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ABSTRACT: Adhesion between two polymer films consisting of end grafted polymer is studied by coarse-grained

molecular dynamics. Two types of polymer films are considered: one-end grafted polymer (the straight polymer) and

the two-end grafted polymer (the loop polymer). The stress-distance curve for these polymers is obtained at various

temperatures. It is found that (1) the separation between the films takes place by the formation of fibrils or cavities,

and the adhesion is stronger in the former case than in the latter, (2) the fibrils appear in the case that the temperature

is below one of the glass transition temperatures of the two films, and (3) the adhesion is stronger for the loop polymer

than for the straight polymer because the glass transition temperature of the loop polymer is higher than that of straight

polymer. [DOI 10.1295/polymj.37.782]
KEY WORDS Coarse-grained Molecular Dynamics Simulation / OCTA / Loop Polymer / Grafted

Polymer Surface /

End grafted polymers, which are polymers tethered
to the substrate surface, have been extensively stud-
ied1–4 because of its importance in surface rheology
such as adhesions, frictions, and lubrications. The
adhesion of grafted polymer film has been studied
by several groups. Leger and her coworkers2,5 have
systematically studied the adhesion between the graft-
ed polymer layer and the elastomer made by poly(di-
methylsiloxane) (PDMS). They examined the adhe-
sion force as a function of graft density, and pointed
out that there is an optimum graft density to maximize
the adhesion force. The separation behavior of the ad-
hered film was studied by Creton and his coworkers.4,6

They observed the formation of cavities when the film
is pulled apart in the probe-tack experiments. Klein
and coworkers7 measured the surface force acting
between the Langmuir–Blodgett polymer monolayers.
The adhesion of polymers has also been studied by

computer simulation. Sides et al.8–10 have studied the
structure of the grafted polymer film, and their inter-
action by large scale MD simulations, and found that
there are three types in the fracture; chain pulling out,
crazing, and chain scission, which are similar to those
found experimentally. Morita et al.11 studied the adhe-
sion and friction between polymer and AFM tip using
MD simulations.
In this paper, we study the adhesion between end-

grafted polymer films using coarse-grained molecular
dynamics. We consider two types of grafted polymer
(see Figure 1), the one-end grafted polymer and the

two-end grafted polymer films, and call them the
straight polymer (S polymer) and the loop polymer
(L polymer). The present study was motivated by
the discussion of Klein,12 who argued that the adhe-
sion of loop polymer will be stronger than that of
straight polymer since the penetration of polymer loop
into another polymer layer is expected to be less
favorable than that of a single chain end. This system
is much similar to the velcro tapes, and the strong ad-
hesive force between loop chain grafted and ordinal
grafted films is expected. In the molecular level, the
penetration of the chain is theoretically discussed by
O’Connor and McLeish.13

The present paper is constructed as follows. First
we describe the property of the isolated polymer film.

(a) straight chain (b) loop chain
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Figure 1. Schematic view of the grafted polymer film used in

the present simulation. The top shows the polymers in the film,

and the bottom shows the grafting point on the substrate.
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Next, we discuss the loading and the unloading behav-
ior in the adhesion between two polymer films. We
shall then compare the adhesion strength of straight
polymer and the loop polymer.

MODEL

For the model of the grafted polymer, we used the
bead spring model.14 These model simulations are
performed using the MD program COGNAC in the
OCTA system.15,16 The time evolution of the bead po-
sition rn was calculated by the Langevin equation,

17,18

m
d2rn

dt2
¼ �

@UðfrngÞ
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þWnðtÞ; ð1Þ

where m is the mass of bead, U is the total potential
energy of the system, � is the friction constant, and

WnðtÞ is a Gaussian white noise which is generated
according to following equation.

hWnðtÞWmðt0Þi ¼ 2kBTm��nmI�ðt � t0Þ ð2Þ

The potential energy UðfrngÞ consists of three
terms, the bond potential, the bead–bead potential,
and the bead–wall potential:

UðfrngÞ ¼ UbondðfrngÞ þ Ubead{beadðfrngÞ
þ Ubead{wallðfrngÞ

The bead–bead potential is given by

Ubead{beadðfrngÞ ¼
X
n<m

ULJðrnmÞ ð3Þ

where rnm ¼ jrn � rmj is the distance between the
bead n and m, and ULJðrÞ is the truncated Lenard–
Jones potential given by
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rcut was chosen to be 5�. The bead–wall potential is
given by

Ubead{wallðfrngÞ ¼
X
n

UWallðznÞ ð5Þ

where zn is the z coordinate of the bead n (the wall is
assumed to be placed in the x–y plane), and UWallðzÞ is
given by
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In eq 6, the cut off distance, which is used in eq 4, is
not included.
This bead–wall interaction potential UWallðzÞ was
derived by the integral of ULJðrÞ for the wall atoms
uniformly distributed in the wall. Finally the bonding
potential is given by

UbondðfrngÞ ¼
X
i

UBðrBi Þ;

where rBi is the length of the i-th bond which is con-
nected to the bead n, and UBðrÞ is given by the
FENE–Lennard–Jones potential:

UBðrÞ ¼ UFENEðrÞ þ ULJðrÞ: ð7Þ
with

UFENEðrÞ ¼ �
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where k is the spring constant, and R0 is the maximum

extension of the spring. The parameters are taken as
k ¼ 30:0"=�2, R0 ¼ 3:0�.
The film of the straight polymer involves 100

chains, each consisting of 40 beads. The graft points
are placed regularly on the square lattice with the
neighboring distance ‘S ¼ 2:66�, where � is the bead
diameter (see eq 4). This corresponds to the weakly
stretched brush. On the other hand, the film of loop
polymer involves 50 chains, each consisting of 80
beads. One end of the loop polymer are fixed regularly
on the square lattice with the neighboring distance
‘L ¼

ffiffiffi
2

p
‘S ¼ 3:76�, and the other ends are fixed at

the position chosen randomly on the circle of radius
10� centered on the first end.
We took m, � and " as the unit of mass, length and

energy respectively. The unit of time �, and the unit of
the temperature T0 are defined by

� ¼ �ðm="Þ1=2; T0 ¼ "=kB:

The temperature T was changed in the range
0:2½T0� < T < 2:0½T0� and � is taken to be 0:5½��1�.
The parameters characterizing the wall potential, "w
and �w are taken to be "w ¼ " and �w ¼ �.
To get the equilibrium structure of the film at given

temperature, we started from the completely stretched
configuration of the grafted chains at very high tem-
perature (T ¼ 4:0½T0�), and decreased the temperature
gradually. At each temperature, we performed the
simulation for 500,000 time steps to relax the system,
and then continued the simulation for another 500,000
time steps to get the statistical data.
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RESULTS

Glass Transition Temperature of Grafted Polymer
Film
First we discuss the glass transition temperature Tg

of our film. In the bulk system, the glass transition
temperature is estimated by the plot of the specific
volume, or density, against the temperature. In the
film of grafted polymer, the density is not uniform
across the film. To estimate the glass transition tem-
perature, we plotted the film thickness H against the
temperature. We defined the film thickness H by twice
of the z coordinate of the center of mass:

H ¼ 2
1

N

X
n

zn

* +
ð9Þ

Figure 2 shows the plot of H against the temperature.
It is seen that H decreases with the decrease of tem-
perature, and that the slope of the curves changes at
a certain temperature: T ¼ 0:5½T0� for straight poly-
mer and T ¼ 1:0½T0� for loop polymer. These temper-
atures are considered to correspond to the glass transi-
tion temperature.
To confirm that the temperatures obtained above

correspond to the glass transition temperature, we cal-
culated the mean square displacement of beads in the
time interval �t:

hðrð�tÞ � rð0ÞÞ2i ¼
1

N

X
hðrnð�tÞ � rnð0ÞÞ2i ð10Þ

The time �t was taken to be 25�. This time is much
longer than the mean collision time of beads, and is
much smaller than the entanglement time �e. Figure 3
shows the plot of hðrð�tÞ � rð0ÞÞ2i against the temper-
ature. It is seen that the mobility increases markedly at
the temperature obtained above: at 0:5½T0� for straight
polymer and at ca. 1:0½T0� for loop polymer. Thus it is
reasonable to regard the temperature obtained above
as the glass transition temperatures.
The glass transition temperature of loop polymer is

expected to be higher than the glass transition temper-
ature of straight polymer since the loop polymer has no
chain ends which increase the free volume, and since
the loop polymer are subject to extra constraints. Al-
though Figure 2 agrees with this expectation, it is un-
expected that the glass transition temperature of loop
polymer is twice as high as that of straight polymer.
The large difference in the glass transition temperature
can be associated with the large difference in the poly-
mer segment density: the film thickness of loop poly-
mer is about 20% less than that of straight polymer,
or the segment density in the film of loop polymer is
about 20% larger than that of straight polymer.
As this stage we cannot identify the reason why the

glass transition temperature or the segment density of
the loop polymer is so much different from those of
straight polymer. But two reasons can be considered.
A possible reason is that it is a result of the rather

artificial constraint we used for the loop polymer.
We imposed that the distance between the graft point
is fixed at 10�. This distance is larger than the mean
end-to-end distance of Gaussian chain consisting of
80 beads. Considering that the chains are rather
stretched in z direction in the grafted polymer, the
constraint we imposed for the loop polymer is perhaps
too stringent.
The other possible reason is the entanglement

effect. The entanglement effect of straight polymer
is not significant for the chain length used in the pres-
ent simulation. On the other hand, the loop polymers
do entangle with each other by the topological con-
straint introduced when the loops are formed. The
entanglement effect act to compress the polymers
towards the wall, and can created the large difference
in the segment density.
Although we do not have clear explanation for

the large difference in the glass temperature for the
loop polymer and straight polymer, our simulation
clearly indicates that the glass transition temperatures
are different for these two polymers. We believe that
the present simulation reflects the reality at least
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Figure 2. The film thickness of grafted polymer is plotted

against the temperature.
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Figure 3. The mean square displacement of segments in time

25� is plotted against the temperature.
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qualitatively, even though its quantitative accuracy
may be poor. This point needs to be taken into account
in the comparison between the simulation and real
experiments.

Loading and Unloading Processes
Next we conducted the simulation for the loading

and the unloading processes in the adhesion between
two polymer films. Initially we placed two films sep-
arated from each other, and then decreased the dis-
tance Lz between the two substrates at constant rate:
this was done by changing by �Lz by 2� 10�3�
and displacing all beads affinely at every 20 time
steps. Thus dLz=dt is �0:01�=� in the loading process
and 0:01�=� in the unloading process. The stress act-
ing on the wall is calculated directly by calculating the
total force acting on the wall:

Stress½m=��2� ¼
1

S

 X
grafted beads

Fn;z

þ
X

6¼grafted beads

Fn,wall{beads

!
; ð11Þ

where S is the area of the wall, Fn;z the z component
of the force acting on the n-th grafted bead, and
Fn,wall{beads is the z component of the wall force acting
on non-grafted beads n. The sign of the stress is taken
to be such that it is positive when the wall is repelling
to each other. The switch from loading to unloading
was done when the repulsive stress becomes equal
to 2:0½m=��2�. The loading process was stopped when
the stress reaches the value 2:0½m=��2�, and then the
unloading process was started immediately.
In the following, we report the results of two cases,

the adhesion between straight–straight polymer, and
the adhesion between straight–loop polymer, each
are represented by SS adhesion and SL adhesion
respectively. The upper film is made of straight poly-
mer, and the lower film is made of either the straight
polymer or the loop polymer. Initial configuration was
chosen from one of the equilibrium configurations
generated in the previous section. Simulations were
done at five temperatures T ¼ 0:25, 0.5, 0.75, 1.0,
1:25½T0�, which were chosen from the consideration
of the glass transition temperature described in the
previous section.
Figures 4, 5, and 6 show the typical stress–distance

curves in the loading and the unloading processes
in the SS adhesion. In the loading process, the force
is first attractive due to the attractive part of the
Lenard–Jones potential, but turns to be repulsive as
the film is compressed strongly. The stress–distance
curve in the unloading process does not follow the
curve of the loading process: there is a hysteresis

effect. In the unloading process, the behavior of the
stress–distance curve varies significantly depending on
the temperature. At low temperature (T ¼ 0:25½T0�),
the attractive force shows maximum and then takes
a constant value independent of separation over a
large range of distance. On the other hand, at high
temperature (T ¼ 0:75½T0� and 1:25½T0�), the attrac-
tive force shows maximum and then relaxes to zero
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Figure 4. Stress–distance curves in the loading and the un-

loading processes of adhesion between straight polymer films.

The attached are the snapshots of the molecular configuration in

each state indicated by the arrows. The temperature is T ¼
0:25½T0�.
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Figure 5. The same as in Figure 4. The temperature is T ¼
0:75½T0�.
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as the distance increases. These characteristic differ-
ences in the stress–distance curve in the unloading
processes can be understood from the snap shots of
the molecular configuration attached to Figures 4–6.
At low temperature (T ¼ 0:25½T0�), we see fibrils

formed near the bottom layer. The fibrils are made
of chains which are pulled out from the bulk region
(i.e., the middle region). Since the tension in the chain
is almost independent of how much it is pulled out
from bulk, the stress is independent of the distance
Lz. We shall call such mode fibril separation.
Figure 7 shows the zoom up of the fibril structure.

Here the surface at which the segment density be-
comes less than 0.3 is shown. The figure also shows
the mean stretch of the bond calculated at each layer
in the film. The bond length is uniform in most cases,
but becomes non uniform when the fibrils are made.
At higher temperature (T ¼ 0:75½T0� and 1:25½T0�),

we see cavities rather than fibrils. The cavities first
appear near the surface of the wall where the segment
density is low. As the distance Lz increases, the cavi-
ties moves towards the center, i.e., the intersection
between the two polymer films and then merges and
grows, eventually separating the two films. We shall
call such separation interfacial separation. Figure 8
shows the close up of the cavity structure. It is seen
that the bond length remains rather uniform even
when cavities are formed. This indicates that the ten-
sion along the chain is relaxed at high temperature.

Adhesion Strength
Having discussed the mode of separation, we now

discuss the adhesion strength. We define the adhesion
strength by a maximum attractive stress in the unload-
ing process. Figure 9 shows the temperature depend-
ence of the adhesion strength. As the temperature
increases, the adhesion strength decreases. The adhe-
sion strength of a loop polymer is always larger than
that of straight polymer.
Two reasons can be considered for the reason why

the SL adhesion is stronger than the SS adhesion. One
is the entanglement effect, and the other is the effect
of the mobility difference (or the difference of the

(a)

(b)
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Figure 7. Zoom up of the molecular configuration at temper-

ature T ¼ 0:25½T0�, at the separation of The numbers on the right

hand side shows the average of the strain of the bond length �‘=‘

calculated in the layer of thickness 0:5�.
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Figure 8. Zoom up of the molecular configuration at temper-

ature T ¼ 1:25½T0�, at the separation of The numbers on the right

hand side shows the average of the strain of the bond length �‘=‘

calculated in the layer of thickness 0:5�.
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glass transition temperature). We consider that in the
particular case studied here it is mainly the effect of
mobility difference. The reason is as follows.
(1) The chain considered here is not long enough for

the entanglement effect to be important. The
entanglement length of the present model in the
bulk is estimated to be 35,18 which is about the
same as the chain length of the straight polymer
in the present simulation. Since the entanglement
in the grafted chain is considered to take place
less frequently than in the bulk, it is unlikely that
the entanglement effect plays the key role in the
present system.

(2) The speed of loading and unloading is much fast-
er than the formation of entanglement, and it is
unlikely that effective entanglement is formed
in the loading process. Therefore we think the
difference in the adhesion strength in the present
system is due to the mobility difference.

Figure 10 shows the molecular configuration when
the films are going to separate from each other in the
unloading process. At low temperature (T ¼ 0:25½T0�),
the fibril separation takes place. At T ¼ 0:5½T0�, the
separation turns into interfacial type in the SS adhe-
sion, while the separation is still in fibril type in SL
adhesion. This can be understood as follows.
As the films are pulled apart, the cavities are elon-

gated. If the system has enough mobility, the cavities
merge together to form larger spherical cavity. On the
other hand, if the system has low mobility, the merg-
ing of the cavities is suppressed, and the cavities are
elongated to form fibrils. In the case of SS adhesion,
the transition takes place at T ¼ 0:5½T0� where the
both polymer films starts to have large mobility. In
the case of SL adhesion, this transition cannot take
place since the loop polymer is glassy phase and the
straight polymer is constrained by the loop polymers.
In the example shown in Figure 10, the fibril are seen
in both films at T ¼ 0:75½T0�. (The phenomenon that
fibrils are formed in the two films is also seen in the

SS adhesion.) The cavities are seen only when the
temperature becomes above the glass transition of
the loop polymer (T ¼ 1:0½T0�, 1:25½T0�).
We think that the cavities and fibrils seen in our

simulation correspond to those which have been
observed in real experiments although the scales are
considerably different: the cavities seen by Creton et
al. have size of the order of few tens mm, while the
cavity size of our simulation is of the order of nm.
Thus the cavity in our simulation corresponds to the
micro cavities at the very early stage of cavity forma-
tion. Likewise, the fibrils in our simulations corre-
spond to micro fibrils. Although their sizes are differ-
ent, we believe that they share many common aspects
in their structure and the mechanisms of formation.
We therefore think that the difference in the adhe-

sion strength is due to the difference in the separation
mode: in the case of SL adhesion, the fibrils are
formed, which gives larger adhesion strength than that
of the SS adhesion.
The above consideration indicates that the glass

transition temperature is the key parameter in the
adhesion strength. To confirm this, we have plotted
the adhesion force against the reduced temperature
ðT{TgÞ=Tg in Figure 11. It is seen that in this plot,
the curve of the loop polymer comes close to that of
straight polymer.
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Figure 10. Chain configurations when the films are separated

from each other in the unloading process at various temperatures

shown on the left. The figure shows the chain configuration when

the substrates are separated by the distance 15� after the start of

unloading.
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CONCLUSIONS

In this paper, we have shown the results of the mo-
lecular dynamics study of the adhesion between graft-
ed polymer films of two types of polymer, the straight
polymer and the loop polymer. We have shown that
the adhesion behavior is strongly dependent on the
mobility of the polymer film. The separation mode
changes from fibril separation to interfacial separation
as the temperature increases.
Our simulation indicates that the adhesion becomes

stronger if one of the films is replaced by the loop
polymer. In the present system studied here, we have
shown that this is because the glass transition temper-
ature of the loop polymer is higher than that of the
straight polymers. Clearly this conclusion is not gen-
eral: the result will be different for films made of larg-
er polymers, where the entanglement effect will play
an important role in the adhesion. Our study indicates
that the glass transition temperature can be the key
factor in determining the adhesion strength.
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