
Vol 17 No 8, August 2008 c© 2008 Chin. Phys. Soc.

1674-1056/2008/17(08)/3115-08 Chinese Physics B and IOP Publishing Ltd

The phase behaviour of single polyethylene
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The phase behaviour of a single polyethylene chain is studied by using molecular dynamics simulations. A free

chain and a chain with fixing one end are considered here, since the atomic force microscope (AFM) tip can play a

significant role in polymer crystallization in experiment. For a free chain, it is confirmed in our calculation that the

polymer chain exhibits an extended coil state at high temperatures, collapses into a condensed state at low temperatures,

i.e. the coil-to-globule transition that is determined by a high temperature shoulder of the heat capacity curve, and an

additional liquid-to-solid transition that is described by a low temperature peak of the same heat curve. These results

accord with previous studies of square-well chains and Lennard-Jones homopolymers. However, when one of the end

monomers of the same chain is fixed the results become very different, and the chain cannot reach an extended coil-like

state as a free chain does at high temperatures, i.e. there exists no coil-to-globule-like transition. These results may

provide some insights into the influence of AFM tip when it is used to study the phase behaviour of polymer chains. If

the interaction force between AFM tip and polymer monomers is strong, some monomers or one of them can be seen as

being fixed by the tip, which is similar to our simulation model, and it is also found that AFM tip could induce polymer

crystallization.
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1. Introduction

The coil-to-globule transition is one of fundamen-
tal problems in polymer physics, which has been ex-
tensively studied in the past few years[1−6] because
of its applications in many aspects, such as the fold-
ing of a protein chain, the packing of DNA molecules,
the collapse of a polymer gel network as well as
the complexation between two polymer chains.[7,8]

The recent advance in experimental techniques has
made the observation of coil–globule transition pos-
sible, and the coil–globule transitions of poly (N-
isopropylacrylamide) (PNIPAM) chains both in H2O
and in D2O have been studied in experiment.[9,10] The
two-stage kinetics of the coil-to-globule transition[11]

of a single polymer chain and that of the first-order
transition[12] in ultrafiltration of flexible linear poly-
mer chains have been studied very recently.

Previous studies have made great progress both
in theory and in experiment, and it has been sug-
gested that semiflexible polymers exhibit an elon-

gated coil state at high temperatures and a collapsed
globule state at low temperatures, i.e. the coil–
globule transition, which is similar to the usual tran-
sition between gas and condensed phases. Though
this collapse transition has been studied for years in
theory[13,14] and experiment[15,16] and also in com-
puter simulation,[17−20] the exact nature of the col-
lapse transition has not yet been completely revealed.
Generally, for a self-attracting chain, this transi-
tion is caused by the competition between monomer–
monomer attraction and conformational entropy: the
formation of contacts lowers the total energy, and
monomers become close to each other, then the chain
degrees of configurational freedom decrease corre-
spondingly. When the attraction energy between
monomers is much stronger than their thermal en-
ergy, the polymer chain takes globular conformations
to maximize the number of contacts, and at high tem-
peratures, the chain is in a disordered coil state with
a maximal entropy. Recently, Johnny et al have stud-
ied single-chain homopolymers[21] and star-branched
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polymeric systems[22] by using Monte Carlo simula-
tions, both confined between two parallel walls, and
found that the coil–globule transition temperatures
both shift toward low regions as confinement increases.
This can be understood, since the confinement can
prevent the globular conformations from forming, but
the coil–globule transition temperature seems to be
unchanged when the confinement is higher than about
five bond-lengths. It may be due to the fact that there
is no interaction between polymer chains and confine-
ment boundaries.

We present in this paper the equilibrium proper-
ties of an isolated polyethylene chain with and with-
out fixing one end by using molecule dynamic simu-
lations, in which more exact force fields[23] are used.
It is known that atomic force microscopy (AFM) is
a useful tool to manipulate polymer chains in ex-
periment, and AFM tip is influential to the phase
behaviours of polymers. The AFM tip cannot in-
duce poly (ethylene oxide) crystallization according
to Pearce,[24,25] and also the same result was obtained
by Godovsky[26] when he studied the crystallization
of polyethylene. However, the experiment[27] sug-
gests that if the force exerted by AFM tip is strong
enough, the tip may disturb polymer crystallization
process and even can cause the formation of nucle-
ation, and there are many other experiments about
AFM-tip-induced crystallization.[28−30] If the interac-
tion between AFM tip and polymer chains becomes
strong, the degrees of freedom for a polymer config-
uration will decrease, i.e. the tip can influence the
conformational entropy of polymer chains, thereby the
phase behaviour will be changed. One has calculated
a single polyethylene chain with fixing one end to re-
veal different phase behaviours from the free chains;
there have been carried out few studies relevant to this
issue in theory. If the AFM tip acts on one end of a
single polymer chain and the interaction in between
is strong, then the end monomer can be seen as being
fixed on the tip to some extent, which is similar to
our model. We focus on the difference in single chain
between with and without fixing one end, and it will
be discussed in great detail in the following.

2. Model and simulation details

The united-atom (UA) force field for polyethy-
lene chains is used in the present simulation, in

which CH2 and CH3 groups each are regarded as
a monomer. The UA force field was developed by
Paul et al [31] who optimized the nonbonded inter-
action parameters of methyl and methylene groups
to reproduce the experimental melt densities of n-
C13H28 and n-C44H90. In the past few years, the
UA model of polyethylene has been optimized and
used in Monte Carlo[32,33] and molecular dynamics
simulations.[34−36] The UA force field model has been
parametrized by using first-principles calculation and
experimental data,[23,31,37,38] and it is taken from
Refs.[23,31] in the present paper. In fact, the UA force
field model has been used in molecular dynamic sim-
ulations successfully in dealing with elastic behaviour
of single chains in our previous studies.[39−41]

In this paper, the potential energy between
monomers contains four parts: the bond-stretching
energy Ubond between two adjacent monomers, the
bond-bending energy Ubend among three adjacent
monomers, the torsion energy Udih among four ad-
jacent monomers, and the 12–6 Lennard-Jones po-
tential Unonbond between two nonbonded monomers.
The bond-stretching energy Ubond between bonded
monomers is presented as

Ubond =
n∑

i=2

1
2
ks(ri − r0)2, (1)

where ks is the harmonic spring constant and set as
ks = 265000 kJ/(mol·nm2), r0 = 0.153 nm is the equi-
librium bond length, and ri denotes the bond length
between monomers i-1 and i. The bond-bending en-
ergy Ubend is given by

Ubend =
n∑

i=3

1
2
kθ(cos θi − cos θ0)2, (2)

where Ubend is defined for every triplet of adjacent
monomers, kθ = 502 kJ/mol is the bond-bending en-
ergy constant, θ0 = 1.920 rad is the equilibrium bond
angle, and θi represents the bond angle between two
adjacent bonds i-1 (the bond between monomers i-2
and i-1) and i (the bond between monomers i-1 and
i). The torsion energy Udih is

Udih =
n∑

i=4

1
2
[k1

φ(1− cos φi) + k2
φ(1− cos 2φi)

+k3
φ(1− cos 3φi)], (3)

where Udih is defined for every quadruplet of adjacent
monomers and φi is the dihedral angle between the (i-
3, i-2, i-1) and (i-2, i-1, i) planes. k1

φ = 6.69 kJ/mol,
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k2
φ = −3.62 kJ/mol, and k3

φ = 13.5 kJ/mol repre-
sent the torsion angle energy constant, respectively.
The nonbond interactions between nonconsecutive
monomers are described by a standard 12-6 Lennard-
Jones (LJ) potential,

Unonbond =
n∑

i 6=j±1

1
2
ε

[(
rm

rij

)12

− 2
(

rm

rij

)6
]

, (4)

where rij denotes the distance between two non-
bonded monomers, and the cutoff distance used in
this work is 0.9 nm; rm = 0.45 nm is a constant,
which represents the position with minimum inter-
action energy; ε is an energy constant, which de-
pends on the type of the interacting groups (CH2 or
CH3). In the early days of the UA model, ε was
taken to be the same for CH2 and CH3 units, but
it has been optimized by Siepmann,[42] i.e. ε(CH2−
CH2) = 0.391 kJ/mol, ε (CH3− CH3) = 0.947 kJ/mol,
and ε (CH2− CH3) = 0.608 kJ/mol according to the
Lorentz–Berthelot mixing rule.

In this paper, we perform molecular dynamics
simulations,[34−36,43−45] which have widely been uti-
lized because of the advantage that a comparison with
theory and experiment can be made are straightfor-
wardly. In the molecular dynamics simulations, the
motion of monomers is described by taking the coor-
dinate of each monomer as a function of time, and
a basic time step of 0.001ps is used in our work. In
addition to molecular dynamics simulations, thermal
annealing[46,47] is also used to avoid local minima that
are present in the energy landscape of protein folding.

In order to catch thermodynamic characteristics
of the system, one calculates the internal energy and
the heat capacity; the heat capacity in a constant vol-
ume as a function of temperature is defined as the
standard energy fluctuation expression[19−22,48]

Cv =
〈U2〉 − 〈U〉2

kBT 2
, (5)

and according to Leach[48] the heat capacity can also
be rewritten as

Cv =
〈(U − 〈U〉)2〉

kBT 2
, (6)

where U is the internal energy. The canonical aver-
ages 〈U2〉 and 〈U〉2 are evaluated by using the an-
nealing molecular dynamics (MD) method. As Leach
suggested, expression (6) may be more accurate due
to round-off errors, besides, 〈U2〉 and 〈U〉2 both are
usually large numbers, hence there may exist a large

uncertainty in their difference. Peaks on the Cv vs
T curve are used to identify possible conformational
changes in the systems. To determine the average
size of the chain, the mean square end-to-end distance
〈R2〉 is computed. The radius of gyration tensor S of
the chain can be defined as

S =
1

N + 1

N∑

i=0

SiS
T
i =




Sxx Sxy Sxz

Syx Syy Syz

Szx Szy Szz


 , (7)

where Si = col(xi, yi, zi) is the position of monomer
i in a frame of reference with its origin located in
the middle of a chain. The tensor S can be diago-
nalized into a diagonal matrix with three eigenvalues
L2

1 , L2
2 and L2

3 (L2
1 ≤ L2

2 ≤ L2
3). These parameters

have been used to calculate the shapes of flexible poly-
mer chains,[49,50] and it was suggested that the ratio
〈L2

1〉 : 〈L2
2〉 : 〈L2

3〉 be 1 : 2.7 : 11.7 based on a random
walk of 100 bonds on a simple cubic lattice by using
Monte Carlo technique. Meanwhile, another impor-
tant parameter based on the three eigenvalues can be
considered to be[51,52]

〈δ∗〉 = 1− 3
〈

L2
1L

2
2 + L2

2L
2
3 + L2

1L
2
3

(L2
1 + L2

2 + L2
3)2

〉
, (8)

where the shape factor 〈δ∗〉 varies between 0 (sphere)
and 1 (rod), which is an important parameter in
studying the configurations of polymer chains.

3. Results and discussion

Single polyethylene chains of N = 40, 80, and
120 monomers with and without fixing one end are
simulated to study temperature-dependent conforma-
tional and thermodynamic properties. One end fixing
is influential to the phase behaviour of polymer chains
just as AFM tip plays an important role in polymer
crystallization.

Figure 1 shows the mean-square end-to-end dis-
tances per monomer as a function of temperature for
single polyethylene chains of N = 40, 80, and 120
monomers with and without fixing one end. As seen in
Fig.1, the free chains with different chain lengths each
have large values of 〈R2〉/N at high temperatures,
which may indicate extended states for the free chains,
and the values of 〈R2〉/N collapse into small values at
low temperatures where the chains take compact glob-
ular structures. It can also be observed in Fig.1 that
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the sudden reductions of 〈R2〉/N take place at higher
temperatures as the chain length increases. When one
of end monomers of the same chain is fixed, the degrees
of freedom of the chain system will be reduced consid-
erably, and the different behaviour of 〈R2〉/N for these
cases are also shown in Fig.1. The values of 〈R2〉/N
at high temperatures are smaller than those of the
same free cases, for instance, at the highest temper-
ature, 1000 K, the values of 〈R2〉/N are 0.071, 0.079
and 0.145 nm2 for N = 40, 80, and 120 monomers, re-
spectively, while they are 0.210, 0.267 and 0.300 nm2

for the corresponding free chains. Therefore the chains
with fixing one end monomer may not reach similar
extended coil-like states to those for the free chains.

Fig.1. Temperature dependences of the mean-square end-

to-end distance per monomer for polyethylene chains of

N = 40, 80, and 120 monomers with and without fixing

one end, where error bars are shown for ten data points.

Recently, Kumar and Giri[53] have studied a lat-
tice polymer with fixing one end, and the other end
of the polymer chain was pulled by a force. And as
they discussed in experiment with fixing one end only,
the entire molecule rotated due to the torque about
the fixed end of the chain. Hence, in our model, when
one end monomer of the chain is fixed and the other
monomers will move around it, then the degrees of
freedom of the system will reduce immediately, and
the conformations and conformational entropy may
decrease greatly. Therefore, in the present simulation,
when one end monomer of the polyethylene chain is
fixed and the other monomers will move around it,
at high temperatures the chain cannot reach an ex-
tended state as the free chain does, and it should have
a smaller end-to-end distance. The 〈R2〉/N of the
chain with fixing one end also decreases with temper-
ature decreasing, and at low temperatures of about
T < 200K the values are similar to those for the free

case, thus the chain with fixing one end should also
take a similar globular structure.

A similar behaviour of the mean-square radius of
gyration per monomer is observed in Fig.2. As can
be seen, there is also a sudden reduction of 〈S2〉/N
for the free chain, and the critical region also shifts
toward higher temperatures with the chain length in-
creasing, and at low temperatures one may find that
the value of 〈S2〉/N for the 40-monomer chain is
larger than those for the 80-monomer and the 120-
monomer chains, which should result from the stiff-
ness of the polyethylene systems, and the polyethy-
lene chains simulated here are more like stiff chains
than semiflexible polymers, thus the short chain of
40 monomers may not collapse into the same com-
pact states as those for longer chains. However, this
finite-size effect may be disturbed by fixing one end
monomer, as seen in Fig.2(b), the value of 〈S2〉/N for
the 40-monomer chain is similar to those for the longer
chains at low temperatures.

Fig.2. Temperature dependences of the mean-square ra-

dius of gyration per monomer for polyethylene chains of

N = 40, 80, and 120 monomers with and without fixing

one end, where error bars are shown for 10 trajectories.

We have also calculated the shape factor of the
polyethylene chains with and without fixing one end,
since this parameter is a direct observation of the
shape of polymer systems. For the free chains, at high
temperatures the values of 〈δ∗〉 for the three chains
are similar to each other, as seen in Fig.3, i.e. about
0.7, which is larger than the exact result[54] for lin-
ear random walks, 〈δ∗〉 = 0.39, showing that the lin-
ear polyethylene chain may be stiffer than the linear
random walks; for a sufficient stiff chain the value of
shape factor may be close to 1. At low temperatures,
the values of shape factor are smaller for longer chains.
For the chains with fixing one end, the values of shape
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factor are different from those for the free cases and
depend on chain length obviously at high tempera-
tures. As seen in Fig.3, at high temperatures the val-
ues of 〈δ∗〉 are about 0.4, 0.57, and 0.7 for the chains
of N = 40, 80, and 120 monomers, respectively.

Fig.3. Temperature dependences of the shape factor for

polyethylene chains of N = 40, 80, and 120 monomers with

and without fixing one end, where error bars are shown for

10 trajectories.

From the parameters of 〈R2〉/N , 〈S2〉/N , and
〈δ∗〉, we may expect that at high temperatures, the
average size and shape of single chains are changed
obviously when one end monomer of chain is fixed,
since the degrees of freedom of the chain system are
reduced considerably, and the motion of monomers
are restricted: they should move around the fixed end
monomer. The disturbed properties of free chains
may prove some insights into the influence of AFM
tip when it is used to manipulate polymer chains.

The internal energy per monomer is also consid-
ered in our simulation, which is shown as a function
of temperature in Fig.4. For the free chains of differ-
ent chain lengths, as seen in Fig.4, the internal energy
per monomer 〈U〉/N decrease with temperature de-
creasing, which may illustrate the collapse of chains
according to the previous studies.[19−22] While for the
chains with fixing one end, the curves of 〈U〉/N at high
temperatures, especially for the 80-monomer and 120-
monomer chains, are not so smooth as those for the
free cases, and the fluctuation of the internal energy
should result from the variations of conformations. In
fact, for 〈R2〉/N , 〈S2〉/N , and 〈δ∗〉, fluctuations are
also observed to be larger than those for the free cases
in Figs.1, 2, and 3, respectively.

In order to determine the critical region of the
collapse transition, the heat capacity as a function of

temperature is calculated according to expression (5)
and the results are shown in Fig.5(a). For the free
chains as seen in Fig.5(a), for the 80-monomer chain
the strong peak is at 260K and a high temperature
shoulder is found to be at about 360 K, and similar
behaviours of heat curves were observed by the previ-
ous studies,[19−22] according to them the high temper-
ature shoulder should represent a coil–globule transi-
tion and the low temperature peak can be seen as
an additional liquid–solid-like ordering transition. For
the 120-monomer chain, there is also a high tempera-
ture shoulder at about 400 K as well as a low temper-
ature peak at 260 K. For the short polyethylene chain
of N = 40 monomers, there is only a strong peak at
240K for the 40-monomer, which should represent a
coil–globule transition. An additional liquid–solid-like
transition is not observed for the 40-monomer chain,
since it is hard for the chain to form solid-like globules
due to stiffness.[55,56]

Fig.4. Temperature dependences of the internal energy

per monomer for polyethylene chains of N = 40, 80, and

120 monomers with and without fixing one end, where

error bars are shown for 10 trajectories.

When one end monomer is fixed, the heat curves
are disturbed drastically, as seen in Fig.5(a), and they
should be not so meaningful as those of the free cases.
As the chain length increases, a plateau forms at
high temperatures with large values of Cv/N , which
may represent large energy fluctuations. Though the
chain sizes decrease with temperature decreasing, the
chains cannot reach extended coil-like states as the
free chains do, the collapse of the fixed chains should
be different from that of the free chains, and according
to the heat curves there should be no coil–globule or
liquid–solid like transition for this system.
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Fig.5. Temperature dependences of the heat capacity per monomer for polyethylene chains of N = 40, 80,

and 120 monomers with and without fixing one end according to expression (5) (a) and expression (6) (b),

respectively, and the heat curves of N = 120 monomers (c) for a comparison, where error bars are shown for 10

trajectories.

The standard energy fluctuation expression of the
heat capacity, i.e. expression (5), has been widely
used[19−22] to study the collapse of polymers, but ac-
cording to Leach[48] expression (5) can be expressed
in another way, i.e. expression (6), which may be
more exact than expression (5), hence we calculate
the heat capacity again according to expression (6)
(the obtained result is presented in Fig.5(b)), and find
that the heat curves obtained from the two expres-
sions have the same behaviours and critical regions.
For a comparison, the case of N = 120 monomers is
shown in Fig.5(c), and it can be seen that the two ex-
pressions give the same results, though their values of
Cv/N at some temperatures are a little different from
each other.

We have also shown the possible conformational
transition for the free and the fixed polyethylene
chains. As seen in Fig.6(a), at high temperatures
the free chains of different chain lengths are in ex-
tended states with large end-to-end distances, and
they collapse into liquid-like globules with small chain
sizes, and then the 80-monomer and the 120-monomer
chains collapse into solid-like globules with smaller

chain sizes, but the 40-monomer chain cannot collapse
again due to stiffness. For the chains with fixing one
end as seen in Fig.6(b), the structures of chains at high
temperatures are very different from those for the free
cases: they have smaller end-to-end distances, since
other monomers of the chains may move around the
fixed monomer, therefore they cannot reach extended
coil-like states. At low temperatures, the chains col-
lapse into compact states as the free chains do.

The simulation results have shown that the col-
lapse of single polyethylene chains with fixing one end
is very different from that of free cases, which may re-
flect the influence of AFM tip in experiment Godovsky
and Magonov[26] have studied the morphology and the
nanostructure of an ultrathin layer of polyethylene
during melting and crystallization by using AFM, and
they gave the real images of polyethylene crystalliza-
tion. And the crystallization of poly (ethylene oxides)
has also been studied by using AFM,[57,58] but in real
experiments it is difficult to measure the influence of
AFM tip, since one cannot obtain the properties of
completely free polymers without using AFM. How-
ever, in simulations one can easily obtain the equilib-
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rium properties of free chains without being disturbed,
and we investigate the chains with fixing one end to
explain that the AFM tip is influential in experiments.

Zhu et al [59] have also discussed the influence of AFM
tip when they use it to study the crystallization of
poly(ethylene oxides).

Fig.6. The possible conformational transitions of free polyethylene chains of N = 40, 80, and 120 monomers

(a) and polyethylene chains of N = 40, 80, and 120 monomers (b) with fixing one end.

4. Conclusion

Conformational and thermodynamic properties of
a single polyethylene chain with and without fixing
one end are studied as a function of temperature. For
an isolated single chain, a coil-to-globule transition
and a liquid–solid like transition are determined by
a high temperature shoulder and a low temperature
peak on a heat curve, respectively, which accords with
the previous studies[19−22] of square-well chains and
Lennard-Jones homopolymers. In order to describe
the influence of disturbance from AFM tip in experi-
ment, we investigate a special case in which one end
monomer of the same chain is fixed, since AFM tip can
play a significant role in polymer crystallization. As

was expected by us, the structures for a single chain
at different temperatures are highly disturbed, with
one end monomer of the chain fixed, which may re-
mind us that if we want to observe some properties of
polymer chains in experiment we should consider the
influence of apparatus that we are using, for some mi-
croscopic properties may be sensitive to the apparatus.
The AFM-tip-induced polymer crystallization[24−30]

may illustrate that the phase behaviours of polymer
chains are sensitive to the AFM tip, which is similar
to the force-induced collapse transition.[52] From the
results we may expect that there should be no tra-
ditional coil–globule or liquid–solid-like transition for
the polyethylene chains with fixing one end.
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