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Polymer-chain configurations in active and passive baths
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The configurations taken by polymers embedded in out-of-equilibrium baths may have broad implications in
a variety of biological systems. As such, they have attracted considerable interest, particularly in simulation
studies. Here we analyze the distribution of configurations taken by a passive flexible chain in a bath of
hard, self-propelled, vibrated disks and systematically compare it to that of the same flexible chain in a bath
of hard, thermal-like, vibrated disks. We demonstrate experimentally that the mean length and mean radius
of gyration of both chains agree with Flory’s law. However, the Kuhn length associated with the number of
correlated monomers is smaller in the case of the active bath, corresponding to a higher effective temperature.
Importantly, the active bath does not just simply map on a hot equilibrium bath. Close examination of the chains’
configurations indicates a marked bias, with the chain in the active bath more likely assuming configurations with

a single prominent bend.
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I. INTRODUCTION

A linear polymer in a good solvent at equilibrium has
conformations that correspond to a self-avoiding random walk
with a step size equal to the Kuhn length, b, defined as the
length between monomers for orientational correlations to be
lost. The Kuhn length is directly related to the bending stiff-
ness of the polymer, «, and depends inversely on the thermal
energy: b = ki—’(T In terms of b, the average length scales of
the polymer, such as the average end-to-end distance, (R,.),
and the average radius gyration, (R,), scale as bN,, where
N, = L/b, with L the length of the polymer, and v is a scal-
ing exponent called the Flory exponent. For a self-avoiding
random walk in two dimensions, v = 3/4 [1,2].

Far less is known about the behavior of linear polymers in
out-of-equilibrium baths, despite its potential significance in
biology, where biopolymers, such as proteins and filaments,
are forced out of equilibrium by the presence of motor pro-
teins [3—7]. To date, most of the work on out-of-equilibrium
polymers has focused on two model cases. The first case is
active polymers, which consist of monomers that experience
active forces that drive the polymer out of equilibrium; these
have been studied both in simulations and in experiments
[8,9]. The second case pertains to passive linear polymers in
an out-of-equilibrium bath, comprised, for example, of active
particles; these have been solely studied by computer simula-
tions [10-15]. For x = 0, the polymer was found to slightly
swell with increasing bath activity [10], while for « # 0, the
polymer was found to shrink [11,12].

In this paper, we directly test some of the simulation expec-
tations using connected stainless-steel ball chains as a model
passive polymer and baths of radially symmetric or asymmet-

2470-0045/2022/106(6)/064606(5)

064606-1

ric disks on a vibrated plate. While the system composed of
symmetric particles is out of equilibrium, it has been shown
previously that the assembly of such particles behaves in
a manner close to an equilibrium hard-disk liquid [16-18].
Therefore the symmetric particles can be taken as a model
passive bath, while the asymmetric particles, which behave as
polar self-propelled particles, constitute the active bath. We
find that the growth of the radius of gyration of the polymer in
an active bath with the number of monomers is consistent with
what is expected for the polymer in a passive bath. However,
activity results in smaller values of R,, indicating the polymer
shrinks in active baths. Additionally, the actual polymer chain
conformations are significantly different; in active baths, the
polymer adopts significantly more hairpin-like structures than
in passive baths.

II. METHODS

We use the experimental system described in detail in
Ref. [19] and subject a collection of macroscopic circular
grains and a ball chain to a well-controlled vertical vibration
while they are confined to a 2.4-mm gap between two horizon-
tal glass plates. An electromagnetic servo-controlled shaker
(V455/6-PA1000L,LDS) coupled to a triaxial accelerometer
(356B18, PCB Electronics) allows the production of a sinu-
soidal vibration in the bottom plate. The resulting contacts
between the grains and the glass plates cause the grains to ex-
perience horizontal displacement over time. We work at a fre-
quency f = 120 Hz and set the acceleration relative to gravity
to I' = a2 f)?/g = 2.0, which corresponds to a peak verti-
cal displacement of a = 34 um. An accelerometer is used to
ensure that no resonances of the experimental setup are

©2022 American Physical Society


https://orcid.org/0000-0002-7039-5787
https://orcid.org/0000-0002-1286-9809
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevE.106.064606&domain=pdf&date_stamp=2022-12-15
https://doi.org/10.1103/PhysRevE.106.064606

CALEB J. ANDERSON et al.

PHYSICAL REVIEW E 106, 064606 (2022)

present at this working frequency, that the horizontal to verti-
cal ratio is lower than 1072, and that the spatial homogeneity
of the vibrations across the bottom plate is within 1%.

We carry out experiments with embedded chains consisting
of various numbers, N, of hollow metal beads with a diameter
ap = (2.30 £ 0.05) mm, and an average center-to-center dis-
tance o = (3.10 = 0.05) mm in quasi-two-dimensional baths
of active or passive disks. The active bath is composed
of polar, self-propelled grains, which are micromachined
monodisperse copper-beryllium disks with a diameter dy =
4 mm, and an off-center tip and a glued rubber skate located
in diametrically opposite positions; these raise the total height
of the disks to 7 =2 mm. The two “legs” have different
mechanical response endowing the particles with a polar axis.
At the working frequency, the disks perform a persistent
random walk, with a speed vy = (4.59 + 0.01)dy/s and a ro-
tational diffusion constant Dy = 0.76 rad? /s. Together, these
two measurements can be combined to obtain a persistence
length & = 7%vy/(2Dy) = 14.6d, [19].

The passive bath is composed of isotropic grains, which
are disks made of the same metal, the same diameter, and the
same height, but that are rotationally invariant. The contact
with the vibrating plate results in the disks executing a random
walk with diffusion constant D = (0.78 + 0.0l)dg /s.

In addition to being confined between the two horizontal
glass plates, the disks are constrained horizontally by a flower-
shaped boundary [see Fig. 1(a)], which frustrates the tendency
of active particles to accumulate at flat or concave walls
[20-22]. The area fraction within the cell boundaries is held
constant and equal to ® = 0.088 throughout the experiments.

For each trial, we take images with a CCD camera at 30 fps
for 10 min and track the positions of each link of the polymer
chain as a function of time so that a typical trial produced
18 000 images. We then exclude from our data all images in
which any bead of the chain is located within approximately
5d, from the boundary.

III. POLYMER SHRINKING

To check whether our model polymer chains expand or
contract in the active bath relative to the passive bath, we
measure their radii of gyration for each time step by first
computing the gyration tensor: S,g = vazl Aa;AB;, where
o, B €x,y and Aw; and AB; are the o and B positions of
a monomer in the chain relative to the center of mass of
the polymer chain; the index i runs over all monomers. The
gyration tensor is symmetric and has two real eigenvalues,
A2 > Aj, so that A, is the eigenvalue corresponding to the
maximum one-dimensional radius of gyration. The squared
radius of gyration is then Rﬁ = Tr(S) = A1 + X,, correspond-
ing to Rz = Z?’:l(Ax? + Ay?).

Figures 1(b) and 1(c) show the probability distribution
functions of our measured radii of gyration for the polymer
chains immersed in both passive and active baths, respec-
tively, with the radius of gyration scaled by No. With this
scaling, the maximum end-to-end length of the polymer
is R../(No) =1, corresponding to a maximum radius of
gyration equivalent to that of an infinitesimally thin rod: 1{;—; =

(f_lﬁz K2dx)1/? = /T/12 ~ 0.29.

0.0 0.1 0.2 0.3 30 60 90

Ry/(No) R

9/ N

FIG. 1. (a) A typical image of an experiment with the flower-
shaped cell highlighted in white. The beads of the chain have been
highlighted in colors that range from blue (dark) to yellow (light)
from one end of the chain to the other. (b) The probability distribution
functions for R,/(No) for three different chain lengths in a passive
bath. In these units, higher N corresponds to lower « in equilibrium
systems, which results in lower radii of gyration. (c) The probability
distribution functions for R,/(No) for five different chain lengths
immersed in the active bath. (d) (R,)/o for passive (purple squares)
and active (red circles) baths. The black line represents Ry, corre-
sponding to a self-avoiding random walk.

In a bath of passive particles, the shortest chain, with
N = 32 monomers, acts like a very stiff polymer, with the
most probable value of R, near the maximum value [see
purple squares in Fig. 1(b)]. In this case, the chain is almost
always fully extended. As N increases, the relative radius
of gyration R,/(No) begins to shrink. This is because poly-
mer chains with normalized length L/(No) = 1 contain more
Kuhn lengths; we are thus increasing the polymer length rela-
tive to its persistence length.

When we instead immerse the polymer chains in the active
bath, we find that they possess a much lower R,/(No) for a
given length [see Fig. 1(c)], indicating that to leading order,
the chains effectively have a decreased Kuhn length in the
active bath, making it more flexible; this is in agreement with
the simulation predictions in Refs. [10,12].

We summarize these results in Fig. 1(d), where we show
that both the chain immersed in the passive bath and the chain
immersed in the active bath, both follow the expected Flory
law R, ox N3/4, at least within the contour lengths we are
able to study. This is consistent with computer simulations
[10]. Figure 1(d) also shows that the average R, for the chain
immersed in the active bath is always smaller (red circles)
compared to the passive bath (navy squares), consistent with
the chain in the active bath having a shorter Kuhn length.
Because the physical stiffness of our chain has not decreased
in reality, the increased flexibility of the chain in this case, can

064606-2



POLYMER-CHAIN CONFIGURATIONS IN ACTIVE AND ...

PHYSICAL REVIEW E 106, 064606 (2022)

FIG. 2. (a) A chain with N = 45 in a nearly fully extended con-
figuration. (b) The chain in a more tightly confined configuration.
(c) The chain in a hairpin configuration. The lines represent the
principal axes of the configuration and their length is 2v/A.

be taken as a sign of an increased effective thermal energy of
the bath, kgT.¢, which is often considered as one of the main
effects of activity in low density systems [23-27].

Overall, our results might seem to suggest that the pri-
mary effect of the active bath is to increase the effective
temperature. However, we shall see now that the active bath
cannot simply be mapped onto a passive one, as we also find
remarkable differences in the typical shapes adopted by the
chains in active and passive baths.
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IV. HAIRPINS AND COILS

Simulation work has predicted that, in addition to shrink-
ing, polymers in active baths are much more likely to adopt
hairpin configurations [11,13]; these contain a single promi-
nent bend and are otherwise extended. One way to measure
the prevalence of this type of configuration is to measure
the so-called acylindricity of the polymer chain and compare
it to its radius of gyration. The acylindricity is defined as
A? = %, and it measures the relative difference between

the one-dimensional radii of gyration. If these radii are equal,
as in the case of a uniform circle or a square, then A = 0.
Conversely, A is maximum for a line, which has A; = 0 and
A=1.

Simultaneous measurements of A? and R, thus allow
detecting whether our polymer chains adopt hairpinlike con-
figurations. As an example, consider the three configurations
shown in Figs. 2(a)-2(c). We have added lines that repre-
sent the lengths and orientations of their principal radii of
gyration to more easily compare them with each other; each
double blue line has a length of 24/A,, and each red line has
length 24/41. The configuration in Fig. 2(a) has A> = 0.95 and
R,/(No) = 0.26, which are near their maximum possible val-
ues. The acylindricity is large because A, > Ay, and R, is also
large because the polymer is fully extended. In comparison,
the configuration in Fig. 2(b) is spread out more isotropically,
corresponding to A; &~ A, and a smaller acylindricity A> =
0.31. At the same time, the chain is more compact, which
reduces the radius of gyration to R,/(No) = 0.11. Figure 2(c)
shows an example of a hairpin configuration with A% = 0.98
and R, = 0.14. The acylindricities of these configurations are
very high, because the hairpins are highly anisotropic, but they
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FIG. 3. [(a)-(c)] The measured prevalence of conformations with various R, and A? for polymers with N = 32, 45, and 78 monomers,
respectively, immersed in a passive bath. [(d)—(f)] The prevalence of conformations for polymers with N = 32,45, and 78 monomers,

respectively, immersed in an active bath.
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FIG. 4. (a) An example of a chain in a passive bath depleting
to the boundaries. Once this happens, the chain never returns to the
bulk. (b) An example of a chain coiling in a passive bath. This is also
a steady state as the grains cannot exert any force that would uncoil
the chain.

have much lower values of R, relative to the values expected
for a fully extended chain.

We find that our polymer chains adopt many more hair-
pin conformations when immersed in active, as compared to
passive, baths. Figures 3(a)-3(c) show the probability of con-
formations in a passive bath in terms of R, and A2, for polymer
lengths corresponding to N = 32,45, and 78, respectively.
The color scale represents the probability of the polymer
having the given R, and A?; note we scale the probabilities
for each trial by the highest probability in that trial, so that
all plots can be shown with the same color scale. In passive
baths, the radius of gyration and acylindricity of the polymer
chain are closely related; there is little spread in the data
corresponding to the largest probabilities. Any reduction in
R, is thus accompanied by a reduction in A?. In contrast, for
active baths, there are many more conformations with low R,
for a given A? [Figs. 3(d)-3(f)], indicating the presence of an
appreciable number of hairpin configurations; this agrees with
expectations from computer simulations [13].

We also note that, when immersed in passive baths, the
polymer chain occasionally reaches a steady-state configura-
tion where it is completely depleted to the wall, such as that
illustrated for a chain with N = 100 monomers in Fig. 4(a).
This is never observed in the presence of active baths, as we
always find active particles near the wall that are able to even-
tually push the chain back into the bulk of the experimental
cell.

In other instances also in passive baths, we find that the
polymer collapses into a coil, as illustrated in Fig. 4(b). This
coiled configuration is the same as the one found in the
simulations in Ref. [28], albeit in this case, the polymer is
inside a chiral active bath composed of self-propelled particles
with a nonzero angular velocity in addition to their directed
motion. Additional experiments would be needed to assess
whether there is some hidden chirality in our setup with pas-
sive particles or if the spiral configuration is just stable in two
dimensions when the particle density in the bath is low enough
so that no particles from the bath are trapped within a loop
configuration of the polymer.

V. CONCLUSION

In this paper, we have used a well-studied two-dimensional
system of self-propelled particles to explore the configurations
of a passive polymer embedded in an active bath. Our results
show that, in both passive and active baths, the average radius
of gyration increases with the number of monomers in a
manner consistent with the Flory scaling law of equilibrium
polymers. This makes it tempting to compare the effect of the
active bath to an escalated effective temperature. However,
by comparing simultaneous measurements of the radius of
gyration and acylindricity of the polymers, we verify that the
activity of the bath changes the configurations of the polymer,
skewing the likely configurations towards those that are more
hairpin-like, i.e., configurations with a single prominent bend
caused by one or more active particles briefly penetrating
and dragging the polymer. Importantly, in our passive par-
ticle bath, the polymer can adopt steady-state configurations
not seen in our active particle bath; these configurations cor-
respond to polymer chains that are either depleted to the
boundary of the cell, when by chance, there are no particles
between the chain and the wall, or to spiral states, when the
polymer begins to close on itself with no particles inside the
loop.

Our results verify various predictions from simulations of
passive polymers in an active bath and may be a step towards
further understanding of polymer collapse in a variety of bio-
logical situations.
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