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Molecular dynamic simulations based on a coarse-grained, bead-spring model are adopted to investigate the spread-

ing of both nonfunctional and functional perfluoropolyether (PFPE) on solid substrates. For nonfunctional PFPE, the

spreading generally exhibits a smooth profile with a precursor film. The spreading profiles on different substrates are

compared, which indicate that the bead-substrate interaction has a significant effect on the spreading behaviour, es-

pecially on the formation of the precursor film. For functional PFPE, the spreading generally exhibits a complicated

terraced profile. The spreading profiles with different endbeads are compared, which indicate that the endbead-substrate

interaction and the endbead—endbead interaction, especially the latter, have a significant effect on the spreading be-

haviour.
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1. Introduction

The wetting and spreading of liquid films on solid
substrates at the molecular scale has gained consid-
erable attention for the technological applications of
lubrication in data storage system.[!! At present, per-
fluoropolyether (PFPE) is available commercially to
serve as the lubricant, which has the chemical struc-
ture of X—[(OCF>CF3),~(OCF3),|-0-X(p/q = 2/3).
Here, the endbead X is —CF3 (nonfunctional) for Z
or ~CF,CH,OH (functional) for Zdol.?l' A consider-
able number of experiments were conducted to in-
vestigate the spreading profiles of both nonfunctional
and functional PFPE.13! Yet owing to the limitation
of instruments, computer simulations were also per-
formed. For example, quantum chemical computation
was adopted to model the interactions between the
PFPE and the carbon overcoat.[*! Monte Carlo ap-
proach was employed to examine the static structure
of PFPE.I®l In this paper, molecular dynamic simula-
tion based on a coarse-grained, bead-spring model is
adopted to investigate the spreading of both nonfunc-

tional and functional PFPE on solid substrates. Es-

pecially, the spreading profiles of PFPE on different
substrates and with different endbeads are compared,
this comparison reveals the effects from the substrate

and endbead on the spreading behaviour.
2.Model and simulation method

A coarse-grained, bead-spring model developed
by Guol®7 is used in this study to characterize the
In this

model, a PFPE molecule is described as a sequence of

nonfunctional and functional PFPE films.

beads which are bonded by finitely extensible nonlin-
ear elastic potential. All the nonbonded beads interact
with each other by Lennard-Jones potential. And all
the beads interact with the substrate by 9-3 Lennard-
Jones potential. For functional PFPE, the endbeads
interact with the substrate or other endbeads by short-
It has to be remarked

that the interaction parameters of €, o and g, are

range exponential potential.

introduced to describe the bead-substrate interaction,
endbead—substrate interaction and endbead—endbead
interaction respectively. And the large interaction pa-
rameters represent the strong corresponding interac-

tions.
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Molecular dynamic simulations with the canonical
ensemble are performed to investigate the spreading
of both nonfunctional and functional PFPE. A modi-
fied Nose-Hoover chain thermostat!®! is adopted with

Newton’s equations of motion:

m;r; = pj,
pi = F; — ((2)pi, (1)

where m;, r;, p; are the mass, the position vector and
the momentum of the ith bead respectively, F; is the
force acting on the ith bead and ((z) represents the
thermostat damp for the ith bead.

((2) = Cexp(o — 2),

N

1

(== > pi/m—gksT |, (2)
Q i=1

where z is the bead-substrate distance, g is degree of

freedom and (&Q represent the thermostat damp and

thermostat mass.

3. Results and discussion
3.1. Spreading of nonfunctional liquid: effect
from the substrate

For nonfunctional PFPE, the interaction param-
eters are selected as €o, = €..=0. Fig.1 shows the
spreading profiles of nonfunctional PFPE on differ-
ent substrates at time t=100000, 300000, 500000 MD
steps. The spreading of nonfunctional PFPE generally
exhibits a smooth profile with a precursor film, which
is in agreement with Tyndall’s experimental results.!?!
During the spreading process, two types of molecular
movements are observed: the molecules at the droplet
boundary break away from other molecules and flow
down. After reaching the substrate, those molecules
take random walk and diffuse along the substrate,
which helps to form a precursor film. The overall pic-
ture is that the spreading goes with the migration of
molecules from the higher to the lower layer, eventu-
ally reaches the substrate.

It can be seen that, when the bead—substrate in-
teraction is weak, the migration of molecules is slow
owing to the small driving force from the substrate, so
the precursor film is hard to form (Fig.1(a)). At small
time steps, no molecular layering is found; as time
goes by, the first layer of the precursor film becomes
visible. On the other hand, when the bead-substrate

interaction is strong, the migration of molecules is fast

(Fig.1(b)). That is, after reaching the substrate, more
and more molecules will break away from the main
body of the droplet and diffuse along the substrate to
form the precursor film. At small time steps, the first
layer has already been visible; and as time goes by, a
second layer appears due to the strong bead-substrate
interaction (The first and second of the precursor film
are not clearly identified in Fig.1). As a whole, the
simulation results indicate that the bead-substrate in-
teraction has a significant effect on the spreading be-
haviour, especially on the formation of the precursor

film.
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Fig.1. Thickness profiles at time t=100000, 300000,
500000 MD steps, where X 1is in the direction of
spreading, Z is in the direction normal to the sur-
face. The interaction parameters are cew = Eee=0
with (a)ew=10; (b)ew=20.

3.2. Spreading of functional liquid: effect from

the endbead

Figure 2 shows the spreading profiles of functional
PFPE with different endbeads at time ¢=100000,
300000, 500000 MD steps, where the interaction pa-
rameters are selected as (a) ow = €ee=2; (b) Eew=2,
€ee=b; (€) €ew=100, €ce=2. The spreading of func-
tional PFPE generally exhibits complicated terraced
profiles, characterized by the formation of a precur-
sor film, a shoulder and a vertical step, which are also
consistent with Tyndall’s experimental results.[®! It is
found from comparison that the spreading of func-
tional PFPE displays different profiles and flux from
that of nonfunctional PFPE on the same substrate,
which indicates that the endbead—substrate interac-
tion and the endbead—endbead interaction may com-

plicate the spreading process.
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Fig.2. Thickness profiles at time ¢=100000, 300000,
500000 MD steps, where X is in the direction of PFPE
spreading, Z is in the direction normal to the surface.
The interaction parameters are (a) cew = €ee=2; (b)
Cew=2, €ee=5; (C) €ew=100, cce=2 with e,=20.

In comparison with the spreading of nonfunc-
tional PFPE (Fig.1(b)), the migration of functional
PFPE molecules flowing down is significantly re-
stricted due to the endbead—endbead interaction,
which leads to a vertical step profile, while the mi-
gration of molecules diffusing along the substrate is
strongly slowed down due to the endbead—substrate
interaction, which leads to a slower formation of pre-
cursor film (Fig.2(a)). In comparison with the spread-
ing of PFPE with weak endbead—endbead interaction
(Fig.2(a)), it can be seen from Fig.2(b) that the mi-
gration of molecules flowing down is obstructed inten-
sively for the strong endbead—endbead interaction. As
the strong endbead—endbead interaction helps func-
tional PFPE molecules to bind tightly and form a
biopolymer structure,l it is difficult for molecules
to escape from the binding of other molecules and

diffuse along the substrate. Therefore, the verti-

cal step becomes steeper and the precursor film be-
comes smoothed out. In comparison with the spread-
ing of PFPE with weak endbead—substrate interaction
(Fig.2(a)), the migration of molecules diffusing along
the substrate is found to be accelerated to some extent
as a result of the strong endbead—substrate interaction
(Fig.2(c)). As the strong endbead—substrate interac-
tion helps to enhance the driving force, more molecules
can escape from the binding of other molecules and
diffuse along the substrate freely to form a fast pre-
cursor film. Besides, the fast precursor film provides
more cavities for molecules in the higher layer to fill
in, which also helps the migration of molecules flow-
ing down and smooth the vertical step. In general, the
simulation results indicate that the endbead—substrate
interaction and the endbead—endbead interaction have
a significant effect on the spreading behaviour. Es-
pecially, the endbead—endbead interaction plays the

crucial role.

4. Conclusion

Molecular dynamic simulations based on a coarse-
grained, bead-spring model are adopted to investigate
the spreading of both nonfunctional and functional
PFPE on a solid substrate. For nonfunctional PFPE,
a smooth profile and a small flux can be obtained for
weak bead-substrate interaction, while a smooth pro-
file with a distinct precursor film and a large flux can
be obtained for strong bead-substrate interaction. For
functional PFPE, a precursor film, a shoulder and a
vertical step, as well as a small flux, can be obtained
for weak endbead—substrate interaction and endbead—
endbead interaction. Besides, a fast precursor film
can be obtained for strong endbead—substrate inter-
action, while a vanishing precursor film, a steeper
vertical step and a smallest flux can be obtained
for strong endbead—endbead interaction. Our simula-
tion results indicate that the bead-substrate interac-
tion, the endbead—substrate interaction and endbead—
endbead interaction jointly determine the spreading

behaviour.
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