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In this paper we continue our recent analysis [K. Haydukivska et al., J. Mol. Liq., 2021, 328, 115456] of complex
molecules with two branching points at both ends of the linear backbone with f; and f, side arms starting
from them, known as the pom-pom polymers. Here, we analyze the asymmetric case, f| # f», by applying both
the analytical approach, based on the direct polymer renormalization, and computer simulations using both
dissipative particle dynamics and Monte Carlo methods. We study the role played by the molecular asymmetry
of average polymer conformations, considering the infinite dilution regime and good solvent conditions.The
quantitative estimates are reported for the set of universal size and shape characteristics of such molecules and
for their individual branches, all the functions of f] and f>.In particular, we evaluate the size ratio of the gyration
radii of symmetric and asymmetric pom-pom topologies with the same molecular weight and quantitatively
reveal an increase of the effective size of a molecule caused by its asymmetry. We also introduce and analyse
the asymmetry factor and estimate the shift of the center of mass caused by the presence of side stars, which
can serve as another characteristic of the asymmetry of pom-pom structure.
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1. Introduction

The study of macromolecules of a hyperbranched structure is of great interest both from both
academic and commercial points of view. Typical examples are commercial low density polyethylene
(LDPE), which consists of linear polyethylene backbones with attached alkyl branches [[1,2]]. The multiple
long-chain branches are found to considerably increase the viscosity of the melts of such molecules due
to their mutual entanglements [3]. In general, the properties of such macromolecules are determined by
the competition between the steric repulsion between the side chains and the configurational entropy of
the main backbone: varying the density of the side chains and their length leads to the change of the
effective stiffness of a backbone over a wide range.

The simplest case of a polymer architecture, that correctly captures the characteristics of commercial
long-chain branched polymers, is the pom-pom structure [4]]. It is assumed to consist of a linear backbone
chain with two terminal branching points of functionalities f; and f>, respectively. The rheological
properties of these structures in melts were investigated in references [13, 15-7]].

In our study, we concentrated on the conformational properties of such macromolecules in an infinite
dilution regime. In our preceding work [8]], we studied the simplified symmetric case with f; = f,. The
main attention was focused on a set of universal conformational characteristics of macromolecules, which
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are independent of any details of the chemical structure and are governed only by the so-called global
parameters. In particular, to estimate the impact of the complex topology of a molecule on its effective
size measure in a solvent, it is useful to consider the so-called size ratio g of mean-squared gyration
radii of the complex molecule (Rf})complex and that of the simplest linear polymer chain <R§ Ychain Of the
same total molecular weight [9]. For the case of a pom-pom topology, in the simplest case of Gaussian
polymers, when the monomer-monomer excluded volume is neglected, one has [9,110]:

R A+ )+ 12fif+ ]
Ihofa = (h+fatl) '

More subtle universal characteristics, specific to branched polymers, are the individual branch swelling
ratios g( f), defined as the ratio of the averaged gyration radii of side or backbone branches to that of a free
linear chain of the same molecular weight. These ratios characterize the averaged effect of crowdedness,
caused by a mutual influence of adjacent branches on their respective conformations. Applying both the
theoretical approach and the computer simulations, we quantitatively described the effects of the stretch
and “compactization” of both the symmetric pom-pom polymer and of its individual branches by means
of 9 universal size ratios [8]].

In the present paper, we generalize this analysis to the case of asymmetric pom-pom molecular
topology and provide an impact it has on the swelling properties of such molecules in a good solvent,
given by a set of the relevant size and shape ratios. We see at least two experimental situations, when
such asymmetry can appear. The first one covers the case of precisely controlled synthetic protocol and
intentional synthesis of an asymmetric polymer for special purpose (e.g., asymmetrical shape, specific
behavior under a flow, etc.). The second one is related to the synthetic protocol, which generates some
level of natural polydispersity in the functionality of the terminal beads.

The layout of the rest of the paper is as follows. Sections [2]and [3] provide a brief encounter with both
analytical and numerical methods used in our study. We introduce the continuous and the random-flight
model of a polymer, describe the direct polymer renormalization approach; the numerical methods of the
dissipative particle dynamics and the pivot algorithm of the lattice Monte Carlo method. In the following
section [4] we report the obtained results, that are based on the approaches described. The conclusions
and an outlook are provided in section 3

(1.1

2. The methods: analytical approach

2.1. Continuous chain model

Within the continuous chain model [11], pom-pom polymer is described as a set of trajectories in
continuous space. Each of the trajectories has the length L and is parametrized by radius vector r(s) in
d-dimensional space, with s changing from 0 to L. The Hamiltonian of this model can be written as:

L d 2 F-1 L L
st [% +%Z JdSIst”‘S(ri(S') —1;(s")), 2.D
0 0

i,j=0 0
where F = fi + f> + 1 is the number of trajectories, the first term in the expression (2.I) represents a
connectivity of each trajectory and the second term describes a two point interaction with a coupling
constant # known as excluded volume interaction [[12]].
Itis a well known property of the model that all topologies are described by the same Hamiltonian [ 13-
15]] and differ only at the level of partition function, which for the pom-pom case reads:

fi f
Zp = Zio [111] J Dr(s) 6(r;(0) = ro(0)5(r; (0) ~ro(L))e ™. (22)

i=1 j=1

F-1

H=

1 E=
2i:O

Here, ry denotes a backbone trajectory, the two sets of delta-functions place f; and f, trajectories of side
stars, correspondingly, at the terminal points of the O-th trajectory, H is Hamiltonian of the model given
by equation (2.1), and Z, represents a partition function for a Gaussian case.
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2.2. Direct renormalization scheme

Observables calculated within the frames of continuous chain model depend on the chain length L
and diverge in the limit of L — oo. These divergences should be removed in order to receive universal
values for the observables in question. In this work we use the des Cloiseaux’s direct renormalization
scheme [12], where a set of renormalization factors are introduced, that are directly connected to the
physical quantities for which the divergencies should be removed.

Different topologies are introduced into the model through partition function, and the Hamiltonian
of the model contains only interactions. Therefore, the fixed points of the renormalization scheme,
once calculated for a particular Hamiltonian, do not depend on the topology of the molecule under
consideration. Consequently, it suffices to evaluate the fixed points of the model for the simplest case.

Starting with the calculation of the partition function of two interacting polymers Z (L, L), the method
then introduces the renormalization factors that are connected with the number of allowed trajectories (the
partition function of a single chain) [Z (L, uo)] 2, and with its characteristic size which is represented by
the end-to-end distance (R2) or, more precisely, a swelling factor yo(L, {xo}), defined as yo = (R2)/L.
Those functions allow one to introduce a renormalized coupling constant:

ug (o) = —[Z(L,u)] *Z(L, L) [2mx0(L, ug)] </, (2.3)

with € = 4 — d being a deviation from the upper critical dimension for the coupling constant .

In the limit of infinitely long chains, the dimensionless coupling constant uy = u(2m)~4/2L>~4/?
diverges unlike the renormalized one ug, which in the same limit reaches a fixed value:
Llim ur(uo) = ug. 2.4)
In practice, the value u), is calculated from the equation:
0
Bug = ZLM =0. 2.5)

oL
For the model under consideration, those solutions are well known, and in the first order of the e-expansion
read:[12]]:
Gaussian : up =0, (2.6)
Pure : up =€/8, 2.7)

where the first one describes a Gaussian case, and the second one is a coupling constant for the model
with excluded volume interaction.

2.3. Random-flight model

Within the formalism of the random flight model [[16], every linear sub-chain of N monomers within
a complex polymer structure is considered as a sequence of N bond vectors o, with 0 < k < N with
the origin denoted as 0. We assume it to coincide with the center of the central (backbone) chain. Let us
denote by R;,, and R;,, the position vectors of segments in the central chain to the right and to the left
from the reference point (considered as 0), correspondingly. They can be expressed as sums over the set
of corresponding bond vectors:

n n
N

RCln = E Oclk, Rcrn = § Ocrk» 0<n< E (2.8)

k=1 k=1

Similarly, let Réln and Ry, be the position vectors of monomers in the left and right side stars (poms),
correspondingly, so that
N2 n
Ryl = D O+ ) Ol =1, f, 2.9)
k=1 k=1

N/2 n
Rprln = Zo'crk"' Ucr;@ i=1,...,fn
k=1 k=1

| =
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Figure 1. (Colour online) Snapshots of the pom-pom conformations for different values of f; and f>
after 2000 f f>» Monte Carlo steps using the pivot algorithm. On the left: fi = 1 and f>, = 5; on the
right: f{ =2and f, =5.

All the bond vectors are assumed to have an equal length / and are connected to each other by unrestricted
joints. The direction of each bond is random and independent of the directions of its neighbours. Thus,
performing the averaging over an ensemble of possible bond configurations, we have

(o) =0,  (op)y=1, (2.10)
(00} ) =16i;6mbap.  {a.b} € {cl,cr,pl, pr}, 2.11)

with ¢ being the Kronecker delta symbol. In what follows, we take / = 1.
Note that the polymer molecule in this model is assumed to capture Gaussian statistics, i.e., the
excluded volume (self-avoidance of segments) is neglected.

3. The methods: numerical approaches

3.1. Lattice model and the pivot algorithm

Numerical simulations for a pom-pom polymer are performed within the lattice model of self-avoiding
walk (SAW) on a simple cubic lattice via pivot algorithm [17} [18]]. Each trajectory is forbidden to visit
the site occupied by itself or by the other trajectory. In total, we consider f; + f> + 1 walks, so that
f1 + 1 of them start at the origin and f> — at the end of the walk numbered as 0-th. We consider both
branching parameters f; and f; to vary from 1 to 13 with all walks being of the same length top bounded
by N = 100 steps, making a total amount of steps in the pom-pom to be N(f; + f> + 1). Then, the pivot
algorithm is applied again to receive a new configuration. We start from the initial configuration as a
set of straight lines. Then, a randomly chosen transformation is applied to the part of a walk. If the new
trajectory is acceptable under the self-avoidance rules, the new conformation is accepted; if not — it is
rejected and the previous one is accounted for one more time. Then, another pivot operation is performed
at a new randomly chosen site. The first 20N (f; + f> + 1) operations are rejected for the equilibration,
and the next 10° are used for calculation of the observables. All observables are evaluated as the mean
arithmetic average over the set of structures obtained by means of simulations. Numerical modelling is
performed for N varying from 10 to 100 with the step of 10. Final values are received by application of
the finite size approximation gy = gy, + B/N, with B being a constant. The snapshots of the obtained
conformations are illustrated in figure [T

3.2. Dissipative particle dynamics simulations

Another numeric approach used in this study is the dissipative particle dynamics (DPD) [19]. In this
method, the polymer and solvent molecules are modelled as soft beads of equal size, each representing
a group of atoms. For this reason, the interaction potential between two beads are, in general, density
and temperature dependent. Different parametrization strategies are possible and in this paper we closely
followed the original parametrization by Groot and Warren based on matching the model compressibility
to that of water [19]. The length-scale is given by the diameter of a soft bead, and the energy unit is
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ksT = 1, where kp is the Boltzmann constant and 7 is the temperature. Monomers in a polymer chain
are bonded via harmonic springs resulting in a force:

Fﬁ:—kxij, (31)

where k is the spring constant, and X;; = X; — X, X; and X; are the coordinates of i-th and j-th bead,
respectively. The non-bonding force F;; acting on the i-th bead as a result of its interaction with its j-th
counterpart is expressed as a sum of three contributions

Fl-szl.Cj+F3+F5., (3.2)

where Flcj is the conservative force responsible for the repulsion between the beads, FB. is the dissipative

force mimicking the friction between them and the random force F?j works in pair with a dissipative
force to thermostat the system. The expression for all these three contributions are given below [19]

X[j
a(l —Xij);, xij <1,

Ff; = y (3.3)
0, Xij > 1,
D D Xij
Fi; = —yw” (xij) (Xij - Vij) =, (3.4)
ij
X
FR = a'wR(xij)GijAt_l/z)%, (3.5)

ij
where a is the amplitude for the conservative repulsive force, x;; = [X;;|, vij = V; — v}, v; is the velocity
of the i-th bead. The dissipative force has an amplitude y and decays with distance according to the
weight function wP (x; 7). The amplitude for the random force is o and the respective weight function is
wR (x; j). 6;; is the Gaussian random variable. As was shown by Espafiol and Warren [20], to satisfy the
detailed balance requirement, the amplitudes and weight functions for the dissipative and random forces
should be interrelated: o> = 2y (we choose y = 6.75, o = /2y = 3.67 here) and wP (x;;) = [wR (xl-j)]z.
Here, we use the weight functions quadratically decaying with the distance:
2
wP(xij) = [wR(xiy)]” = { (()1 o iﬁj ; i
Following parametrization of Groot and Warren [19], the reduced number density of the system is set
at p* = N/V = 3, where N is the total number of beads (pom-pom polymer and a solvent) in a system
and V is the volume of a simulated system. We consider the case of a single pom-pom polymer within a
simulation box, which reproduces the conditions of an infinite dilution. To avoid self-interaction between
periodic images of a pom-pom molecule, the linear dimension of a cubic simulation box L was chosen
accordingly. In particular, we used the expression: L ~ 1.75R;, where R; = (3Ny — 1)” estimates the
radius of gyration of the longest linear sub-chain of a pom-pom of length 3N s and bond length of 1 in a
good solvent regime. Here N is the number of beads in a single arm and v = 0.59 is the Flory exponent.

The total number of branches was fixed at F = f; + f> + 1 = 15 in all cases. This number of branches
was chosen to show the effect of asymmetry and to avoid the effect of crowdedness which has been
studied in our previous work [21]]. Two cases of the arm length, Ny = 8 and Ny = 16 were examined,
similarly to the case of a symmetric pom-pom polymer [§]], the results were found to agree well. In
work [19] it was shown that the reduced density is coupled to the amplitude a of a repulsive force in
equation (3.3). Following this paper, we set time-step Az = 0.04 and a = 25 for all combinations of the
interacting beads: polymer-polymer, solvent-solvent and polymer-solvent.

The first 2 - 10° steps are allowed for the system equilibration and are skipped from the analysis.
The productive runs span from the step 2 - 10° up to the maximal simulation step in each case (typically
8 - 10°). The error estimates are made by splitting the whole productive run in four equal pieces and by
evaluating the partial averages A;, i = 1 — 4 for a given property A in each of them. The final average is
(A) = iZ?zl A;, whereas the conservative estimate for the standard error is given by

(3.6)

12

4
e(A) = |13 (Ar - (4))
i=1
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4. Results

4.1. Partition function calculation

We start with the evaluation of the expression for the partition function (2.2) as a series in a coupling
constant u#, where the zero order term corresponds to the unperturbed Gaussian case. We restrict the
series to the linear term in u, the so-called one loop approximation:

N
Z;?’I;Z—P‘)m - 1_[ 1_[ J Dr(s) 6(r;(0) —rp(0))

i=1 j=1
F-1 k 2
X 5(1’](0)—1'0([,)) exp _1 st (drl(s)) ]_
2 _
=09
F-1 L L ey L ,
u ’ ” ’ " 1 dr;(s)
EU_Ost st o(ri(s") —r;(s”)) exp -3 24 Ids ( i ) , 4.1
0 0 0
where
fl 1 1 F dni(s) ]
w0 J Dr(s) 8(51(0) = ro(0)a(x5(0) = ro( L)y exp {3 > [ s [ l
i= 1 Jj= pary )

is the Gaussian result for the partition function of a pom-pom polymer, in which case the excluded volume
interactions are neglected. In order to calculate the contribution from the second term in (.1}, we consider
a set of diagrams presented in figure 2] It is important to note that the diagram Z; describes the excluded
volume interaction within a single trajectory and needs to be taken into account with the pre-factor
f1+ fo+1, diagram Z; corresponds to the contributions from all the interactions between two chains that
are separated by one branching point, and contains a pre-factor fi + f2 + [f1(fi = 1) + f2(f> — 1)]/2, and
the last diagram corresponds to the interactions between the chains separated by both branching points
and has a pre-factor fi f>.
Using a Fourier transform presentation of §-function:

o(ri(s") —r;(s")) = J dpy exp{=ipy[ri(s’) — rj(s")]}, (4.2)

(2m)d
and calculating the contributions of all diagrams, we obtain the following expressions:

yp)-d/2[2-d/2
7, =z, = 1) (4.3)

(1-d/2)(2-4d/2)’

Figure 2. (Colour online) Diagrammatic representation of the partition function terms in the one-loop
approximation. The solid lines represent schematically a polymer path of the length L each, and a dash
line represents the two monomer excluded volume interaction. The diagrams are enumerated by a label
Zi,i=1,...,5.
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= %é%—g%

Figure 3. (Colour online) Diagrammatic representation of the £ (k) terms in the Gaussian approximation.
The solid lines schematically represent polymer paths of the lengths L, and arrows represent the so-called
restriction points s1 and s,. The diagrams are enumerated by a label Rg;,i=1,...,5.

u(zn)—d/2L2—d/2(22—d/2 -2)
(I-d/2)(2-d/2) ~

Zr =275 = 4.4

B u(Zn)_d/sz_d/2(32_d/2 _992-d/2 1)
5= (1-d/2)2-4dJ2) : 4.5)

As already mentioned in the previous section, we consider all the observables in the first order of the
e-expansion. Therefore, the expressions for the diagrams read:

Zi==2/e—1, (4.6)
Zy=-2/e—1-1In2, 47
Z3=2In2—1n3. (4.8)

Getting all terms together, we obtain the expression for the partition function of a pom-pom molecule in
one-loop approximation

flh-D+fH(H-1)

Z=1—uo{fl(fl_1)+£2(f2_1)_2+ Fit ot > [1-1n2]
+f1fo[2In2-1n3] - fi— fo — l}, 4.9

where uo = u(21)~4/2L?>~4/2 is a dimensionless coupling constant.

All the observables calculated below are averaged over an ensemble of all possible conformations
with the partition function (4.9):

i
() = Z;on} =1l ﬂ [ Dr(s180) = rotOn3, O - ro(zp e ). o)

4.2. Size characteristics

A set of specific size characteristics can be defined for the pom-pom polymer. Some of them were
introduced for a symmetric case in our previous study [8]. Here, we add a number of new characteristics
that allow us to describe the asymmetry of pom-pom molecule when f; # f>. The gyration radius of the
structure is defined as:

F-1
(R}) =

L L
dsy dsa((ri(s2) = r;(s1))%), 4.11)
i ) |

i,j=0
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where s, and s; are the “monomer numbers” along the chain, such that the average square distance is
calculated between them. They are often called restriction points. In order to calculate this quantity we
use the identity:

(ri(s2) — 1, (5D)) = =2 d|i|zf<k>k=o,

£(k) = (exp{-ik[r;(s2) —r;(s1)]}), (4.12)

and evaluate £(k) in the path integration approach. In calculations of the contributions into &(k), it is
convenient to use the diagrammatic presentation, as given in figure[3] for the Gaussian chain.

It is interesting to note that diagrams in figures 2] and [3| look similar with the only difference: in the
former we consider them with interactions and in the latter one with the restriction points, though the
pre-factor will be the same and the expression for the gyration radius in the Gaussian approximation
reads:

dL
(R pompom)0 = =5 (37 + 307 +4fi ++4f2+ 12£1 o +1)

Considering all possible combinations for diagrams in figures[2Jand[3] a contribution to & (k) the one-loop
approximation is obtained:

<R§,pom—pom> = <R§,pom—pom>0 [1 + ’/‘OCy(fl’ f23 d)] . (413)

An expression for C, is provided in the Appendix in expression@ In the case of f; = f, we recover
our previous result for the symmetric case [8].

We introduce two other characteristics that quantify the asymmetry of the molecular conformation:
the average squared distances from a monomer to the first and to the second branching point, respectively:

| Elf
a7 EXCIERLTO (@14
= OL
GRS D) [ et - rep®. @15)
=0

In the process of evaluating these parameters, we again use the diagrammatic technique and consider
a set of diagrams similar to those for the gyration radius but with an additional restriction: points are
permanently fixed at the branching point. The expressions in the Gaussian approximation read:

dL(f1 +1+ 3f2)

2
= , 4.16
<r1> F ( )
dL(f2 +1+ 3f1)
2
(ry) = 7F . 4.17)
Similarly, the expressions in the one loop approximation can be presented in a general form:
dL(fi+1+3
<7%>:¥[1+M0C1(ﬁ,fz,dﬂ, (4.18)
dL(f2+1+3
2y = HE2LI) e fud)] .19

with C(f1, f2,d) and C1( f1, f>, d) being the functions of the space dimension and topology. e-expansions
for (r%) and (r%) are provided in the Appendix in expressions (A.3)) and (A.4), respectively.
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4.3. Universal size ratios

To describe the impact of the effects of asymmetry on the size and shape of pom-pom structure, we
consider a set of size ratios. We start by considering the ratios that compare the size of the asymmetric
pom-pom to the other molecular topologies: a linear polymer chain, a star, and a symmetric pom-pom of
the same total molecular weight, defined as:

<R om 0m>
ge = —2 (4.20)
Rg chain>
(RY o)
gy = 4.21)
<Rq pom— pom>
(R pom—pom)
gp = 9.Pom=po 4.22)

<R_3,p0m—p0m,sym>

respectively. Within the renormalization group approach, these quantities are presented as the series in
e=4-d

R? chain) = LdF 1+ % +ugAg(0, 0)} (4.23)
(R gar) = M[ =2 upAg(F -1 0)] (4.24)
(B2 oo = 2L FZSf D Fu0dy(1.0)|. @25)
(R} pom—pom? = (R} pom—pom0 | 1 + % +qug(f1,fz)], (4.26)

with the expressions for A,(0,0), A,(f, f), Ay(f1, f>) provided in the Appendix [expression ]. Note
that the first two expressions above reproduce the well known results for the gyration radius of a linear
chain [[12] and of a star [14]].

Thus, the final expressions for the size ratios (.20} [#.21)) and (#.22)) read:

6<R om 0m>
gc—%{ +§[Ag(fl’f2)—Ag(0,0)]}, 4.27)
__LdBF-2) € _ 3
5 SF(R2 pom—pom) {1 +glAg(F = 1,0) Ag(fl,fz)]}, (4.28)
6F2<R ,pom p0m>
= Ld(18f2+8f+1){ [A (fi, ) = Ag(f, f)]} (4.29)

where uy is replaced by the fixed point (2.7).

Let us note that the expressions (#.27][#.28)) and (£.29) contain the first order terms of the perturbation
theory only and, therefore, provide rather qualitative than the quantitative information. It is, however,
known that the renormalization group approach requires at least the second order terms in € to get
the quantitatively sound values. This requires the evaluation of the terms up to u%, since up ~ €.
These calculations for the case of branched structures are very challenging, in particular, since the total
number of diagrams grows exponentially and leads to cumbersome expressions that are difficult to handle
analytically. Because of this, it is practical to use the approximation proposed in reference [22]], based on
a general idea of presenting the gyration radius in a form:

(R2) = (R%o 2xN /N> D71 £, (), (4.30)

with N being the number of monomers, A is a coarse-grained length scale. Parameter 1 here defines the
transition from the Gaussian case at 7 = 0 [v(n7) = 1/2 and f},(n7) = 1] to the case of a polymer with an
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excluded volume interaction at 7 — oo [v(7) = v and f,(n) = 1 + a]. Since only the factors (R;)o and
fp(n) depend on the polymer topology, the size ratio can be presented as:

<R§,1>0 1+ ap
(R2 )0 1+a2’

gx = (4.31)

with (R2 1)0 / (R 2)0 being the ratio between topologies “1” and “2” in Gaussian approximation. And the
parameters ai, ag are calculated for these topologies using an expression:

3 Cg(fl,f23d=3) 1
T3 p@a2z 1 (*32)

This approximation allows us to partially account for the higher orders in € in the C,; expansion, resulting
in such terms to be added to equations (.27} [4.28) and (4.29).

The ratios (@.20} {.2T)) and {#.22)) allow us to examine how the asymmetricity of a pom-pom structure
affects its overall shape as compared to the cases of a linear chain, star-polymer and a symmetric pom-
pom structure. It would also be informative to introduce some specific characteristic, which addresses
the shape asymmetry explicitly. For that purpose, we suggest the following combination, which can be
termed as the asymmetry factor:

3y |
with (rf} and <r§) given by equations 1b and || It is strictly zero for the symmetric case, f] = f2,

and its maximum value is reached for the most asymmetric cases, f; = 1 and f, = F — 2, or vice versa.
In the Gaussian approximation, the corresponding expression reads:

_ [4C2fi+1+2H)](fH - f)
Josm = B+ 143f) (i +1+3f)|

YGasym =

(4.33)

(4.34)

4.4. Center of mass

Hydrodynamic properties of the polymer solutions are often studied by replacing each polymer
molecule by an effective soft convex body (e.g., the sphere or equivalent ellipsoid), and, consequently,
the center-center effective interactions between such bodies are examined [23-25]]. Thus, the center of
mass (CM) of each polymer appears in a natural way, as well as the distribution of monomers around
it [26} [27]]. For the evaluation of the quantities presented in this subsection, the random-flight model
(section [2.3) approach is the most convenient. The CM of a molecule is defined, therefore, as:

| N/2 N+N/2
Rew = 5 55Ty ; (Rt + Rern) + n;ﬂ Z R, + Z R., (4.35)

Expressing the position vectors as sums of bond vectors [equations (2.8)—(2.10)], we have

1 N/2 ( n N+N/2 fi (N]2
RCM N(fl +f2+ 1) Z (Z o-clk"'Zo-crk) nZN:/Z lz (Z Oclk +Zo-plk)

N+N/2 fo (N2 l_ | N/2 N
n%:/z ,211 (Z Ocrk + Z prk) = m {; (Tcin + Ocrn) (5 - n)
N/2
Z Oemn + Z ol (N —n l} . (4.36)

f2

* 2,

fi

* ),
i=1

NJ2

Z Ocin + Z 0'p1n (N -
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Figure 4. (Colour online) Universal ratio gcps (#:39), that characterizes the average shift of the center
of mass of the pom-pom structure from the position of its central monomer, evaluated with respect to
such deviation for a linear chain with the equivalent molecular mass. Analytic result in the Gaussian
approximation is shown via dashed cyan line, Monte Carlo results using the pivot algorithm — via green
squares.

Taking into account relations (2.10) and (Z.T1)), we obtain an expression for the mean-squared location
of the center of mass:

_N[1+7(f + ) +6(72 + )]

2
(R& a1 )pom—pom = 2t A2 (4.37)

For the center of mass of a single chain of the same total length with a reference point in the middle of a
chain, we have:

(R2.,, dehain = w (4.38)

Thus, we can introduce the ratio:

<R%‘M >chain

gem = , (4.39)

<R%‘M>p0m—p0m

which describes the impact of the presence of side stars (see figure f) on the shift of the CM position
of complex polymer structure as compared with that of linear chain as given by equation (#.38). This
quantity may serve as yet another characteristic of the asymmetry of the pom-pom structure. In the
Gaussian approximation, we have:

+H+1)3
gom = (fl f2 ) . —. (4.40)
1+7(f1+f2)+6(f1 +f2)
Let us introduce the distance of each n-th monomer from the CM
Rucm =R, — Reypy. (4.41)

23302-11



K. Haydukivska, O. Kalyuzhnyi, V. Blavatska, J. IInytskyi

9

0.3

0.25

0.2

Js

pe——
DPD.N=8 o |
DPD,N=16 =
Pivot @&
L e,
e “~,. Gauss e b
o o
J"” QV‘"N, -
f’ ’s
a ~,
x»’ s,~/‘/
* - -
g 8§08 g
fg B B g 1
fE e, a.g
o BT T ] 5.9 ]
9 q ......... p 9
""""
PR S S S S S

'DPD,N=8 o
DPD, N=16

Figure 5. (Colour online) Size ratios g (#.20) (top) and g5 @2I)) (bottom) vs branching parameter fj.
The total number of side chains is fixed at F = f] + f> + 1 = 15. Red open disks and magenta squares
are the results of the DPD simulations at Ny = 8 and Ny = 16, respectively, green squares — the results
of the MC simulations using the pivot algorithm. Blue curves marked “RG” represent expressions @.27)
and evaluated at fixed point for € = 1(d = 3). Yellow dash line shows the results of the
Douglas—Freed approximation and a black dot-dash line represents the Gaussian model.

Applying the scheme introduced above, we obtain the analytic expressions for these distances for the
monomers belonging to a central chain and these from the left and right branches, respectively:

2
(Rocicp) =1

2
<RnchM> =n

2
<RnplCM> =n|l

<RiprCM> =n|l

(2fl+1) n 5

fitfotl * (f1+f2+1)N] + (Rew), (4.42)

(2f2+ 1) n )

it htl * (fi +f2+1)N} +(Rew), (4.43)
& n NO=f) s

(f1+f2+1)+(f1+f2+1)N] (f1+f2+1)+<RCM>’ (4.44)
& n NO=£) o

(f1+f2+1)+(f1+f2+1)N] (f]+f2+1)+<RCM>. (445)

4.5. Numeric results and discussion

The main focus of this study are the theoretic results for the shape characteristics of asymmetric
pom-pom polymers, whereas the numeric studies, performed by means of the DPD and MC simulations,
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Figure 6. (Colour online) The same as in figure [5] but for size ratio g, @#22) (top) and asymmetry
factor gasym @ (bottom).

were conducted to support these theoretical findings. To this end, a set of size ratios, defined above, were
obtained by means of the above mentioned numeric approaches. This set includes: the ratio between the
gyration radius of asymmetrical pom-pom to that of a linear chain g. (#.20), of a star-like polymer (#.21)
and of a symmetrical pom-pom polymer [.22)). These results, alongside with the theoretical findings, are
shown in ﬁgures@and@ Red open discs and magenta squares represent the DPD simulations with Ny = 8
and Ny = 16, respectively, green squares represent the MC study using a pivot algorithm. Yellow dash
line displays the Douglas—Freed approximation, blue dash line: the first order (one loop) renormalization
group results, and a black dot-dash line: these obtained within the Gaussian model.

The results for the g, ratio (4.20) are shown in the top frame of figure[5} First observation is that g, is
always below 1. This is a natural consequence of the pom-pom connectivity, which organizes monomers
into two star-like bunches, which cannot stretch as much as a single linear chain of the same molecular
weight. Hence, the gyration radius of a pom-pom is always smaller than that of a linear chain. Second
observation is that the g. curve has a convex shape and g, is minimal for the highly asymmetric pom-pom
structures, f| = 1 and f; = 13, since in this case one of the branching points holds a maximum possible
number of arms and thus maximizes the spatial confinement effect. Third observation is that there is
a reasonable agreement between the results of the DPD and MC simulations, despite great difference
between soft potential and off-lattice nature of the former and hard potentials and lattice arrangement
of monomers in the latter. The Douglas—Freed approximation is found to be in a good agreement with
the simulation data, coinciding perfectly with the DPD results obtained at the arms length of Ny = 16.
This shows that such arms length is long enough to mimic the “long arms limit” assumed in the theory,
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and that g, clearly demonstrates a strong universality feature. Fourth observation is about the Gaussian
result for g., which is found below both simulation results. Switching off the excluded volume effects

(the case of the Gaussian model), reduces the denominator of g.: Rz chain ™~ NO3 as compared to its

value RZ chain ~ NV 0-39 for the case with excluded volume effects (as it is in both simulations here). As far
2

as the ratio g. decreases in the case of the Gaussian model, the nominator Ry ,,m_pom in the Gaussian
approximation must decrease even more compared to the case of simulations, indicating a stronger
effect of “compactization” of a pom-pom structure compared to the linear chain when the excluded
volume effects are switched off. Finally, the fifth observation is that the first order renormalization group
result overestimates g, essentially in the whole interval of fi. This situation is somewhat typical of the
renormalization group findings for other properties of interest, and a much better qualitative agreement
is typically expected when the second order terms are included.

Similar analysis can be conducted for other ratios. Namely, for the ratio g, (@I), shown in the bottom
frame of figure [5] one sees that g, < 1, indicating that a star polymer is always more compact than a
pom-pom polymer, which is obvious, because the latter contains two starts separated by a backbone and
spreads wider in space. In limit cases of f; = 1 and f; = 13, a pom-pom structure reduces to a single star
with one of its arms of a length 2N and, therefore, g; ~ 1. The difference in the gy values obtained for
these two molecular structures is the most pronounced for a symmetric case, f; = f, = 7, leading to a
concave shape for the gs curve. The third and fourth observations made for g. (see above) also hold for
the case of g;. However, the first order renormalization group results, albeit being closer to the Gaussian
results than in the case of g., are shifted away from the simulation data.

Top frame of ﬁgureE] shows the g, ratio, which characterizes the effect of asymmetry on the squared
gyration radius of a pom-pom structure. According to the definition @), gp = 1 for the symmetric
case of fi = f> = 7. In the case of a maximum asymmetry, fi = 1 and f; = 13, g, drops down to
about 0.7, reflecting reduction of a pom-pom structure to that of a single star, which is a much more
compact structure. The third, fourth and fifth observations made for g, also hold here.

As a direct convenient measure of the asymmetry of a pom-pom structure, we introduced the asym-
metry factor gasym . This is shown in the bottom frame of ﬁgureﬁ} One can see that it grows almost
linearly when f; moves from the f; = 7 value towards both sides of the plot, and the results of the
Douglas—Freed approximation agree reasonably well with all the simulation data, supporting the same
trend that was observed for g., g5 and g,, ratios.

5. Conclusions

In the present paper, we combined analytical studies and two types of computer simulations to evaluate
the set of universal characteristics of the asymmetric pom-pom polymers. Such polymers are characterized
by the functionality of their branching points, f; and f, = F—1— f, where F = fi+1+ f, = 15 is the total
number of arms, each of the length N . Theoretical approach is based on direct polymer renormalization
of the Edwards continuous chain model and a random-flight model. Computer simulations employ both
the off-lattice dissipative particle dynamics approach with explicit good solvent, and the Monte Carlo
approach using a pivot algorithm on a lattice model of polymer assuming an implicit solvent.

As expected from its molecular architecture, characteristic size of a pom-pom structure generally fits
in between that for a linear chain and of a star. To characterize these findings quantitatively at various
levels of the pom-pom asymmetry, we introduced a set of universal dimensionless ratios. These are: g,
(size ratio of a pom-pom relative to that of a linear chain), g, (the same relative to a star polymer) and g,
(the same relative to a symmetric pom-pom). The molecular mass of all polymer molecules is set the
same. The asymmetry of a pom-pom polymer is proposed to be characterised also by the factor gasym,
which is a combination of the average squared distances (r%) and (r%) of the monomers from the first
and second branching points, respectively. It is defined in such a way that it is equal to O for a symmetric
case (fi = f») and reaches its maximum value for the most asymmetric cases, e.g., when f; = 1 and
f> = F —2. We also introduced the ratio gcas, which provides a quantitative estimate of the shift of the
center of mass of the central backbone caused by the presence of side stars, and serves as an additional
characteristic of the asymmetry of a pom-pom structure.
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Various simulation approaches applied by us, despite their differences in a description of both a
polymer and a solvent, provide very close results for all size ratios as functions of f; and f,. This is
indicative of universality features for all ratios in a broad sense, meaning that they depend solely on the
details of molecular architecture rather than on the chemical particulars. We also found a clear deviation
of the numeric results from those obtained within the Gaussian approximation, showing the nontrivial
role of excluded volume effects. The first order (one loop approximation) renormalization group results
provide a nice correction to the Gaussian case, but in most cases it would be worthwhile to proceed
to higher orders of perturbation theory terms as well. The latter is, however, quite complicated and
cumbersome and is extremely time consuming. Instead, a good practical solution is to use the so-called
Douglas—Freed approximation [22]] which accounts for a relevant subset of the second order contributions.
The effectiveness of this approximation is once again shown in this work, since both simulation results
agree well with it, especially the DPD simulations with longer arms, N = 16, indicating that the model
reaches a “long chain limit” in this case.

It is important to point out that some marked differences between the simulations and theory are
observed within this study. Those differences may be related to limitations of both analytical and numerical
methods. For example, lower values for some ratios obtained by means of the MC simulation as compared
with analytical ones may be caused by more limited conformational space of a lattice model, whereas
higher values in the case of the DPD simulations at Ny = 8 are side-products of considering chains,
which are too short.

Results provided in this study may be of use for further research of the pecularities of complex
polymers in solution. Numerical studies may be extended to deal with semi-dilute or dense solutions,
micelles formation, etc.
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Appendix

A list of expressions
An expression for Cy( f1, f2, d) from the expression (4.13)):

) 12f12f22(22“1/2 _3l-dj2 _ 1
3f]2+12f1f2+3f22+4f1+4f2+1{ (d-2)d
23-412 £, f[4d (14 — d)(d* — 14d + 184) — 38400]
(d —10)(d - 6)d(d — 8)(d —2)(d — 4)
24(f1 + fo)(d® = 18d> + 40d — 448) f» f1274/2
(d-2)d(d - 6)(d—4)(d-8)
T2(fi + fo)(d® = 18d> — 4d — 192) f» f;374/2
- (d—2)d(d —6)(d—4)(d - 8)
9f1 f3742(7d* — 196d> + 1124d? + 16d — 38400)
(d —10)(d - 6)d(d —8)(d —2)(d — 4)
. 4(d - 12)(d* - 6d +32)(fi + ) (fE - fifa+ f5 = 1)
(d—-2)d(d—6)(d—4)(d -8)
(d? =26+ 136)(ff + ) [12(fi + £)](d* = 10d +32) fi fo
(d 4)(d — 10)(d - 6)(d — 8) " d(d-2)(d —4)(d - 6)
fifo(13d* — 364d> + 37884 — 18512d + 38400)
(d —10)(d - 6)d(d — 8)(d —2)(d — 4)
.\ —d’ +32d* - 300d° + 1024d> - 1088d
(d —10)(d — 4)2(d — 2)d(d — 6)(d — 8)
29=412 £ (fy + 1)(47dfy — 13d — 120 f; + 120)
© (d-10)(d - 4)2(d -2)d(d - 6)(d - 8)
29=412 £, (fo + 1) (47df> — 13d — 120 /> + 120)
(d —10)(d — 4)2(d — 2)d(d — 6)(d — 8)
[2>~9Pd2 f(f+ D>+ filfi + D]
(d —10)(d — 4)2(d — 2)d(d — 6)(d — 8)
An expression for A,(f1, f») from the expression (

M) =gy (34 12fif w3 A+ A1)
(AL np- a1 -a1peam e - LD

13(f1 +1)

=Cy(f1, f2,d) =

(d® —32d* +300d — 1024)} ) (A.1)

1

GBf5+1)

———— @+ D+4m2[A(H+DGBAH -2+ filfi+DEfi-2)]
~161n2f1 (32 +3f1 —5) +27I3fi o(2f> + 2fi — 3)}. (A2)

An e-expressions for (r?) and (r7) introduced in (4.18) and (#.19):

2 1
Ve " R(h+1+3p)

+2161n3f1 o — 132 —40fifo — 271 = 52f> — 14— 12f1f22)”, (A.3)

(r?y = (12In2Q2f2 = 20fi fo + 21 +712)

dL(fi+1+3f)
— {1+u
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2 = dL(f» ;;+ 3/1) {1 o % N m(121n2(2f22 —20fifo+2f+7f1)
12161031 — 13f2 =40 fr — 27f> — 52 — 14— 12fzf12)”. (A4)
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BnacTtuBocTi popmMU acMMETPUYHUX MOM-NOM MoJlimepiB y
XOpoLLUOMY PO3YUHHUKY

X. FaMAyKiBCbKam, 0. Kamo>|<HV||7p], B. BnaBau,bKam, a. Ianmumeﬁm

1 IHCTUTYT Qi3nKM KOHAEHCOBaHMX crcTeM HauioHanbHOI akageMii Hayk YkpaiHw, Byn. CBeHuiubkoro, 1, 79011,
JlbBiB, YkpaiHa

2 IHcTuTyT ®isuku, Cinesbknii yHiBepcuTeT, ByA. MepLuoro nosky nixotu, 75, 41-500 Xopxys, MosbLya

3 Jiockypi LeHTp ¢i3nku i ximii 6akTepiil, IHCTUTYT $i3nuHoi Ximii, NonbCbka akagemia Hayk, 01-224 BapluaBa,
MonbLua

4 HauioHanbHWiA yHiBepcuTeT “/IbBiBCbKa NoniTexHika", Byn. baHaepw, 12, 79000, /1bBiB, YkpaiHa

Lla cTaTTs € NPOAOBXEHHAM HaLLoro nonepeaHboro gocnigxeHHs [K. Haydukivska et al., J. Mol. Lig., 2021, 328,
115456] cknagHUX Mosieky/ 3 ABOMa LieHTPaMU ranyXXeHHs Ha KiHLsX aHLtoXKa 0CHOBU 3 f] Ta f 60koBUMM
NaHLOXKaMW NPUKPINAeHMU A0 HUX, AKi BiZOMi Ik TOM-NoM noniMepu. TyT MU aHanisyeMo acMeTpUYHniA BU-
nagok, f1 # f>, BUKOPMCTOBYIOUU SK aHaNITUYHWIA NifXi4 Ha OCHOBI MPSIMOTO MONIMEPHOTO NepeHOPMyBaHHS,
TaK i YNCIbHE MO/ENIOBaHHSA 3 BUKOPUCTaHHSAM METOAIB ANCUNATUBHOI AnHaMikm Ta MoHTe-Kapio. Mu gocni-
[KYEMO BM/IMB MONIEKYNSPHOT acMMmeTpii Ha ycepegHeHy koH$opMaLito, po3rsjatoumn B1nagok 6e3mexHoro
po3BejleHHs B XOPOLLUOMY PO3UMHHUKY. Byv OTPMMaHI KinbKiCHi OLiHKM ANS HU3KW YHIBEpCanbHUX XapakTepu-
CTVK po3Mipy Ta GopMu ANst AOCADKYBAHUX MOJIEKY/ Ta iX CKAAZ0BUX rinok, ik GyHKuii f1 Ta fp. Ao npuknagy,
MW OLLIHIOEMO PO3MipHe CNiBBIAHOLIEHHS AN PaiyciB ripalii CUMeTpUYHOI Ta aCIMeTPUYOi TONONOTi NOM-NoM

0/HaKOBOI MONeKyNSapHOi Macy, Ta KiNbKiCHO Noka3yemo epekT 3pocTy epeKTMBHOrO po3Mipy MOeKyau, Cnpu-
UYMHEHOro accumeTpieto. My TakoX BBOAUMO i aHanizyeMo $GakTop acMMeTPpii Ta OLiHIOEMO 3MilLleHHS LeHTpYy
Mac yepes NPUCYTHICTb 6OKOBKX 3ipOK, LLIO MOXe CYTyBaTy LLie OAHIEI0 XapaKkTepUCTUKOI aCUMeTPUYHOCTI Mo-

NiMepPHOI CTPYKTYpU.

KnrouoBi cnoBa: rosimepu, xapakTepuctvkn ¢opmu, MoZesIb HerepepBHOro NaHLoXKa, ANCUNaTnBHa
ANHaMiKa
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