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The purpose of this investigation is to clarify the dynamical process of reorientation of a polyethylene chains under high
magnetic fields. Molecular dynamics (MD) simulations at constant temperature and pressure are carried out to study the
reorientation of two polyethylene chains with different configurations. We utilized static homogeneous external magnetic
fields of 25T into the velocity Verlet integration algorithm through a suitable Taylor expansion.

Simulations reveal that the gained potential energy through magnetic annealing facilitated the reorganization of the
polyethylene chains closer to the direction of the applied magnetic field. The current study offer an alternative explanation for
the orientation that was not available through the hydrodynamics continuum approach based on the diamagnetic

susceptibilities as the driving force for reorientation.
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1. Introduction

The physical and mechanical properties of polymers
strongly depend on their degree of orientational order.
The ongoing quest for designing and synthesizing
novel molecular materials, understanding their intrinsic
properties and improving their performance in real
devices, therefore requires full control over their spatial
arrangement.

Modern chemistry often uses self-organization of
molecular building blocks [1], making use of liquid
crystallinity or self-assembly of anisotropic molecules, to
form architectures that are well defined on a nano- or
micro-scopic length scale. One of the major remaining
challenges is to induce orientational order extending to a
macroscopic level [2], either by directly programming the
molecular units to do so (supramolecular chemistry) or by
aligning the material by other means, such as stretching
[3], streaming or application of external electric [4] or
magnetic fields [5].

Magnetic field induced-alignment of polymeric
materials has been the focus of several research efforts
[5—8]. Polymeric materials can interact with a magnetic
field through the diamagnetic anisotropy of the constituent

*Corresponding author. Email: alhaik@unm.edu

chemical units. The energy that the chemical unit gains
through the interaction with an external magnetic field
is dependent on the orientation of the unit relative to the
magnetic field and hence the unit tends to align in a
direction that would minimize its energy [8]. The
tendency of a unit to align is suppressed by the thermal
agitation, if the energy reduction due to alignment
cannot compensate the energetic penalty that arises due
to the expenditure of thermal energy. This is the case for
non-liquid crystalline polymers in melts and solutions.
The application of a magnetic field has a significant
effect on the orientation of liquid-crystalline materials
through the interaction with molecules with diamagnetic
anisotropy. Polymer molecules tend to align with
their chain axes parallel to a magnetic field, especially
when the randomizing effect of thermal energy is reduced
by the orientation of the molecules within a mesophase
[9].

In a magnetic field B, a diamagnetic molecule acquires
an extra energy E = —AyB?, where y is the molecular
diamagnetic susceptibility. In general, Ay is the
anisotropic diamagnetic susceptibility, expressed by
Ax= xy — x - the difference in susceptibility along two
orthogonal molecular axes.
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For individual molecules, the change in energy is small
compared to the thermal energy (AyB? << kT) and it is
not possible to magnetically align single molecules at
fields that are experimentally accessible nowadays.
Magnetic orientation is therefore only applicable to
materials such as macromolecules (polymers), liquid
crystals or molecular aggregates, that contain a sufficient
amount of coupled or correlated molecules (N) to result in
a magnetic torque that is large enough to induce
appreciable orientational order (NAxB* > kT) [2]. For a
polymer chain with N moles to rotate by an angle 0 (angle
between the magnetic field and the tube-axis) in a
magnetic field with intensity B inside a medium with
viscosityn, then the following condition should be
satisfied [10]

87ma’D
—B2N(x.cos* 0+ ysin®6) > kT + % (1)

where ki, is the Boltzmann’s constant, 7 is the temperature
in Kelvin, a is the characteristic length, D is the aspect
ratio and F(D) is a front factor (function of the aspect
ratio). However, in previous investigations of the
alignment of isotactic polystyrene [11], it was stated that
the viscosity is too high to explain the observed rate of
alignment in terms of the rotation mechanism given by
equation (1). Similarly, the authors were able to align
commercial highly-viscous epoxy (Aerpoxy™) under
magnetic fields of 15-25 T and quantify these alignments
through X-ray diffraction and microscopy analysis
[5,12,13]. The rotation model was incapable of explaining
the alignment of the Aerpoxy under 25T field as the high
viscosity of the Aeropoxy (95 N/s/m?) will generate high
drag force that prohibits the rotation and alignment of the
epoxy.

The purpose of this investigation is to clarify the
dynamical process of reorientation of a polyethylene
chains under high magnetic fields. To this end, we perform
molecular dynamics (MD) simulations for the polyethyl-
ene chain with two different initial configurations
(heavily-folded and helical chains) to study the polymer
chain unfolding and reorientation process under high
magnetic field. We believe that such simulations enhance
our understanding of the molecular motion leading to
the alignment of polymeric materials to produce high-
performance materials.

2. Molecular dynamics at strong external magnetic
field

The idea of introducing an external force field in the MD
simulations of polymeric materials is relatively recent.
Weber and Annan [14] conducted an adiabatic MD
simulation of ethane molecules under the influence of
external compression and shearing forces. Strong external
fields were found to align the molecules in the direction of
the shearing field. Tian et al. [15] performed MD

simulation study of the switching dynamics of nematics
liquid crystals with positive polarity anisotropy under an
applied electric field with different strengths and observed
unidirectional switching.

Considering a system of N particle, MD is the problem
of solving numerically Newton’s equation of motion for
the system of many particles interacting with each other

2

Fi:mi%:_aE(r],r;;;..,rN) (2)
where m; is the atomic mass of the i-th atom, RI is the atom
position relative to a reference coordinates and E the
potential energy of the system. Successive configurations
of the system are generated by the time integration of
equation (2). The result is a trajectory that specifies how
the positions and velocities of the particles in the system
vary with time

In the present study, we represent a system of a single
polyethylene chain as a system of charged particles
exposed to external static homogeneous magnetic field.
The explicit time-stepping in a conventional MD
simulation of such a system is restricted by the smaller
of the two time scales—Larmor time-scale and charac-
teristic time of the internal interactions of the system. In a
high magnetic field, which is the context of the present
study, the Larmor time-scale is very much smaller than
that of the internal interactions and therefore the MD
simulation becomes prohibitively expensive. Hence, we
employ the algorithm due to Spreiter and Walter [16],
which relaxes the Larmor restriction while maintaining
the overall accuracy of the discretization scheme.

Under the influence of a continuous potential the
motions of all particles are coupled together, giving rise to
many-body problem that can not be solved analytically.
Under such circumstances the equations of motion are
integrated using finite difference method.

The velocity Verlet time-integration method [17]
gives the positions, velocities and accelerations of the
particles.

it + 8t) = 7(1) + 819(r) + %(St)zfl(t) + 0((81)%)

a(t+ oty = a(r(t + 61),...,7y(t + O1);
3)
D1(t+ 8),...,o5(t + O1);t + 1)

B(t + &) = B(t) + 8t9(r) + % dt[a(r) + a(t + 81 + 0((81)°)

A particle with specific charge g;/m; performs Larmor
oscillations of frequency w; = ¢;B/m; when influenced by
a magnetic field B. With a homogeneous magnetic field
B = (0, 0, B) along the z-axis, the acceleration of each
particle is given by:

ai(r) = al (1) — wé, X B,(1) 4)
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where a{(¢) is the part of acceleration which does not
depend on velocities; a$(f) = a0, ..., ryi(0); 1), e, is
the unit vector along the z direction.

Assuming the magnetic field strong such that wét =
O((St)o), utilizing Taylor series expansion for (F(z + Ar)
and 2(r + Ar)

(at)ndn 2 dr— 2

At + 8f) = K1) + 819(t) + ; i )
Sp)dn 2 dn 1
Bt + 81) = B(1) + Sta(r) + Z L a (6)
Utilizing equation (4) and d¢ = do/dt
dn72 dn*2 ) dn*Z
din—2 a= den—2 a- — wez X din—2 v
dn*2 _, . dn73 R
a — we, thn 3 (7)

To deal with the cross product on the x and y
components we utilize the complex mapping

R?—C; nr—n=n,+in,

®)

C—R* fivn=ng+ingr 7 = (ng,ng,0)

The z component of the position is not affected by the
magnetic field (since the magnetic field in the z direction)
thus the cross product ¢, X d can be mapped into a simple
multiplication é, X d — —ay + ia, = ia. Substituting this
result back in equation (7),

dn72 R dn72 . ) dn73 R
dt"‘za =2 a“ — lwdt"_3 a. ©)

Putting equation (9) into itself (n — 3) times recursively
and applying equation (4)
dn—2 dn—2 dn—3

_a { N

a wwa

d["_2 - dtn—Z

dn74
—_—7 3¢ —
lw(dt”4a .

Collecting the highest terms of w gives

iw@a® — iw%)) } (10)

dn*Z

G = (Cie)" 1B+ (i) e

n—2 dk
+) (i) e

e drk
= (—iw)" 'O+ (—iw)" %G + 081" (11)

Substituting back in the general term of the series
expansion in equation (5)

(S0'd 2 d2 - (—iwdt) [ B ac
—a = —+ 5
n!  dm2 n! —iw  (—iw)

+ 0((81)*) (12)

Substituting equation (12) back in the original Taylor
expansion in equation (5) leads to

7t + 6t) = #(t) + 619(t)

—lw&)" v ac 3
+Z[ (_lw+( )2> +0((8t) )}

n=2
=F(t) + 6t9(t) + [exp(—iwdr) — 1 — iwdt)
x <—+ «“ 2) +0((51°) (13)
—lw (—iw)

Applying the inverse mapping C — R * (equation (8)) to
obtain the x and y components, while the z component
remains unchanged

ro(t 4 0t) = r(t) +$[‘vx(t)sin(w6t) — 0y(1)C(wdt)]

1
+—5 [ai (e — asnS(wdn] +0@n’)
w
ry(t + Ot) = like r,(t + Ot),exchangex <y, w< —w

r(t + 8t) = r,(t) + dtv, (1) + %(SI)Zag(t) +0(80)%  (14)

where S(wéf) = sin(wdt) — wdt, C(wdt) = cos(wdr)
- 1.
For the velocity replacing n by n + 1 in equation (9),

n—1 n—1 n—2
R G SR

dtn—l - dtn—l a - lwdtn—Z

5)

Which can be put into itself (n — 1) times, recursively,
to yield

dn*l . dn*l e dn*Z e ) dn*S e
a = a 120) dt”iza lw dt”73a

—iw(a@“ — iw%)) } (16)

Collecting the highest orders of w

n—1
T —— i = (—iw)'D+ (—iw)"'d + (—iw)"?

—1

k
n—1— k >c

2

= (—iw)"D + (—iw)" 'a° + (—iw)" 2
—a+ 08’ 17)

The general series term in equation (6) can now be
rewritten using equation (17)

styrdr ! dr! —iwdr)" ac da‘/dt
(or) ﬁ_(tw)<%+a+a/>

a= _ _
n!  de! n! —iw  (—iw)?

+ 0((81)*) (18)
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Substituting back in equation (6) yields,

o(t + 8t) = () + dt[a“(t) — iw?d(1)]
© —iwd)" . =c dac¢ d
+Z {( l::)! t) (v(t)+ a Ft) N ac(r)/ t)

— (—iw)  (—iw)

+ 0((5:)3)] = () + 81[a‘ (1) — iwd(1)]

+ [exp(—iwdt) — 1 + iwdt]

. a‘(yy da‘(r/de
x(”“”(—iw) iw)

> + 0((81))
(19)

Applying the inverse complex mapping to obtain the x
and y components of the velocity

(t + 0t) = vy (t)cos(wdt) + vy(1)sin(wdt)

+ L=t C(wdn) + atsin(wdn]
w

n L _a(t+ 61 — a1
w? ot
a§(z + ot) — a;(t)
a ot
o,(t + 6t) = like v (t + 8t), exchangex—y, w<e —w

C(wét)

S(wdr)| + 0((81)%)

vt + 8) = v.(t) + % St[al(t) + aS(t + 8] + O((8t))
(20)

Since MD follows the trajectory of each particle,
imposing the magnetic field into the equation of motion
leads to the choice of a time step 6t that is small enough
to account for sufficient number of steps per Larmor
oscillation in order to follow the motion of the particle
correctly. Briefly stated, this explicit second-order

accurate algorithm is efficient, permits local time-stepping
and thus enlarges the domain of MD applications.

3. Numerical experiments

Two different polyethylene chains were generated. The
chemical unrelaxed structures of the two different
polyethylene chains-utilized in this investigation are
shown in figure 1. The first chain was generated randomly
through Monte Carlo algorithm and contains 902 atoms
(600 H and 302 C). The other chain was designed in the
shape of a helix with a diameter of (2.07 nm) and contains
388 atoms (259 H and 129 C).

The atomic force field used is the optimized potentials
for liquid simulations-all atoms (OPLSAA) consists of
harmonic bond-stretching and angle-bending terms, a
Fourier series for torsional energetics and Coulomb and
Lennard—Jones terms for the non-bonded interactions [17]:

Evond = Zkb,i(ri — 1) (21)
Eange = > _koi(® = 9,)° (22)

1 1
Erorsion = Z [5 V(1 +cos ) + 3 Vai(1 — cos 2¢;)

l

1
+ B V3.i(1 + cos 3goi):| (23)
Q‘Q'e2 o 12 . 6
Enon—bonded = ZZ Lk Al + 48ij (_U) _ <_U>
= WL ij Tij
(24)

Here, the parameters are the force constants k, the r,, and ¥
reference values, the Fourier coefficients V, the partial
atomic charges g and the Lennard—Jones radii and

Figure 1. Unrelaxed configurations of (a) heavily folded polyethylene chain of 902 atoms, (b) helical polyethylene chain with 388 atoms.
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Figure 2.  Minimum potential energy configuration for the individual polyethylene chains; minimization based on truncated Newton algorithm with rms

0.0001 Kcal/mol A convergence.

well-depths, o and e. The non-bonded interactions are
evaluated intermolecularly and for intramolecular atom
pairs separated by three or more bonds. OPLSAA was para-
meterized, tested and validated for hydrocarbons [18-20].

All of the MD simulations were performed within the
framework of the NPT (isothermal—isobaric) statistical
ensemble for a periodic system [21], which is character-
ized, by a fixed number of atoms N, constant pressure P
and constant temperature 7. The NPT ensemble is an
attractive choice. First, it allows the MD simulation for
systems with relatively small number of particles (less
than 1000 atom) [22] by calculating the trajectories in
various ways. Second, the NPT ensemble simulates the
effect of surrounding particles without creating undesir-
able surfaces. Third, this method simulates both the forces
that drive the system to equilibrium at a given temperature
and pressure and the forces that cause the energy and
volume of the system to fluctuate about their equilibrium
values [22]. Nose—Hoover extended system thermostat
[23] was used for the temperature control and the
Berendsen [24] barostat was used to maintain a constant
desired pressure in the periodic box.

We started by equilibrating the individual systems of
polyethylene. First, we employed a truncated Newton
minimization method [25] in order to relax the initial
configurations of the polyethylene chains to their local
potential energy minimum. The initial dimensions of the
boundary box for the folded polyethylene chain are
8.63 X 3.64 X 2.27nm and for the helical chain is
4.33 X 1.88 X 2.36. The polyethylene cell is relaxed
through the minimization of the potential energy to a
convergence criterion where the rms atom force cutoff of
the energy is 0.001 Kcal/mol A. The final dimensions of
the relaxed unfolded polyethylene cell are 5.0 X 2.0 X

2.94 nm and for the helix chain 4.05 X 1.78 X 2.18 nm,
respectively.

4. Results and discussion

On achieving the state of minimum potential energy the
relaxed potential energies of the polyethylene systems are
shown in figure 2. After the potential energy of
polyethylene reaches an equilibrium state we conducted
MD simulations that employs a magnetic field of

5 I
% 704f  — PE-HdixChain - - PE- Folded Chain
g
& |
2
5 702t
= I
3
2 I
700 ' ' ' ' )
0 2000 4000 6000 8000 10000
MD Step (fs)
. 1520f
o
£
g
X
)
S 1518t
c
W [ a = m pomomommomm oo memmom = om o om
s
8 !
£
1516 ' ' ' : '
0 2000 4000 6000 8000 10000
MD Step (fs)

Figure 3. Potential energy evolution for polyethylene chains under 25 T
magnetic field during 10 ps of MD simulation using NPT ensemble.
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25T (figure 3) directed along the z-axis direction.
The simulations were carried out using TINKER™
software [26] by incorporating the modified velocity Verlet
algorithm (equations (14) and (20)). Periodic boundary
conditions were imposed precluding thus the effects of
boundaries/walls. The integration time step was 1.0 femto
second and the cutoff distance for the 12—6 Lennard—Jones
potential was set to 1.05nm. It is reasonable to assume
equilibrium if the variation in the potential energy is in the
range 0.0001-0.001 as discussed by Leach [21] (pp. 359).
Following this criterion, equilibrium was achieved within
10 ps as shown in figure 4. The potential energy of the chain
that was heavily folded increased by 12.3% compared to the
relaxed potential energy without the magnetic field effect,
while the helical chain gained 24.2% increase in its energy
compared to the minimized relaxed configuration.

The extra potential energy gained through the magnetic
annealing of the chains facilitated the reorientation of the
polyethylene chains toward the direction of the magnetic.

200 fs

1000 fs 2500 fs

/ /

9000 fs
7500 fs

The trajectory of the helical polyethylene chain with
the 25T magnetic field effect is shown at different
instants in figure 4. The effect of the magnetic field
manifests itself in the structural change at the chain level
of the polyethylene chain. It is apparent that the helical
polyethylene chain has completely unfolded within 2.5 ps
into a linear form with a noticeable orientation parallel to
the z-axis (figure 4), which is the direction of the external
magnetic field. The chain was completely stretched
toward the magnetic field at 7.5 ps and it maintained the
alignment in the direction of the field after then a shown
in figure 5.

The same reorientation behavior was observed for the
heavily folded chain with more monomers. However
complete unfolding occurred around 5ps and full
alignment was achieved in between 9 and 10ps. The
extra time needed to align this chain is mainly due to the
fact it has more monomers and it is less organized
compared to the helical chain.

5000 fs

10000 fs [

Figure 4. Instantaneous trajectory for the helical polyethylene chain at different time steps between 0 and 10ps. Modified velocity form of
Verlet algorithm utilizing a 25 T magnetic field along the z-axis was used to integrate the equation of motion. NPT ensemble was utilized through all the

MD simulations.
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Figure 5. Instantaneous trajectory for the folded polyethylene at different time steps between 0 and 10 ps. Modified velocity form of Verlet algorithm
utilizing a 25 T magnetic field along the z-axis was used to integrate the equation of motion. NPT ensemble was utilized through all the MD simulations.
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The alignment of polyethylene under magnetic fields
was found to depend on the initial configuration and the
number of atoms in the chain. A chain with more order
(helical) achieve alignment at relatively faster rate than a
longer heavily folded chain.

5. Concluding remarks

The MD simulation results show that the magnetic field
facilitates the unfolding of the flexible polyethylene
chains and their reorientation in its direction. Magnetic
processing of polyethylene was found to increase the
potential energy of the system. MD simulations, based on
the variant of the velocity Verlet algorithm, modified to
incorporate strong static homogeneous external magnetic
fields, are viable tool to study in a fast and inexpensive
fashion the internal evolution of polymeric systems under
the influence of strong magnetic fields.
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