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quality of the embedding solvent described in terms of an effective monomer-monomer interaction.

Specifically, by extracting the Flory exponent of the active polymer under different conditions, we are

able to pin down the location of the coil-globule transition for different strength of the active forces.

Remarkably, we find that a simple rescaling of the temperature is capable of qualitatively capture the
dependence of the @-point of the polymer with the amplitude of the active fluctuations. We discuss
the limits of this mapping, and suggest that a negative active pressure between the monomers, not

unlike the one that has already been found in suspensions of active hard spheres, may also be present

in active polymers.

1 Introduction

Many of the important dynamical properties of biological poly-
mers such as actin filaments and microtubules are due to their
out-of-equilibrium behavior. Using ATP (Adenosine triphosphate)
or GTP (Guanosine triphosphate) these filaments are capable of
powering their locomotion and exert significant forces against the
cell membrane. This idea of generating local forces by capitaliz-
ing on available energy sources in the environment is at the fore-
front of the research on active materials, and includes the study
of all those biologicalm or synthetic systems containing compo-
nents that can be driven far-from-equilibrium by exploiting local
chemical, electrical or thermal gradients?.

Among the many varieties of synthetic active system, the study
of active polymers has seen a recent burst in theoretical activi-
tieslSHEIBHIE (see alsolZ for a brief review on the subject and refer-
ences therein). This is because active polymers can be considered
as a minimal model where the competition between thermody-
namic and active forces can be systematically studied in a system
that can also undergo conformational transformations.

Broadly speaking, two models for active polymers have been
put forward. In the first model activity is introduced as a local
force that is tangential to the backbone of the polymer at every
point, and it is appropriate to describe the collective behavior of
suspensions of active filaments interconnected by molecular mo-
torsT81% or strings of Janus dipolar particles?9, In the second
model, developed to mimic the behavior of a passive filament un-
dergoing random active fluctuations in an embedding active fluid,
the direction of the active forces applied to each monomer is sub-
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ject to random brownian rotations.

For this second active Brownian polymer model, a number of
studies have measured the radius of gyration, R, of the polymer
as a function of the strength of the active forces, and found a
non-monotonic dependence on the strength of the active forces
for self-avoiding chains. The polymer undergoes a small com-
pression for intermediate activities and re-expand when the ac-
tive forces become sufficiently large; yet, for a fixed active force,
R, is expected to follow the Flory scaling law exhibited by its pas-
sive counterpart81521H23 when plotted as a function of N (at least
for activities that are not too large). This non-trivial result sug-
gests that some of the statistical methods used to study passive
polymers could be also used to understand the behavior of ac-
tive polymers. We have recently shown that such a mapping can
only be applied under specific circumstances when dealing with
active polymers under confinement2X. In this paper, we explore
another important property of polymers, one that is at the core of
their biological function and phase behavior: the coil-to-globule
transition, that takes place when a flexible polymer is in the pres-
ence of a bad solvent2#25, The radius of gyration of a flexible
self-avoiding polymer in a good solvent scales with its size, N, as
Rg ~ NY with v ~3/(2+4d). Here d is the dimensionality of the
embedding space. When the polymer is immersed in a bad sol-
vent, it collapses into a globule and its radius of gyration scales
asR, ~N 1/d_When the repulsion between the monomers exactly
matches their effective attraction generated by solvent avoidance,
+at the polymer ® temperature, the polymer behaves ideally and
follows the universal scaling law R, ~ N 1/2In this paper we show
that the same transition holds for active polymers, and that a sim-
ple theoretical framework can be used to understand how the
active forces affect the behavior of the polymer undergoing this
transition.
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2  Model

Our model for a three dimensional flexible, self-avoiding active
polymer consists of N monomers of diameter o linearly connected
with harmonic bonds. Each monomer of the polymer chain un-
dergoes Brownian motion in three dimensions at a temperature 7'
and is subject to an active velocity of magnitude v, according to
the following translational and rotational equations of motion:

L SHO+ 9,20+ VADE() ™
W0 _ /2Dt 0) < a0). )

Active forcing is directed along a predefined orientation unit vec-
tor § centered at the origin of each monomer and undergoes ro-
tational diffusion. The translational diffusion coefficient D is re-
lated to the temperature and the translational friction y via the
Stokes-Einstein relation D = kgTy~!. Likewise, the rotational
diffusion coefficient, D, = kgTy', with D, = 3Dc2. The sol-
vent induced Gaussian white-noise terms for both the transla-
tional £ and rotational &, motion are characterized by (£(z)) =0
and (84 (1)Eg(t')) = 8pd(r —1'), where a,B € {x,y,z}. f(t) in-
cludes the monomer-monomer interactions and the harmonic
forces holding the polymer together. Harmonic bonds of the form
Uy = %k(rij+1 —0)? ensure chain connectivity. Here r;;. is the
distance between consecutive monomers along the chain, and &
is the spring constant. The monomer-monomer interaction forces
are described by a Lennard-Jones (LJ) isotropic potential of the

form b .
c o
Y= [(m) () } @

The interaction extends up to a cut-off distance of 2.5¢, and is
there to impose self-avoidance between the monomers (the repul-
sive part) while simultaneously mimicking the effective attraction
between the monomers due to the presence of a bad solvent. In
our simulations ¢ and kg7 are used as the units of length and
energy scales of the system, while T = 62D~! is our unit of time.
To quantify the strength of the active forces it is useful to intro-
duce the dimensionless Péclet number defined as Pe =v,0/D. In
this study, we consider a set of interaction strengths in the range
€€ (1,10)kpTy, and k = 500kg To/cr2 is set to be large enough to en-
sure polymer connectivity while simultaneously minimizing bond
stretching that could arise from the action of the active forces.
The equations of motion of the monomers were integrated using
Brownian dynamics with a time step Ar € (1074,2.5 x 107°) de-
pending on the temperature and the active velocity considered,
and all the simulations were iterated from 5 x 108 to 10° steps.

3 Results and Discussion

We started our numerical simulations by characterizing the ®-
point for our polymer model. This is done by fixing the interac-
tion energy to € = 2.5kgTy and analyze the statistical properties
of the polymer at different temperatures. To determine the scal-
ing exponent of the polymer with its size under different system
conditions, we used a combination of the scaling of the radius of
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Fig. 1 Scaling exponent v for the activity-induced and temperature-
induced coil-globule transition of a self-avoiding polymer with monomer-
monomer interaction strength &€ = 2.5kgTy. The bottom horizontal axis
refers to the data of an active polymer going through the transition as a
result of activity fluctuations expressed in terms of the Péclet number Pe,
whereas the top horizontal axis refers to the temperature-induced tran-
sition for a passive polymer resulting from a temperature change T/Tj.
The inset shows the energy of the polymer per number of monomers as
a function of temperature for the passive polymer. In this case E/N in-
cludes both the interaction energy between the monomers and the bond-
stretching energy of the chain.

gyration and the static structure factor defined as

1 /¥ 1 /¥y
e p(F o n)s s (£ £ v
oy P

i=1

where R, is the center of mass of the polymer and g is the wave
vector. In fact, for sufficiently large polymer chains, the structure
factor satisfies the scaling relation

S(q)e<q V", (5)

within the range R,' < ¢ < 6~!. We considered polymers of
length N € (32,512) for the radius of gyration scaling and N=512
for the static structure factor scaling. At low temperatures, we
observe the expected globular state of the polymer characterized
by an exponent v = 1/3. As the temperature is increased towards
its ® temperature and beyond, the size exponent increases up to
a value around 0.58, the one expected for the coil state. Figure
data in red, shows the size exponent v as a function of tempera-
ture T for the passive polymer. The inset in the same figure shows
how the average energy per monomer of the chain changes with
temperature?®, and we find this to provide an accurate estimate
of the ® temperature of the polymers. Two distinct regions of dif-
ferent heat capacity can be distinguished from this plot of energy
variation with temperature. The ® temperature is kgTg = 6.16,
corresponding to a ratio €/kpTy = 0.406.

Next, we considered the same analysis for an active polymer
and varied the magnitude of the activity, Pe, while keeping tem-
perature and ¢ constant. Figure[l] in blue, shows how the scaling
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exponent changes with Pe. Our results show a transition curve
quite similar to that observed for the passive system. When the
strength of the active forces is much larger than of the monomer-
monomer interactions, the polymer is well characterized as a flex-
ible coiled structure with a size exponent v ~ 0.6. Corresponding
to a good-solvent condition for the active polymer. As the activity
is lowered, a sudden transition to the globular, compact confor-
mation, with a size exponent v ~ 1/3 occurs.
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Fig. 2 Plot showing the relation between the € and corresponding activity
Peg at the ®-point of the activity-induced coil-globule transition of a
polymer. The blue dashed line is a fit to the numerical data with a
quadratic dependence.

To further characterize this transition, we recomputed the tran-
sition curves for different values of the interaction strength € and
sampled over various activities, and extracted the corresponding
Péclet numbers, Peg close to the ® point of the polymers where
v =1/2. In Fig. |2| we show Peg for the different values of the
interparticle attractive strength €. The data are fitted using a sim-
ple power law of the form &/(kgTp) = 0.406 +bPeg. We find that
the exponent is compatible with a simple quadratic dependence
0 = 1.91(5) between the two parameters.

More insight into this relation can be established using sim-
ple theoretical considerations for the coil-globule transition. A
very well known result from the Flory-HugginsZ theory for pas-
sive polymers is that the coil globule transition occurs when the
second virial coefficient is equal to zero. This corresponds to set-
ting the Flory-Huggins parameter, y = 1/2, where y is defined,
in our case, via the relation [, U(r)d’r = (—4/3703)kpT(2Y).
For our model, the ® temperature is then obtained by setting
€/(kgTy) ~ 0.41, which is very close to our numerical result for
the passive case.

It was recently shown2® that the role of activity in the statisti-
cal properties of an ideal fully flexible polymer can be taken into
account by simply rescaling the temperature 7 — 7'(1 + %Pez). It
is therefore tempting to extend this mapping to our problem by
also rescaling the temperature embedded in the definition of x by
such a factor. If we do that, then the condition y = 1/2 leads to
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the relation
€ 47 2 5 2

—— = — (14 =-Pe”) ~0.41+0.092P 6

koo 3A0(+9e) + e (6)
where in the last step we used Ay ~ 10.1 to match the equation
with our model. Here A is the three-dimensional integral of our
interaction potential in Eq [3]evaluated from o to 2.50. Alterna-
tively, one could try to include the role of active fluctuations using
the active energy scale k;T; = yv*/(6D,) introduced in??. In this
case we have kg7 — kT + ky7;. Using this approximation, and
specifying the different parameters to our model, we find

€ 4rm | - 2

—— = —(1+ —Pe”) ~0.41+0.023P 7

oo 3A0(+18e) + e @)
Although both of these simple temperature mappings appropri-
ately capture the quadratic dependence of the ® point on the
strength of the active force, the pre-factor is almost off by a factor
of fifty in the first case, and by a factor of ten in the second case,
suggesting a more complex interplay between active and thermo-
dynamic forces.
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Fig. 3 Radius of gyration R, for a flexible self-avoiding polymer (in red)

and an attractive polymer (in green) as a function of the strength of the

active forces Pe. The data for the self-avoiding polymer

are taken with a polymer of N = 256 monomers in a good solvent
obtained by setting the cutoff of our interaction to 2!/c. The
data for the attractive polymer contains N = 512 monomer and
an interaction strength set to € /kgTy = 2.5 with cutoff at 2.5¢.

Both data sets are normalized by the corresponding values of R,

at Pe =0.

This mismatch should not come as a surprise. For instance, its
already known, as we discussed earlier, that even for a simpler
system, an active self-avoiding flexible polymer, the radius of gy-
ration has a non-monotonic trend with the strength of the active
forces, a behavior that cannot be understood with a simple tem-
perature mapping of the activity'22/23:30131]

To make this more specific, we show in Fig.[3|how the radius of
gyration of a self-avoiding polymer in a good solvent, obtained by
setting the interaction cutoff in our model to 2!/95, depends on
Pe for a polymer of N = 256 monomers. We observe a minimum
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of the radius of gyration for Pe ~ 10, and importantly it shows
how for Pe < 30 the value of R, is smaller than that of its parent
passive polymer. This result illustrates that for moderate activ-
ities, the self-avoiding polymer is always more compact than a
passive polymer, and seems to suggest that adding an explicit at-
tractive monomer-monomer interaction should lead to a collapse
of the polymer for smaller values of € when compared to its pas-
sive polymer counterpart. Our numerical results clearly show that
this is not the case for any value of Pe. In the same figure, we also
show the radius of gyration of an active polymer with attractive
monomer-monomer interactions (initially in the collapsed state
when Pe = 0) as a function of the Peclet number. In this case we
observe a monotonic increase of R, with Pe, suggesting that in
this case activity always acts as an effective repulsion.

Although as discussed above a straightforward mapping does
not seem obvious, it is nevertheless reasonable to make an anal-
ogy between our active polymer and a system of active spheres.
For an active suspension of hard spheres, it is well known that un-
der the appropriate conditions an effective active negative pres-
sure among the particles?? can develop. This negative pressure,
whose role becomes dominant for sufficiently large densities and
activities, is ultimately responsible for the motility induced phase
separation (MIPS) observed in this system (see for instance2232)),

The connectivity of the chain clearly makes our system differ-
ent than an unconstrained suspension of active particles. In fact,
for instance, we never observe a collapse of the chain in the ab-
sence of attractive forces (MIPS). However, we suspect a nega-
tive pressure-like term may also be present in this case, may be
responsible at moderate activities for the size reduction of the
active self-avoiding polymer, and it partially counteracts the en-
hanced active fluctuations that we mapped into an effective tem-
perature. The net result should be a weakening of the ® — Pe
dependence as observed in our numerical calculations. Interest-
ingly, unlike the case of a self-avoiding polymer in a good solvent
in two-dimensions, the ratio R, /R, (Pe = 0) is not always smaller
than one for all Péclet numbers as observed in?€, indicating that
this negative active pressure must be relatively larger when the
polymer is confined to fluctuate in a two dimensional plane.

4 Conclusions

In this paper we considered the behavior of an active polymer sub-
ject to effective inter-particles interactions mimicking the proper-
ties of a good and bad solvent. This study focused on the ® tem-
perature of an active polymer, and established its dependence on
the strength of the active forces.

We found that a simple rescaling of the temperature provides
a correct power law dependence (quadratic) between the ratio
€/(kgTp) and the active speed of the particles Peg, however, the
prefactor is at best one order of magnitude smaller than expected.
Using a mean-field theory approach appropriate for passive poly-
mers, we suggest that an effective negative pressure term, well
established for suspension of active hard spherical particles, also
exists for active polymers, has a quadratic dependence on Pe, and
effectively increases the strength of the monomer-monomer in-
teractions leading to a weaker ® — Pe dependence than expected
from a simple temperature rescaling.
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It should be stressed that it is quite remarkable that a simple
re-scaling of the temperature is capable of capturing the most es-
sential scaling features of an active polymer even at its ® point.
Although we have not considered the effect of hydrodynamic in-
teractions in this study, as our goal was to first understand within
the framework of dry active matter the interplay between active
and thermal fluctuations, it would be interesting to perform such
a study and evaluate whether significant differences in the scaling
laws may appear. Efforts in this direction are underway.
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