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Structure and cohesive energy of dipolar helices

Igor Stankovi¢,*® Miljan Dasi¢® and René Messina®

This paper deals with the investigation of cohesive energy in dipolar helices made up of hard spheres. Such
tubular helical structures are ubiquitous objects in biological systems. We observe a complex dependence of
cohesive energy on surface packing fraction and dipole moment distribution. As far as single helices are
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concerned, the lowest cohesive energy is achieved at the highest surface packing fraction. Besides, a striking
non-monotonic behavior is reported for the cohesive energy as a function of the surface packing fraction.
For multiple helices, we discover a new phase, exhibiting markedly higher cohesive energy. This phase is

referred to as ZZ tube consisting of stacked crown rings (reminiscent of a pile of zig-zag rings), resulting in a

www.rsc.org/softmatter

1 Introduction

Particles with permanent dipole moments, such as magnetic
particles, are well known for their outstanding self-assembly
properties.'™ In biology, tubular and helical structures are
relevant self-assembled objects, for instance, found in bacterial
flagella* and microtubules.>® Other instances of such tubular/
helical structures can be found in various materials with specific
building units that can be: carbon atoms,” coiled carbon nano-
tubes,® DNA,? nanoparticles,'® or amphiphilic molecules.""™** Self
organization of cubic magnetic nanoparticles** and asymmetric
colloidal magnetic dumbbells'® into helical architectures were
recently reported without the need for pre-existing templates.
On a more theoretical side, hard spherical particles confined in
narrow cylinders spontaneously assemble into helical structures'®"”
and this is also seen experimentally.'® Hard-spheres with permanent
moment can be employed as a paradigm for more complex helical
molecular superstructures,'® or microtubules.>**' The pioneering
theoretical work of Jacobs and Bean?* and later that of de Gennes
and Pincus®® shed some light on the microstructure of self-
assembled unconstrained (spherical) dipoles. More recently, the
paper** advocated the ground states of self-assembled magnetic
structures. The authors proved that for a sufficiently high number
of particles the ground state is obtained via ring stacking
into tubes.** On the other hand, Vella et al** showed an
illustrative example in which a macroscopic straight portion
of the chain spontaneously wraps itself building a tube. At
larger scales, the Janus chain model was able to reproduce well
the formation of superstructures and double helical conformations
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local triangular arrangement with densely packed filaments parallel to the tube axis.

of amphiphilic molecules.>®*” The competition between toroidal

and rod-like conformations, as possible ground states for DNA
condensation, was studied using a polymer chain model function
of stiffness and short range interactions.”®**° Also the recently
introduced polymorphic dynamics model***" was able to reproduce
the behavior of the microtubule lattice based on a rough under-
standing of underlying atomic level processes. The general scientific
problem of understanding the processes by which building blocks
(dipoles) self-assemble and obtain their functionality is highly
challenging.?*3¢

The goal of this paper is to address the intimate link between
microstructure and cohesive energy. Tubular helical structures
can be obtained either (i) through ring stacking or (ii) by rolling
one or multiple helices on a confining cylindrical surface (Section 2).
The dipolar interaction model is introduced and a link between
the dipole distribution and the microstructure is established
in Section 3. In Section 4, starting from the most simple case
corresponding to a single helix, we discuss the relationship
between the surface packing and the resulting macroscopic
properties such as the cohesive energy or overall polarization.
Then, the more complex situation of multiple helices with densely
packed constitutive particles is addressed. There, the degree of
alignment (especially in the ground state) between the dipole
moment orientation and the helix axis is analyzed.

2 Geometry of helices
2.1 Geometry of the single helix

In the framework of this paper, helices are composed of hard
spherical particles and confined to a cylinder’s surface, i.e., the
helices are created by rolling threads on the cylindrical surface
of radius R.,. Geometrical parameters that define a single helix
are: the azimuthal angular shift I between the centers of two
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Fig. 1 lllustration of a single helix with the relevant geometrical parameters
(R.I'Az) labelled. The bold line connecting spherical particle centers
represents the backbone of the helix. In the upper part of the figure, the
azimuthal dipole moment orientation « is defined in a local coordinate
system with its origin corresponding to the particle center. The z’-axis is
parallel to the cylinder axis.

successive particles and the radius of the helix R = Ry + d/2,
where d stands for the hard sphere diameter, see Fig. 1. The radius
R represents physically the distance of the closest approach
between the cylinder axis and the center of the spherical particle.
The Cartesian coordinates of particle 7 in a single helix are
calculated as: x; = Rcos(il'), y; = Rsin(il'), and z; = iAz, where i € Z
and assuming that one particle is at (x,y,z) = (R,0,0). The distance
between the centers of each two successive particles along the
helix axis is labelled Az, see Fig. 1. When constructing a helix, its
radius R and the azimuthal angular distance I" have to be chosen
in a way that ensures non-overlapping of hard spheres. The non-
overlapping constraint is expressed for any two particles i, j as

@nc=2 ()ne=4

(C) Ne = 6
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Soft Matter

|'7| = d. Since the helix thread is connected everywhere, any
two successive particles are touching. We can obtain Az as a
function of other two variables: Az = \/d*>+2(cosI — 1)R2.
Thereby, variables Az, R and I' are not independent. Clearly,
with decreasing Az (i.e., increasing I') helices become more
compact. Because of the connectivity, every particle in a helix
has at least two neighbors, i.e., the coordination number, 7, is
always greater or equal than two (n. > 2). The highest packing
density of the particles for the prescribed confinement radius R
will be achieved when the successive helix turns touch. In this
situation of touching turns, the coordination number 7. can be
either four or six. Therefore, in general, n. € {2, 4, 6}, where the
case n. = 2 corresponds to non-touching turns. Based on the
coordination number 7., we can classify helices as follows (see
Fig. 2a-c). Examples of helices with two neighbors n. = 2 and
four neighbors n. = 4 at a prescribed cylindrical confinement,
e.g., R/d = 1.78, are sketched in Fig. 2a and b, respectively. For
a number of well-defined radii, as discussed later in this
paper, densely packed helices with six neighbors (n. = 6) can
be formed, see Fig. 2c. In the following sections, we will also
investigate stacked rings forming the so-called tubes, also
depicted in Fig. 2d-f.

2.2 Order parameters for single helices

The surface packing fraction, 1 = S/Sayail, is defined as the ratio
of the area S = nd*/4 covered by one particle and the area
available for one particle Sy, in an unrolled configuration.

Following the definition of the surface packing density we
obtain:{

dZ
1= 8AK @

For comparison we are also going to derive the packing fraction
for the tubes:i

e The surface packing fraction of AA tubes is given by
Naa = Nringd/8Ras for an AA tube with Ny,g particles per ring
and the confinement radius Raa/d = 1/[2sin(n/Nying)], see Fig. 2d
for a microstructure with Ry,/d = 1.93.

(d) AA tube (e) AB tube (f)ZZ tube

Fig. 2 Illustration of different classes of helices, based on the coordination number n. = 2, 4, and 6. (a) Helix with non-touching turns (n. = 2). (b) Helix
with touching turns (n. = 4). (c) Densely packed helix (nc = 6). The other panels illustrate the so-called (d) AA, (e) AB, and (f) ZZ tubes. The tubes can be
created by strict axial stacking of unit rings. For AA and AB tubes unit rings are flat, whereas, for ZZ tubes the unit ring has a crown shape (reminiscent of
the pile of ‘zig-zag' rings). The radii of AA and AB tubes are the same R/d = 1.93.
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e Similarly, for AB tubes, the packing fraction is 17,5 = Nringdz/
8RapAZag, With Rag = Ras. Here, the elevation Az,g between two
consecutive rings is:

Azap = (d/2)y/2 + 2cos(n/N) — co(n/N).  (2)

o For ZZ tubes, the packing fraction is 17 = Nyingd/8Rz7, with the
confinement radius Rzz/d = v/3/[4sin(n/Nring) |-

To further characterize the helical microstructures, we
introduce an additional geometrical order parameter ¢ which
is valid for n. = 4 and 6. This order parameter connects an
individual reference particle 0 located at 7, in the helix with its
two neighbors: its immediate successive particle 1 in the turn
(For = 71 — 7o) and a neighboring particle 2 from the next turn
(Foa = 75 — 7o), see Fig. 3(a).

The angular coordination order parameter is conveniently
defined as:

VO] : ?02
6:2‘6142‘. (3)

In the two limiting cases, the angular coordination order
parameter has values: &, = 0, for a locally square lattice on a
cylinder (e.g., AA tubes, check Fig. 2d) and &, = 1, for a locally
triangular lattice (e.g. AB tubes, check Fig. 2e). In all other
cases, the value of the angular coordination order parameter ¢
is between those two extreme values, i.e., 0 < ¢ < 1.

2.3 Multiple helices at high surface packing fraction

The densely packed helices (n. = 6) can be created, in analogy
with carbon nanotubes, by rolling a ribbon of a triangular
lattice on a cylinder surface.>” We deal with cylindrical geometry,
infinite in one direction. We can generate these helical structures
by periodical reproduction of a curved patch (unit cell) along the
helical line with spanning vectors (d;, @,). This curved unit
cell has n, particles along the @, direction and n, particles in the
a, direction.§

Since we deal with hard spheres and we aim to build very
dense structures, the parameter space (R,Az,n,,n,) is significantly
restricted. We are going to find out that only two of these
parameters are independent. There exists a relationship linking
the elevation angle O = arcsin(Az/d) and the confinement radius
R, see ref. 37. Bearing in mind that for any pair (ny,n,) or
equivalently (n,,n,), we have a unique corresponding structure

+ The available area per particle is Sayaii = 2mRAZ, where the distance between
successive particles along the tube axis is Az. We take for the surface covered by
particle S = nd*/4, i.e., neglecting curvature. This results in a small overestimation
of the packing fraction (less then 2% for large curvatures, e.g., R/d = \/3/2).

i The tubes are obtained via ring stacking. It is convenient to calculate the
surface packing fraction as the ratio of the area covered by the particles in a unit
ring and the available area per ring. The surface covered is S = Nyingnd”/4. The
available area per ring is Sawai = 2nRAz, where Az is the distance between
successive rings. The distance between successive rings is Az = d for AA and ZZ
tubes.

§ The values n, and n, can be seen as the two possible widths of the ribbon
generating the same helical structure.

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 (a) lllustration of a helix made of hard spheres, helix backbone
(solid line), and the vectors connecting a reference particle O located at
(x.y.z) = (R,0,0) with its neighbors: an immediate successive particle 1in the
turn located at (o) and a neighboring particle 2 from the next thread turn
at (Fo2). (b) An overview of the principal geometrical parameters of n. = 4
and 6 helices: elevation angle ® and azimuthal angular shifts I'y and I', (see
egn (7). In our notation, densely packed directions along the helical
superstructure are called threads. The corresponding elevation distances
of successive particles along helix axes Az, , (see eqn (9)) are also given for
two possibilities for the rolling of the same helix configuration.

with n. = 6, one arrives at the following two independent
equations:

V3n,
(0] = arct — 4
(ny,my) = arctan <2n1 T (4)
and
2

180° = n; arcsin (i)&

4R ViR +n? +nin;
(5)

+ ny arcsin

( d ) 2n, + my
AR) i+ nz s
We have solved those two equations and obtained the sets (©,R/d)
shown in Fig. 4. For each value of R there are two different values
of ©, symmetric around @ = 30°, which correspond to lattice
constant pairs (n3,n,) and (n,,n,), respectively. The (n4,n,) pairs
are actually identical structures with opposite chirality.*® The six-
fold rotational symmetry of the lattice restricts ©® € [0°,60°].

We now look into properties of (ny,n,) pairs in order to
characterize the multi-thread structure of six neighbor helices
(nc = 6). First, we identify the link between n. = 6-tubes and the

Soft Matter
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Fig. 4 Phase diagram in the (©,R/d)-plane showing possible unit cells
characterized by (ny,n;) pairs. Solid lines represent unit cells with n; fixed,
and the dashed ones represent unit cells with n, fixed. The three horizontal
lines (dot-dashed) correspond to tubes.

(n4,n,) pair values. The pairs (0,n,) and (74,0) leading to © = 60°
and 0°, respectively, represent AB tubes, cf. Fig. 4. The pairs
with n; = n, corresponding to @ = 30° lead to ZZ tubes that are
characterized by constitutive straight filaments parallel to the
ZZ tube axis, see Fig. 2f. The curve with n; = 1 (with n, > 3)
corresponds to a single helix, n; = 2 (with n, > 3) to a double
helix, n, = 3 (for any n, > 4) to a triple helix, and more generally
an ny-helical structure is obtained when n, > n; + 1.9

We employ Cartesian coordinates to express positions of
particles in an n-helix similarly to the single helix case, using
two indices, i € Z and j = {1,n}:

Xigjn = Rsin(z'l"l +jl"2)

Yijn = Reos(il'y +jT'5)
Zign = 1AZy + jAZ. (6)

In eqn (6), I'; represents the azimuthal angular shift between
each two consecutive particles along a given thread and I, is
the angular shift between threads, i.e., densely packed directions
in a superstructure, see Fig. 3(b). The azimuthal angle I'; is
merely provided by:

d 2
I'y = arccos|1 — (—cos @>
V2R

The angular shift I", between threads is more delicate to derive.
Knowing that starting from the reference particle it is possible
to reach the same particle position following two paths along
threads (in d; or d,-direction), one can arrive at a relation
linking I'; and I': 360° = (ny + ny)l'y — noly.

The dependence of angular parameters I'; and [, on the
reduced helix radius R/d is displayed in Fig. 5, for ©® < 30 in the

: (7)

9 In our notation, multiple helices are named after the smallest unit patch
dimension, i.e., the smallest number of generating threads.
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Fig. 5 Dependence of azimuthal angular shift parameters I'; and I';
stemming from the corresponding spanning vectors s, a», respectively,
on a reduced helix radius R/d, for single (n, = 1), double (n, = 2), and
quadruple (n, = 4) helices.

single helix (n, = 1, n; > 4), the double helix (1, = 2, n; > n,)
and the quadruple helix (n, = 4, n; > ny).

As the helix radius R/d increases, the value of I'; monotonically
decreases, since additional particles are added to a turn. The
angular parameter I, monotonically decreases only for n, = 1.
The scenario becomes qualitatively different at n, > 2 where
non-monotonic behavior is found, see Fig. 5. This feature can be
rationalized as follows. The smallest compatible radii R with
n, > 2 and ® < 30° are obtained when n; = n, (¢f. Fig. 4)
corresponding to Z tubes where I', = 0. Besides that, I', tends
to zero for the vanishing cylinder curvature (R/d — oo). These
are the reasons why the profile of I',(R/d) is non-monotonic
when n, > 2.

The surface packing fraction of densely packed multiple
helices is simply obtained by multiplying the surface packing
fraction of a single helix with the number of threads 7, (Hmuii = 121,
see eqn (1)):

2
Nmulti = nnga’W7 (8)

where the elevation distance Az; (shown in Fig. 3b) is given by:

Az = \/dz — 4R?sin’ (%) . 9)

The calculated surface packing fraction of single (n, = 1),
double (n, = 2), and quadruple (n, = 4) helices is shown in
Fig. 6. At a given confinement curvature (fixed R/d), adding
threads results in higher surface packing fraction, see Fig. 6.

3 Dipole moments
3.1 Dipolar interaction model

We now want to address the situation where the constitutive
particles are dipolar. Each particle carries an identical dipole
moment in magnitude, m = |m;|, where m; = (m}, m}, m3) defines
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Fig. 6 Surface packing fraction 5, see egn (8) as a function of reduced
helix radius R/d for single (n, = 1), double (n, = 2), and quadruple (n, = 4)
helices.

the dipole moment of particle i, see also Fig. 1. The potential
energy of interaction U(r;) between two point-like dipoles
whose centers are located at 7; and 7; can be written as:

(URDICRD)

10
= (10)

U(?,]) = C'Lz }’}7!,*'1’;1']‘—3
rif

for rj; > d or oo otherwise, where C represents a constant that
depends on the intervening medium, and ry; = || = |7; — 74| It is
convenient to introduce the energy scale defined by U; ; = Cm?/d”
that physically represents the repulsive potential value for two
parallel dipoles in contact standing side by side as clearly
suggested by the notation. Therefore, the total potential energy
of interaction in a given structure U, is given by

Uor = Z U (7y). (11)

i>j

One can then define the reduced potential energy of interaction
u (per particle) of N magnetic spheres. It reads u = Uyo/(Us 1N),
which will be referred to as the cohesive energy.

Since we are dealing with infinitely long structures (in one
direction), we shall consider only periodic structures in that
direction that greatly facilitate the calculation of the cohesive
energy. The method of choice is provided by the Lekner sum for
systems with periodicity in one direction.*® The central feature
in the Lekner method is the choice of the periodic cell. For
n. = 2, 4, we can always find helical parameters with a finite
number of particles in the unit cell. The periodicity is achieved
by imposing a condition on the angular shift parameter I" that a
helix has to make an integer number of turns within the unit cell.

3.2 Dipole moment orientation prescribed by helix threads

Because of the symmetry it is intuitive to envision dipole moments
following helix threads. In order to have dipole moments tangential
to the helical backbone, we introduce two components of dipole
moments. The parallel component with respect to the helix axis
is given by m® = mAz/d and the orthogonal one is given by

|| = my/1 — (Az/d)?. Hence, the dipole moment of particle
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Fig. 7 The representative structures including dipole moment distributions
are displayed. For AB tubes with patch parameters (ny,n,) = (8,0) dipole
distributions which correspond to spanning unit cell vectors (a) &3 (oblique to
cylinder's axis), (b) &> (closer to cylinder's axes), and (c) ground state dipole
distribution. For a single helix (ny,ny) = (9,1) dipole distributions which
correspond to (d) &; and (e) &, (closer to helix axes) spanning vectors,
and(f) ground state dipole distribution. For a double helix (ny,no) = (8,2)
dipole distributions which correspond to (g) &y, (h) &> (closer to helix axes)
spanning vectors, and (i) the ground state dipole distribution. In the case of
ZZ tubes (j) &1 and (k) &, dipole distributions are shown. The ground state of
77 tubes follows &, dipole distribution (parallel to cylinder's axis).

Z7Z tube (4,4)

®

in the single thread helix reads: m; = —m™sin(il'), m} = m™
cos(il), and m = m,.

In the multi-thread case, the Cartesian dipole moment
components are given by:

my; = —msin(il’y +jI',)

my ;= m2cos(il'y + jI'»)
m;; = mAz/d, (12)

where i € Z is the internal particle label within a thread and
J={1,n,} stands for the thread’s label. In dense helices (n. =4, 6)
dipole moments can follow two directions @, and d,. In Fig. 7,
representative dipole moment distributions are shown.

3.3 Energy minimization

In general, the dipole moments do not have to follow thread
structure. To find the dipole moment distribution that yields
minimal energy, we first perform minimization of the cohesive
energy using a constrained minimization algorithm.**** A randomly
oriented dipole moment is assigned to every particle of the helical
structure in the following way: dipole moment is defined in the
spherical coordinate system. Two important features stemming
from these energy minimization calculations are:

(i) Dipole moments are tangential to the cylinder’s surface.
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(if) The component of dipole moment in the z-axis direction
m, for a given structure is identical for all particles. ||

Therefore we need just one angular parameter to characterize
the dipole moment orientation. We choose the dipole moment
angular parameter, « € [—180°,180°], relative to the z-axis, see
Fig. 1. Doing so we arrive at:

mi ;= —msin(o)sin(il’y +jT'5)

m?Y; = msin(a)cos(il'y + jI'5)
m3 ; = mcos(x), (13)

where the indices i and j have the same meaning as in eqn (12).
Consequently, the angular parameter o is most of the time a
unique variable, at prescribed helical structures, entering into
the energy minimization routine.

4 Cohesion energy and microstructure
4.1 Compression of a single helix

A simple way to deform a helix is to compress (or extend) it
along its axis, ie., the z-direction, while ensuring the dipole
moments follow the thread (for details of implementation, see
Section 3.2). Compression of a helix results in a continuous
increase of its surface packing fraction #. Fig. 8 shows the
evolution of cohesive energy uz with the surface packing fraction
n for a single helix with reduced radius (R/d ~ 1.7, chosen in the
vicinity of n. = 6 point). Recalling geometrical considerations in
Section 2.1 the increase of the azimuthal angular shift I' at
prescribed curvature results in a continuous decrease of Az and
compression of the helix. The compression process begins with

-2.3F ﬂ y B
24} i I
E

Fig. 8 Compression of a single helix on a cylindrical confinement with a
fixed radius (R/d ~ 1.7). Dependence of cohesive energy (upper left panel)
and the overall polarization order parameter, i.e., the axial component of
the dipole moment (in lower left panel), on the packing fraction is shown
for two characteristic dipole moment orientations: one that follows the
helix, i.e., the spanning vector &; and the ground state dipole moment
orientation obtained by energy minimization. Comparative microstructures
at different 5 values (A—F) are depicted on the right panel. Configurations (A,
B, C and E) correspond to a dipole moment distribution following the helix
whereas configurations D and F correspond to ground state distributions.

ground state
Ry | p— d; - dipole orientation

[55]

<amg
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a fully extended helix (i.e.,  — d/8R =~ 0.073) where the chain
stands up with Az/d = 1, and the cohesive energy of infinite
chain u ~ —2.404.>* The compression ends when two successive
turns of the helix touch, i.e., the coordination number of particles
in the helix changes from n, = 2 to n, = 4.

We also address the minimal energy of the helix with respect
to the dipole moment distribution (i.e., not necessarily prescribed
by tangentially following the helix). From Fig. 8, we observe that
ug = ug(n) is non-monotonic. We can identify two regimes:

e At small packing fractions up to # < 0.4 (with no touching
turns), the compression of the helix requires energy input and
therefore cohesive energy increases. The reason for this is that
two distant consecutive turns of the helix experience weaker
attraction upon increasing .

¢ In the regime of high n 2 0.4 where successive turns are
allowed to be close or even touching, the cohesive energy starts
to decrease as 7 increases, i.e., the helix would compress on its
own without input of energy. This is a consequence of enhanced
attraction caused by the discreteness of the constitutive dipolar
beads, see ref. 41.

The overall polarization order parameter (m,) is also analysed
in Fig. 8. During most of the course of the helix compression,
see Fig. 8, a dipole moment orientation following the helix
corresponds to the ground state structure up to 1 ~ 0.8, ¢f
points C and D in Fig. 8 (for details of ground state calculations,
see Section 3.3). Only for very high packing fractions, i.e., 7 > 0.8,
the ground state dipole orientation starts to rapidly deviate from
the helix direction accompanied by a significant reduction in
cohesive energy (see points E and F in Fig. 8). The highest difference
in (m,) occurs for 1 ~ 0.887, where . = 4 helix with touching turns
is formed, and the energy difference up — uk ~ 0.06.

4.2 From the square to triangular arrangement for a single
helix

Having successfully parameterized helices and introduced dipole
moments, it is natural to ask how cohesive energy depends on
structural changes and especially on curvature. With increasing
curvature the structure will change from the triangular to square
arrangement and vice versa through a continuous series of
rhombic configurations. We first study in detail systems with
dipole moments following the spanning vector that are most
oblique to helix axes, see Fig. 7d. For the sake of comparison
with tubes (AA/AB tubes), we also chose dipole moments that are
building vortices along the rings for them, ¢f. Fig. 7a. Motivation
for that choice stems from a previous study,”*
shown that finite AB tubular systems are energetically favor-
able, see Fig. 7a (dipole moment orientation is perpendicular to
the tube’s axis).

The surface packing fraction # (eqn (1)), the angular coordination
order parameter ¢ (see eqn (3)), and the cohesive energy per particle
ug (eqn (11)) are plotted versus the reduced helix radius R/d in Fig. 9.

where we have

| We have found that under some circumstances the dipole moment orientations
alternate, i.e., antiferromagnetic-like coupling between the neighboring threads.
This actually occurs with any AA tube. Similar behavior is reported for some
moderately dense n. = 4-helical structures.
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Fig. 9 Dependence of (a) the angular coordination order parameter ¢, (b)
the packing density n and (c) the cohesive energy ur on the helix radius
R/d, for &, dipole orientation. AA and AB tube points are clearly indicated,
they bracket the parameter values of helices, like a kind of envelope (solid
and dashed lines connecting the tube points are power law fits).

Actually, the energy and structural properties change in an
oscillatory quasi-periodic manner and they are enveloped from
both sides with the properties of AA and AB tubes, see Fig. 9. In
Fig. 10 behavior of these observables is depicted within one
period (R/d € [2.09,2.26], arbitrary chosen). In one period, the
number of particles () in a constitutive ring of (AA/AB) tubes is
increased for one, ie., from n-ring to n + 1-ring. Within this
period, the order parameter changes from ¢ = 0, i.e., square
arrangement, to £ = 1, i.e., triangular arrangement, via a continuous
rhombic transformation, see Fig. 10a. The radii of densely packed
helices are roughly in the middle between two corresponding
(AB/AA) tube radii, see Fig. 10a. This is a result of the radial
constraint and the excluded volume. Though in a single thread
helical structure we cannot close rings in the plane perpendicular to
the cylinder axis, one can nevertheless realize a full 360° helix turn
with roughly n + 1/2 particles. We observe discontinuity and strong
asymmetry of the angular coordination order parameter ¢ at the
mid-period (R13,1)/d ~ 2.17), see Fig. 10a. This is due to a change in
the number of lateral threads n,, see Fig. 7e for illustration, at the
mid period going from n, = 9 to n, = 10, see Fig. 10a.
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Fig. 10 Dependence of (a) the angular coordination order parameter ¢,
(b) the packing density 7 and (c) the cohesive energy ug on the helix radius
R/d, for a segment in the vicinity of Ruz1)/d = 2.17 of Fig. 9. Tubes AA and
AB are represented by discrete points since they can be formed only with a
fixed number of particles in a ring, the fitted (power law) curves serve only
as a guide to the eye. The point which represents the dense helix with
(n,n5) = (13,1) and Ry31)/d = 2.17 is marked with a rectangle.

With decreasing curvature, the surface packing fraction increases
globally, see Fig. 9b. We observe oscillatory behavior as the system
continuously evolves from the square to triangular arrangement and
vice versa. The AA and AB tubes still roughly bound have the values
taken by the surface packing fraction. At the helix radius R/d > 3.4,
see Fig. 9b, we are already within 3% of the asymptotic expected
values in the planar case. In contrast to the angular coordination
parameter £, the surface packing density 4 is continuous every-
where, compare Fig. 10a and b. Moreover, at mid-period the
n value is slightly (and systematically, see Fig. 9b) above the
interpolated stemming from AB tubes (see Fig. 10b). In Fig. 9b
and ¢, it can be clearly seen that the profiles of energy oscillations
ur and the surface packing fraction n are anti-correlated. The
mid-period values u coincide with interpolated stemming from
AB tube radii (confirmed by Fig. 9c and 10c).

4.3 Looking for the ground state

At this point, we would like to discuss mechanisms which govern
the minimal energy dipole moment orientation near the mid-
period transition point (more details about implementation are
provided in Section 3.3). There are three privileged directions in
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a helix: two which follow helix spanning vectors (determined by
d,, 4,) and the third one which is the direction of the helix axis.
These privileged directions come into play in two competing
mechanisms:

e The first mechanism is typically dictated by first neighbor
interactions which favor dipole moments following the thread
directions.

o The distant-neighbor interactions favor the distribution of
dipole moments parallel to the helix axis.

We can justify these two mechanisms as follows. It is well
known for a small finite system that rings are formed with dipole
moments building vortices, c¢f. ref. 24. When a helix turn is projected
along the z-axis, the resulting figure is highly reminiscent of the
vortex discussed above. The head to tail configuration is favored
at long distances, explaining the second advocated mechanism.

The abrupt change in polarization (or magnetization) in the
direction of the axis (m,), seen in Fig. 11b, is correlated with
the discontinuous change in the angular coordination order
parameter ¢ in the vicinity of transition, see Fig. 10a. At the
mid-period point R(3,1)/d = 2.17 magnetization in the direction
of the axis (m,) is close to one, but not exactly one, see Fig. 11.

For the sake of comparison with tubes (AA/AB tubes), we
choose dipole moments that are parallel with the helix axis, see
Fig. 7c. The fact that the system is able to relax its dipole
moment orientation to the ground state results in more dependence
of energy on confinement curvature around the mid-point. The
degree of asymmetry of uy is stronger around the transition point,

see Fig. 11b, than in the excited state in Fig. 10c. The ground state
calculations confirm the high stability of AB tubes (see Fig. 10c).

4.4 Cohesion energy for multiple helices at high surface
packing fraction

In this part, we consider the high surface packing fraction regime
with n. = 6. Some representative structures including dipole
moment streamlines are displayed in Fig. 7. The streamlines
following spanning unit cell vectors @, (oblique to the helix axis)
and d, (more aligned to the helix axis) are also shown.** Dipole
moment distributions in the ground states are also indicated for
comparison in Fig. 7. In analogy with the study of a single helix
case (see Section 4.2), we start analysis with a dipole moment
distribution prescribed by tangentiality with the thread backbone.
In Fig. 12, cohesive energy for the d,-generated dipole moment
distribution is shown for different helical structures.

The cohesive energy in a planar triangular lattice, u,, ~ —2.759,
represents the energy value which will be reached asymptotically
(R/d — o) for all considered structures. As already found for
AB tubes in ref. 24, cohesive energy exhibits the scaling law of
the form ug — u,, ~ R 2, see Fig. 12. The cohesive energies of
all three helices and AB tubes are weakly dependent on the
number of threads for d;-generated dipole moment distribution.

** It is possible to polarize the helix by a homogeneous external field parallel to its
axis. For symmetry reasons, a reversal of the magnetic field should result in the
reversal of the dipole orientation. In the case of magnetic dipoles, it should also be
possible to polarize the system to follow @; and @, spanning vectors by combination
of a curling magnetic field of electric current flowing through the confining cylinder
and the homogeneous external magnetic field parallel to its axis.
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Fig. 11 Dependence of (a) cohesive energy ur and (b) the overall polari-
zation order parameter (m,) on the helix radius R/d (in the ground state),
for a chosen segment of Fig. 9. Tubes AA and AB are represented by
discrete points since they can be formed only with a fixed number of
particles in a ring, the fitted (power law) curves serve only as a guide to the
eye. The point which represents the dense helix with (ny,n,) = (13,1) and
Razp/d = 2.17, is marked with a rectangle.
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Fig. 12 Dependence of cohesive energy ug on the helix radius R/d, for
single, double, and quadruple helices at high surface packing fraction, and
AB tubes, with &3 dipole orientation.
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Fig. 13 Dependence of cohesive energy ug on the helix radius R/d, for
families of single, double, and quadruple helices at a high surface packing
fraction, i.e., n, = {1, 2, 4}, respectively, and AB tubes, with &, and optimized
dipole moment orientation.

This is in accordance with surface packing fraction behavior
reported in Fig. 6. A comparison with the azimuthal angular shift
parameter I'y, see Fig. 5, and the corresponding cohesive energy
(for a,-generated dipole moment distribution) clearly reveals a
correlation between these two quantities.

In Fig. 13, cohesive energy for d,-generated dipole moment
distribution is compared with ground state energy for a different
number of threads. There exists an analogous correlation (as
discussed for d,-dipole distribution) between the azimuthal shift
I', and the resulting cohesive energy, compare Fig. 5 and 13.

The smallest compatible radius R for multi thread helices
(ny = 2, 4) is obtained for ZZ tubes (n; = n,). In Fig. 13, the
corresponding radii read R(;z)/d = 0.61 and Ry 4y/d = 1.13. In
this case the d, and ground state dipole moment orientations
are the same, see Fig. 7k. Strikingly, ZZ tube ground states
converge very fast to the expected planar value u. at the
smallest accessible radii, i.e., the largest curvature, within less
than 1% of the planar case, see Fig. 13 for R;z)/d = 0.61. A
structural similarity of ZZ tubes, with typical experimental
images of microtubules is striking, see Fig. 7k. Structurally,
ZZ tubes can be created by closing the rectangular strip on a
cylinder and decomposition into chains which are analogous to
biological filaments which the microtubules are made of.

5 Conclusions

We have presented a study about cohesive energy of helical
structures composed of hard spheres with permanent dipole
moments. Helices were created by replication of a particle or
patch (of particles) on a confining cylindrical surface. Even for
the most simple situation, namely the single thread helix, a
non-trivial behavior is found when monitoring the cohesive
energy as a function of surface packing (i.e., axial compression).
In particular, we observe a non-monotonic dependence of the
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cohesive energy on the packing fraction (or equivalently the
amount of compression) as a result of a delicate interplay of
dipole-dipole interactions and excluded volume effects. The
lowest cohesive energy is achieved at the highest packing fraction
with touching turns. In parallel, the magnetization (or polarization)
order parameter, ie., the mean dipole moment per particle in (m,),
also exhibits a striking non-monotonic behavior as a function of
the extent of compression. In the regime of very high surface
packing fraction with local triangular arrangement compatible
with certain cylinder radius (R) vs. particle diameter (d) ratio
(R/d), a pronounced cohesive energy is found. Concomitantly,
the magnetization order parameter indicates a sharp change in
the dipole moment orientation, which tends to be parallel to
the helix axis.

Finally, we compare cohesive energies of dense multiple
(i.e., double or quadruple) helices, as well as, AB and ZZ-tubes
made up of stacking rings that can also be seen as special
multiple helices. A remarkable finding is the enhanced cohesive
energy for the ZZ-tube structure. The latter already emerges at
strong substrate curvature with cohesive energies very close to that
obtained at vanishing curvatures. In these ZZ-tube structures, an
alignment of the helix threads with its axis is a microstructural
signature for this low cohesive energy. As a final note, we would
like to emphasize that our model mimics nicely the geometry and
microstructure of microtubules. It could also provide a possible
clue about the self-assembly mechanisms and cohesion within
microtubular structures.
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Abstract—This paper is dealing with tubular structures composed
through the self-assembly of magnetic hard spheres, in a given
geometric confinement. Since the structures are tubes, geometric
confinement is a cylinder with a given radius (confinement
radius). Interaction of interest is magnetic dipole-dipole
interaction, therefore a detailed analysis of it is provided. Next
step is formation of the structures. We are analyzing infinitely
long tubes, therefore an efficient method (Lekner method) for
summing the dipole-dipole interactions of 1D periodical systems
(periodical along one direction, the z-axis) is implemented in
MATLAB. One of the main goals is determination of
energetically favoured configurations, so a comparison of the
tubes’ energy has been done.

Key words-calculations; geometrical packing; binding energy;
magnetic; tubes; MATLAB

L INTRODUCTION

Self-assembly of magnetic particles is an interesting and
relevant research topic which investigates the ways of forming
regular structures composed of magnetic particles, in a fixed
geometric confinement. Interaction between each two particles
is magnetic dipole-dipole interaction [1]. What is a magnetic
particle? It is a hard sphere which is a magnet (it has magnetic
dipole moment). Why is this topic attractive? First of all, it is
relevant from the theoretical point of view, since the dipole-
dipole interaction is a long-ranged (~1/1, r is the distance) and
unisotropic interaction. Applications of magnetic structures are
numerous, especially in nanoelectronics and biotechnology.
For example, in nanotechnology, mixtures of self-assembled
magnetic particles can lead to the formation of very strong
magnets [2,3]. Interaction between magnetic planar layers can
lead to 3D structures with a great potential for the
microfabrication of electronic devices [4]. Ground states of
microstructures in ferofluid monolayers, in which the
interaction is magnetic dipole-dipole interaction, have been
investigated [5]. In the paper [6] self-assembled magnetic
structures with minimal energy (ground state) have been found.
It has been shown that as the number of particles, N, increases,
the dimensionality of the ground state structures increases as
well. For a small number of particles (N = {2, 3}), a chain is
the ground state. For (3 <N < 14), a chain closes into a ring. In

the end, for a sufficiently big number of particles (N > 13)
ground state is obtained via ring stacking. There is a clear
transition with the increase of N, since a chain is 1D, a ring is
2D and stacked rings is a 3D structure. The subject of this
paper is investigation of 3D structures (infinitely long tubes)
formed via ring stacking into tubes. In the first part of this
paper, a detailed analysis of the magnetic dipole-dipole
interaction is performed, in order to better understand self-
assembly of magnetic particles. There are two specific
geometrical packings of the rings into tubes (square and
triangular), leading to so called, AA and AB tubes. Our goal is
to form a certain structure and calculate its binding energy,
which is a result of the dipole-dipole interactions of each pair
of particles that are building it. Once a structure is built
geometrically, its dipole orientation (also called magnetization)
should be defined. We have introduced three different
magnetizations (ST/MT/ZZ magnetization) and compared their
impact on the energy. Also, for a fixed magnetization, a scan
over a wide range of confinement radii has been done, in order
to understand how does the energy change when the
confinement radius increases. When the confinement radius
goes to infinity, then a convergence to corresponding lattice
plane happens [6], which confirms the accuracy of the
implemented summation method.

II.  MAGNETIC DIPOLE-DIPOLE INTERACTION

Interaction for modelling the self-assembly of hard
magnetic spheres is magnetic dipole-dipole interaction.
It occurs between two particles with magnetic moments m; and
m,, Potential energy of this interaction has the form:

U, (ﬁz): C|:(ml '3m2 ) -3 (ml Ty )(sz alP ):| (1)
r r
In the above equation, constant C is:
C :ﬂ = 10‘7{Ej| )
4r m
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and the position vector connecting the two particles is ry; = Iy
— r,. Distance between the particles is the moduo of this vector
and we note it as r. Let us assume that magnetic moments
belong to the same plane. In such a case, they have two
components, one normal to the direction of ryj;, m, and the
other one parallel to it, m,. It leads to the expression for the
potential energy:

2
(mlnmzn +mlpm2p) m,,m,,r
U, =C o -3 -
3)
:>Udd -C m,,m,, _32mlpm2p
r

In the next figure, a sketch of the two dipoles that we are
analyzing is shown.

mh mz
Dipol 1 Dipol 2
lz

A sketch of two dipoles interacting via magnetic dipole-dipole
interaction

Figure 1.

Potential of their interaction has been derived. Let us normalize
the values of the variables in it:

C =1Jm|=|m,|=1F, =[000],F, =[010]  (4)

Vectors m; and m; form the angles 6, and 0, with the direction
of vector ry,. Let us write:

m, =mcosd
. O]
m, =msin &
There is a compact expression for the potential:
U, =C m,m, sin @, sin 6, —32m1m2 cosd, cosb, ©)

r

Let us test how does the potential depend on the mutual
orientation of the dipoles. We are scanning the angle 0, in
1000 points over the full range,, and angle 0, takes selected
values. In Fig. 2 the potential depending on the mutual dipole
orientation is shown. Potential has a minimum when the

dipoles are parallel to vector ry; and they point to the same
direction. It has a maximum when the dipoles have opposite
directions, parallel to vector ry,. The same stands if the dipoles
are normal to vector ry;, just the absolute values of the
potential are smaller. Stars indicate the higher absolute value
minimum and maximum, while triangles indicate lower
absolute value minimum and maximum.

=—tetal = 0 4

weteta2 = pi/2
==tetad = pi 1
— teta2 = 3pi/2
=
@
A 4
=
=l
- 4

tetal [rad]

Figure 2. Potential of the dipole-dipole interaction depending on the dipole
orientation

From the previous analysis, we have learned that two dipole
orientations are of interest: parallel and normal to the vector
ri,. Distance was kept fixed and the dipole orientation was
being changed. Now, we will keep the orientation fixed, but
the distance will be changing.

In Fig. 3 a sketch of two dipoles parallel to the position vector
I, is shown. This system corresponds to the minimum marked
with a star in Fig. 2.

y

e Tod N Nk
X

Figure 3. A sketch of two dipoles parallel to the position vector

In Fig. 4 dependence of potential on distance is shown.
Obviously, absolute value of interaction potential decreases as
the distance increases. This is an example of attraction
between two dipoles. In Fig. 5 a sketch of two dipoles normal
to the position vector Iy, is shown. This system corresponds to
the maximum marked with a triangle in Fig. 2.

In Fig. 6 dependence of potential on distance is shown. The
same remark applies here, absolute value of interaction
potential decreases as the distance increases. This is an
example of repulsion between two dipoles.
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Figure 4. Dependence of the interacion potential on the position of dipole 2

2T
o

Figure 5. A sketch of two dipoles normal to the position vector

0.9
0.8r
0.7
0.6

g 0.5F
0.4
0.3
0.2r

(x)

U

0.1F

Figure 6. Dependence of the interaction potential on the position of dipole 2

This was the analysis of two systems of interest based on the
general picture presented in Fig. 2. On the other side, from the
Eq. 3, we can conclude that for a specific dipole orientation,
interaction potential will be equal to zero [7]. We came up
with a sketch shown in Fig. 7, in order to find out how does
the system look like when this is the case. In Fig. 8
dependence of potential on distance is shown. When the angle
is equal to the magic angle, potential is equal to zero. From the
Eq. 3 we can derive what should be the angle o which causes
the dipole-dipole interaction potential to be equal to zero.

m,,m,, _2mlpm2p =0

<sina—2cos’a=0 )

<> (0 = arccos L =54.74°

V3

Angle a = 54.74° is the magic angle, interaction potential goes
through the zero value at the x-coordinate (see Fig. 8) which
corresponds to this angle. For this system, there is a switch of
potential's sign, so there are both, attraction and repulsion
between two dipoles.

Figure 7. An illustration of the magic angle in the dipole-dipole interactions

P —— N ]

0.4 " " " " L L L L
s B} -1 RiX 02 02 0.6 1 14 (]
X

Figure 8. Dependence of the interaction potential on the position of dipole 2

III. CALCULATION OF THE BINDING ENERGY

In this chapter, a method for calculating the binding
energy of a tubular structure is provided. Since we are
analyzing infinitely long tubes, an efficient method for
summing the dipole-dipole interactions of 1D periodical
structures (periodical along one direction, the z-axis) had to be
found. There are two well known and widely applied methods
for this type of calculations, those are Ewald summs and
Lekner method. Ewald sums are usually used for 2D
periodical systems, while Lekner summation method
converges faster in the 1D case, therefore we decided to
implement Lekner method. The key feature of Lekner method
is the choice of a periodic cell. It is a part of the infinite
structure which is being replicated. Since we are dealing with
tubes, one has to define its cell which is being replicated along
the tube's axis (z — axis). Energy of an infinitely long tube is
calculated as a sum of the self and cross energy. In next
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expressions, we are dividing by N, since the energy is defined
per particle, which allows a comparison of different structures
with different number of particles in a cell.

Self energy represents the interaction energy of a selected
particle in a cell, with all of its copies in the other cells. Total
self energy is got as a sum over all particles in a cell, where
number of particles in one cell is equal to N.

Self energy is given as [8]:

®)

Cross energy represents the interaction energy of a selected
particle in a cell, with all other particles of the same cell and
with all their copies in the other cells. Total cross energy is got
as a sum over all particles in a cell, i = {1, N}, j= {1, N} [8]:

©)

In the above equation, the cross energy is got as a sum of cross
potentials of pairs of particles (i, j). Cross potential is defined
as a sum of four sums. In those sums a modified Bessel
function of the second kind, zero and first order, K, and K;
appears, respectively. In the following text, those sums are
presented.

S, (10)

4
Ucross(r’rj’mi’mj? Lz):
=1

Method for calculation of the binding energy of 1D infinitely
long periodic structures is presented briefly. Goal of this paper
is geometric formation and calculation of the binding energy of
structures with minimal energy. Since the dipole orientation
dictates the interaction potential, energy minimization means
finding the optimal dipole orientation.

Sl_ E 3 -

_ _8”{2(mp. "mepj /5) m, 'mpi:|><
2 P P

X i k COS(I(ﬂZ )K1 (knp )
k=1

S =_16”2[(mpi'/3xmpj.’5)—m m }x
N P o
x> K coslk, K, ki, )

k=1

_2 {2(@. plm,-p)_, m}
S_L_z p’ - p’
g _-l6r’ (m, -5)m, +(m, '/5)"% y

! L p

k=-+00
x kzsin(knz)Kl(kﬂp)

ka (11)

IV. GEOMETRIC FORMATION OF THE STRUCTURES

In this paper we are analyzing tubes composed of
magnetic particles. A specific configuration of a tube is
defined by the geometry and the dipole orientation. There are
two possible tube's geometries depending on the ring stacking.
If the rings are stacked one on top of each other, those are AA
tubes. Otherwise, if the rings are stacked in the way that there
is one particle in the upper ring between two particles in the
lower ring, those are AB tubes. There are only two ways of
ring stacking, but there is a huge number of different dipole
orientations. We took both stackings, and three well-defined
dipole orientations. Those dipole orientations are called:
single-thread (ST), multi-thread (MT) and ZZ dipole
orientation. ST means that dipoles follow one thread that is
tangential to the contour of the tube. MT means that dipoles
follow multi threads of which the tube is composed, while ZZ
means that all the dipoles are parallel to the z-axis. We have
analyzed all three chosen dipole orientations for AA and AB
tubes. When calculating binding energy of an infinite periodic
structure using Lekner method, the key task is to define the
periodic cell. In an AA tube, a cell is one ring. In an AB tube,
a cell is composed of two rings. Normalization of the system
includes dimension and energy scales. The diameter of every
particle is d = 1. The distance between two particles is
calculated from centre to centre, which means that the distance
between two touching particles is equal to 1. On the other side,
it is very convenient to introduce energy scale, so the energy is
not defined in joules or electronvolts, but rather in arbitraty
units [a. u.]. Energy scale is defined via repulsive potential of
two touching dipoles standing side by side. The dipole
moment is also normalized so that the length of dipole
moment vector is equal to 1. Now we will explain geometric
formation of the structures. For a tube, the basis is a ring
composed of magnetic particles. In Fig. 9 the cross-section of
a tube is presented.
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Figure 9. A sketch of the tube’s cross-section

A ring is composed of N touching particles. Angular distance
between two successive particles is 5g— 27 for an arbitraty

chosen i-th particle, its angular position in respect to the
positive x-semiaxis is g :izi . Let us look at the triangle
1
N

ABC in Fig. 9. Since the distance between touching particles
is equal to 1, then BC = 1/2. There are relations:

sina = L
2R (12)
2a=2" ===
N N
Therefore, the relation between ring's radius and number of

particles is:
1

= 13
2sin(z/N) (42

A. Formation of AA tubes

In AA tubes, a periodic cell is one ring. Next array of
equations defines coordinates of the particles, i = {1, N}.

. T
X; = ———F——~¢cos| I—
2sin(z/N) [ Nj

1 . (.27 (14)
Vi 2sin(7z/N)sm( N j
z;,=0

Dipole moments are defined in the next way, i= {1, N}.

=CoS i2—7[+z
Hy, N 2

(.27 7
=sm| l—+— (15)
’uyi ( N 2}

#y, =0

In the case of AA tubes, period along the z-axis is Lz = 1.

B. Formation of AB tubes

In AB tubes, periodic cell is a pair of rings. There are two
arrays of equations, one for the lower ring, and another one for
the upper ring. For the lower ring, coordinates of the particles
are defined like in the case of AA tubes. There was a problem
defining the z-coordinates of upper ring particles, which was
solved using the definition of the distance between touching
particles. Let us look at two arbitrary chosen particles in the
lower ring (particles A and B) and one particle in the upper
ring (particle C), which is placed between them. As it stands
AC = BC = 1, from this condition we can derive how much
are the upper ring particles displaced compared to the lower
ring particles, along the z direction:

AZZ\/1_()(A_X<:)2_(yA_yc)2 (16)

In the upper ring, coordinates of the particles are those:

1 2 T
X, =———————cos| i—+-—
2sin(z/N) ( N N]

1 21 7
=————sin| i ——+— (17)
Vi 2sin(7r/N)Sm( N N)

. =Az

In this case, period along the z-axis is Lz = 2 AZ.

V. RESULTS OF THE STRUCTURE AND ENERGY
CALCULATIONS

In this chapter, results of the structure and energy
calculations are presented. In Fig. 10, a geometry of one tube
configuration is shown, obtained via MATLAB calculations.
We are showing how does the tube (AA tube) look like in a
side and in a top view.

vmivi))
N,

(
;

Figure 10. A side and a top view of an AA tube

In Fig. 11 and Fig. 12, dependence of binding energy on the
confinement radius for AA and AB tubes is shown, including
three different magnetizations.
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Figure 11. Energy in function of the confinement radius for different
magnetizations (AA tube)

-2.2
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Figure 12. Energy in function of the confinement radius for different
magnetizations (AB tube)

It is clear that for a fixed packing geometry (AA or AB),
binding energy decreases as the magnetization changes from
ST and MT into ZZ. Tubes with ZZ dipole orientation have
minimal binding energy, and therefore they are the most stable
tube configurations. When the confinement radius goes to the
infinity, energy of all differently oriented tubes (ST/MT/ZZ)
converges into the energy of an infinite plane. Energy of a
square lattice plane is Egquare = —2.258, all AA tubes converge
into a square lattice plane. Energy of a triangular lattice plane

iS Egianguiar = —2.759, all AB tubes converge into a triangular
lattice plane.

VI. CONCLUSION

We have developed MATLAB simulations which form
tubular structures composed of magnetic particles and
calculate its binding energy. Both AA and AB ring stackings,
including three different magnetizations, have been
investigated.

From the results, we conclude that all those tube

configurations are stable, since their binding energy is
negative. For a fixed packing geometry (AA or AB), binding
energy decreases as magnetization changes in the way:
ST - MT - ZZ. For a fixed magnetization, AB tubes have
lower energy than AA tubes. Since AB tubes are more densely
packed than AA tubes, we may say that bigger packing density
implies lower binding energy and more stable structures.

ACKNOWLEDGEMENT

I am thankful to dr Igor Stankovi¢, my mentor from the
Institute of physics at University of Belgrade, for the ideas,
discussions and help in programming the simulations.

I am also thankful to my colleagues from the research
group, for the help and support.

REFERENCES
[1] G. M. Whitesides and B. Grzybowski, “Self-Assembly at All Scales”,
Science, Vol. 225, No. 29, 2002.

[2] D. J. Sellmayer, “Strong magnets by self-assembly”, Nature, Vol. 420,
No. 28, 2002.

[3] H.Zengetal., Nature, Vol. 420, No. 395, 2002.
[4] M. Boncheva et al., Proc. Natl. Acad. Sci., USA 102, 3924, 2005.

[5] T. A. Prokopieva, V. A. Danilov, S. Kantorovich and C. Holm, “Ground
state structures in ferofluid monolayers”, Phys. Rev. E, 80, 031404,
2009.

[6] R. Messina, L. A. Khalil and I. Stankovic, “Self-assembly of magnetic
balls: From chains to tubes”, Phys. Rev. E, 89, 011202(R), 2014.

[71 L. Kocbach and S. Lubbad, “Geometrical simplification of the dipole-
dipole interaction formula”, Physics Education, Vol. 45, Issue 4, 2010.

[8] A. Grzybowski and A. Brodka, “Lekner type method for summing the
dipole-dipole interactions”, Molecular Physics, Vol 101, No. 8, 2003.

- 756 -



journal homepage: www.elsevier.com/locate/triboint

Contents lists available at ScienceDirect

TRIBOLOGY
INTERNATIONAL

Tribology International

Molecular dynamics investigation of a model ionic liquid lubricant for

automotive applications

a,*x

Konstantinos Gkagkas

, Veerapandian Ponnuchamy”, Miljan Dagi¢®, Igor Stankovié®

# Advanced Technology Division, Toyota Motor Europe NV/SA, Technical Center, Hoge Wei 33B, 1930 Zaventem, Belgium

> Abylsen Belgium, 1000 Brussels, Belgium

¢ Scientific Computing Laboratory, Center for the Study of Complex Systems, Institute of Physics Belgrade, University of Belgrade, 11080 Belgrade, Serbia

ARTICLE INFO ABSTRACT

Keywords:

Friction

Molecular dynamics
Tonic liquid
Drivetrain

In the current work we present a new modelling approach for simulating meso—scopic phenomena related to
lubrication of the piston ring—cylinder liner contact. Our geometry allows a variable confinement gap and a
varying amount of lubricant in the gap, while avoiding the squeeze-out of the lubricant into vacuum. We have
implemented a coarse grain molecular dynamics description of an ionic liquid as a lubricant which can expand
into lateral reservoirs. The results have revealed two regimes of lubrication, an elasto-hydrodynamic one under

low loads and one with low, velocity-independent specific friction, under high loads. The observed steep rise of
normal forces at small plate-to-plate distances is an interesting behaviour that could potentially be exploited for
preventing solid—solid contact and wear.

1. Introduction

Friction accounts approximately for one-third of the fuel energy
consumed in passenger cars [1], therefore a deeper understanding of
the lubrication mechanisms in engineering systems is necessary.
Atomic-scale simulations can provide important insights which are
necessary for understanding the underlying mechanisms that can affect
the system behaviour, such as structural changes in lubrication layers
during shear as well as the interaction between lubricants and surfaces.
The field of computational lubricated nanotribology has been well
established over the last decades [2,3] and the availability of increased
computational resources is allowing the application of such methods in
cases with increasing complexity. Recent studies of nanoscopic friction
based on Molecular Dynamics (MD) include, for example, the study of
fatty acids [4] and ionic liquids ILs [5] as lubricants. Wear reduction
demands and the drive to keep friction low, have led to reduced
lubricant film thickness down to only a few molecular layers [6—9]. MD
can enable us to access and understand the behaviour of very thin films
which are subjected to compression and shearing between walls [6—8].

Our specific goal is to achieve a representation of the tribological
system which is relevant to automotive powertrain applications. As
approximately 45% of the engine friction losses occur in the piston
assembly [1], our initial target is to mimic the conditions observed in
the piston ring—cylinder liner contact, in terms of pressure, tempera-
ture and shear rates. In addition, in order to be able to achieve length—

* Corresponding author.
E-mail address: Konstantinos.Gkagkas@toyota-europe.com (K. Gkagkas).

http://dx.doi.org/10.1016/j.triboint.2016.12.017

and time—scales that can be of relevance to the real-life systems, it is
necessary to apply appropriate simulation methodologies, such as the
use of coarse grain molecular dynamics [10-13].

In recent years, the application of ILs as advanced lubricants is
being studied with a steadily increasing interest [14]. The use of ILs as
both neat lubricants and additives for engine lubrication has been
considered [15-17]. Significant improvements on friction and wear
reduction have been observed experimentally [16], rendering this
concept of potential interest to industry. However, unravelling the
mechanism of nanoscopic friction in ILs together with their structure
poses a great scientific challenge, and so far few studies in this direction
have been performed, e.g., Ref. [18]. ILs are molten salts typically
consisting of large-size organic anions and cations. Physical properties
of ILs, such as negligible vapour pressure, high temperature stability
(they do not evaporate or decompose at temperatures of interest for
automotive industry) and high ionic conductivity render them poten-
tially relevant to lubrication. In addition, their properties can be
modified by an applied voltage using confining surfaces which are
charged in order to build up an electric field across the nanoscale film.
The applied potential can affect the structure of IL layers and lead to
externally controllable lubricating properties [18,19]. There is also
significant flexibility in tuning the physical and chemical properties of
ILs which can affect lubrication such as viscosity, polarity and surface
reactivity by varying their atomic composition as well as the anion—
cation combination. An important observation is that ILs confined
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between surfaces feature alternating positive and negative ionic layers,
with an interlayer separation corresponding to the ion pair size [20,21].

Previous work employing Lennard-Jones fluids has provided in-
sights on the complete dynamic diagram of confined liquids including
wall slip, shear banding, solid friction, and plug flow. In terms of fluid
complexity these studies have mainly employed mono-atomic systems,
and only a few authors have considered mixtures of molecules [22,23].
In addition to inherently being a mixture of cation and anion
molecules, ILs involve long range Coulomb interactions inducing long
range order on far greater scales than the IL itself [5,9,24]. Detailed
investigation of ILs as lubricants at the nanoscale is therefore essential
for exploring the potential of implementing them in lubrication
systems.

In this study, we apply a coarse-grained model for the description of
nanoscopic friction mediated by a liquid lubricant because based on
recent studies [18,19,21] it was shown that if the molecules interact via
non-bonded potentials (Lennard-Jones and Coulombic), this can
capture all main physical attributes of the IL-lubricated nanotribolo-
gical system.

This paper is organised as follows: Section 2 introduces the MD
setup of the solids and lubricants used, while the motivation for the
choices made is provided. In Section 3, the structural properties of the
modelled IL under bulk and confined conditions are discussed. The
results stemming from the friction MD simulations are then presented
in Section 4 followed by some concluding remarks in Section 5.

2. Model

Under typical operation of internal combustion engines, the condi-
tions inside the combustion chamber vary significantly. Temperature
can range from 300 K to values higher than 2000 K, while pressure
ranges from atmospheric to values higher than 10 MPa [1]. The piston
reciprocates with a sinusoidal velocity variation with speeds varying
from zero to over 20 m/s. The time required for one revolution of the
engine is of the order of 10 ms, while the total distance travelled by the
piston over this period is of the order of 0.2 m. Such scales are typically
modelled using continuum mechanics simulations. However such
simulations cannot provide the physical insight which is necessary
for understanding the molecule—dependent processes that affect the
tribological phenomena. For this purpose, we have developed a coarse
grain MD configuration that can provide useful insights to molecular
processes, while remaining relevant to conditions observed in real-life
systems. More specifically, in this section we will describe a setup of
MD simulations developed with the aim of building a framework that
incorporates meso—scale features of the piston ring—cylinder liner
system and permits an efficient implementation of different solid
surfaces and lubricants.

2.1. Geometry

All MD simulations in this study were performed using the
LAMMPS software [25]. The geometry used in our friction simulations
is shown as a schematic in Fig. 1, along with the dimensions of our
system as well as the number of the MD particles used. The simulation
setup was loosely inspired by previously published research by others
[5,18,19,21]. By implementing such a geometry we have attempted to
achieve: (i) a realistic particle squeeze—out behaviour with the forma-
tion of two lateral lubricant regions (in a similar manner to the
simulations of Capozza et al. [21]) and (ii) a system that allows the
lubricant to be externally pressurised. For the description of the solid
surfaces we have combined rigid layers of particles moving as a single
entity on which the external force or motion is imposed, denoted by
“Top Action” and “Bottom Action” in Fig. 1(A), with thermalised layers
(denoted by “Top Thermo” and “Bottom Thermo”) in which particles
vibrate thermally at 7=330 K. The Nose-Hoover NVT thermostat is
used to control the temperature. As in previous MD simulations
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[9,18,19,21,24], under similar operating conditions, the details of the
adopted dissipation scheme are not expected to change the essence of
the system response on mechanical deformation. The relaxation time of
the Nose-Hoover NVT thermostat for the lubricant and the solids is
200 fs (cf. Ref. [9]). The plates were treated as rigid bodies, with the
lower one being fixed and the upper one subjected to a z-directed force
F, (the load) as shown in Fig. 1(A) and driven along x direction at a
constant velocity. The solid plates were made up of densely packed
atomic layers at a FCC (111) lattice arrangement. Periodic boundary
conditions were applied in the x and y directions. The bottom plate can
therefore be considered to be infinite, while the top plate is surrounded
by vacuum pockets on its sides, so called lateral reservoirs, in which the
lubricant can freely expand. The lateral reservoirs were implemented as
a mechanistic way for allowing the lubricant to be dynamically
squeezed in or out as an external load or velocity is applied, or due
to local fluctuations during the simulation progression. At the same
time, the lubricant remains an infinite continuous body in x and y
directions, similar to the conditions observed in a real tribological
system from a meso—scopic point of view. This is especially important
if the system experiences partial or complete crystallisation under
compression, cf. Section 4 and Fig. 8.

While the total number of considered lubricant molecules is
constant, the finite upper plate width and the resulting free space
enables the particles to be squeezed-out even to the extent where due to
structural changes the lubricant ceases wetting the solid plates. The
number of lubricant molecules effectively confined inside the gap can
therefore dynamically change depending on the loading conditions.
This is important for exploring the possible states of a mechanical
system of particles that is being maintained in thermodynamic
equilibrium (thermal and chemical) with a lubricant reservoir (i.e.,
void spaces in tribological system). The nano-tribological system is
open in the sense that it can exchange energy and particles, realising an
effectively grand-canonical situation, cf. Fig. 1(b) and Ref. [26].

2.2. Solids and lubricant model

By using our simulation setup, we aim to study the lubrication
properties of several lubricants. As a first step, in the current study we
have implemented an ionic liquid as a lubricant. On the atomic level
ILs are usually made up of large-size irregular organic anions and
cations often including long alkyl chains. In the current work we have
applied a simple coarse-grained model for its description, consisting of
a charged Lennard-Jones system where anions and cations have
different radii as already exploited in previous studies in the literature
[21]. According to that, we have implemented a Lennard-Jones (LJ)
12-6 potential combined with a Coulombic electrostatic potential:

O;: 12 O;; 6 1 qq
Vi =gl | 2| -2 |+ ———
Tij T 4mege, 1 1

Parameters {e;, o;} define the LJ potential between different types
of particles i, j = A, C, P which refer to anions, cations and solid plate
atoms, respectively. The numerical values for each pair are listed in
Table 1. The diameter of cations was set to occ = 5 A and anions to
oaa = 10 A, in order to explore the effect of asymmetry of ion sizes
(similar to Ref. [21]). Atoms of the solid plates have a diameter of
opp = 3 A. The plates consist of nine densely packed layers in a FCC
(111) lattice.

The ions were modelled as coarse grain particles, the charge of
which was set to elementary: ¢, =-e and g.=+e, ie,
e = 1.6 x 101 C. The ionic liquid is neutral, so the total number of
cations and anions is the same: Nc = N, = Ny/2. In the present
simulations, the number of ions used was Ny = 2500. The dielectric
constant was set to €, = 2 to account for the dielectric screening, as in
Refs. [19] and [21]. The LJ potential has a short-range impact, since it
vanishes rapidly as the distance increases o=, while the Coulombic
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Table 1
List of LJ parameters used in simulations.

Pair ij €47 [kCal/mol] o [A]
CcC 0.03 5

AA 0.03 10

CA 0.03 7.5
PC 0.3 4

PA 0.3 6.5
PP 120 3

potential has a long-range impact, «1/r. To handle long—range inter-
actions, we have used a multi-level summation method (MSM) [27],
since it scales well with the number of ions and allows the use of mixed
periodic and non-periodic boundaries that are featured in our setup. To
sum up, IL ions and plate atoms interact with each other via LJ
potentials. In addition a Coulombic electrostatic potential is added in
ion-ion interactions.

In engineering applications, the lubricant molecules typically
interact with metal surfaces. Computationally efficient many—body
potentials such as embedded atom method (EAM) potential [28,29]
can be applied for the description of such solids. Such schemes have
been employed extensively for modelling a wide range of systems
including metals [29] and metal-metal oxide interfaces [30]. In
addition, in order to account for the induced charges on the metallic
conductor surface by the ions, the Drude-rod model developed by Iori
and Corni [31] which consists of the addition of an embedded dipole
into each metal atom, thus rendering it polarisable, has been applied in
previous studies [5]. Since in our initial stage of IL tribological
behaviour research, modelling the elasticity of metallic plates plays a
secondary role, we have selected a simplified model in which plate
atoms interact strongly with each other if they belong to the same plate,
i.e., epp = 120 kCal/mol, as opposed, to a very weak interaction between
the different plates eipmotom = 0.03 kCal/mol. Furthermore, even
though the typical engineering systems are often metallic, our initial
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Fig. 1. (A) Schematic of the simulation setup shown as yz cross-section. There are two solid plates at the top and bottom of the system, consisting of two regions: at the outermost ones
the particles are moving as a single entity (Top/Bottom Action) and at the innermost ones the particles are at a controlled temperature (Top/Bottom Thermo). The thermalised layers are
in direct contact with the lubricant while the action layers are used to impose external velocity and/or force to the solid plates. (B)—(D) Side views of the typical simulation configuration
and key dimensions of the geometry. (B) Side (xz) view with respect to the shear direction. (C) Front (yz) view in the direction of the top plate motion. (D) Top (xy) view of the system.
The solid plates are made up of FCC (111) atomic layers. The ionic liquid is composed of an equal number of cations (blue spheres) and anions (red spheres). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

coarse grain MD study of liquid dynamics according to the applied
conditions justified the implementation of a simpler solid system which
does not feature substrate polarisation. Finally, it is possible that the
actual surfaces might feature carbon coatings or depositions, in which
case the surface polarisation can be of secondary importance.

The starting configuration for our MD simulations was obtained via
a relaxation process. In order to obtain a stable and reproducible initial
configuration, the relaxation was performed through a stepwise
increase of absolute ion charge at steps of Alg,| = ¢/10, i=A, C. Each
time the charge of the ions was increased, a minimisation of the
system's energy through conjugated gradient method was performed.
In this way, the system characteristics were gradually converted from
pure LJ to a Coulomb interaction dominated system through a series of
stable configurations.

As we are aiming at understanding the lubricant behaviour at meso-
scopic conditions observed in a ring—liner system, we have attempted
to include in our MD model the potential IL pressurisation that can
occur due to the liquid flow resistance, as well as the variable pressure
arising from the reacting gas in the combustion chamber. Inserting gas
molecules directly in the simulation for this purpose would require a
reduction of the time step due to higher thermal velocities of the gas. In
turn, the computational cost would increase significantly making
simulations impossible to run in realistic computational time.
Therefore, in order to understand the effect of external pressure on
the IL behaviour, we have applied a repulsive force between the
topmost rigid solid layer and the IL particles in the form of a truncated
and shifted LJ potential. Two cases with cut-off distances at 15 A and
4 A above the outermost top plate layer were studied so that the IL
inside the confinement gap would remain outside the influence zone of
this mechanistic force. By appropriate selection of the LJ parameters
for this potential, the resulting external pressures applied on the
unconfined surface of the IL were 120 kPa and 250 kPa, respectively.
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Fig. 2. (Left): Bulk internal energy change and temperature of the ionic liquid as a function of simulation time. (Right) Snapshots of ion arrangement at liquid (A), (C) and solid (B)

state.
3. Probing ionic liquid's internal structure behaviour
3.1. Solidification and melting of bulk ionic liquid

In order to confirm that the IL used in our MD simulations remains
in a liquid state for the conditions of interest, its liquid—solid and
solid—liquid phase transitions were initially studied. A bulk IL config-
uration was prepared by placing the same number of cations and
anions N, = N, = 1000 into a 3D periodic box, with pressure kept
constant at 100 kPa. Phase transitions were then achieved via the
application of linear ramping to the temperature, in a similar approach
to the calculations performed in Ref. [21].

Starting from an initial temperature 7; = 330 K where the IL is in
liquid state, the temperature was decreased linearly down to
T, =180K. The absolute rate of temperature change was:
|dT|/dt = 1.67 Kns™!. A liquid—solid phase transition was observed
during the IL cooling. After reaching 7> = 180 K, the temperature was
increased back to the initial value of 330 K. This heating process caused
with its turn a solid-liquid phase transition. In Fig. 2 the IL internal
energy change AE;, and temperature T are shown as functions of time
t. The temperature profile follows the applied conditions and its
superimposition to internal energy change allows the observation of
the dynamic behaviour of the liquid. By plotting the averaged internal
energy change of the IL against its temperature in Fig. 3, the hysteresis
behaviour in the solidification—melting cycle is clearly observed, while
the phase transition locations can be clearly defined. It can be seen that
during the cooling process, the internal energy of IL linearly decreases
until the temperature reaches 7j; = 190 K, at which point a sharp drop
is observed. This indicates a first order thermal phase transition
(liquid—solid). During the heating process, a similar sharp jump of
energy is observed at T; = 305 K which corresponds to an opposite
phase transition (solid-liquid). The obtained results are in a good
agreement with Ref. [21] and confirm that the IL is behaving as a liquid
for temperatures higher than 310 K, under atmospheric pressure
conditions. In the rest of our calculations a temperature value of
T=330 K was applied, in order to allow a liquid state that is combined
with local solidification under elevated contact pressure conditions.

3.2. Ionic liquid structure in thin film

The confinement has a profound influence on the structure of ILs in
thin films [20,26,32]. The confining surfaces can induce ordering of the
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Fig. 3. Bulk internal energy change of the ionic liquid as a function of temperature. The
internal energy was calculated by averaging on segments of AT = 0.5 K.
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Fig. 4. Dependence of normal force F, on plate-to-plate distance d,.. Eight characteristic
points {A,B,C,D,E,F, G, H} with corresponding interplate distances
d, = {11, 14, 17, 20, 22, 24, 27, 32} A are marked on the F,(d;) curve. The horizontal
solid line denotes F,=0 pN. The dashed line connects the points obtained from the
simulation and serves as a visual guide.

particles in their vicinity. The resulting structure and forces are a result
of the interplay between the limited volume and the particles which fill
the space. In Fig. 4, the force-distance characteristic of our system is
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presented. The solid horizontal line denotes the zero normal force level
(i.e., F,=0). A non-monotonous behaviour of the normal force F,, acting
on the top plate can be observed as the plate-to-plate distance is
changing. This distance corresponds to the gap between the plates
where the IL is under confinement. The points (d,, F,) were obtained
through our simulations, while the dashed line serves as a visual guide.
It can be seen that the normal force strongly depends on the inter—
plate distance and that it also becomes negative in certain regions. This
can be translated as the IL striving to reduce the plate-to-plate distance
due to adhesion phenomena. These changes of the normal force are
correlated with the extraction and inclusion of IL layers into the gap, as
already observed experimentally, cf. Ref. [20]. During the performed
simulations, the cationic-anionic layers were squeezed out in pairs, in
order to keep the system locally neutral, as observed in experimental
studies [20,26,32—-34].

Concerning the realisation of the simulations presented in Fig. 4,
the inter—plate gap was modified in the following manner: the top plate
was displaced towards the bottom one with a constant velocity v,=5 m/
s. For d, < 17A the velocity was reduced to v,=1m/s. At each
calculation point shown in Fig. 4, the top plate was kept fixed for a
period of time f,;. = 50 ps, during which period the average value of
the normal force was calculated. The process was repeated until a
distance d ;;, = 11 A was reached.

In order to understand the dynamic evolution of our system,
snapshots of the system from the MD simulations corresponding to
several characteristic points in the F.(d,) curve were selected and
studied in more detail. Fig. 5 shows the configuration and ion density
distribution along the z—direction for eight characteristic points
{A,B,C,D,E, F, G, H}, corresponding to plate-to-plate distances
d, = {11, 14, 17, 20, 22, 24, 27, 32} A respectively. The ions are delib-
erately depicted smaller than their LJ radii in order to allow a direct
observation of the layering. The position of the atomic centres of the
innermost atomic layers of the top and bottom plate are indicated in
Fig. 5 as zr and zp respectively. As the bottom plate was fixed, zp
remains constant while zr changes with the top plate displacement.

A general feature observed under all conditions was the fact that the
cations always formed the layer closest to the bottom plate. The reason
is the smaller size of the cations (ccc = 5 A) compared to the anion
species (644 = 10 A). Following this, a second layer was induced by the
first one and populated only by anions. The distance between the first
and the second layer from the bottom is in the range of 1 — 2.5 A,
meaning that while the centres of mass of the particles are in different
layers, the layers themselves overlap as their distance is smaller than
the particle diameters. In the rest of this section, the changes in the
number of layers as the inter—plate gap is reduced will be presented
and correlated with the changes in the normal force F, which is acting
on the top plate.

For the minimum simulated plate-to-plate distance d,=11 A,
shown in Fig. 5(A) we can observe a pronounced peak in the anion
density distribution close to the bottom plate which is aligned with a
well-defined anionic layer inside the gap. The anion peak is marked
with the “1CU” annotation. In the case of cations, there are two peaks
attached below and above the anionic peak. This situation corresponds
to the formation of two incomplete cationic layers inside the gap. With
increasing plate-to-plate distance d, the normal force F, is decreasing,
with a sign change of F, at d,=12.7 A. In therange 12.7 A < d, < 157 A
the normal force remains negative. This means that the IL is pulling the
plates together, since the ions strive to reduce their interlayer distance,
as well as the distance between themselves and the plate atoms. Such
behaviour is typically observed in systems exhibiting layering transi-
tion, already seen in systems of both neutral molecules [2] and ILs
[20]. With further increase of d, the force becomes positive again, and
reaches a local maximum at the point (C) in Fig. 4. At this point we
observe a change in the number of anion layers confined in the gap
from one to two, as shown in Fig. 5(C).
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In Fig. 5(C), the plate-to-plate distance is d,=17 A and the two
bottom peaks of the anion/cation density distribution, denoted by
“1CU” and “2C”, are inside the gap. A third smaller anion/cation
density peak, denoted by “2U” in Fig. 5(C), is the result of the ordering
initiated at the bottom plate's surface and is actually outside the
confinement gap. The vertical distance between the peaks “2C” and
“2U” is approximately 3.5 A and corresponds to the effect of the
compression of the IL from the top plate. Further increase of the plate-
to-plate distance results in a continuous decrease of the normal force
without a sign change as the positions of peaks “2C” and “2U” become
aligned, cf. Fig. 5(D) for a distance d,=20 A. Further increase of the
inter—plate distance results once more in a reversal of the sign of the
normal force (ie., F, <0 for 21 A <d, < 23.5A). At the mid point
between the plates a broad maximum of cation density distribution can
then be observed, see Fig. 5(E). The cations, as smaller particles, have a
tendency to fill the space between the more stable anionic layers. When
the anions also start to form a third layer at the midpoint between the
two plates the corresponding cationic peak of density becomes sharper
and the normal force becomes positive again, see Fig. 5(F). In this case
the cations can form a layer more easily while the anions remain
scattered. This is the opposite behaviour to the one typically observed,
where the larger anions tend to order more strongly due to the
excluded volume effect [35]. From Fig. 5(F) to Fig. 5(G) an interesting
transition can be observed, during which the single well resolved cation
peak disappears and a less pronounced cation—anion pair peak takes its
place. Finally in Fig. 5(H) at d,=32 A, we observe the clear formation of
three anion and four cation peaks.

Considering engineering applications, the steep rise of the normal
force at small plate-to-plate distances, i.e., d. < 14 A can be beneficial
for protecting against solid-solid contact and consequent wear. On the
other hand, there is also a strongly decreasing trend of maximal normal
force which can be sustained by the system as the number of ion layers
confined between the plates increases, i.e., for two cation layers the
maximal force F, .., = 3 pN, while for three it is £, ., = 0.25 pN. In our
model, the Lennard-Jones interaction between the plates and the ions
is ten times stronger than between the ions themselves. The ion layers
closest to the plates are therefore more stable than the layers in the
midpoint of the gap (see Fig. 5(F)). As a result, the three layer system
becomes less dense, and can build up a lower normal force compared to
the two layer system (in Fig. 5(C)).

4. Friction simulations

Following the detailed study of the static system, we turn our focus
to dynamic conditions, where there is a relative motion between the
plates in x direction and as a result frictional forces can be observed.
The dynamics of the plates impact the IL and result in an overall
longitudinal force acting on each solid body. In order to evaluate the
trends of specific friction we have performed simulations at different
plate velocities and at two interplate distances. The simulations have
been performed for a broad range of top plate velocities v, = 0.1, 0.2,
0.5, 1, 2, 5, and 10 m/s, with the bottom plate kept fixed. We have
compared cases with different external pressures applied on the IL
Pexe = 0, 120 and 250 kPa and two distinct plate distances d,=17 and
27 A. The simulations were performed as follows: Points (C) and (G) in
Fig. 5 were chosen as the starting configurations. The simulations ran
until the top plate had covered a distance of d,=50 A in x direction.
Therefore cases with lower velocities required increased total time. The
forces acting on the top plate were monitored, as shown in Fig. 6 for a
randomly chosen case. It was observed that the normal force remained
roughly the same after the onset of the simulation. Steady—state
conditions were assumed following a displacement of d,=10 A, and
then average values were calculated using the statistics until the
completion of the simulation.

The results for the specific friction are shown as a function of sliding
velocity in Fig. 7. The specific friction (F; )/(F.) is defined as the ratio of
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Fig. 5. Snapshots of system configurations at points {4, B, C, D, E, F, G, H} from Fig. 4 and corresponding density distribution of anions/cations along the z-axis. The position of the
atomic centres of the innermost layer of the top and bottom plate is denoted by zr and zg, respectively. The bottom plate is fixed and zg = 21 A. The ions are deliberately depicted smaller
than their LJ radii in order to allow a direct observation of the layering. In Figures (A) and (C) the annotations indicate the anion layer vertical order from the bottom (1, 2, 3) and the

lateral placement: (C)onfined and (U)nconfined.
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Fig. 6. Temporal evolution of total normal and axial forces acting on sliding surface for
plate-to-plate distance d,=27 A and top plate axial velocity v,=10 m/s. Dashed lines
show the raw numerical data which are smoothed using the solid lines for a clearer
identification of temporal trends.

the time averaged frictional and normal force F, and F, respectively
and is different to the Coulomb friction coefficient y = oF,/dF,. In our
simulated cases we have observed either a weak or a logarithmic
dependence of specific friction on velocity. The numerical values were
fitted to a linear function of the form (F, }/(F,) = alog(w/vef) + b, where
Vet = 1 m/s. The coefficients a, b obtained from the simulation data are
listed in Table 2. A reasonable fit to the linear regression curve can be
observed for most cases. In the case of p,, = 120 kPa, the system is
potentially in a transition between the two significantly different cases
of zero and high pressure, which can explain the poorer quality of the
fit to the linear curve. The logarithmic dependence indicates typical
elasto-hydrodynamic lubrication conditions [36]. On the other hand,
the weak dependence of specific friction on velocity has also been
observed in previous studies of IL lubrication, cf. Refs. [5,24].

4.1. Impact of ionic liquid confinement gap

The influence of plate-to-plate distance on specific friction was
initially analysed, while the applied external pressure on the IL p,,, was
kept equal to zero. In contrast to previous studies of IL lubrication
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Fig. 7. Dependence of specific friction (F; )/(F.) on velocity at external pressures p,,, = 0,
120 and 250 kPa and inter-plate distances d,=17 and 27 A. The error bars represent the
standard deviation of the average values obtained from the simulation data. The curves
showing the specific friction trends were obtained by linear regression and the
corresponding parameters are listed in Table 2.

Table 2
Results for the coefficients a, b in the relation (F)/(F.) = alog(vy/veer) + b, where
vief = 1 m/s. The results were obtained using the least-squares method.

Case a b R?

(A) d,=17 A, pey, = OkPa -0.0006(2) 0.0039(2) 0.63
(B) d,=27 A, pey, = 0kPa 0.016(5) 0.036(3) 0.72
(C) ;=27 A, pey; = 120 kPa 0.007(2) 0.017(2) 0.26
(D) d,=27 A, peg, = 250 kPa 0.002(1) 0.003(1) 0.62

[5,24], our system showed a strong crystalline order induced by
confinement. The normal force was roughly ten times higher in the
case of the smaller plate-to-plate distance, i.e., for d,=17 A compared
to d,=27 A. On the other hand, the lateral force F, remained at similar
levels, therefore leading to a sharp decrease of the specific friction
values. At the same time, the weaker confinement and the smaller
normal force for d,=27 A resulted in a steeper slope of the curve
(FIE).

In order to understand the potential correlation of the IL structure
with the arising frictional forces, the confinement zone was observed in
detail using Fig. 8, where a side view (left side) and top view (right side)
of the system is shown. In the top view, the system is shown with the
solid and IL particles above the upper plate plane removed. In this plot
the ions are depicted with their corresponding LJ radii in order to
achieve a realistic visualisation of the structure. The anions form a
locally cubic structure, cf. right panel Fig. 8(A), while the crystal
direction of the cubic structure is indicated with dashed lines. If we
look into the structure of the IL in the confinement zone, Fig. 8(A) and
(B), we can observe a single, well resolved crystal structure in the case
of d,=17 A, while in the case of d,=27 A some defects are present. It
can also be observed that outside the gap, the IL remains in a
disordered, liquid state.

Further clarification can be attained by plotting the ion density
distribution profiles inside and outside the gap in Figs. 9(A) and (B). It
can be observed that at the plate-to-plate distance d,,=17 A, both cation
and anion peaks of density distribution function inside the gap are
narrow and sharp. In addition, both the anion and cation peaks in each
paired layer are located at approximately the same z location. These
findings confirm that under these conditions the IL is in a crystalline,
“solid-like” state with minimum disorder. In the case of a wider gap
d,=27 A the anion peaks next to the walls remain narrow, with a third
broader one appearing in the centre. The cation arrangement is more
dispersed, with double peaks appearing above and below each anion
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(A) dz=1 7A,' Pext=0

(C) dz=27A, pext=120kPa

(D) dz=27A, pext=250kPa
¥ H

Fig. 8. Side (yz) and top (xy) views of snapshots from four separate friction simulations.
The top views correspond to the planes marked with dashed lines in the side views and do
not include the solid and IL particles above the upper plate plane. The ions are depicted
according to their LJ radii in order to visualise the crystalline structures. The dashed
lines in the top views denote the crystal direction of self-formed cubic structures.

peak. These statistics indicate a more layered, less strictly ordered
state. The difference in the extent of confinement induced crystal-
lisation is a probable reason for the observed steep slope of specific
friction since the observed defects can interact more strongly with the
upper plate at higher velocities and contribute to the increase of
friction force. Our observations show some similarity to the behaviour
previously seen in Lennard-Jones systems where systems at pressures
above a certain critical value and at sufficiently low velocities exhibited
such behaviour. In these studies, cf. Ref. [8], the shape of fluid
molecule was identified as the main parameter that controls crystal-
lisation through the promotion or prevention of internal ordering.

4.2. Impact of ionic liquid pressurisation

In addition to the impact of different confinement gaps, the effect of
IL pressurisation was studied, while the inter—plate distance was kept
constant. More specifically, a gap of d,,=27 A was used, while different
pressures p,,, = 0, 120 and 250 kPa were applied, using the approach
described in Section 2.2.

Through observation of Fig. 9(B)—(D), it can be seen that the
application of external pressure prevents the wetting of the side walls of
the top plate and leads to a distinct crystallisation of the unconfined IL.
On the other hand, the ion density profiles inside the confinement zone
are moderately influenced.

The friction results for increasing values of applied pressure are
consistent with the observations in the previous subsection, with
specific friction decreasing as the order of the IL increases. It can be
seen that for high external pressure, i.e., p,,, = 250 kPa, the slope of the
specific friction curve almost vanishes.

Fig. 8(C) shows that for p,, = 120kPa the local cubic structure
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Fig. 9. Density distributions of ions along the z-axis inside (dashed lines) and outside (solid lines) the confinement zone between the solid plates for configurations shown in Fig. 8. The
position of the atomic centres of the innermost layer of the top and bottom plate is denoted with zt and zp, respectively. Bottom plate is fixed with zg = 21 A.

induced by confinement between the plates served as a nucleus for
further crystallisation between the plates and a well ordered single
crystallite was formed in this region. Outside the confinement zone
another crystallite was formed with a different orientation. Further
increase of external pressure to p,,, = 250 kPa forced the IL in the void
space to crystallise, while at the same time the IL in the confinement
zone was converted to a number of smaller crystallites, cf. Fig. 8(D) and
9(D).

The reported results show a dual nature of IL lubrication, with EHL
characteristics at low to medium pressures and confinement gaps that
allow more than two distinct anion/cation pair layers to form. At higher
pressures and smaller distances which can be translated as mixed
lubrication conditions the IL is transformed to a solid-like body, while
specific friction decreases to low values which are independent of the
sliding velocity. This behaviour can be beneficial in engineering
applications such as the piston ring—cylinder liner system, where it
can be assumed that the IL crystallisation can potentially aid in
preventing the solid contact between the surfaces, along with the
associated high friction and wear.

5. Conclusions

In the current study we have implemented a MD simulation setup
in order to study the behaviour of model ionic liquids confined between
plates which are in close proximity while being in relative motion. Our
MD setup was developed in a way that allows the meso—scopic study of
the lubrication processes in automotive applications such as the piston
ring — cylinder liner interaction inside the internal combustion engine.
More specifically, our geometry was selected in order to allow a variable
lubricant confinement gap combined with a varying lubricant quantity
in the gap, while avoiding the squeeze-out of the lubricant into vacuum.
Odd-number layering and near-wall solidification was observed be-
tween the solid plates, similar to published experimental findings. Our
friction simulations have uncovered an interesting behaviour of ILs,
with a logarithmic dependence of specific friction on velocity hinting at
elasto-hydrodynamic lubrication at low loads. This behaviour comple-
tely changed under more critical conditions of high load, with specific
friction decreasing to lower values and becoming independent of

sliding velocity. This behaviour was strongly correlated with the
internal structure of the IL and can provide guidance for implementing
lubrication concepts that can lead to friction reduction in internal
combustion engines.
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Kparak npersien HayyHe aKTUBHOCTH KAaHIMAATA

Mussan [lamuh je 3amocnen y JlaGopatopuju 3a mpUMEHy padyHapa Yy HaylM, Koja Tpumaga
HanmoHamHOM HEHTPY M3Y3€THHX BPEIHOCTH 32 M3yYaBambe KOMIUIEKCHHX cucrtema WHCTHTyTa 3a
¢u3uky y beorpany u aHraxxoBaH je Ha NMPOJEKTy OCHOBHUX UCTpa)kMBamka MMHHUCTApCTBa MPOCBETE,
HayKe M TeXHOJomKor pas3Boja PemyOmuke CpOuje OH171017, mom HasuBom ‘“Mogenupame u
HYMEpUYKEe CUMYJalllje CIOKEHMX BHUIIEYECTUYHUX (PU3MUKuX cucTtema’. Ha momeHyTOM mpojeKTy
pamd Ha TeMaMma y BE3H Ca HCTPAKUBAKEM CTPYKTYpe M JAMHAMHUYKOr I[OHAIIalka IMPOCTOPHO
OTPaHUYEHUX JUIOJIHUX U JOHCKUX cHcTeMa, o] MeHTopcTBoM Ap Mropa CrankoBuha.

VY okBHpy cBOr Aocajammer paaa, MmibaH [lamumh je pagmo Ha WCTpaXMBamy TUITOJHUX
CTpyKTypa Ty0a M Xenukca (OpMUpaHUX OJ UYBPCTHX IUIONHUX cdepa ca CTATHUM AUIIOIHUM
MoMeHTOM. KaHaunmar je WMIDIEeMEHTHpPAO IUPEKTHO CYMHPAame IUION-IHUION WHTEpaKiuje 3a
pauyHame KOXE3MOHE C€HEpruje KOHAUHMX CTPYKTypa, Kao M JIeKHepoB MeTox 3a CyMHUpame
JUTIOJN-TATION WHTepaknuje 3a 1D Oeckonaune mepuomuuyHe CTpykType. Ha OCHOBY reoMeTpHjcKux
napameTapa HallpaBUO j€ TMperyiel pPa3IuuuTUX Kijaca TyOyJlapHUX W XEIUKOUIHMX JUIOIHHUX
CTPYKTypa M TIOTOM j€ M3BEO M3pa3e 3a MOBPIIMHCKY TYCTHHY MAKOBama 3a Cllydyaj CBUX Kjaca TyOa u
3a OMIUTH CIy4yaj BUIIECTPYKO HAMOTaHMX I'yCTO IaKOBaHMX Xenukca. CIpoBeo je CTaTUYKY aHaIHu3y U
0OMO J1a KOXe3MOHa €HEepIrHja HEMOHOTOHO 3aBHCH O TYCTHHE MAaKOBamba MPU KOMITPECHjU XEITUKCa U
1opacTy BHUXOBE T'yCTHHE IakoBama. PaayM NeTasbHOT OmMca WCHUTHBAHUX CTPYKTYpPa, YBEOCHH CYy
aJIeKBaTHU TapaMmeTpu ypehema Koju OmHCyjy pa3luuTe pexume ypehema OBHX CTPYKTypa.
KoHkpeTHO, KaHOUIAT je pajuo Ha pa3BOjy CUMYJalMja 3a TeHepUcame TUMOIHUX CTPYKTypa H
NpopavyH HUXOBE KOXE3MOHE CHEPTHje, Kao M 3a MpOopadyH Iapamerapa IMOIyT MOBPIIMHCKE T'yCTHHE
MaKkoBama, OpHjEHTallMje [WIojia W YyBeAeHHX mapameTapa ypehema. Takohe, pamuo je Ha
BU3YyEJIHM3alMji PENpPE3eHTATUBHUX CTpyKTypa. Pesynrar Tor anraxxmana je pan “Structure and
cohesive energy of dipolar helices” o0jaBiben janyapa 2016. ronuHe y BpxyHCKOM MelyHapomHOM
yaconucy Soft Matter.

Jlpyra Tema je MOJENIOBaWk€ JOHCKMX TEYHOCTH METOAOM MOJIEKYJapHEe JUHAMUKE ca LUJbEM
IbUXOBE NMPUMEHE Kao JIyOpHKaHTa y ayTOMOOWICKO] HHAYCTpUju. Muiban Jlammwmh je y mepuomy oxn 5.
oktoOpa 2015. no 8. ampuna 2016. ronuHe Ouo aHrakoBaH Ha mpakcu y Ojnesbemy 3a HarpegHe
texnonoruje Texawukor llenTpa xommanuje “Toyota Motor Europe”, y 3aBentemy (benrmja). Ilo
noBpatky Ha MHCTUTYT 3a ¢GuU3MKY, HACTaBHO je paJ Ha HCTOM mpojekTy. Llusb mpojekra je pasBoj
MoJienla Koju he yKJbYYHTH CBE peJieBaHTHE (DM3MYKe MpoIlece Be3aHe 3a IOJMa3WBambe KOHTAKTa
NpCTeHa KJIUMA U 3U10Ba LWIMHAPA Y ayTOMOOMICKOM MoTopy. KaHaunaToB 1ONpHUHOC OHOCH c€ Ha
pa3Boj Mozena M HEroBy CcO(TBEpPCKYy HUMIUIEMEHTAIMjy, Ka0 WM Ha BH3YyeIH3alHjy pe3yiTara
cumyinanuja. Pegynrar Tor anraxkmana je ydemthe Ha MmelyHaponnoj xoHdepenuuju Jluac-JIuon y
cenreMOpy 2016. rogune u pax “Molecular dynamics investigation of a model ionic liquid
lubricant for automotive applications” o0jaBiben genemOpa 2016. roauHe Yy BPXYyHCKOM
mehynaponnom waconucy Tribology International. OBO je TpuMep YCIEIIHO OCTBApEHE Capajmbe
noMahe MHCTUTYILMjE ca BPXYHCKOM CBETCKOM KOMIAaHMjOM Kao wTo je Tojota. OBUM aHraKMaHOM je
JaT TpUMEp TPUMEHE TEOPHjCKUX 3Hamka Ha peajHe MpoOiieMe, OJ HMHTEepeca y ayTOMOOHIICKO]
WUHAYCTPH]H.

TpeHyTHO pagu Ha aHaIM3U OWIOIHUX CTPYKTYpa (QOPMHUPAHHUX Y paBHH, y MPUCYCTBY
criojpallimer nosba. HactaBuo je pajg Ha cuMmysangjama MOJEKyJlapHE JMHAMMKe ca yHampeheHum
MOJIEJIOM JOHCKE TCUHOCTH.
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Y3 npujaBy Teme JOKTOPCKe AucepTtaupmje Konernjymy AOKTOPCKUX CTyAuja, noTpebHo je NpUNoKUTH

cnepeha gokymeHTa:

1. CemwuHapcku pag, (ay*vHe go 10 cTpaHuua)
2. Kpatky cTpyuHy 6uorpadujy nucany y Tpehem nuuy jeaHuHe
3. ®otoKonujy uHaekca ca fOKTOPCKMX CTyaumja
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