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ABSTRACT: We perform molecular dynamics simulations on star polymers with different functionalities in
solvents of various quality. The radial distribution of the monomers around the star center follows the predictions
stemming from scaling theory. We demonstrate that not only the scaling but also the diffuse regime of the chains
far from the center can be described by universal functions predicted from theory. Moreover, we measure the
effective force between two such stars and show that it is purely repulsive for athermal solvents, with the repulsion
being reduced for worsening solvent quality and an attraction appearing at intermediate star distances close to
®-solvent conditions. A mean-field-type analytical approach is set forward to calculate the effective potential
between star polymers not too close to the estimated ® point.

I. Introduction

Star-shaped polymers' are a very important class of branched
macromolecules. Because of their particular architecture, which
consists of f arms attached to a common center, they serve as
soft colloids that bridge the gap between hard spheres and
polymer chains.>* Star polymers also serve as excellent systems
for describing the shapes and phase behavior of block copolymer
micelles, for which recent experiments have established the
occurrence of liquid-fce-bee transitions,*> which is in agreement
with theoretical predictions for star polymers.’ Because the
functionality, f, serves as a means to control the softness and
penetrability of the stars, their rheological properties are quite
distinct from those of hard spheres.6’7 Indeed, the vitrification
behavior of athermal star polymers, although it can be cast in
the language of crowding and caging, as is the case with hard
spheres,® also hides a host of surprises when mixtures of stars
with homopolymer chains® or with smaller star polymers are
considered.'™"" Here melting and re-entrant vitrification to a
variety of novel arrested states has been found by a combination
of experimental and theoretical efforts.

Apart from the functionality, f, there also exist other ways to
tune the conformations of star polymers and the ensuing softness
of the effective interactions'*'? between the same. One pos-
sibility is offered by charging a fraction of the monomers along
the backbone of the arms,'*~'® allowing control via the pH and
the salinity of the solution. Within the realm of neutral stars,
one can affect the quality of the solvent by changing the
temperature, T typically, the quality of organic solvents worsens
with decreasing T; the opposite is true for aqueous solvents.
The vast majority of investigations on star polymers to date
has focused on the case of athermal solvents, which can be
modeled by a purely repulsive monomer—monomer interaction.
Much less is known about solvents of worsening quality, which
are modeled by additional long-range attractions between the
monomers induced by unbalanced van der Waals forces. The
standard analytical model describing the conformations of stars
dependent on solvent quality, f, and arm degree of polymeri-
zation, N, is attributable to Daoud and Cotton'” and is known
as the ‘blob model’; we will return to it in detail below.

The © point for a given system is defined as the Boyle point,
that is, the point at which the second virial coefficient between
two such particular molecules becomes zero. However, for a
fixed Hamiltonian, for example, fixed bonded and nonbonded
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monomer—monomer interactions in a star polymer, it will
depend on N as well as on the functionality. Only in the limit
N — o does the Boyle point becomes independent of the
topology. Irrespective of the precise location of the ® point for
a given star polymer, the fact remains that when solvent quality
worsens, the effective attraction between the monomers in-
creases. The associated changes in the form and effective
interactions between thermal stars are of high current interest
because of the possibilities that open up in steering macroscopic
properties via temperature changes.

Although a number of simulation studies have been devoted to
star polymers in good or athermal solvents,'® > simulations of
star polymers in thermal solvents are more scarce. A very
important work, published 20 years ago, was carried out by
Batoulis and Kremer.>* They performed extensive on-lattice
simulations of stars with up to f = 12 arms to determine the
location of the © temperature for stars and its relation to that
of individual chains. It was established that the ® condition
for stars is fulfilled at a lower temperature than that for chains,
and it approached the latter from below as N — oo. Bishop and
Clarke® employed Brownian dynamics simulations to examine
the scaling of the radius of gyration, Rg, with the degree of
polymerization, N, dependent on the solvent quality. They found
RE O N for athermal solvents, RE O N for ® solvents, and
R% 0 N3 for the fully collapsed state, which is in full agreement
with the Flory exponent, v = 3/5, the random-walk exponent,
Yo = 1/2, and the compact-sphere exponent, v, = 1/3,
respectively. Grest®® performed later extensive, off-lattice
simulations of stars with 3 < f < 80 arms, in which he examined
the conformations (density profiles) and distributions of the
center-to-end radius, R, of the same. By varying the solvent
quality, the transition of the scaling behavior'” of p(r) from p(r)
0 r~#? (athermal solvents) to p(r) O r~! (® solvents), where r
is the distance from the star center that lies within the corona
radius, was confirmed.

All preceding studies have been concerned with isolated stars,
aiming at a description of either the ® temperature itself or the
size and density profiles in the scaling region, in which p(7) is
a power law of r. However, a number of important issues are
still open. First, it is desirable to have a quantitative description
of p(r) for the whole r range, including the diffuse polymer
layer for r>> R, in a fashion similar to that of athermal stars.>*’
More importantly, the interactions and correlations between star
polymers in solvents of varying quality have hardly received
any attention, at least not by means of a microscopic approach.
Benhamou et al.>®*2° have employed field-theoretical methods
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to determine the effective center-to-center force F(r) between
two stars exactly at the © point. They found a functional form
F(r) = kaTAzplr In(R¥r)]™" for r < R, where kg is the
Boltzmann constant and Azy, = fifa(fi + f> — 2)/22 is a prefactor
that depends on the functionalities of the two interacting stars,
which are generally different from each other. Although this
form is exact, its validity in both the temperature domain and
its range is limited to 7 = Tg and r << R, respectively.

The issue of interactions between thermal, deformable colloids
has become of high topical interest lately because a number of
experimental studies have been performed with the goal of
exploring the question of tuning the phase behavior and the
rheology of soft particles, such as thermosensitive microgels® >
or, precisely, star polymers. An impressive manifestation of the
sensitivity of stars to temperature changes is offered by the
phenomenon of thermally reversible gelation in a concentrated
solution of the same.>*> Here a concentrated system is arrested
under athermal conditions because the stars are swollen, leading
to crowding.® However, upon lowering of the temperature, the
stars shrink, and the system liquefies and flows. The shrinking
of the stars is indeed one factor that enters the game of rheology
modification but certainly not the only one. The star—star
interactions themselves are most certainly affected by the solvent
quality. Likos et al.*® have employed an effective interaction
between stars in the neighborhood of the ® point, which leads
to a very good description of SANS data; however, this
interaction is based on self-consistent-field considerations;>”~>°
that is, it is not of microscopic origin. Furthermore, the effective
potential of Likos et al.,® although it features weaker repulsions
than its counterpart for athermal solvents,” remains repulsive
at all separations and offers no way of determining at which
temperature the attractions between the stars set in. In recent
publications, Rissanou et al.**~** employed the effective
interaction of ref 36 to rationalize the experimental findings of
reversible gelation®*° with remarkable success. The key
ingredient employed was the shrinking of the star upon
temperature changes, which implies that the functional form of
the interaction remains invariant when distances are scaled on
the star size. Despite the success of these approaches, the current
state is unsatisfactory because a precise knowledge of the
temperature-dependent form of the interaction is important to
understand fully not only reversible gelation per se but also other
phenomena, such as the adsorption of stars on surfaces** or the
dynamics of the solution and issues of convexity of the
dynamical, intermediate scattering function,***° ¢(q, £), at fixed
wavenumber, ¢, as a function of time, 7.

The purpose of this article is to address the open questions
mentioned above. To this end, we introduce a new microscopic
modeling of monomer—monomer interactions at solvents of
arbitrary quality that is free of the usual truncation problems of
the Lennard-Jones interaction and analyze conformations and
interactions for solvents of varying quality by means of
molecular dynamics (MD) simulations and theoretical modeling.
We find that the star—star interactions remain repulsive down
to temperatures above the stars’ © temperature, with attractions
developing as one approaches it. The rest of the article is
organized as follows: In Section II, we present our simulation
model and the quantities measured. In Section III, we show the
results regarding the estimation of the ® temperature for stars,
the coil-to-globule transition, and the density profiles, including
their theoretical modeling. In Section IV, we turn our attention
to the effective interaction between thermal star polymers and
compare the results of the simulation with those of a theoretical,
perturbation approach that we introduce. Finally, in Section V,
we summarize and draw our conclusions.
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II. Simulation Model

According to the widely used scaling approach for polymeric
systems, the structure of star polymers on large length scales is
mainly determined by statistics and is independent of the specific
chemical nature of the polymer, at least in the limit N > 1. It
is therefore possible to obtain the correct mesoscopic properties
from a simple microscopic model where only the relevant
molecular characteristics are incorporated. The excluded volume
effects for real polymers as well as the solvent-mediated
interactions induce long-range correlations between segments
along the chain that need to be considered in the model. Here
we employ the standard star polymer model proposed by Grest
et al.,'® which was later extended by Jusufi et al.?! to the case
of two stars, and modify it to include solvent effects to obtain
the effective interaction in thermal solvents. Although the focus
of this work is on thermal stars, we will also always show the
results obtained for the athermal case for the purpose of both
reproducing the known facts as a confirmation and providing a
comparison with thermal solvents.

A. Athermal Solvents. We employ a monomer-resolved
bead-spring model in the continuum. In this case, the effective
monomer—monomer interactions are purely repulsive because
the combined effect of the bare monomer—monomer, mono-
mer—solvent, and solvent—solvent interactions is to cancel the
dispersion forces between monomers that operate in the absence
of solvent. The steric interactions between any pair of monomers
at a relative distance, r, are modeled via the purely repulsive,

truncated and shifted Lennard-Jones potential,so vo(r)
OLJ)IZ (OLJ)6 1] 1/6
4ell =] = =) + =] r =20
vy(r) = 6[( r r 4 )
0 r> 2”60LJ

where the interaction strength, €, will be the unit of energy and
the monomer diameter, oy, will be the unit of length. The
monomers constituting a chain are held together by connecting
sequential monomers with inelastic springs whose interaction
is described by the so-called finite extensible nonlinear elastic
(FENE) potential v.,(r)

—lk &zlnl_Lz r<R
vy () ={ 2 ™NE\g, R, )

) r>R,

In our simulations, we set the maximum elongation length
to Ry = 1.501; and the spring constant to kggng = 30€. The f
polymer chains (functionality of the star) are connected to a
central core particle whose radius, R., is large enough to avoid
overlaps of the innermost monomers. Its larger size with respect
to the monomers requires a slightly modified interaction, which
is achieved by shifting the monomer repulsions and bonds over
the core radius and adding a central hard core repulsion. This
results in a monomer-core repulsion 2§(r) and bonding interac-
tion vg,(r)

S r <R,

Vo) = wyr — R) 7> R, 3)
c ) r <R,

Uch(r) = vch(r — Rc) r> Rc (4)

where the latter interaction is restricted to the first monomer in
each polymer chain only. The size of the core particle follows
from assuming an even area distribution for the innermost
monomers and hence depends explicitly on the functionality of
the polymer by
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R. = —10 Vf
c 4 LI f (5)

In the MD simulations performed on this model, we imple-
mented the velocity Verlet algorithm®” to integrate the equations
of motion and fixed the temperature at 7, = 1.2¢/kg using a
Berendsen thermostat.>> Time is measured in units of 7 = (mot,/
€)', and up to 10°—107 time steps of 6t = 0.0037 have been
used for the simulations, with an appropriate fraction of them
for the equilibration of the system.

The quantities measured are presented below. The radius of
gyration, Rg, as well as the monomer density profile, p(r),
around the star center are the two measures of the extension
and the profile of single stars. The former is defined as

| Nf Nf
R2 = |:| .= .ZD 6
by Z ;(r, r) (6)

where r; is the coordinate of the ith monomer and Ll.[ldenotes
the statistical average. The latter is given by the relation

Nf
p(r) =0y o@F — 0 @)
i=1

where F; is the coordinate of the ith monomer and r is an
arbitrary point in space, both measured in a coordinate system
with the origin at the star center; finally, » = Irl.

The effective force, F;, acting on the center of the ith star is
a quantity that can be measured in a simulation involving two
stars; evidently, F; = —F,. By fixing the core particles of two
star polymers at positions R; and R,, we can measure their
effective interstar force as function of their relative distance, D
= IR, — Ryl. If we denote the position of the /th monomer in
the kth arm of star polymer, i, by rf?, then we can write the
average force, F;, on the center of star i as a canonical average
over all L] interaction of the monomers of both stars and the
FENE interaction of the innermost monomers with only the
central core

N
> > vl — R +
k=1 =1
f

> vir} — RDIO®)

k=1

F(D) = O-Og

2 f
J=1

B. Thermal Solvents. By choosing an adequate combination
of monomers and solvent, it is possible to make the effective
interaction between polymer segments attractive;>> this corre-
sponds to a worsening of the solvent quality. In this case of
dominant van der Waals interactions, the system can mini-
mize its energy by minimizing the interface between monomer
and solvent particles. This results in an effective attraction
between monomers, provided that the temperature is small
enough. When the thermal energy is larger than the decrease in
energy for two monomers approaching each other, this attraction
can be neglected and good solvent conditions are obtained. In
simulations without explicit solvent, such as the ones we per-
form here, this effect is usually modeled by a modification of
the monomer—monomer interaction of eq 1, which reads>®>*

V(1) =
o) (ULJ)6 ~[ou\® | [ou)®
(52 I o I I O R

0 r>r,
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Figure 1. Effective monomer—monomer interaction, eq 10, for different
solvent qualities, as modeled by the parameter A.

where r. is varied to tune the attractions. The choice r.= 20y,

yields the athermal conditions of eq 1, whereas r. > 2"gy;
models worsening solvent quality, with the attractions becoming
stronger as r, grows.

A slight drawback of the modeling via eq 9 above is that
the force fom(r) = —dvmm(r)/dr is discontinuous at r. for
re > 2015 To avoid this problem, we proceed here with a
different modeling of the attraction strength by introducing the
interaction parameter A, which plays the role of an inverse
temperature and modifies the bare monomer—monomer interac-
tion, vy(r), by adding an attractive contribution to it as follows

VmT34) = vo(r) + Av,,(r) (10)
where the effective attraction potential, v, (r), is given by

1
—€ r=2 /(’ou

i [ R )
r r

Apart from fixing the force discontinuity problem, this approach
also has certain advantages for the theoretical description of
the effective star—star force (Section 1V), because it allows us
to set up a perturbation theory approach to this quantity using
A as an expansion parameter. Our approach is similar to the
one employed by Steinhauser’ in his study of polymer chains
in thermal solvents, albeit with a different modeling of the
attractive part, v,(r). The expectation values of the quantities
of interest presented in Section II.A, eqs 6—8, were calculated
in the same way as those for thermal solvents, with the formal
substitution vo(r) = Vum(r;4). Clearly, A = 0 brings us back to
the athermal limit, whereas the solvent quality effectively
worsens as A grows; the original, full Lennard-Jones interaction
is obtained for 4 = 1. In Figure 1, the segment—segment
interaction potential is shown for different solvents.

II1. Single Stars

A. Coil-to-Globule Transition. To investigate the coil-to-
globule transition and to estimate the location of the ® temperatures
for the stars, we have performed simulations of our star polymer
model, restricting ourselves to stars with functionalities f= 10, 18,
and 30 and a polymerization per N = 50. The shape and size of
polymers strongly depend on temperature and the chemical
composition of the system under consideration. They range from
a swollen coil for the athermal solvent to a compact globule for a
poor solvent, as is illustrated in Figure 2. Following the direction
of the arrows there, we see that for A = 0, the athermal case,
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—

—

Figure 2. Simulation snapshots of stars with functionality f = 30 to illustrate the coil-to-globule transition going from the athermal solvent to the
poor solvent. The values of 4 (following the arrows) are: top: 0 — 0.10 — 0.20; middle: 0.30 — 0.35 — 0.41; bottom: 0.50 — 0.60 — 1.00.

the stars are swollen by virtue of the repulsive forces between
the monomers. Upon increasing the parameter A, the solvent-
induced effective attraction between the monomers leads to a
shrinking of the star. In the intermediate range of 1 values,
corresponding to solvents in the vicinity of the ® point, the
star is no longer fully swollen, nor is it compact, as can be
seen from the snapshots. If A is increased even further, then
one enters the poor solvent regime, and the star collapses to a
compact globule. The dependence of the gyration radius, Rg,
on A is shown in Figure 3a, which displays a steady decay as A
grows, featuring inflection points in the vicinity of 2 = 0.4.
To estimate the ® point of the stars, we take advantage of
the scaling predictions of the blob model of Daoud and Cotton.'”
According to it, the star size, characterized by the radius of
gyration, Rg, scales as Rg [ N**f for athermal solvents and
R O N2 for © solvents. The latter can be exploited, as is
shown in Figure 3b, to obtain an estimation of the ® point by
plotting the scaled radius of gyration Rg/(N'"?f""*) versus A and
determine the point of intersection of the curves corresponding
to stars with different functionality. If the Daoud—Cotton scaling
were fulfilled, then a single point of intersection would have
been obtained; instead, we obtain a region in which all three
curves run close to each other and which is centered at g =
0.48. We therefore take the latter value to be an estimate of the
©® point. The method employed here is similar to the one used

for linear chains by Steinhauser;> the difference is that we use
the functionality to increase the total number of monomers per
molecule.

The © point is not a single defined quantity for all stars with
a given monomer—monomer interaction, but rather it depends
on the given values of fand N. This is not surprising because
the connectivity of the arms of the star as well as their lengths
result in different monomer concentrations in central and outer
regions, which lead to variations in the value of A corresponding
to the © solvent. In this sense, it is more appropriate to speak
about a © region for the stars. Only in the limit N — oo do the
© temperatures of stars and linear chains coincide, at which
point they also become f-independent.?*

B. Density Profiles. With the goal of examining the star
polymer conformations, we consider the radial density profile,
p(r), to be a function of the distance, r, to the star center,
obtained from simulations via eq 7. In Figure 4, we show the
density profiles obtained from our simulations of a star with
functionality f = 30 and for an athermal (4 = 0) and close to
the © solvent (A = 0.41). As expected, the monomers for the
lower quality solvent are located closer to the center of the star;
that is, the density profile shrinks, and it also appears to decay
faster than that of the athermal star at the periphery.
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Figure 3. Simulation results for (a) the radius of gyration, Rg, as a
function of the solvent quality. (b) The intersection of the scaled radius
of gyration for different functionalities indicates that the coil-to-globule
transition lies at A = 0.48.

o
o

o ¢
=
o T T e

o
o

()
o
o~

3
P

o

%

GLJ
o
o

S~
P SIS N R MR NS S i £ SRS L

5 10 15 20
r/c5LJ

o

o
)
5

Figure 4. Simulation results for the density profile, p(r), for a star with
functionality f = 30 in athermal (A = 0) and close to © solvent (A =
0.41) plotted against the distance from the center, r, in units of the LJ
diameter, oy ;.

A starting point for a quantitative description of the profiles
is offered by the Daoud—Cotton blob model for athermal and
O solvent for stars with sufficiently long arms. The blob model
states that in the scaling regime in the interior of the star, the
following power-law dependencies of p(r) on r hold'’
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P O 7™ (12)

po(r) O 7! (13)

In the outer region of the star, the scaling behavior of the density
profile is no longer valid. It can rather be described as a dilute
polymer solution, for which the local density is proportional to
the local osmotic pressure I1(r) [J p(r). The latter takes the
form?’

o) O [L + 225 exp e (14)
}"2 Rk

In eq 14 above, Ry denotes the corona radius, which, for athermal
stars, has been shown®*?’ to take the value Ry = (2/3)Rg.
Furthermore, « is the inverse decay length of the diffuse density
profile that must be on the order Rg'. Indeed, for athermal stars,
the value kRg = 0.95 has been obtained.”**’ Finally, { is a
dimensionless quantity for which an expression will be derived
below.

Following the arguments of Jusufi et a we can now
combine the scaling relation, eq 12, which is valid for r < Ry,
with the proportionality relation, p(r) U Il(r), and eq 14, both
of which are valid for r > Ry, to obtain the following ansatz for
the density profile of athermal stars

1.’27

—4/3 p—5/3
r Rk r = Rk

Pan(r) O (iz + 2/(2)R£ exp{—k’(" — R} r>R, (15
r k

Now the quantity ¢ can be determined by imposing the condition

of continuity of p,n(r) at r = Ry, leading to the value

1

C:—
1 + 2¢°R}

(16)

The validity of the density modeling of eq 15 was confirmed
by Mayer and Likos,>* who compared MD simulation results
for athermal stars with different functionalities and degrees of
polymerization.

Following the same argumentation, we set forward the
hypothesis that by combining eq 13 with eq 14 the density
profile of ®-like stars can also be modeled as

—1p—2
r Ry

po(r) U (l2 + 2/(2)£ exp{—K’(" — Rp} r>R, (7)
r Ry

r= R,

Although the expressions for p,,(r) and pe(r) are given by
different power laws in the region r < Ry, the parameter C is
given by the same expression, eq 16 for both, because it
evidently guarantees the fulfillment of continuity of the profile.
However, there is no reason to expect that the values of the
dimensionless parameters kR and Ri/Rg will be the same for
athermal and thermal stars. In fact, because ©-like stars are
more compact than athermal stars, it is to be expected that Ry
will lie closer to Rg and that the decay length in the diffuse
region will be smaller, thus leading to a higher value of kRg
than that for athermal stars. These expectations will be shortly
confirmed.

In the spirit of the coarse-graining approach and the scaling
behavior of polymeric systems, one can attempt to introduce
suitable dimensionless variables, scaling, for example, all
quantities with dimensions of length with the gyration radius
Rg, with the goal of collapsing the density profiles of stars with
different functionalities, f, and polymerizations per arm, N, onto
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Figure 5. Scaled density profiles p(x) obtained via eq 19 for stars under different solvent conditions.

universal, master curves. Indeed, the modeling of eqs 15 and
17 above is already suggesting such a possibility, provided that
the parameters kR and Ri/Rg are f- and N-independent for given
solvent quality. To test this possibility, we first use the radius
of gyration as the typical length scale. Furthermore, because
the total number of monomers is given by the product of the
functionality, f, and the degree of polymerization, N, the profiles
must fulfill the normalization condition

Ji drp(r) = Nf (18)

We thus introduce a normalized density, p(x), to be

R
p) = 700 (19)

where x = r/Rg is the dimensionless distance from the star
center. In principle, modeling of the profiles by means of eqs
15 and 17 is possible and useful if the density profiles, p(7), for
different stars collapse onto one another of scaled according to
eq 19 above.

To demonstrate the universal behavior of the radial density
profiles, we scale the MD results with the factor RE/(Nf) from
eq 19 and plot p(x) versus x for stars with functionality = 10,
18, and 30 and for various solvent qualities in Figure 5. For
small distances, x, from the star center, a shell-like structure of
the monomers around the core region is observed. The variable
size of the core as function of the functionality leads to small
shifts in the oscillations of the density in the vicinity of the

center. For sufficiently long arms, however this simulation
artifact can be disregarded, and we find a region between R/3
and Rg from the star center, where the scaling behavior is
observed. This region becomes smaller for lower solvent
qualities. For larger distances, we see the exponential decay of
the density profiles. Most importantly, we find the collapse of
the density profiles for different stars to be valid for all solvent
qualities in the range from athermal solvents to those lying close
to the © region.

The collapse of the density profiles, p(x), for various
functionalities confirms the existence of a universal curve that
for ©-like solvents can now easily be derived from eq 17. Here
we introduce the dimensionless quantities Ry = R\ /R and k =
kRg and obtain

~1p—2
x Ry

px) = A(k) (lz + 2/22)_£ exp{—&(" — R)} x> R,
X Rk

x <R,

(20)

where A(k) is a normalization factor that follows from the
constraint fd*xp(x) = 1 and is given by

— -1
A(k) = |27 + 4n§(1 + f% exp{k°R}} Erfc{kR,}
Ky

21

where Erfc(z) is the complementary error function.
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Figure 6. Scaled density profile p(x) for a f = 30 star from simulation and from theory, according to eqs 20 and 21 at (a) A = 0.30, (b) A = 0.35,

and (¢) A = 041.

In Figure 6a, we show the simulation result for the quantity
p(x) for a star with f = 30 and N = 50 at solvent quality A =
0.30, together with the fit by eqs 20 and 21. It can be seen that
although it is derived strictly for the ® solvent, the universal
expression 20 also produces good results for intermediate solvent
qualities. As anticipated, the values of the parameters k and Ry
are different and, in fact, higher than those for the athermal
solvents: the fit for A = 0.30, Figure 6a, was obtained with k¥ =
1.15 and Ry = 0.8, cf. ¥k = 0.95 and Ry = 0.667 for athermal
solvents. The cases 4 = 0.35 and 0.41 are shown in Figure 6b,
with parameter values k = 1.22 and Ry = 0.85, and Figure 6c,
where ¥ = 1.28 and Ry = 0.9. Indeed, the values depend on
solvent quality and grow with 4, as anticipated. Figure 7 shows
the original density profiles, p(r), for various A values in a
double-logarithmic representation. Here for 4 = 0, the scaling
behavior of eq 12 can be seen; the situation close to the ©
solvent, A = 0.41, for which a p(r) O r~! behavior, where eq
13 should be satisfied, is less clear because the power law does
not extend to a sufficiently broad region in r because the
individual chains are not long enough; similar results were found
by Grest.>® However, it is evident that the athermal solvent
behavior, p(r) 00 3 is already lost for solvents of intermediate
quality, A = 0.30. In this sense, the case A = 0.30 can be
characterized as lying in between the athermal and ® limits, a
fact that will also manifest itself in the results for the effective
force, shown in the section that follows.

IV. Effective Interaction

We measured the effective force between stars in the
simulation by applying the procedure described in Section II,
and, in particular, by calculating the averages over the micro-
scopic forces, eq 8. In Figure 8, we show simulation snapshots
of two pairs of interacting star polymers at close separations
for both athermal solvents (A = 0, left panel) and close-to-©
solvents (4 = 0.41, right panel). From simple inspection, it can
be anticipated that the forces exerted on the central particles
will be very different in the two cases because these are
mediated by the surrounding chains, and the latter have vastly
different configurations in the two cases. As it has been pointed
out elsewhere,”’ when comparing with theoretical models in
which the size of the central core on which the chains are grafted
is ignored, one has to correct for the presence of a small central
core in the simulation. In particular, the presence of the finite
core of radius, R, of both star polymers leads to a divergent
force at a distance 2Ry = 2R, + oy;. Accordingly, the value
2Ry will be subtracted from the center-to-center distance D for
all simulation results that follow so that the force will diverge
at D — 2Ry = 0; the forces expressed on this “shifted separation”
will then be compared with theoretical values.

Figure 7. Scaling behavior for three different values of A for a star
with functionality f = 30.

We begin with the known case of athermal solvents to confirm
established results for this situation.>?' The results for the
measured effective forces between two athermal stars are shown
in Figure 9a, together with the theoretical prediction,? F(D) =
—dVy(D)/dD on the basis of the logarithmic Yukawa effective
potential, Vo(D)

—ln(g) + ;_; D = o
5 . % 1+ Vp2
v(D) = 1of ] (ﬂ) exp _VAD — o) . D>,
1 + Vg2 \D 20,
(22)

In eq 22 above, ox = 2R is the corona diameter and is thus
related to the gyration radius, Rg, via ox = (4/3)Rg, as found in
the simulations of Jusufi et al.?! The kinks in the force versus
distance theoretical curves in Figure 9a, visible at D = oy, arise
from the fact that V{(D) is continuous only up to its first
derivative with respect to D there, a fact that has no further
consequences, however. The constant value of the ratio oy/Rg
for athermal stars, in conjunction with eq 22 above, implies
that the quantity FRg/(f"*kgT) should be a universal function
of D/Rg for D/, < 1 for all f values, and it should feature a
weak dependence on f? at larger separations because of the
prefactor, 1/(1 + f2/2), and the decay length proportional to
1/f'"* in the exponent. The inset of Figure 9a confirms this fact.
Evidently, a purely repulsive interaction between athermal stars
is obtained, with the corresponding effective potential diverging
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Figure 8. Simulation snapshots of two interacting stars with functionality f = 30 in an athermal solvent (left panel) and close-to-® solvent (right
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Figure 9. Effective force plotted against the reduced distance, D — 2Ry, between two stars under different solvent conditions: (a) athermal solvents
(A =0), (b) A =030, (c) A = 0.35, and (d) 2 = 0.41. The solid lines in panel a are the theoretical curves, and the inset illustrates that the data
collapse when scaled appropriately.

logarithmically for separations smaller than the corona diameter,

0y, and with a Yukawa-like decay otherwise. The results confirm
earlier findings by Jusufi et al.”'

as well as by von Ferber et
al.>’

Next we consider the case 4 = 0.30. As seen in Figure 9b,
the effective star—star force remains purely repulsive; the

monomer—monomer attractions, which are quite pronounced
in this case (Figure 1), are not yet sufficiently strong to bring
about net star attractions. Evidently, this is also the case for all
values of 4 < 0.3. At the same time, a very significant reduction
of both the strength and the range of the repulsive forces results.
Note that distances in Figure 9 are scaled with the gyration
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radius, Rg, under the corresponding solvent conditions so that
a reduction of solvent quality has a double effect on the
correlations of a concentrated solution of stars with a given
number density, p. First, the physically relevant, dimensionless
density pR decreases by a factor o, where o < 1 is the ratio
of the gyration radius of the star at the given solvent quality to
that under athermal conditions. Second, the effective interaction
itself reduces both its range and, most importantly, its repulsive
strength. In this sense, the results found here can offer ample
explanation of the effects of thermally reversible gelation
experimentally found for stars.**** The theoretical approach of
Rissanou et al.*°~** was based on an effective potential that
does not change its shape with temperature®® so that only the
first of the above effects was taken into consideration. The
second one further adds to the propensity of an arrested system
to flow as the temperature is lowered. In addition, our findings
corroborate the earlier, phenomenological approach to the
effective interaction between stars in solvents of intermediate
quality (but still above the ® temperature) for which purely
repulsive effective interactions were employed to describe
theoretical SANS data.*®

Some weak attractions between thermal stars appear for the
case A = 0.35, bringing us closer to the © region at Ag = 0.48.
(See Figure 9c.) The threshold for the appearance of attractive
forces therefore lies between 4 = 0.30 and 0.35, but it seems
to be closer to the former than to the latter. The attractions are
nevertheless weak, and they will barely have any effect on the
structural correlations or the thermodynamics; a concentrated
star—polymer system under such conditions will maintain
stability against a phase separation into a dilute and a dense
phase (liquid/gas coexistence). The appearance of effective
attractive forces above the ® point is also in agreement
with the findings of Krakoviack et al.>® on polymer chains, for
which the center-of-mass representation was employed. In regard
to the quantitative features of the attractive part of the force,
we see from Figure 9c that for a given solvent quality, its range
is reduced but its strength is enhanced as f grows. The overall
contribution of the attractive forces certainly grows with f
because of the increased number of mutually attracting mono-
mers. At the same time, the steric repulsions between the arms
also become stronger with f, albeit with a different power of f
than the attractive ones and with a different D dependence. This
competition brings about the features mentioned above regarding
the range and strength of the forces, as will be confirmed by a
perturbative theoretical description of the effective interactions
below. Finally, for even lower solvent quality, that is, A = 0.41
(Figure 9d), very pronounced attractions have developed whose
range and depth characteristics follow the same trends as those
found for the 4 = 0.35 case.

In an attempt to describe the effective star forces in thermal
solvents theoretically and to obtain insight into the mechanisms
of competition between attractions and repulsions, we take
advantage of the fact that the effective interaction between
athermal stars, Vo(D), is known? and given by eq 22. In view
of the fact that the effective interaction remains repulsive or, at
worst, it develops only very weak attractions also for solvents
far from athermal (A = 0.35), it is appealing to set up a
perturbative approach in which the effects of the attractions
between the monomers are superimposed to the steric repulsion
in a mean-field fashion. In particular, we are proposing to split
the effective interaction V(D) between thermal polymers as

V(D) = V(D) + ®,(D) (23)

att

The origin of the effective attractive interaction ®,,(D) arises
purely from the term v,4(r) in the monomer—monomer interac-
tion for the thermal case (eq 10); the effects of wvy(r) are
incorporated on its coarse-grained counterpart, the effective
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potential V(D). For ®,(D), we employ a simple approximation
of considering the overlap integral of the density profiles of
the two unperturbed stars; that is, if we employ the density
profile from eq 17, then we can express the attractive part of
the star—star interaction potential at a relative distance, D, as
an overlap integral over all positions of the monomers

(D)= [ [ &rdrp(rp(D — r'h,(Ir = r'l)
H(r — r'l—r, ) (24)

with H(r) being the Heaviside step function.

Before proceeding to the results, a few remarks must be made
regarding the approximations inherent in writing down eq 24
above. First, and contrary to the usual perturbation approaches
in the realm of simple fluids in which the correlation functions
of the reference system are used in the perturbation term, here
we employ the density profiles of the stars corresponding to
the 4 value under consideration. These are readily available from
the simulation of isolated stars and modeled by eq 17. Second,
we have made the crude approximation of modeling the two-
body monomer density as a product of the two unperturbed
density profiles, which is not very realistic in view of the fact
that arms from the two different stars will retract and the stars
will deform. Because the monomer—monomer attractive inter-
action, vy,m(r), is long-range and decaying as a power law, this
may not be crucial as far as interactions between distant
monomers are concerned; however, short-range correlations, and
the exclusion of each bead from the immediate neighborhood
of another one, arising from the steric interactions vo(r) must
be taken into account to avoid an overestimation of the attractive
contributions. We model these by the Heaviside step function,
H(r), in eq 24 above by introducing a short-range cutoff, re,
below which the beads cannot approach. Evidently, r, must
be on a microscopic scale; we used r, as a fit parameter and
indeed microscopic values that had a very weak dependency
on f and A. Finally, we iterate that the approximation above is
perturbative in its spirit, utilizing 4 (which is an overall factor
in the integration kernel, v,(r)) as a coupling constant.
Therefore, its success depends on the degree of deviation of
the profiles, p(r), from the athermal ones, which give rise to
the reference effective interaction, V(D).

Fits of the density profiles (eq 20 and Figure 6) provide us
with the needed values of k¥ and Ry, which are presented in
Section III.B. Accordingly, only r., is required to perform the
calculation of the attractive effective interaction potential.
Afterward, the theoretical prediction for the effective force, F(D)
= —dV(D)/dD can be compared with the simulation results. The
best fit to our simulation data is obtained by choosing r., =
2.801, for an f= 10 star, whereas the stars with functionalities
of 18 and 30 lead to values that were approximately 5—10%
higher.

The results from this theoretical approach compared with the
MD effective forces are shown in Figure 10. Figure 10a shows
the competition between the effective repulsion, Vy(D), and the
mean-field attractive term. For solvents of even marginal quality,
A = 0.35, we find good agreement between the theoretical
approach and the simulation, at least for separations that are
not too small; note, however, that for star polymer solutions
close to their overlap concentration (and also considerably higher
ones), for which the interesting phenomena of reversible
vitrification take place,**’ the precise values of the effective
interaction at short separations are irrelevant as long as they
are much higher than kg7, as is indeed the case here. The success
of the theory is not completely surprising because the real
density profiles of the stars have been used, albeit in the simple
overlap approximation. Note that the kink in the theoretical
forces is inherited from the form of V((D), as discussed before.
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Figure 10. (a) Reference (repulsive, Fo(D)) and perturbation (attractive, F, (D)) contributions to the total effective force, F(D), between two thermal
stars for a functionality, f = 30, in solvent with A = 0.30, together with the simulation result. Results for the different solvents are shown for stars
with functionalities: (b) f = 10, (c) f = 18, and (d) f = 30. The points denote results from the simulation and the lines denote results from the

perturbative approach described in the text.

The perturbative nature of the theory causes it to break down
for A =0.41, as can be seen in Figure 10b—d. This is associated
with an overestimation of the attraction between stars at short
distances, which cannot be corrected via the cutoff range, 7.,
here, the steric term V(D) is not valid as a reference anymore
because the profiles are drastically different from their athermal
counterparts, which are responsible for the form of V(D).
Nevertheless, the success of the theory in making realistic
predictions for solvent qualities markedly different from ather-
mal ones, that is, up to 4 = 0.35, offers the possibility to
calculate or make a quantitative estimate of V(D) without having
to resort to expensive simulations involving two star polymers.
Indeed, all that is needed is the profile p(r) of an isolated star,
and this can be obtained by either a much cheaper single-star
simulation, or it can be readily modeled by eq 20.

V. Summary and Conclusions

We have performed MD simulations for star polymers with
different functionalities and in solvents of various quality,
ranging from the athermal solvent to poor solvents. The main
focus was placed on solvents of intermediate quality, particularly
as the O point is approached. The latter has been estimated by
making use of the Daoud—Cotton model, which predicts the
scaling behavior of the gyration radius for f and N. We have
demonstrated that the monomer density profiles for star poly-
mers, even in thermal solvents, can be collapsed on master
curves (a different curve for each solvent quality) when
appropriate scaled variables are used. In this way, any explicit

reference to N and f can be scaled out, and the two quantities
appear implicitly only in the way that they influence the overall
size, Rg, of the star and in the form of a trivial normalization
constant. This allows a mesoscopic modeling of the density
profiles of stars in which their overall size appears to be the
only length scale.

We have further calculated the center-to-center effective
forces between stars, showing that they remain repulsive for a
broad range of intermediate solvent qualities and start developing
attractions for marginal solvents. The simulations have been
complemented by a mean-field approach for the effective
interactions, which works quite well up to the point in which
significant effective attractions appear. It would be desirable to
improve on this theory, for example, by a more accurate
modeling of the distorted monomer profiles as the two stars
closely approach each other, so as to be able to deal with
solvents that are very close, or even slightly below, the ©®
condition. Yet, this work goes quite some way in filling a long-
standing gap because an approach that is capable of extending
the effective star—star interactions from the well-studied ather-
mal case to the marginally good ones was hitherto lacking.
Future work should focus on exploring the many-body correla-
tions, the thermodynamics, and the thermally induced rheology
modifications of concentrated star solutions by employing the
coarse-grained approach put forward in this article. The bridging
of the length scales achieved by the derivation of an effective
interaction is the crucial step that has been missing in the effort
of pursuing such investigations, and it should have implications
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on other thermally sensitive soft colloids, such as microgels or
core—shell block-copolymer micelles.
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