. Individual
single molecule trajectories are plotted in gray, and one rep-
resentative single molecule trajectory is highlighted in blue.

Transient stretching trajectories show that ring polymers
exhibit large fluctuations in chain extension in the exten-
sional flow. Interestingly, conformational fluctuations are
observed for ring polymers in all ring-linear blends. Chain

fluctuations persist long after the initial transient stretching
process has ended, such that chain fluctuations continue even
for large amounts of accumulated strain € > 8-10.
Qualitatively, rings exhibit large conformational fluctuations
in ring-linear blends with intermediate ring fractions, such as
the 17% R-83% L blend. Moreover, conformational fluctua-
tions appear to decrease upon further increasing the ring frac-
tion toward the 83% R-17% L blend. These trends are
consistent with the fraction of single- and double-mode relax-
ation trajectories in ring-linear blends, as shown in Fig. 2(c).

BD simulations show that ring polymer conformational
fluctuations are driven by both intermolecular threading events
with nearby linear chains and solvent-mediated intermolecular
HI [56]. These behaviors are discussed in detail in the com-
panion simulation and modeling article [56], and we briefly
summarize these findings here with respect to experimental
results. In general, highly stretched linear chains in semidilute
ring-linear blend solutions induce strong hydrodynamic dis-
turbance flows, generally stronger than more compact ring
polymers at the same flow strength. Consequently, these long-
range HI disturbance flows drive large conformational fluctua-
tions in ring polymers in the flow.

In single molecule experiments, we observe unexpected
polymer stretching behavior in semidilute solutions that is
attributed to intermolecular HI. For example, for 17% R-83%
L and 50% R-50% L blends, some ring polymers fully recoil
back to equilibrium levels of extension, followed by restretch-
ing during continued deformation in flow [highlighted thin
trace in Fig. 3(c)]. This behavior resembles the large confor-
mational fluctuations that arise due to polymer tumbling in the
dilute solution shear flow [42] although with completely dif-
ferent physical origins. In the case of dilute solution shear
flow, the coupling between the rotational and extensional com-
ponents of flow leads to tumbling behavior for rings [54] and
linear polymers [40,42]. For semidilute ring-linear blends in
the extensional flow, however, conformational fluctuations
arise due to flow-driven intermolecular interactions and long-
range HI between polymers with different chain topologies
and relaxation times. Upon further increasing the ring fraction,
such as in the 83% R-17% L blend, ring polymers eventually
show smaller magnitude conformational fluctuations and gen-
erally stretch to larger fractional extensions. This behavior
arises due to a decreased probability of ring-linear threading
interactions and decreased magnitude HI disturbance flows in
blends with dominant ring fraction, as stretched linear chains
generally induce stronger intermolecular HI disturbance flows
in ring-linear blends [56].

The large conformational fluctuations for ring polymers in
semidilute ring-linear blends give rise to broad distributions
in ring polymer extension in the flow. Histograms of ring
polymer extension for four different blend compositions near
Wi~ 1.5 are shown in Fig. 4. Compared to linear polymers
in pure semidilute linear polymer solutions, ring polymers in
pure semidilute linear polymer solutions (0% R-100% L)
exhibit broader distributions of molecular extension at
smaller fractional extensions [Fig. 4(a)]. For instance, linear
polymers are stretched to ;,/L > 0.6 at € = 10, while the
majority of ring polymers shows a fractional extension of
Leire / Leire = 0.3. The probability distribution of ring polymer
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FIG. 3. Single molecule trajectories of ring polymers in semidilute ring-linear polymer blends show large conformational fluctuations. Transient fractional
extension of ring DNA polymers in 50 pg/ml semidilute ring-linear polymer blends at Wi ~ 1.5 with (a) 0% ring-100% linear polymers, (b) 17% ring-83%
linear polymers, (c) 50% ring — 50% linear polymers, and (d) 83% ring — 17% linear polymers. Individual single molecule trajectories are shown in thin lines
and ensemble-averaged trajectories are shown in a thick line. A characteristic individual single molecule trajectory in a thin line is highlighted. Molecular
ensembles consist of n = 38, n = 40, n = 34, and n = 39 molecules for ring polymers in 0% R-100% L, 17% R-83% L, 50% R-50% L, and 83% R-17% L

blends, respectively. The dashed line indicates the time at which the step strain input is stopped.

extension Iy /Leire further broadens in the 17% R-83% L
blend [Fig. 4(b)]. Interestingly, ring polymer extension
leire/Leire Tanges from ~ 0.2 to 0.6 and is peaked around
Leire /Leire = 0.4 when the accumulated fluid strain increases
from € = 5 to 20. This behavior is consistent with the single
molecule transient stretching trajectories for the 17% R-83%
L blend [Fig. 3(b)]. Moreover, the broad distribution of
leire /Leire 18 consistent with the notion that large conforma-
tional fluctuations result from intermolecular interactions
between rings and linear polymers in the blend. Upon further
increasing the ring fraction in the blend to 50% R-50% L, the
probability distribution of Ilg./Le for rings narrows and
shifts toward a smaller extension, with the majority of ring
polymers stretched to Lix. /Leire = 0.3 [Fig. 4(c)]. These results

are consistent with observations from the single molecule tra-
jectories [Fig. 3(c)], where the 50% R-50% L blend shows the
smallest average fractional extension. Upon increasing the ring
fraction further to 83% R-17% L [Fig. 4(d)], the distributions
shift to larger average extensions and rings tend to become
more stretched for larger fluid strains.

C. Molecular individualism and ring polymer
conformational fluctuations

Characteristic transient trajectories for single ring polymers
from single molecule experiments and BD simulations are
shown in Fig. 5. A characteristic stretching trajectory for a
ring polymer in a 17% R-83% L blend at Wi ~ 1.5 is shown
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FIG. 4. Probability distribution of ring polymer fractional extension in semidilute ring-linear blends as a function of blend composition near Wi ~ 1.5.
Histograms showing the probability of ring polymer extension in semidilute ring-linear polymer blends with (a) 0% ring —100% linear, (b) 17% ring —83%
linear, (c) 50% ring —50% linear, and (d) 83% ring —17% ring for accumulated fluid strains of € =5, € = 10, € = 15, and € = 20 at Wi ~ 1.5. Molecular
ensembles consist of n = 38, n = 40, n = 34, and n = 39 molecules for four different blends, respectively. All experiments are performed at a total polymer
concentration of 50 ug/ml. Data for linear polymers (gray bars) in semidilute solutions of pure linear chains at 50 pg/ml are from Hsiao et al. [46].

in Fig. 5(a), together with corresponding single polymer snap-
shots during the stretching trajectory [Fig. 5(c)]. The Roman
numerals correspond to individual time points along the trajec-
tory. Large conformational fluctuations are observed for ring
polymers in 17% R-83% L blends, with some rings unexpect-
edly showing recoiling and subsequent restretching behavior
in the flow, as shown in Fig. 5(a) (denoted by time point vi).
In a simple shear flow, ring polymers exhibit repeated cycles
of stretching, collapse, and tumbling that arise due to coupling
between the rotational and extensional components of flow.
Although extensional flow alone is inadequate to produce the
characteristic tumbling behavior observed in the shear flow,
semidilute blends of ring-linear chains facilitate long-range HI
that can generate local disturbance flows. Together with

intermolecular threading interactions, these effects give rise to
large-scale conformational fluctuations in the flow.

We further visualized ring conformational fluctuations
with molecular simulation, and we show a characteristic
dynamic trajectory for a single ring polymer in a 17%
R-83% L blend at Wi = 1.5 in Fig. 5(b). We again plot the
fractional ring polymer extension Il /Leire as a function of
strain, denoting snapshots [Fig. 5(d)] at individual time
points along the trajectory with Roman numerals. In agree-
ment with the single molecule experiments, BD simulations
show large magnitude conformational fluctuations for rings
in flow, including large retraction and restretching events in
the semidilute solution extensional flow. We note that this
behavior highlights the importance of long-range HI in
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FIG. 5. Characteristic transient stretching trajectories for ring polymers in semidilute 17% ring — 83% linear blends at Wi ~ 1.5 from (a) experiments and (b) BD
simulations. Corresponding single molecule snapshots are shown in (c), and simulation snapshots are shown in (d). Characteristic transient stretching trajectories
for ring polymers in semidilute 83% ring — 17% linear blends at Wi = 1.5 from (e) experiments and (f) BD simulations. Corresponding single molecule snapshots
are shown in (g), and simulation snapshots are shown in (h). The Roman numerals correspond to individual time points along the trajectory. The scale bar is 3 um
in the experimental snapshots. In the simulation snapshots, a ring polymer is highlighted and the ring-linear blend polymers are shown in the background.

generating local flows that are nonextension dominated and
contain rotational character, in part because the ring polymer
shown in this characteristic trajectory does not exhibit a dis-
tinct ring-linear threading event that drives conformational
fluctuations. We further explore the role of HI in driving ring
conformational fluctuations in the companion article [56].
Prior work has reported that ring conformational fluctua-
tions in semidilute linear polymer solutions can also be
caused by threading of linear polymers into the partially
stretched, open conformation of rings [55]. Transport of
linear polymer chains into open ring polymers in flow leads
to repeated threading and unthreading events, giving rise to
the repeated cycles of transient chain extension and retrac-
tion. Upon increasing the fraction of rings in ring-linear
blends, threaded linear chains can (in principle) simultane-
ously interact with adjacent rings in the blend solution,
thereby giving rise to complex intermolecular interactions.
Our results suggest that large magnitude conformational fluc-
tuations for rings arise not only due to long-range HI, but
also due to the formation of transient ring-linear threaded
structures in the blend. Experimental SMFM results show
that rings fluctuate drastically in nondilute flows, and in
some cases fully recoil [Figs. 5(a) and 5(c)] in low to inter-
mediate ring fraction blends (17% R-83% L). Interestingly,
ring conformational fluctuations drastically decrease as the
ring fraction increases (e.g., 83% R-17% L blends), showing

only minor fluctuations in ring polymer fractional extension
[Figs. 5(e) and 5(g)]. Analogous results are observed in 83%
R-17% L blends in BD simulations [Figs. 5(f) and 5(h)],
which similarly show smaller magnitude conformational fluc-
tuations at larger ring fraction. These observations are consis-
tent with the notion of a decreased probability of ring-linear
interactions with the majority of ring polymers in the blend,
including both intermolecular threading events and solvent-
mediated hydrodynamic interactions.

We quantify ring conformational fluctuations by determin-
ing the average fluctuation in fractional chain extension,
(6) /Leire- Here, () /Leirc is defined as the fluctuation quantity
in conformational extension fluctuation over the molecular
ensemble after the initial transient stretching phase such that

3) Tl /i 0 — )P

— , 2)
Lcirc N Lcirc

where [,(t) is the transient polymer extension for individual
single polymer chains at time ¢, (I,) is the time-averaged or
mean polymer extension, and A/ denotes the total number of
individual trajectories in the ensemble. In Eq. (2), # denotes
the time when the step strain rate input stops (dashed line in
Fig. 3), and 19y is defined as the time at which the fractional
polymer extension first reaches 90% of the average fractional
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extension at time f#. In this way, we discard the initial transi-
ent stretching of ring polymers and only compute the chain
extension fluctuation quantities after the initial transient
phase has died out, as previously reported [55]. In all cases,
transient polymer extension is observed for at least 20-25
units of strain in the extensional flow.

As shown in Fig. 6, fractional extension fluctuations for
ring polymers in semidilute ring-linear blends (5)/Lci. are
compared to linear polymer chain fluctuations in pure semi-
dilute linear polymer solutions (§)/L. Our results show an
increase in ring chain fluctuations in semidilute ring-linear
polymer blends compared to pure linear polymer solutions.
Moreover, ring polymer chain fluctuations in ring-linear
blends do not increase monotonically with increasing ring
fraction. Ring fluctuations first increase upon increasing the
ring fraction in blends, reaching a maximum for 17% R-83%
L blends, followed by a gradual decrease in magnitude for
83% R-17% L blends. We note that the limited amount of
data for 83% R-17% L blends is due to difficulties in prepar-
ing large volumes of ring-linear blends containing large frac-
tions of ring polymers. This behavior is consistent with
trends observed in the probability distribution of relaxation
modes [Fig. 2(b)] and for single molecule trajectories
(Fig. 3) showing a unique set of molecular individualism
(Fig. 5), wherein ring conformations show large fluctuations
including full retraction to a coiled state during the course of
strong extensional flow in 17% R-83% L and 50% R-50% L
blends. Upon increasing the fraction of rings in ring-linear
blends, intermolecular interactions between stretched rings
and linear chains are gradually suppressed, which results in a
eventual decrease in chain fluctuations. In addition, ring
polymer chain fluctuations tend to increase in the vicinity of
the coil stretch transition (CST), corresponding to
Weissenberg numbers near Wi~ 1.0 for pure semidilute
linear polymer solutions [46]. The flow-strength dependence
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FIG. 6. Fluctuations in fractional extension of ring polymers in semidilute
ring-linear polymer blends as a function of Wi. The average chain fluctuation
quantity () is normalized in terms of the contour length L. for ring poly-
mers and L for linear polymers. Each molecular ensemble contains n > 34
single molecule traces.

of ring polymer conformational fluctuations in ring-linear
blends is further discussed in the section below.

D. Characteristic time scales of ring polymer
conformational fluctuations

To further understand ring dynamics in ring-linear blends,
we determined the autocorrelation of ring polymer extension
fluctuations after the initial transient stretching phase. In par-
ticular, we used an autocorrelation analysis to quantify ring
polymer extension fluctuations relative to the average polymer
extension as a function of Wi. The autocorrelation function of
a real-valued, integrable fluctuating quantity x(¢) is defined as

Cux(A) = (x(Dx(t + 1)), 3)

where A is an offset time and (), denotes a time-averaged
quantity. Here, fluctuations in ring polymer extensions are
defined as the average (mean) extension (/), subtracted from
the  instantaneous chain  extension  I(f). Thus,
I'(t) = It) — (I),, and the normalized autocorrelation function
Cy y is given by

IO+ L),  [C IO+ Dt
(@), [ rPod

Cry(V) =

(4)

The quantity Cy is normalized by the autocorrelation func-
tion at zero offset time A = 0. The initial transient stretching
phase (start-up phase) is discarded when calculating the auto-
correlation function, similar to the calculation of (§) where
polymer fractional extension is only considered between g
and f¢, as described in Sec. III B. The offset time A is normal-
ized by strain rate €.

Figure 7(a) shows the autocorrelation functions of confor-
mational fluctuations Cy for rings as a function of ring frac-
tion in ring-linear blends at Wi~ 1.5 from experiments.
Upon increasing the ring fraction in blends from 0% R-100%
L to 50% R-50% L, the autocorrelation function is relatively
constant. However, the autocorrelation function rapidly decays
when the fraction of rings increases in the 83% R-17% L
blend. On the other hand, the autocorrelation function for
linear polymers in pure linear semidilute solutions shows a
more rapid decay compared to all of the ring-linear blends. In
the case of pure linear semidilute solutions, fluctuations in
fractional extension mainly arise due to Brownian fluctuations
rather than intermolecular hooking interactions. The character-
istic autocorrelation decay times are shown in Fig. 7(b),
defined as the time at which the autocorrelation function in
Fig. 7(a) first equals zero. The dimensionless characteristic
decay time (or decorrelation time) is approximately 4.2 strain
units for blends with ring fraction between 0% R-100% L and
50% R-50% L but significantly decreases to approximately
2.5 strain units for the 83% R-17% L blend.

Autocorrelation functions of conformational fluctuations
from molecular simulations are shown in Fig. 7(c), and the
characteristic autocorrelation decay times are determined as
indicated in Fig. 7(d). Qualitative agreement is observed
between simulations and SMFM experiments. The
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FIG. 7. Quantitative analysis of ring conformational fluctuations in the flow. Autocorrelation of conformational fluctuations for ring polymers in semidilute
ring-linear polymer blends after the initial start-up phase at Wi ~ 1.5 from (a) experiments and (c) BD simulations. Each experimental molecular ensemble con-
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ml) is shown as a reference based on data from Hsiao et al. [46]. Characteristic correlation times of ring polymer conformational fluctuations as a function of

blend composition at Wi = 1.5 from (b) experiments and (d) BD simulations.

autocorrelation function shows similar behavior in blends
from 2% R-98% L to 50% R-50% L and begins to decay
when the ring fraction increases to 83% R-17% L. The
quickest decay in autocorrelation functions occurs in pure
semidilute ring (100% R-0% L) and linear polymer solutions
and is more rapid than any ring-linear polymer blend solu-
tions. We note that the discrepancies between SMFM experi-
ments and BD simulations could arise due to differences in
chain flexibility. In BD simulations, a bead-spring model
with a FENE spring force was used to model both the ring
and linear polymers. However, DNA is known to be well-
described by Marko—Siggia wormlike chain (WLC) force
extension relation.

Our results indicate that, in an average sense, the interac-
tion time scale between ring and linear polymer chains
remains relatively constant when the majority of polymers in
ring-linear blends is linear. However, it is important to note
that due to the role of stochasticity, one would expect a distri-
bution of molecular subpopulations over the entire ensemble.
From this view, the ensemble-averaged autocorrelation func-
tions may not reflect the drastic variations in molecular
extension that may occur in individual molecules, as shown
in Fig. 5. Rather, the autocorrelation functions reflect the
average intermolecular interaction time scales between rings

and adjacent ring or linear polymers in blends. Stochasticity
in molecular subpopulations could also lead to small differ-
ences between single molecule experiments and BD simula-
tions in terms of the autocorrelation functions and the
autocorrelation time.

E. Average fractional extension of rings

We further determined the average fractional extension for
ring polymers in semidilute ring-linear polymer blends,
using a method similar to determining the average fractional
extension of polymers under a large amplitude oscillatory
extensional (LAOE) flow [44,45]. In brief, we define an
average steady fractional extension between toy and #;, deter-
mined from fractional extension after the initial transient
start-up phase, where f; is the time at which the step strain
rate input stops and fo is the time at which the fractional
polymer extension first reaches 90% of the average fractional
extension at time #. In general, this method corresponds to
determining average polymer extension for fluid strains
approximately € > 8 in the steady extensional flow. The
average fractional extension for ring polymers in dilute solu-
tion [50] and for linear polymers in semidilute solution [46]
is plotted as a reference [Fig. 8(a)]. Prior work has shown
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FIG. 8. Steady fractional extension in the extensional flow. (a) Steady
fractional extension of pure semidilute linear polymer solutions at 1 c”
(50 pg/ml) and ring polymers in 50 pg/ml semidilute ring-linear blends in
the extensional flow. Experimental data for dilute ring polymers are taken
from Li et al. [50], and data for 1 ¢* linear polymers are taken from Hsiao
et al. [46]. (b) Average steady fraction extension of ring polymers in different
semidilute ring-linear polymer blends at Wi ~ 1.5. Each molecular ensemble
consists of at least n > 34 single molecule trajectories.

that ring polymers exhibit a delayed coil-stretch transition in
dilute solutions due to intramolecular HI between the two
strands in the extensional flow [50,51], which is not observed
for linear polymers in dilute solutions [41]. Moreover, linear
polymers show a slight increase in the critical Weissenberg
number at the coil-stretch transition, Wi, in semidilute unen-
tangled solutions due to intermolecular HI and additional
molecular interactions between the neighboring chains.
Interestingly, our results show that Wi, for ring polymers
depends on the composition of semidilute ring-linear blends,

even for the same total polymer concentration of 50 pg/ml.
We estimate Wi, based on the average fractional extension
for ring polymers in semidilute ring-linear polymer blends at
coil-stretch transition, (I.). Here, (I.) = (I.)/Le. is deter-
mined as the mean value between the coiled and stretched
limits in a logarithmic scale, as previously described [70].

Hence, (I.) is defined as

In (1.)> = (In (lo)” + 1n (Imax) /2, 5)

where [y = (lo}/Leirc s the fractional extension of ring poly-
mers in the equilibrium coiled state and /g, = (Imax )/ Leire 18
the maximum fractional extension for ring polymers in our
experiments. In this way, the critical Weissenberg number at
the coil-stretch transition is determined by finding the corre-
sponding Weissenberg number at (I.), such that Wi, = 1.4,
Wi. = 1.0, Wi, = 1.3 £ 0.1, and Wi, = 0.9 for ring poly-
mers in 0% R-100% L, 17% R-83% L, 50% R-50% L, and
83% R-17% L ring-linear polymer blends, respectively. The
Wi, values are in reasonable agreement with the Weissenberg
numbers corresponding to the maximum fluctuation quanti-
ties () (Fig. 6), as discussed in Sec. III C.

Based on these results, ring polymer dynamics are influ-
enced by both polymer architecture and the relative composi-
tion in the blends, thereby affecting both the critical
Weissenberg number at the coil-stretch transition and the
average fractional extension. Interestingly, the 50% R-50% L
blend shares the largest Wi, with pure linear polymer solu-
tions (0% R-100% L) but shows the smallest average frac-
tional extension. Figure 8(b) further shows a direct
comparison of average fractional extension as a function of
ring-linear blend composition at Wi ~ 1.5. Broadly, these
results are consistent with recent microrheology experiments
on concentrated ring-linear blends of DNA, where the largest
plateau modulus was observed for blends containing compa-
rable amounts of ring and linear polymers [71]. Taken
together, our results support a scenario in which ring and
linear polymers strongly interact in semidilute ring-linear
blend solutions (Fig. 9), with clear differences compared to
ultradilute solutions or pure linear semidilute solutions.

(a) 4 (b) 4

Tracer ring Ring-linear
(_D (0%R-100%L) blend
» - » -

y y
,J > PERES

\ * \ d

FIG. 9. Schematic of intermolecular interactions in semidilute ring-linear
blends. (a) In nearly pure semidilute linear polymer solutions (0% R-100% L),
background linear polymers thread into open ring polymers in the extensional
flow. Threaded states are not necessarily limited to a doubly threaded state as
shown here. (b) In semidilute ring-linear polymer blends, the probability of
ring-linear interactions is influenced by the fraction of ring and linear polymers
in background semidilute blends.
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IV. CONCLUSIONS

Understanding ring polymer dynamics is a particularly
challenging and interesting problem in soft materials and
rheology. Despite recent progress, we do not yet fully under-
stand the combined roles of molecular architecture, intermo-
lecular interactions, and long-range HI on the dynamics of
ring-linear blends under nonequilibrium conditions. In this
work, we use single molecule fluorescence microscopy
coupled with automated flow control and microfluidics to
systematically investigate the nonequilibrium dynamics of
ring polymers in semidilute ring-linear DNA blend solutions.
Our results show molecular evidence of large conformational
fluctuations of ring polymers in steady flows, which arise
due to a combination of linear chain threading into open
rings and strong intermolecular HI in the flow [56]. Our
results are consistent with a molecular picture wherein
strongly interacting ring-linear transient structures form and
may exhibit local resistance to stretching in flow, especially
when the blend contains comparable amounts of ring and
linear polymers.

The relaxation dynamics of ring DNA polymers in semi-
dilute ring-linear blends is governed by two distinct molecu-
lar subpopulations. One subpopulation exhibits single-mode
exponential relaxation behavior, which is attributed to the
relaxation of isolated ring polymers that are not associated
with intermolecular transient structures between ring and
linear polymers following the cessation of the flow. The
emergence of a second molecular subpopulation showing a
double-mode relaxation response likely arises due to the
interactions of ring polymers with background linear poly-
mers, including ring-linear chain threading and solvent-
mediated HI effects. The probability of double-mode expo-
nential relaxation first increases with increasing the ring frac-
tion in the blend, followed by a decrease with increasing ring
fraction up to the 83% R-17% L blend. These results indicate
that different blend compositions alter the degree of inter-
chain interactions between ring and linear polymers, thereby
affecting the relaxation dynamics of rings.

Our results show strikingly large conformational fluctua-
tions for rings in ring-linear blends in the steady extensional
flow. By quantifying the conformational fluctuations through
a chain fluctuation quantity (8), our results show that chain
fluctuations increase with ring polymer fraction in blends but
substantially decrease when the blend contains > 80% of
rings. In addition, our results reveal a unique set of molecular
conformations and a marked increase in molecular individu-
alism during the transient stretching process for rings in 17%
R-83% L and 50% R-50% L blends. Surprisingly, individual
rings are observed to tumble, recoil, and restretch in semidi-
lute ring-linear blends in the planar extensional flow, a
behavior only observed previously for dilute linear [40,42]
and ring polymers [54] under the simple shear flow. These
behaviors are attributed to a combination of long-range inter-
molecular HI in semidilute solutions, in addition to chain-
chain interactions in the flow. Simulation results directly
capture these conformational fluctuations and provide further
evidence that HI plays an important role in semidilute solu-
tions [56]. The autocorrelation of ring polymer fluctuations

shows a slower rate of decay and a longer correlation time
for ring polymers in 0% R-100% L, 17% R-83% L, and 50%
R-50% L blends. Hence, we hypothesize that large confor-
mational fluctuations and the unique molecular individualism
are indicative of linear polymers threading into rings to form
transient intermolecular structures in the flow (Fig. 9).

Our results further show a dependence on molecular
stretching and conformation as a function of ring fraction in
ring-linear blends. As the fraction of ring polymers increases
in the 83% R-17% L blend, ring chain extension fluctuations
sharply decrease, nearly resembling fluctuations of linear
polymers in pure semidilute linear solutions [46]. The small
magnitude conformational fluctuations in fractional extension
also result in a large average fractional extension, and the
autocorrelation function of the conformational fluctuation
decays noticeably faster for ring polymers in 83% R-17% L
than the other three blends. Coarse-grained molecular simula-
tions show that reduced ring fluctuations in semidilute ring-
linear blends with high ring fraction occurs due to decreased
intermolecular HI effects between highly stretched linear
chains and adjacent ring polymers [56].

Taken together, these results provide a new molecular
understanding of ring polymer dynamics in ring-linear
blends. In particular, our combined experimental and compu-
tational results show direct molecular evidence for the transi-
ent threading of linear polymers through open ring polymers
in the flow. From a broad perspective, this work provides an
improved understanding of ring dynamics in nondilute
polymer solutions, revealing new information regarding the
nonequilibrium dynamics of rings that may be useful inform-
ing the future design and processing of polymer solutions
with complex molecular architectures.
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