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a b s t r a c t

The domain structuring in concentrated mixtures of amphiphilic macromolecules with a different
stiffness of backbone has been discovered and studied by means of molecular dynamics simulation. The
macromolecules were composed of identical amphiphilic H-graft-P monomer units. In flexible macro-
molecules, the H-graft-P units are connected freely, whereas the stiff macromolecules have limitations
imposed on torsion and bending angles and carry local helical structure. In solvent which is poor for the
backbone, stiff macromolecules form filament clusters from few intertwined helical chains. The filaments
can be aligned along each other sharing a common director or form a few liquid-crystalline domains
oriented randomly with respect to each other. It was shown that increase of fraction of helical macro-
molecules leads to decrease of order parameter and its high variation over different samples due to the
increase of length and polydispersity of persistent filaments.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Macromolecular self-assembly is the main mechanism under-
pinning the “bottom-up” approach in nanotechnology. Self-
organization of specially crafted macromolecules can be used in
the industry (for example, in electronics) as well as in the pro-
duction of materials for biological and medical applications. In the
latter case, one of the advantages is the intrinsic biodegradability of
such structures which can be easily disassembled into individual
macromolecules upon a change of the external conditions.

The self-organization of biological macromolecules commonly
proceeds through the formation of symmetrical helical structures
[1] which, in some sense, could be considered as building blocks or
fabric of complex biological systems [2]. Understanding the
mechanisms determining self-organization of helical structures is
therefore essential for mastering macromolecular self-assembly.
Recent studies reveal that the helicity of individual macromole-
cules does indeed promote their self-assembly into well-defined
aggregates by intertwining with the formation of double [3] heli-
ces, stereocomplexes [4], or complex supramolecular structures
such as bundles of intertwined fibrils with a nearly constant cross-

section [5]. Ability to precisely control the structure of helical ag-
gregates has been reported in computer simulations [6e10] of
helical macromolecules with amphiphilic H-graft-P monomer
units. The concept and model of H-graft-P amphiphilic monomer
units were introduced [11,12] to account for complex hydrophobic/
hydrophilic structure of monomer units of many synthetic and
biological macromolecules including groups with different affinity
to solvent [13,14]. It has been shown that in semi-dilute solutions
the helical H-graft-P amphiphilic macromolecules form short
bundle aggregates with a very narrow aggregation number distri-
bution which is determined by spatial parameters of the helix as
well as the balance of hydrophobic and hydrophilic interactions [7].
In concentrated solutions, the helical amphiphilic macromolecules
were found to form long wire-like aggregates with a well-defined
cross-section [8]. The aggregates were aligned with each other
and in some cases had a hexagonal ordering. It was thus shown that
a combination of helical backbone and amphiphilic monomer units
can pave the way to the formation of liquid-crystalline phases.

Induced alignment of non-mesogenic components such as
globules and nanoparticles can be beneficial to many practical ap-
plications. For example, an introduction of small amounts of
nanoparticles into liquid-crystalline systems was found to greatly
affect important properties of the systems such as switching times
and switching voltages [15e17]. The sensitivity of the systems to* Corresponding author.
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the introduction of nanoparticles is suggested to be a result of the
formation of elongated clusters from nanoparticles aligned with
nematic director [18]. It has been shown that formation of such
elongated aggregates is possible due exclusively to steric in-
teractions [19].

Induced self-organization of spherical amphiphilic globules was
observed in their mixtures with stiff helical amphiphilic macro-
molecules [9]. The wire-like aggregates from helical macromole-
cules facilitated stacking of compacted globules of flexible chains
into elongated clusters with a similar size of a cross-section. The
clusters of flexible macromolecules were aligned with the liquid-
crystalline matrix. In a follow-up study it was shown that the
liquid-crystalline ordering of helical aggregates and formation of
elongated clusters of helical macromolecules take place simulta-
neously upon increase of mass fraction of helical macromolecules
from f ¼ 0.2 to f ¼ 0.3 [10]. In the present study we consider the
same system, namely concentrated mixtures of stiff helical and
flexible amphiphilic macromolecules with different fractions of
helical chains. However, the results presented in the current paper
are obtained using an order of magnitude larger systems: the linear
size of the simulation cell is twice as large as in the previous study
with a corresponding eight-fold increase in the number of macro-
molecules. Increased size of the simulation cell allowed analysis of
self-organization at the level of a domain as well as additional
scalability check of the data.

2. Model

The paper considers macromolecules with amphiphilic mono-
mer units A represented by the H-graft-P model [6,11] (Fig. 1a). The
hydrophobic “H” beads formed the linear backbone of length N
while the hydrophilic “P” beads were attached to each of the H
beads as side groups (Fig. 1a). The masses of all beads were equal to
m ¼ 1, the effective diameters of all beads were s. All spatial pa-
rameters of the systems are reported in terms of this natural unit,
i.e. s¼1. The lengths of all bonds b ¼ 1 were maintained by stiff
harmonic potential.

We considered two types of macromolecules which are flexible
amphiphilic macromolecules and stiff amphiphilic macromolecules
with a local helical structure of the backbone. In the latter case, the
local helical structure of macromolecular backbone was enforced
by restriction of bending and torsion of the backbone around the
preferred values qo and 4o (Fig. 1b).

To confine the bend angles q and torsion angles f of helical
macromolecules around their preferred values, the force field po-
tentials Ubend and Utors were applied [1,20]:

Ubend ¼ εstðcos q� cos q0Þ2
Utors ¼ εst cosðf� f0Þ

(1)

where εst ¼ 32 is the energy parameter controlling the stiffness of

angle fixation, q0 ¼ 29� is the preferred value of bend angle and
f0 ¼ 154� is the preferred value of the torsion angle. The set defines
a so-called open helix [6,8] with a relatively big distance between
consecutive helix turns: the helix pitch is d0 ¼ 6.16. The helix is
right-handed, its tube radius is r0 ¼ 1.16 and the number of
monomer units per turn is p0 ¼ 9.46. The value of the energy
parameter εst is high enough to maintain the helical conformation
of the backbone in both good and poor solvent [6].

The restriction of bending and torsion of the backbone was the
only difference between stiff and flexible macromolecules. All other
force-field parameters including pairwise and bonded interactions
were the same in helical and flexible macromolecules.

Excluded volume interactions between non-bonded particles
were described by repulsive part of the Lennard-Jones potential:

uev ¼ 16ε
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where rij is the distance between the centers of interaction i and j,
h(r) is the Heaviside step function and ro ¼ 21/6s is the cutoff dis-
tance for excluded volume interactions, ε is the energy parameter
which controls energy scale so that ε ¼ 1.

The solvent was considered implicitly. Solvent-mediated in-
teractions between the units were described by Yukawa potential:

Usolv ¼ εab � exp
�� g,rij

�� h
�
rij � rc

�
(3)

where rc is the cutoff distance rc¼4, parameters εab (¼ εHH, εPP, εHP)
define the strength of interactions between the beads of corre-
sponding types, g ¼ 0.23 is the screening parameter [9]. In exper-
iments presented hereby εPP ¼ 1.27, εНР ¼ 0 and εНH� 0. Positive εPР
means effective repulsion between P groups; εНР ¼ 0 implies that
therewere no solvent-mediated interactions betweenH and P units
except excluded volume interactions. Changes in solvent quality
were simulated through variation of the interaction parameter of
hydrophobic groups (�2 � εНH � 0): the higher the absolute value
εНH, the stronger the attraction between H groups and the worse
the effective solvent quality.

The temperature was maintained by Langevin thermostat at
T¼1 (T ¼ ε=KB, where KB is the Boltzmann constant). The size of the
simulation cell was kept constant. All computations were per-
formed using LAMMPS simulation package [21]. The simulations
were carried out using the resources of the Supercomputing Center
of Lomonosov Moscow State University [22].

The solutions were prepared by placing required numbers of nH
helical and nF flexible macromolecules in a cubic simulation cell
with periodic boundary conditions. The degree of polymerization of
the macromolecules was N ¼ 32. The chains of this length have
shown ability to self-assemble into stable seamless wire-like ag-
gregates [9]; their relative shortness ensures faster equilibration of
the systems. The volume fraction of the polymer in all experiments
was J ¼ 0.30. Due to the solubility of the polymers even in com-
pacted (flexible macromolecules) and aggregated (stiff macromol-
ecules) states [9] the macrophase separation was not expected and
the size of the simulation cells was kept constant with cell edge
a¼ 60. The cells contained n¼ 1000 macromolecules (n¼ nH þ nF).
The fraction f ¼ nH=n of helical macromolecules in the systems was

equal to f ¼ 0.2, f ¼ 0.3, f ¼ 0.4, f ¼ 0.5, f ¼ 1.0. Generation of sta-
tistically independent samples, equilibration in a good solvent and
subsequent annealing were performed according to the previously
described [9] experimental protocol. The systemswere equilibrated
first at εHH ¼ 0 and then at εHH ¼ �1.017 well above aggregation
threshold. Equilibration times were chosen according to diffusion
rate and ensured full intermixing of the macromolecules. The

Fig. 1. The H-graft-P model of an amphiphilic macromolecule (a), bend q and torsion f

angles of the backbone (b).
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