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Abstract: In order to understand orientation-induced crystallization of polymers, we introduced
an intermolecular interaction between polymer chains based on quantum mechanics. We therefore
considered a pair of perfectly extended chains where the intermolecular interaction is assumed to be
based on the hydrogen interaction with a single chain. When two protons of each extended chain
become closer together under tension, the attractive force between the extended chains is caused
by the interaction between hydrogen atoms surrounding the main chains based on the hydrogen
molecule ion H+

2 . The energy is split into the ground and excited states, and the spontaneous process
leading to the ground state is the origin for orientation-induced crystallization.
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1. Introduction

Polymers are chain-like molecules made up of repeating units of a particular molecular group
jointed together by covalent bonds [1]. One of the simplest polymers is polyethylene, which has a
repeating unit of –CH2–CH2–. The basic unit of this sequence is called the “structural unit”, and the
total number of the units in a molecule corresponds to the polymerization degree. When a polymer
with configurational regularity is quenched to an ambient temperature from the melt, it undergoes
a first-order phase transition from a disordered amorphous state to form an ordered crystalline
structure [2,3], and they appear not to follow the Gibbs phase rule. Such a melt-crystallized polymer
exhibits an alternating two-phase structure that consists of plate-like crystalline lamellae and the
amorphous layers. The contour length of a polymer molecule is far greater than the typical lamellar
thickness of the order of 10 nm, resulting in the formation of folded chain crystallites consisting of
partially stretched conformations, and the chain axes within the lamellae are approximately normal to
the face of the lamellae (see Figure 1a). Although the crystallizable arrangement of polymer chains has
a lower conformational energy, concomitant reduction of the entropy required for the persistence of
sequential crystalline conformation limits the crystalline lamellar thickness.

The molecular relaxation time of polymers is very long when compared with small molecules
because of chain–chain entanglements in the melt, leading to high viscosity [4,5]. These slow relaxation
dynamics impose kinetic activation barriers for the crystallization nucleation process under cooling.
Accordingly, there exists a large amount of experimental kinetic data concerning nucleation and growth
for polymer crystallization [6,7]. In addition, most theories of polymer isothermal crystallization from
the melt state have been proposed based on the primary and secondary (or growth) nucleation
kinetics [8–13].
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Figure 1. Schematic illustrations of crystallization from (a) an equilibrium melt and (b) a flowing melt.

A majority of commodity plastic products are manufactured by extrusion and injection molding
from flowing melts followed by a crystallization process [14–16]. In the case of extrusion molding, the
formation of oriented shish structures occurs in regions of high shear near the walls in an extrusion
flow [17]. The layer nearest to the wall is the oriented skin, followed by a somewhat oriented
fine-grained layer and finally isotropic structural morphology around the center of the die in the
regions that experience no stress [17,18]. Regarding the manufacturing of polymer films and fibers,
solid state drawing is usually carried out by a high speed drawing under flowing melt conditions.
The structure and properties of these polymeric products depend on the manner in which polymer
molecules crystallize in the drawing solid and/or flowing melt (see Figure 1b) [19].

When the draw rate is greater than the inverse of the chain retraction time, i.e., the Weissenberg
number is greater than unity, the orientation induced by stretching is not dissipated by viscous
processes but is set as the polymer crystallizes after the draw process [20–22]. Draw-induced
crystallization apparently proceeds without an activation barrier or a nucleus, and is limited only by
local molecular relaxation [17,23]. This orientation-induced barrier-free transition to the crystalline
phase is initiated by the spontaneous ordering of flexible conformations into rigid conformational
sequences. The bundles of rigid sequence persist to temperatures higher than the nominal melting
point. Aside from this, when natural rubbers are stretched beyond a critical value, chain molecules
arrange themselves in an ordered structure, presumably composed of fibrillar chains aligned with the
stretching direction, which is accompanied by the stress reduction [24–26]. This behavior is called the
strain-induced crystallization, but the crystalline structure in stretched rubbers is found to start to melt
as soon as retraction begins.

Consequently, a number of theoretical as well as computational investigations of
orientation-induced crystallization have also been performed for material design in plastic products,
films, fiber spinning, and rubbers so far [27–30]. It has been accepted that the orientation-induced
crystallization mechanism from the sheared melt is quite different from that of the isothermal
crystallization from the quiescent melt state. However, fundamental questions remain as to how
chain-like molecules are crystallized under the drawing process. The aim of this study is to
provide a physical insight into the origin of these orientation-induced crystallization processes.
For that purpose, a pair of perfectly aligned extended chains are employed as the simplest
model. A coupling interaction is investigated between hydrogen atoms surrounding the extended
main chains from a quantum-mechanical point of view where van der Waals interections are not
included semi-empirically.
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2. Polymer Model

A polymer chain can take a huge number of different conformations in a melt state.
This corresponds to micro-Brownian motion and the chains are rapidly converted into other
conformations. Each conformation exists for only a very short time, so that the resulting conformations
are temporal averages over all actual bonds. Time-averaged conformational states of the polymer
can be calculated as ensemble averages over the successive steps of Brownian random walks.
This results in polymer molecules being expressed by random flight chains composed of statistical
bonds (effective bonds) joining beads of unit mass where an appropriate number of actual bonds are
replaced by a single effective bond [31,32]. Real flexible polymers have been identified to be effectively
treated as such a random flight chain, and the details of the chemical structure of real polymers can be
smeared out [33,34]. This chain is a simple coarse-graining polymer chain [35].

According to the central limit theorem in statistical physics, the instantaneous shape of a linear
chain, which is obtained by time-averaging over many conformations, can be described by a Gaussian
distribution [36,37]. Here, let beads be labeled from numeral 1 though N. The distribution function
W(bi) of the effective bond vector bi = ri + 1 − ri, where ri is the position vector of the i-th effective
unit, can be defined either as the time-averaged incidence of bi within the specified range for a
given molecule or as the average incidence for an ensemble of many identical units subject to
identical conditions. Then, the distribution of the effective bond vector bi is given by a Gaussian
distribution function [37]. Consequently, the probability distribution of the set of position vectors
{ri} = {r1, ..., rN} is

P({ri}) =
(

3
2π 〈b2〉

)3/2
exp

[
− 3

2 〈b2〉

N−1

∑
i = 1

(ri + 1 − ri)
2

]
, (1)

where
〈
b2〉 is the mean square of time-averaged bond length.

The equilibrium state of this chain is described by a distribution function proportional to
exp(−V/kT), where V is the potential energy, k is the Boltzmann constant, and T is the absolute
temperature. Therefore, if we choose

V =
3kT

2 〈b2〉

N−1

∑
i = 1

(ri + 1 − ri)
2, (2)

then the chain’s equilibrium distribution function is reduced to Equation (1). This means that a polymer
molecule can be modeled as a chain of beads connected by a Hookean spring with a spring constant
3kT/

〈
b2〉 . Thus, the Hookean spring is associated with the dynamic potential based on the changes

in conformational entropy [38].
The equilibrium distribution function of statistical bonds in random flight chains is consistent

with the Gaussian distribution function if and only if the value of
〈
b2〉1/2 is identical with the effective

bond length b. The spring of the Gaussian chain is then called the “segment” [37], which is composed
of several structural units. It follows that the probability density function for the end-to-end distance
R(= |rN − r1|) of a random flight chain with N beads can be expressed by

P(R) = 4πR2
(

3
2πNb2

)3/2
exp

(
− 3R2

2Nb2

)
. (3)

We can find that the root mean square of the end-to-end distance is
√

Nb.
In this work, we accepted as an axiom that crystallizable polymers are flexible, and the flexible

polymer chains before crystallization are expressed by a random flight chain composed of identical
bonds (or segments) of length b joining N beads of unit mass (Axiom I). Because all conformations
maintain the same internal energy during elongation under isothermal conditions, the free energy
change ∆F for a single chain stretching process is dominated by the entropy change due to the
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extension of the chain through the conformational arrangement; i.e., ∆F = −T∆s. The loss of
conformational entropy is caused by changes in the number of bond arrangements.

The set of conformation arrangements of the random flight chain can be considered to be the set
of random walks of N steps with a step length of b in an appropriate coordinate system [39,40]. The
total number of bond arrangements for the one-polymer system can be estimated to be Ω(N) = zN ,
where z is the number of possible microscopic state per each segment. The total number of random
walk chains with N steps lying at an end-to-end distance being between R and R + dR is given by
zN P(R)dR. Consequently, the entropy change between the fully stretched state and the initial random
coil state is estimated to be at most ∆s = −Nk ln z because the entropy of the fully stretched state is
negligible. Figure 2 shows a schematic of the conformational change of a random flight chain from
the initial random coil state to a completely oriented state. The mean end-to-end distance

√
Nb in the

random coiling state increases up to Nb for the fully stretched state.
The chain conformational problem for random flight chains can be reduced in a highly oriented

stage to that of a rotational isomeric state (RIS) model [34] by introducing a detailed mathematical
description of the local chain structure in which we put z ∼= 3 or more discrete values for conformations
corresponding to the potential minima (e.g., tans and ±gauche), and we consider N to be the degree
of polymerization. Notice that the mathematical description of RIS can be obtained on the basis of a
familiar one-dimensional Ising problem [33].

1 2 3 NN-1……….. ………..i i+1i-1

b

Figure 2. Schematic of stretching of a single random flight chain. Stretching is along the
horizontal direction.

3. Coupled Chains System

When crystallized polymers are uniaxially stretched under the appropriate tensile speed below
their melting temperatures, a large scale of morphological transformation from isotropic to highly
oriented or fibrillar structures takes place [41–44]. The ultimately extended-chain structure locally
appears in the strain-hardening stage under uniaxial tension or in the cooling stage from sheared
melt. The tensile load leads to the almost completely extended state from the isotropic random coil
state in the initial stage, and the further loading to the system contracts the distance between the
extended chains. This is called the “Poisson contraction” [45]. Consequently, the orientation-induced
crystallization in chain molecules is likely to result from contributions of the intramolecular and
intermolecular interactions [46].

To elucidate the mechanism of orientation-induced crystallization, we assumed the condition that
the Weissenberg number is greater than unity at a fixed temperature below melting point. Here, we
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consider a pair of random flight chains consisting of N units of identical mass, jointed together by
segments on the basis of Axiom I. The tensile loading to the system extends the random flight chains
in the stretching direction, leading to a parallel alignment of two extended chains (see Figure 3) [47].
The left chain is denoted the L-chain and the right one is denoted the R-chain in the figure. Most
polymer chains consist of a main carbon atom backbone saturated by covalently-bound hydrogen
atoms [48,49]. Thus, the dominant intermolecular interactions are (H· · ·H) interactions between
the neighboring aligned chains, and the intramolecular interactions of the main chain are based on
carbon–carbon covalent (C−C) interactions. In addition, we assume there are no interactions between
adjacent protons of the same polymer chains.

L R
1

i -1

i

i +1

N

Figure 3. Schematic array of two extended chains with N units. Solid lines denote the C−C interaction,
and the dotted lines denote the H· · ·H interaction. Stretching is along the vertical direction.

In general, the ends of polymer chains are actually unlikely to be directly subjected to external
forces because the span between two clamps of tensile machines is far greater than the end-to-end
distance of single chains. The present coupled-chains model is assumed to represent a local part
of specimen far enough from the location of load application or the clamps. Here, we employ the
Saint–Venant’s principle [50] as the Axiom II and assert that the Poisson contraction is preserved
throughout tension [45]. These mean that the external load is homogeneously dispersed over the L- and
R-chains and that a pair of extended chains, after aligning to the stretching direction, are closer together
perpendicular to the stretching direction according to the uniaxial elongation, being accompanied
without bond stretching and angle bending. This is because the force constants of bond stretching and
angle bending of main chains are considerably greater than that of interatomic interaction.

When two protons of the L- and R-chains are closer with a distance r0, but not too large of a
separation, the electron density around a proton bonded to a main chain carbon is spread out because
of the uncertainty principle and interact with neighboring protons. For simplicity, we assume only
interatomic interaction between the pair of protons of L- and R-chains, and assume that a half-electron
brought by the L-proton is combined with another half-electron brought by the R-proton into a single
electron, found half-way between each proton pair [47].

Consequently, N pairs of protons with a single electron are formed. It is well known that the
imaginary hydrogen molecule ion H+

2 possesses a bound state at the minimum energy point; i.e., a
ground state whose energy is less than that of a hydrogen atom or a free proton combined. It should
be noted here that the interaction system possesses the bonding orbital that has a possibility to cause
association through interatomic bonding.
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4. Orientation-Induced Crystallization Process

We take time zero, t = 0, to be the time when two protons of extended chains are closer with a
distance r0, where their quantum atomic interaction is initiated. Since the Poisson contraction motion
of protons is much slower than electron motions, electron and proton motions are decoupled and the
interactions can be determined under the Born–Oppenheimer approximation [51]. The Hamiltonian of
a proton pair with a single electron, i.e., a hydrogen molecule ion H+

2 system, has the form

H = − h̄2

2me
∇2 − e2

rL
− e2

rR
+

e2

r
, (4)

where h̄(= h/2π) is the reduced Plank constant, e is the elementary charge in Gaussian unit, me is the
electron mass, r is the interproton distance, and rR and rL are the distainces of the electron from the L-
and R-protons, respectively. Distances are given in atomic units (a.u.).

Here, we consider two symmetric states in which the single electron is trapped by either the L-
or R-proton. We take these two different configurations as the base states, and we call them |L〉 and
|R〉. Both can be considered to be one hydrogen atom in its ground state. Then, the two configurations
are related by mirror reflection in the plane of a single proton pair and the expectation value of the
energy α(r) is the same: α(r) = 〈L | H | L〉 = 〈R | H | R〉, which corresponds to be the ground-state
energy of a hydrogen atom. Since two protons get close to one another as deformation proceeds, the
electron jumps from one proton to the other. The exchange energy β(r) for the electron is given by
β(r) = 〈L | H | R〉 = 〈R | H | L〉.

The prerequisite [47] that a half-electron brought by the L-proton is combined with another
half-electron brought by the R-proton into a single electron is here postulated. Then, letting the
time-dependent of wave vector of the electron be |ψ(r)〉, we arrive at the following statement.

Corollary 1. The probabilities of finding the electron around the L- and R-protons are the same at t = 0 :
i.e., | 〈L |ψ(0)〉 |2 = | 〈R |ψ(0)〉 |2 = 1/2.

Any state |ψ(r)〉 at any t ≥ 0 is represented by the linear combination of the two base vectors |L〉
and |R〉:

|ψ(t)〉 = |L〉 〈L |ψ(t)〉+ |R〉 〈R |ψ(t)〉 . (5)

Under orthogonality conditions, 〈L | L〉 = 〈R | R〉 = 1 and 〈L | R〉 = 〈R | L〉 = 0. The amplitude vector
satisfies the following time-dependent Schrödinger equation:

ih̄
d
dt

[
〈L |ψ(t)〉
〈R |ψ(t)〉

]
=

[
α(r) −β(r)
−β(r) α(r)

]
·
[
〈L |ψ(t)〉
〈R |ψ(t)〉

]
, (6)

where i =
√
−1. We can determine the amplitudes 〈L |ψ(t)〉 and 〈R |ψ(t)〉 according to specific initial

conditions. Their general solution is[
〈L |ψ(t)〉
〈R |ψ(t)〉

]
= e−iα(r)t/h̄

[
cos (β(r)t/h̄) i sin (β(r)t/h̄)
i sin (β(r)t/h̄) cos (β(r)t/h̄)

]
·
[
〈L |ψ(0)〉
〈R |ψ(0)〉

]
. (7)

Corollary 1 as the initial condition for the quantum interaction gives 〈L |ψ(t)〉 = ± 〈R |ψ(t)〉.
Introducing this initial condition into Equation (7), the energy of the system is split into ground
and excited states:

εg = α(r) + β(r), εu = α(r)− β(r), (8)
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where the α(r) and β(r) in Hartree units can be obtained as a function of a reduced distance r between
protons using the Coulomb integral J and the resonance integral K:

α(r) = εH +
1
r
+ J, (9)

β(r) = −K, (10)

where J = −1/r + (1 + 1/r)e−2r, K = (1 + r)e−r, and the εH denotes the ground state energy
of a hydrogen atom, which is −1/2 Hartree, and r is the interproton distance in atomic units.
These equations are obtained under the orthogonally condition 〈L | R〉 = 〈R | L〉 = 0. The eigenstates
that have these definite energies have the form:

∣∣Eg
〉
=

1√
2
(|L〉+ |R〉) , |Eu〉 =

1√
2
(|L〉 − |R〉) . (11)

The variation of the two energies εg and εu with the distance r(< r0) between two protons is
shown in Figure 4.

rℰ

ℰ𝑔

ℰ𝑢

0
re

𝜀𝐻

Figure 4. Bonding energy εg and anti-bonding energy εu plotted against the interproton distance.

Proposition 2. The probability of finding the electron around the L-proton is the same with that of finding the
electron around the R-proton being independent of time.

Proof. When |ψ(0)〉 = |Eg〉 at t = 0, we have

|ψ(t)〉 = |Eg〉 exp
(
−i

εg

h̄
t
)

. (12)

Likewise, when |ψ(0)〉 = |Eu〉 at t = 0, we have

|ψ(t)〉 = |Eu〉 exp
(
−i

εu

h̄
t
)

. (13)

In both cases, we can confirm | 〈L |ψ(t)〉 |2 = | 〈R |ψ(t)〉 |2 = 1/2.

This proposition indicates that there exists only one electron between the L- and R-protons, and
that electron has the same probability amplitude, 1/

√
2, to be in either proton.
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Proposition 3. The probability for the system to take εg or εu is independent of time and is determined by the
initial conditions.

Proof. The two stationary states can be derived from Equation (12) or (13):

〈
Eg
∣∣ψ(t)

〉
= exp

(
−i

εg

h̄
t
) 〈
Eg
∣∣ψ(0)

〉
, (14)

or
〈Eu |ψ(t)〉 = exp

(
−i

εu

h̄
t
)
〈Eu |ψ(0)〉 . (15)

Consequently, we have |
〈
Eg
∣∣ψ(t)

〉
|2 = |

〈
Eg
∣∣ψ(0)

〉
|2 or | 〈Eu |ψ(t)〉 |2 = | 〈Eu |ψ(0)〉 |2.

If the system is in the state |Eu〉, the energy increases as the distance between protons is decreased,
and the quantum effects impart a repulsive force that tends to keep the protons apart. In contrast, the
state |Eg〉 has a minimum energy point which is the equilibrium configuration and the lowest energy
condition. The energy at this point is lower than the energy of a separated proton as shown in Figure 4.
Both chains are spontaneously close at the minimum energy point r = re, coupled with the electron
transition from the antibonding to the bonding orbital. Consequently, orientational crystallization
may occur while the protons get close together, since the system becomes stable at r = re. The energy
drop reflects the latent heat release, i.e., Joule effect, being proportional to N where the value of N
corresponds to the degree of crystallinity.

These propositions presented here are generalized in the quantum two-level system [52]. The
above deductive inference leads us to the following theorem:

Theorem 4. When a pair of two random flight chains representing typical flexible polymers surrounded by
hydrogen atoms is homogeneously extended, a spontaneous alignment of the two perfectly extended chains is
almost surely formed in the extending direction.

It should be noted here that the interproton interaction r0 at t = 0 cannot be determined with
certainty, although the time of the onset of the quantum interproton interaction is set to be t = 0.
The uncertainty in the initial condition in addition to the onset of the electron transition may possibly
lead to fluctuation of the onset time or position (strain) of crystallization.

5. Quantitative Analysis

To quantitatively estimate the energy profile between the L- and R-protons, we need to consider
the non-orthogonality of the basis orbitals, where the overlap interaction S = 〈R | L〉 = 〈L | R〉 6= 0 is
positive [53,54]. The orbital function is assumed to be expressed as a linear combination of atomic
orbitals, and their coefficients can be determined so as to minimize the total energy. The notable
improvement in the energy profile when considering the non-orthogonality is an energy shift of the
exchange integral, β̃(r) = −K + (εH + 1/r)S, while the overall description of the energy profile under
orthogonal conditions is maintained. Consequently, the two energy levels are adjusted by the overlap
integral S as follows:

εg =
α(r) + β̃(r)

1 + S
, εu =

α(r)− β̃(r)
1− S

, (16)

where S = (1 + r + r2/3)e−r.
Once N pairs of protons with a single electron are formed at t = 0, the energy of each pair is then

split into the ground and excited states, and the energy difference 2δ(r) = εu − εg becomes larger as
the chains are brought closer together. Let the electron transition to the ground state be allowed while
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both chains are aligned parallel to the stretching direction with a distance r = re. Then, the number of
pairs in the ground and excited states are determined by

ng(r) =
N

1 + e−2δ(r)/kT
, (17)

nu(r) =
N

1 + e2δ(r)/kT
. (18)

This becomes the initial state for interaction between both protons.
In the present system, tensile extension leads to extending the two coiled chains in the stretching

direction at t < 0, the two extended chains perfectly align, and N proton pairs with a single electron
are formed at t = 0. Saint–Venant’s principle (Axiom II) is always applicable to our system under
tension, so that the external stress of this system is homogeneously dispersed into each pair of L- and
R-protons at t ≥ 0. Because the internal energy change due to the chain stretching process can be
neglected, the macroscopic internal energy U is considered to be dominated by the interaction between
protons at t ≥ 0:

U = N 〈ε〉+ U0, (19)

where 〈ε〉 is the averaged quantum interaction energy of each pair, and U0 is the vibration and motion
energy of the two chains. According to the “force theorem” [55,56], in addition to Proposition 3, the
average energy 〈ε〉 is given by the mean value of the quantum interaction energy for each pair using
the number fraction of each energy state as follows:

〈ε〉 = νg(r)εg + νu(r)εu, (20)

where νg(r) = ng(r)/N and νu(r) = nu(r)/N.
Since the total entropy change during deformation is given by −2Nk ln z as described before,

and U0 is almost constant under isothermal conditions, the change of free energy F (r) of the present
system has the form:

∆F (r) = N(νg(r)εg(r) + νu(r)εu(r)− εH) + 2NkT ln z. (21)

As the extension proceeds, the fraction νg(r) rapidly approaches unity, and the free energy change can
be simplified as

∆F (r)/N ∼= εg(r)− εH + 2kT ln z ∼=
1
r
+

J − K
1 + S

. (22)

The free energy of the present system is minimized at the minimum of εg(r), which corresponds to
an interproton distance re of 0.132 nm (2.5 a.u.) and an energy depth D(re) = εg(re)− εH=−1.76 eV
(–0.0648 Hartree). Figure 5 shows the free energy profile per proton pair at 300 K. It was found
that the ∆F (r) is nearly insensitive to temperature and is almost identical to the εg(r) profile. This
is because the contribution of entropy is negligible at ambient temperatures in the present system.
Furthermore, the orientation-induced crystallization leads to the energy loss being proportional to
the length of the crystalline sequence N, given by D(re)N. In other words, increasing of N leads to an
additive increase of the cohesive force, suggesting a positive dependence of the stress with strain in
the strain-hardening stage.
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Figure 5. Free energy and attractive force in Hartree unit plotted against the interproton distance in
atomic unit (a.u.).

Orientation-induced crystallization of extended polymers can be interpreted as a spontaneous
process, leading the system comprised of a pair of chains to achieve a free energy minimum under
tensile elongation. This is the reason that orientation-induced crystallization proceeds without an
activation barrier. Equation (21) illustrates that the free energy increases with increasing temperature,
but the temperature sensitivity is negligibly small in this model. However, a rise in temperature does
impede the polymer chains from attaining the fully stretched state under tension. Thus, it follows that
the orientation-induced crystallization process is disturbed at higher temperatures.

On the basis of the force theorem, the attractive force function between two protons can be
determined from d∆F (r)/dr, showing a maximum at r∗(=0.187 nm) at which the flexural point locates
on the ∆F (r) curve. The attractive force profile is included in Figure 5. The re is the equilibrium
separation where the force is zero and the two chains separate spontaneously after reaching r∗.
Then, the depth is D(r∗) = −1.29 eV. In addition, the modulus EY can be calculated from the second
derivative of ∆F (r) with r as

EY =
1
r2

d2

dr2 ∆F (r)
∣∣∣
r→re

, (23)

and yields EY = 293 GPa, which is mostly in accordance with the experimental modulus (288± 10 GPa)
of polyethylene fibers [54]. Note that the EY values are nearly independent of temperature in the
present theoretical framework.

6. Conclusions

The significance of this work is to provide a novel physical concept for orientation-induced
crystallization in order to explain a fundamental question of why the flexible polymers are crystallized
under tension. In order to essentially understand the orientation-induced crystallization, we set up
a simple coupled chains model as a small collection of a two-level quantum system and employed
two axioms that (1) a crystallizable polymer molecule is expressed by a random-flight chain and
(2) Poisson contraction is preserved through tension according to Saint–Venant’s principle.
Accordingly, intermolecular interaction between two aligned chains can be postulated to be based on
the hydrogen molecule ion H+

2 , resulting in the origin for orientation-induced crystallization being
the association of the interaction between extended chains due to a bonding (or ground state) orbital
caused by a proton pair sharing one electron. When the tensile deformation proceeds, the resulting
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extended chains align along the elongation direction and adjacent extended chains become closer
together. Then, the electron density around a proton bonded to a main chain carbon is spread out,
resulting in minimization of a bonding orbital produced by the single electron system appearing
between a pair of protons.

The present theory requires that polymer chains are surrounded by hydrogen atoms that are
connected to the carbon atoms in the main chain. In order to widely characterize the orientation-induce
crystallization for other flexible polymers, we need adjust the value of electron charges such that
the ground-state potential curve is in accordance with the van der Waals potential function. For the
purpose, we can propose a reduced electron charge ξe, where ξ is a factor of electron charge resulting
from non-integral number of electron delivered from each proton [47]. In this work, ξ can be considered
to be 1/2.

The spontaneous process leading to the minimum energy state is the origin for orientation-induced
crystallization, and this spontaneous ordering process reflects that the orientation-induced
crystallization has no activation barrier and does not need precursors. Therefore, this type of structural
ordering process may be referred to as “solidification” rather than “crystallization”. The concept
of solidification was first proposed by Fischer [57] to explain the crystallization process under large
supercoolings for typical solid polymers in which their crystalline structure is formed by cooperative
ordering of the stiffened segments that occurs by partial straightening of the coil sequences without a
long-range diffusion process. The molecular relaxation due to viscosity may be introduced by replacing
the Gaussian chain model with a Rouse–Bueche chain model [58,59] in which the bead friction is
taken into account. This will make it possible to treat the crystallization and/or solidification under a
non-perfect extension.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Flory, P.J. Princeiples of Polymer Chemistry; Cornel University: New York, NY, USA, 1953.
2. Mandelkern, L. Crystallization of Polymers; McGrow-Hill: New York, NY, USA, 1964.
3. Wunderlich, B. Macromolecular Physics I and II; Academic Press: New York, NY, USA, 1973.
4. De Gennes, P.G. Reptation of a polymer chain in the presence of fixed obstacles. J. Chem. Phys. 1971,

55, 572–579.
5. Glaesley, W.W. The entanglement concept in polymer rheology. Adv. Polym. Sci. 1974, 16, 1–179.
6. Schultz, J.M. Polymer Crystallization: The Development of Crystalline Order in Thermoplastic Polymers; Oxford

University Press, ACS: Washington, DC, USA, 2001.
7. Strobl, G. Colloquium: Laws controlling crystallization and melting in bulk polymers. Rev. Modern Phys.

2009, 81, 1287–1300.
8. Lauritzen, J.I.; Hoffman, J.D. Theory of formation of polymer crystals with folded chains in dilute solution.

J. Res. NBS 1960, 64A, 73–102.
9. Hikosaka, M. Unified theory of nucleation of folded-chain crystals (FCCs) and extended-chain crystals

(ECCs) of linear-chain polymers: 2. Origin of FCC and ECC. Polymer 1990, 31, 458–468.
10. Hoffman, J.D.; Miller, R.L. Kinetics of crystallization from the melt and chain folding in polyethylene

fractions revisited: Theory and experiment. Polymer 1997, 38, 3151–3212.
11. Muthkumar, M. Molecular modelling of nucleation in polymers. Philos. Trans. R. Soc. A 2003, 361, 539–556.
12. Yamamoto, T. Computer modeling of polymer crystallization—Toward computer-assisted materials’ design.

Polymer 2009, 50, 1975–1985.
13. Toda, A.; Androsch, R.; Schick, C. Insights into polymer crystallization and melting from fast scanning ship

calorimetry. Polymer 2016, 91, 239–263.
14. Imada, K.; Yamamoto, T.; Shigematsu, K.; Takayanagi, M. Crystal orientation and some properties of

solid-state extrudate of linear polyethylene. J. Mater. Sci. 1971, 6, 537–546.



Polymers 2016, 8, 229 12 of 13

15. Keller, A.; Kohnaar, H.W.H. Flow-induced orientation and structure formation. In Materials Science and
Technology Volume 18: Comprehensive Treatment. Processing of Polymers; Meijer, H.E.H., Ed.; VCH: New York,
NY, USA, 1997; pp. 191–268.

16. Wilkinson, A.N.; Ryan, A.J. Polymer Processing and Structure Development; Kluwer Academic Publishers:
Dordrecht, The Netherlands, 1999.

17. Kumaraswamy, G. Crystallization of polymers from stressed melts. J. Macromol. Sci. Polym. Rev. 2005,
45, 375–397.

18. Eder, G.; Janeschitz-Kriegl, H. Crystallization. In Materials Science and Technology Volume 18: A Comprehensive
Treatment. Processing of Polymers; Meijer, H.E.H., Ed.; VCH: New York, NY, USA, 1997; pp. 269–341.

19. Ward, I.M. Structure and Properties of Oriented Polymers, 2nd ed.; Springer: London, UK, 1997.
20. Elmoumni, A.; Winter, H.H.; Waddon, A.J.; Fruitwala, H. Correlation of material and processing time scales

with structure development in isotactic polypropylene crystallization. Macromolecules 2003, 36, 6453–6461.
21. Mykhaylyk, O.O.; Chambon, P.; Impradice, C.; Fairclough, J.P.A.; Terrill, N.J.; Ryan, A.J. Control of structural

morphology in shear-inducfed crystallization of polymers. Macromolecules 2010, 43, 2389–2405.
22. Acierno, S.; Palomba, B.; Winter, H.H.; Grizzuti, N. Effect of molecular weight on the flow-induced

crystallization of isotactic poly(1-butene). Rheol. Acta 2003, 42, 243–250.
23. Kumaraswamy, G.; Kornfield, J.A.; Yeh, F.; Hsiao, B.S. Shear-enhanced crystallization in isotactic

polypropylene. 3 Evidence for a kinetic pathway to nucleation. Macromolecules 1999, 32, 7537–7547.
24. Treloar, R.G. The Physics of Rubber Elasticity; Oxford University Press: Oxford, UK, 1975.
25. Tosaka, M. Strain-induced crystallization of crosslinked natural rubber as revealed by X-ray diffraction

using synchrotron radiation. Polym. J. 2007, 39, 1207–1220.
26. Huneau, B. Strain-induced crystallization of natural rubber: A review of X-ray diffraction investigations.

Rubber Chem. Tech. 2011, 84, 425–452.
27. Flory, P.J. Thermodynamics of crystallization in high polymers I. Crystallization induced by stretching.

J. Chem. Phys 1947, 15, 397–408.
28. Gaylord, R.J. A theory of stress induced crystallization of cross linked polymer networks. J. Polym. Sci. 1976,

14, 1827–1837.
29. Kulkarni, J.A.; Beris, A.N. A model for the necking phenomenon in high-speed fiber spinning based on

flow-induced crystallization. J. Rheol. 1998, 42, 971–994.
30. Roozemond, P.C.; Cui, Z.M.K.; Li, L.; Peters, G.W.M. Multimorphological crystallization of

shish-kebabstructures in isotactic polypropylene: Quantitative modeling of parent-daughter crsytallizaiton
kinetics. Macromolecules 2014, 47, 5152–5162.

31. Kuhn, W.; Grun, F. Beziehungen zwischen elastischen Konstanten und Dehnungsdoppelbrechung
hochelastischer stoffe. Kolloid Z. 1942, 101, 248–271.

32. Kramers, H.A. The behavior of macromolecules in inhomogeneous flow. J. Chem. Phys. 1946, 14, 415–425.
33. Flory, P.J. Statistical Mechanics of Chain Molecules; Oxford University Press: New York, NY, USA, 1989.
34. Mattice, W.S.U. Conformational Theory of Large Molecules; Wiley InterScience: New York, NY, USA, 1994.
35. Underhill, P.T.; Doyle, P.S. On the coarse-graining of polymers into bead-spring chains. J. Chem. Phys. 2004,

122, 3–31.
36. Sadler, D.M.; Harris, R. A neutron scattering analysis: How does the conformation in polyethylene crystals

reflect that in the melt? J. Polym. Sci. Polym. Phys. 1982, 20, 561–578.
37. Doi, M.; Edwards, S.F. The Theory of Polymer Dynamics; Clarendon: Oxford, UK, 1986.
38. Nitta, K.H. On the non-identifiability of flexible branched polymers. Entropy 2009, 11, 907–916.
39. Kubo, R. Statistical theory of linear Polymers. I. Intramolecular statistics. J. Phys. Soc. Jpn. 1947, 2, 47–50.
40. Orr, W. Statistical treatment of polymer solutions of infinite dilution. Trans. Faraday Soc. 1947, 43, 12–27.
41. Peterlin, A. A Molecular model of drawing polyethylene and polypropylene. J. Mater. Sci. 1971, 6, 490–508.
42. G’Sell, C.; Aly-Helal, N.A.; Jonas, J.J. Effect of stress triaxiality on neck propagation during the tensile

stretching of solid polymers. J. Mater. Sci. 1983, 18, 1731–1742.
43. Nitta, K.H.; Takayanagi, M. Novel proposal of lamellar clustering process for elucidation of tensile yield

behavior of linear polyethylenes. J. Macromol. Sci. Phys. 2003, B42, 107–126.
44. Séguéla, R. On the natural draw ratio of semi-crystalline polymers: Review of the mechanical, physical and

molecular aspects. Macromol. Mater. Eng. 2007, 292, 235–244.



Polymers 2016, 8, 229 13 of 13

45. Nitta, K.H.; Yamana, M. Poisson’s ratio and mechanical nonlinearity under tensile deformation in crystalline
polymers. In Rheology, Open Access; Vicente, J.D., Ed.; Intec: Rijeka, Croatia, 2012; pp. 113–132.

46. Séguéla, R. On the strain-induced crystalline phase changes in semi-crystalline polymers: Mechanism and
incidence on the mechanical properties. J. Macromol. Sci. Polym. Rev. 2005, 45, 263–287.

47. Nitta, K.H. Quantum mechanical approach to ductile fracture of extended and coupled polymer chains
under tension. Philos. Mag. 2012, 92, 4425–4436.

48. Mack, E. The structure of rubber and the mechanism of elastic stretching. J. Am. Chem. Soc. 1934,
56, 2757–2770.

49. Tashiro, K.; Tanaka, I.; Oohara, T.; Niimura, N.; Fujiware, S.; Kamae, T. Extraction of hydrogen-atom positions
in polyethylene crystal lattice from wide-angle neutron diffraction data collected by a two-dimensional
imaging plate system: Comparison with the X-ray and electron diffraction results. Macromolecules 2004,
37, 4109–4117.

50. Von Mises, R. On Saint Venant’s principle. Bull. AMS 1945, 51, 555–562.
51. Born, M.; Oppenheimer, R. Zur quantaentheorle der molekeln. Ann. Phys. 1927, T84, 457–484.
52. Sakurai, J.J. Modern Quantum Mechanics; Tuan, S.F., Ed.; Benjamin/Cummings Publishing Company, Inc.:

Menlo Park, CA, USA, 1985.
53. Harrison, W.A.; Ciraci, S. Bond-orbital model. II. Phys. Rev. B 1974, 10, 1516–1527.
54. Tejeda, J.; Shevchik, J. Orbital nonorthogonality effects in hand structures: Bond orbital model. Phys. Rev. B

1976, 13, 2543–2552.
55. Ehrenfest, P. Bemerkung über die angenaherte Gültigkeit der klassischen Mechanik innerhalb der

Quantenmechanik. Z. Phys. 1927, 45, 455–457.
56. Nielsen, O.H.; Martin, M. First-principles calculation of stress. Phys. Rev. Lett. 1983, 50, 697–700.
57. Fischer, E.W. Studies of structure and dynamics of solid polymers by elastic and inelastic neutron scattering.

Pure Appl. Chem. 1978, 50, 1319–1341.
58. Rouse, P. A theory of the linear viscoelastic properties of dilute solutions of coiling polymers. J. Chem. Phys.

1953, 21, 1272–1280.
59. Bueche, F. The viscoelastic properties of plastics. J. Chem. Phys. 1954, 22, 603–609.

c© 2016 by the author; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction
	Polymer Model
	Coupled Chains System
	Orientation-Induced Crystallization Process
	Quantitative Analysis
	Conclusions

