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The physicochemical properties of surfaces have a great effect on the micro-morphologies of the crystal
structures which are in contact with them. Understanding the interaction mechanism between the
internal driving forces of the crystal and external inducing forces of the surfaces is the prerequisite of
controlling and obtaining the desirable morphologies. In this work, the dynamic density functional
theory was applied to construct the free energy functional expression of polyethylene (PE) lattice, and the
micro-dynamic evolution processes of PE lattice morphology near the surfaces with different properties
were observed to reveal the interaction mechanism at atomic scale. The results showed that the physical
and chemical properties of the external surfaces synergistically affect the morphologies in both the
defect shapes and the distribution of the defect regions. In the absence of the contact surfaces, driven by
the oriented interactions among different CH, groups, PE lattices gradually grow and form a defect-free
structure. Conversely, the presence of contact surfaces leads to lattice defects in the interfacial regions,
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and PE lattice shows different self-healing abilities around different surfaces.
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The existence of confinement effects, such as the addition of the
external surfaces [1] or the confined spaces, such as nanochannels
[2-4], will have great impacts on the microstructures and transport
behaviors of the materials nearby or inside, which brings new
properties and applications. For crystalline materials, controlling
the crystal structure around an external surface to obtain desirable
morphologies and properties is of both fundamental and
technological importance [5,6]. The prerequisite of controlling is
to clarify the interaction mechanism between the internal driving
forces of the crystal and external inducing forces of the surfaces
during the formation of the lattice. From the studies of amorphous
materials, it has been proved that changing physicochemical
properties of the external surfaces, hereinafter referred to as the
surface properties, will change the way how the other substances
distribute on them [7,8]. Similarly, for the formation of an ordered
structure, the properties of the contacting surfaces have different
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effects on the morphologies of the ordered structures [9-12].
Crystal, as one of the most typical three-dimensional ordered
structures, its lattice structure is also affected by external surface
properties during the formation process. Many previous theoreti-
cal and experimental studies have worked to explore the relations
between the external surface properties and the morphologies of
the crystals, and some interaction mechanisms have been clarified.
Under the homogeneous condition, the formed lattice structure is
ideal and defect-free, but once there is a substance in the system
that has the different physicochemical properties to the crystalline
materials, it will cause lattice deformation and induce defects
[13,14]. An external contacting surface would decide the mor-
phologies and growth patterns of the crystal lattices growing on it.
For example, surface roughness affects the crystal structure [15],
and the difference in surface chemical interactions affects the
growth direction of the lattice structure as well [16].

In these previous works, the influences of the external surfaces
had been discussed and studied to a large extent. Some theoretical
and simulation methods also have provided microscopic insights
into dynamic processes of crystal formations [17,18]. However, the
understanding of the microscopic mechanism is far from enough.
For one reason, most crystal structures are at nanoscales and
the structural units in a lattice, like atoms or molecules, are the
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observation objects which are smaller than the nanometer scale,
which brings challenges for researchers to study the structural
evolution from the accuracy of atomic scale. The other reason is
that for crystals, how to represent reliably the oriented interactions
between all structural units in lattices is still a challenge in
effective theoretical studies.

Density functional theory (DFT) in the statistical mechanics is a
powerful mean to study the behaviors of heterogeneous fluids
[19,20]. Later, modified with the tensor version of White Bear II
[21], it had been successfully applied to the studies of crystal
structures [22,23]. Further, combining DFT with the diffusion
equation, we got the dynamic density functional theory (DDFT)
[24,25], which can predict the metastable structures and their
dynamic evolutions over time. Through the DDFT method, the
formation and evolution processes of different ordered structures
were studied [26]. Studies had shown that the structure of the
nucleus plays a decisive role in the final morphology of the crystal
lattice [27], and different external surfaces provide different
inducing effects, further inducing crystal structures with different
growth directions [16].

Speculated by these splendid works, we found that the
oriented interaction is the internal driving force for the formation
of crystal structures. In the process of water freezing, we
introduced the directionality of hydrogen bonds to provide the
oriented interactions and successfully reproduced the phase
transition from water to ice [28]. Similarly, the deformation and
self-healing properties of the FCC lattice around an impurity
particle were successfully demonstrated by introducing the
oriented interactions [29]. All of these previous works have laid
the foundation for combining the DDFT theory with the method
of introducing oriented interactions and extending it to studying
a more complex system with chain molecular structure. Taking
polyethylene (PE) as an example, we try to extend the DDFT
approach to exploring PE crystal, a most typical crystalline
polymer, to obtain deep insight into its microscopic defect
morphologies when it is interacting with different surfaces from
the accuracy of the CH, groups.

The structure of a PE lattice is shown in Fig. 1a. The PE molecular
chains are arranged in a planar sawtooth sequence in an
orthorhombic lattice. To simplify the model, we coarsened each
CH, group into a sphere o with the diameter of o, so that the
entire molecular chain is simplified into a series of tangent beads,
as shown in Fig. 1b. Based on the above coarse-grained model, we
used the DDFT theoretical framework to study the formation of
ordered structures and defects in the PE lattice around different
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Fig. 1. The schematic presentation of PE (1 x 1 x 2) unit cells. (a) The original
structure of PE lattice. (b) The coarse-grained model of PE lattice. (c) The
“a-b” view, “b-c” view and two-dimensional cut of density distribution in
(001) plane of the optimum lattice structure.

surfaces. The spatial distribution of CH, groups evolving over time
can be described by the following equation (Eq. 1) [30]:

dp(r,t) SF[p(r, t)]
= 0% { a0 R

where t denotes the time evolution, D is the diffusion constant
of CH, groups and keep constant during the dynamic process.
75 = 02/D is chosen as the time unit. The dynamic processes were
kept with a finite time step of At = 10~#t,. After calculation of N
steps, the time reached t = At- N =10"% x N - 7. p(r, t) indicates
the density distribution of the CH, groups in PE lattices as a
function of position r and time t. The total Helmholtz free energy
F[p(r,t)] depends on the density distribution p(r,t) and can be
separated into three components (Eq. 2) [31]

Flp(r,t)] = ksT [ drp(r,t){In[p(r, )] — 1} 2
+F*[p(r, t)] + [drp(r, t)Vex (T, t)

to represent the contributions of ideal reference, excess free
energy, and external potentials Ve(r,t) given by the external
surfaces. Here kg is the Boltzmann constant, and T is the
temperature. For PE chains in lattice, the excess free energy
F[p(r,t)] can be further decomposed into four contributions
(shown as Eq. 3), which are hard-sphere repulsion Fhs[,o(r, 0],
dispersive attraction F*®[p(r, t)], chain constrain F""[p(r, t)], and
bond angle bending F*"8*[p(r, t)], that is,

Flp(r,0)) = F¥(p(r, 0] + F*'[p(r, 0] 3)
+FM [p(r, 1)) + F"8[p(r, 1)]

M

Here, dispersive attraction F*“[p(r,t)] indicates the non-bond
interactions among different CH, groups in PE lattice and can be
expressed as follow (Eq. 4):

P = — [ dr [ dr'p(r0p(F, e~ ¥) 4)

The spatial structure of this interaction potential is not only
related to the strength of the interactions, but also the relative
positions of the closest CH; groups in lattice. It should be pointed
out that different crystal structures have different oriented
interactions and therefore have the unique direct correlation
functions 2%, (r) with orientation characteristics. In the small
molecular or simple crystals studied previously, such as BCC crystal
illustrated in Fig. 2a, the forces acting on the structural units at
different locations in the BCC lattice are equivalent, which means
they all have the same c2%, . (r). In PE lattice, however, due to the
zigzag chain conformation, the different CH, groups in the same
chain are not equivalent in orientation anymore and can be divided
into four different types, as shown in Fig. 2b. According to the types
of groups in PE lattice, four kinds of oriented direct correlation
functions c2ff. ;(r), i=1,2,3,4 are defined to represent different
oriented interactions. Therefore, each CH, group processes its own

cgtrtiem?i(r), which embraces the information of the spatial topology

of PE chain in crystal lattice, shown in Fig. 2c. Therefore, the
oriented interactions between different CH, groups are described
by the following equation (Eq. 5).

att _ 1 L , tt o
Popr.0) = —5 - [ dr [ depe0p® 0 a(r -1 ()
i=1

The specific expansions of other excess free energies are
expanded in Supporting information in more detail. Based on this
free-energy expression, the optimum parameters of the PE lattice
can be determined by minimizing the value of the free energy and
the results are shown in Fig. 1c. The steps of the optimizations are
given in Supporting information.
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b. Four types of CH, in PE lattice with different ":mu (r)

a. .. (r) ofBCC

Fig. 2. Different types of 2%, (r) in BCC and PE lattice. (a) Four nearest atoms
around the body-centered atom and the three-dimensional contour plots of
the corresponding c2% (r) in BCC. (b) Four types of CH, groups with
different orientations are labeled. Projection of the periodic structure along
the direction of chain axes is shown on the bottom. (c) The yellow spheres
are the reference groups, around which the four nearest CH, are depicted.
The corresponding c3t%. . .(r) are plotted in three-dimensional contour plots
with the gradient colors of heavier color indicating higher degree of
orientation.

The reliability of the current theoretical approach was verified
by comparing the theoretical predictions with experimental phase
equilibrium data. More details are displayed in Supporting
information. The effects provided by the contact surfaces can be
introduced as the external field potentials Vex(r,t) and the
deformations and evolutions of the morphologies of PE lattices
are further discussed one by one in the following parts.
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Fig. 3. The “a-b” views of density distributions of PE lattice at different moments (a)
t=0.057g, (b) t=0.157g, (c) t=0.2573, (d) t=0.607s of crystal growth without
contacting the external surface. In order to show the structure more clearly, only
8 x 6 repetition periods are intercepted and displayed. Each bright point
represents a position of CH,, and the CH, groups along the “a” direction in
the defect-free lattice distribute in zigzag form, which will be used as an
indicator to determine whether the final structures are defect-free lattices.

Firstly, theoretically, it is possible to produce a defect-free PE
lattice without the intervention of any external surfaces. Fig. 3
shows the evolution of the PE lattice formed without contacting
any external surfaces. Four typical snapshots are depicted. In initial
stage (Fig. 3a, t=0.057g), the two bright yellow areas are the initial
density fluctuations which are externally imposed as thermal
fluctuations, induced by which the surrounding CH, groups begin
to fluctuate. As the fluctuation increases (Fig. 3b, t=0.1573), the
chains start to regulate their architectures to form an ordered
arrangement, which is driven by the oriented interactions. As the
time goes by, more and more CH, groups are arranged in the crystal
lattice, then PE lattice gradually appears. Thereafter, the PE lattice
grows layer by layer (Fig. 3¢, t=0.257g). In the end, the calculation
space is full of PE lattice through the self-assembly process of CH,
(Fig. 3d, t=0.607p). In the final distribution of density peaks, the
regular zigzag lines formed along the “a” axis, which reveals the
defect-free structure of the PE lattice.

Secondly, a flat inert surface is introduced, which produces the
external field potential that can be expressed as (Eq. 6):

Vealrt) = { 9 127 ®)

It can be seen from the Eq. 6 that when the PE chains contact the
surface, they will be subjected to an infinite repulsive force. That is
to say, the PE chains cannot enter the inside of the surface. At the
same time, when it is away from the surface, the force acting on the
CH, groups becomes zero, indicating that the surface does not
exert any chemical attractions on the CH; groups. The Vex(r,t) is
shown in Fig. 4a. Around this inert flat surface, the CH, groups are
gradually arranged in order, and finally the formed lattices get
deformations. Different snapshots descriptions at different
moments during the dynamic process are displayed in Supporting
information. As can be seen from the “a-b” view of the final
structure in Fig. 4b, the original zigzag line is deformed into a
straight line and form the lamellar structure near the flat surface.
Due to the inertness of the flat surface, the density on the surface is
lower than that in the bulk region, which means the probability of
the density distribution around the inert surface is low. However,
with increasing distance from the surface, the ordered structure
transforms gradually from the lamellar layers to the defect-free
crystal structure. The PE crystal shows the self-healing ability. It
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Fig. 4. The external potential exerted by (a) a flat inert surface and (b) the
corresponding defect morphology. The external potential exerted by (c) a
compatible surface and (d) the corresponding defect morphology.
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can be seen that the influence of such an inert flat surface on the PE
lattice mainly exists in the shape of the defects.

Thirdly, what if the surface is no longer inert, but has better
compatibility with the PE molecular? For the sake of simplicity, we
constructed an external surface with the same composition as the
PE molecular, in which the CH; groups are randomly distributed.
Such surface will have better compatibility with PE and thus
generate stronger chemical interactions. The potential field
generated by it can be obtained by integrating the pair interaction
potentials between the CH; « in PE crystal and site p in the external
surface (Eq. 7),

12 6
Ve (r, ) = 213343(,;,{(%) *(2)} F20wm

ee] I <Ogp

in which &, and oy, are the Lennard-Jones parameters for
different sites, which are calculated using the Lorentz-Berthelot
mixing rules with o4p = (04 +0p)/2 and &qp = (&g - sp)l/z. The
result is shown in Fig. 4c. One can see that there is a potential well
generated near the surface and the depth of the well represents the
strength of the chemical interactions.

The final morphology of PE crystal around the compatible
surface is obtained and shown in Fig. 4d. The lattices near the
surface are badly damaged but a relatively defect-free structure of
PE lattice emerges away from the surface over five layers. Such
structure can be attributed to the surface properties. Physically,
due to the external force field provided by amorphous surface
distributing randomly, the density distribution of PE chains near
the surface is irregular, resulting in an irregular lattice morphology.
In terms of chemistry, in the vicinity of the surface, PE tends to
aggregate in the areas with strong interactions to the surface,
leading to increasing probability to self-assemble into the ordered
crystal. While in the areas with weak interactions, the density
distribution shows some degree of order but is not enough to form
the crystal structure. As the distance increases, the influence of the
surface is rapidly attenuated, a relatively defect-free crystal lattice
shows again. In this way, the PE lattices growing on the compatible
surface get a specific micromorphology that some defect-free PE
lattices coexist with other defective lattices, and the distribution of
the defect regions is affected by the roughness of the external
surface.

In the perspective of the duration, the length of time required to
obtain the final equilibrium structures indirectly reflects the speed
of the entire dynamic process. The total time needed for the
formation of PE lattice in the bulk phase is 0.60tg that is longer
than that around the inert surface 0.357g, and the total time is
0.307p that is much shorter around the compatible surface. The
formation speed increases obviously when the external surfaces
exist. The external interactions promote the initial density
fluctuations and accumulations so that more CH, groups can
accumulate quickly, thus accelerate the whole arrange process.
Moreover, the formation speed on the compatible surface is faster
than that on the inert surface, which can be attributed to the
stronger chemical interactions between the PE lattices and the
surface. Better compatibility makes PE chains easier to aggregate
on the surface in a short time and realize a faster disorder-order
transition.

To sum up, through the comparison of the three conditions
above, one can see that in the absence of the external surfaces, the
only kind of force acting on the CH, groups are the oriented
interactions which drive the CH, groups to arrange into the defect-
free lattice. However, when there is an external surface, rarely
the external force fields are perfectly compatible with the

thermodynamically favored defect-free crystal structures, then
the kinds of the force acting on the CH, are not only the oriented
interactions but also the inducing forces produced by the external
surfaces. The physical interactions mainly affect the spatial
distribution of the defect regions, and the chemical interactions
mainly affect the strength of the interactions between the external
surfaces and the PE lattice, further affect the density distribution
and formation speed of the PE lattice. Therefore, the physical and
chemical interactions contribute synergistically to determine the
final morphology of the PE crystal, which is also the result of
competition between the internal oriented interactions of lattices
and the external inducing forces of surfaces. The conclusions may
provide some guidance for controllable preparation of the lattice
structures by regulating the physical and chemical properties of
the external surfaces.
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