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Introduction
Crystallization of polymers in the presence of solid

surfaces draws considerable attention because of its
influence on the properties of composite materials
especially containing inorganic fillers. There are numer-
ous works on crystallization of thin layers of polymers
on different crystalline substrates, e.g., refs 1-9. Re-
cently some insight into crystallization conditions in the
polymer layer adjacent to the substrate (the contact
layer) has been obtained by studying crystallization in
thin and ultrathin films on crystalline and amorphous
substrates.8-11 It was found that the film morphology
(as observed on the free surface) depends on the layer
thickness and crystallization rate decreases in thin
layers. However, polymer crystallization in thin, usually
not continuous layers may not represent the real condi-
tions of polymer crystallization from the melt. Another
approach was described in our previous works.12,13 It
consists of atomic force microscopy (AFM) studies of the
surface of the polymer sample crystallized in contact
with an atomically flat substrate. This surface is
exposed by gentle detachment of the polymer samples
from the support.

Previous reports on polymer crystallization on atomi-
cally flat surfaces, e.g., graphite, talc, and alkali halides,
have shown that such substrates influence the crystal-
lization and that the orientation of polymer crystals
coincides with some crystallographic directions pointing
to the importance of the lattice match between the
substrate and the polymer.1-7 The crucial point in the
influence of the substrate on polymer crystallization is
the interaction between the chain and the substrate.
Monolayers of alkanes and other organic molecules on
model molecularly flat substrates have been studied by
scanning tunneling microscopy, and it has been found
that stable, ordered layers are formed above melting
points of bulk crystal phases.14-16 Formation of the
ordered monolayer in a polymer melt in contact with
the substrate might be expected to influence the mor-
phology of the contact layer upon crystallization.

Indeed we discovered very unusual morphology of the
contact layer of polyethylene (PE) crystallized on highly
oriented pyrolytic graphite (HOPG) (but not on mica).12

Its characteristic features are: long range ordering of
chain direction and wide lamellae 2-4 times wider than
in the bulk.12,13 While the orientation of polymer chains
in edge-on lamellae crystallized on various substrates
has been shown for many polymer/substrate systems;
e.g.,2-8 the influence of the substrate on the lamella
thickness has not been clarified yet.

In the present paper, we show that the formation of
such a contact layer is a more general phenomenon
occurring during PE crystallization on other atomically
flat surfaces such as MoS2 and talc despite the different
chemical composition and unit cell parameters. A mech-
anism of formation of highly ordered contact layers as
well as their fracture mechanism are proposed.

Experimental Section

Linear polyethylene (PE) (HM5420 Mw ) 360 000, Mw/Mn

≈ 12) provided by BP Chemicals (GB), sample (thickness ca.
0.5 mm) was molten at 170 °C in contact with the freshly
cleaved substrate surface. After 10 min, the sample was cooled
(0.2 or 10 °C/min). The surface of PE exposed after detachment
was investigated using a Nanoscope IIIa atomic force micro-
scope (AFM) (Digital Instruments/Veeco, Santa Barbara, CA),
operated in tapping mode. Rectangular silicon cantilevers
model RTESP7 (Nanosensors, Wetzlar-Blankenfeld, Germany)
were used throughout the study. Talc was kindly provided by
G. Fourty (Luzenac Europe). Highly oriented pyrolytic graphite
(HOPG) ZYB grade and molybdenum disulfide single crystals
were purchased from SPI Supplies.

Results and Discussion

Examination of the polymer surface detached from the
investigated substrates (Figure 1) reveals an unusual
blocklike (striated) lamellar morphology, very similar
to that observed on HOPG12,13 and similar to that of
fracture surfaces of the samples crystallized under high
pressure.18 The lamella width l is exceptionally big, ca.
60-100 nm (to be compared with ca. 25 nm in the bulk).
As for the PE/HOPG systems13 also for MoS2 and talc a
considerable increase of l in the contact layer with the
decrease of the cooling rate is observed. The above
results prove that the chain direction also for PE* Corresponding author. E-mail: atracz@bilbo.cbmm.lodz.pl.

Figure 1. AFM tapping mode, amplitude images of the
contact layer of PE crystallized on talc (a and b) or MoS2 (c
and d). The cooling rate was 10 deg/min for parts a and c or
0.2 deg/min for parts b and d. A lamella width l is indicated
by two parallel solid lines. The dashed lines show the chain
direction labeled by blocks (striations). The histograms show
the distributions of the lamella widths.
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crystallized on these substrates is labeled by the block
(striations) direction.13 For all the substrates the chain
direction is strongly related to the substrate in-plane
symmetry; i.e., in the neighboring domains it differs by
60° (Figure 2). This direction is preserved in domains
as large as several tens of square micrometers.

On talc the PE lamellae are thinner and the decrease
of the cooling rate from 10 to 0.2 deg/min results in the
increase of l by ca. 13 nm (from ca. 62 to 75 nm), similar
to that reported for HOPG.13 In the case of MoS2, l is
bigger and increases by ca. 30 nm (from ca. 76 to 106
nm). The difference in l on different supports may be
related to their different surface energies.

Interestingly, the morphologies of the contact layer
crystallized on HOPG, talc and on MoS2 are qualita-
tively similar despite different lattice parameters and
chemical composition of these substrates.19 This implies
that for formation of such morphology the matching of
crystalline lattices of the polymer and of the substrate
is of secondary importance.

The strong ordering effect of MoS2 on PE is in
agreement with the results of experimental and theo-
retical studies on two-dimensional crystallization of
alkanes on MoS2.14,17 Crystallization of PE with (110)
plane parallel to the substrate (chain folding parallel
to the substrate) has been confirmed by electron dif-
fraction studies for PE/talc system,7 PE/HOPG,3 and
recently also for PE/MoS2.20

The surface of the lamella on detached PE is excep-
tionally flat but not molecularly flat. It appears to
consist of blocklike structures, and some blocks appear
to be missing. In such a case, similar blocks should be
found on the surface of the solid substrate. Thin,
discontinuous polymer layers were indeed found on
HOPG (Figure 3). Similar morphological features are
observed both on the surface of the substrate and on

the surface of the polymer detached from it. In different
regions of the same sample, the surface roughness is
significantly different. It is most probably related to the
depth at which the fraction occurs. The most flat regions
(like this marked by a rectangle in Figure 2b) result
from a fraction at PE/HOPG interface or at most several
angstroms apart.

On both surfaces, the blocks protrude by at least
multiples of ca. 0.5 nm (chain thickness) (Figures 2 and
3; see also Figure 6 in ref 13 for PE/HOPG).21 The
thicknesses of long rodlike objects is ca. 1 nm (Figure
3), and their widths can be estimated to be ca. 10 nm.21

The fracture should preferentially occur at the polymer/
support interface and not in the bulk of the polymer,
since neither breaking nor disentangling of polymer
chains is necessary in this case. For a substrate that
weakly interacts with the polymer chains, no “bulky”
fragments of PE should be found on the detached
support surface. However, the substrates used in
this study relatively strongly interact with aliphatic
chains.14-17 Therefore, the presence of PE particles on
HOPG after its detachment is not unexpected. How-
ever, the nanoscopic flatness of the fracture surface (no
pulled out fibers or local deformations) (Figure 3) is
surprising, unless one assumes it consists of highly
ordered layered structure with many adjacent reentries
and few entanglements. The fracture of PE crystallites
should therefore occur along (110) planes so the height
difference between the planes should correspond to
diameter of one chain. This is in agreement with our
finding that the smallest height difference of the blocks
is ca. 0.5 nm.

It is also important to note that the length of PE
rodlike structures seen both on PE surface detached

Figure 2. AFM tapping mode, height images of the contact
layer of PE crystallized on (a) talc and (b) MoS2. Smaller
domains with striations directions differing from the direction
in the large domain (indicated by white arrow) by 60° are
indicated by dotted lines. In the bottom part of the figure the
cross section analysis of enlarged parts (indicated by white
rectangle) is shown. Profiles represent the section averaged
over the area within black rectangle.

Figure 3. AFM tapping mode, height images of the layer of
PE remaining on the surface of HOPG. An enlarged part of
the image (a) (dashed rectangle) is shown in the bottom with
the section profile averaged over the area within white
rectangle. Image b shows the morphology of the thicker region
of the layer. A lamella of width l is indicated by two parallel
solid lines.
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from HOPG13 (also seen in Figure 1d) and remaining
on HOPG (Figure 3) exceeds several times the lamella
width. It is a strong indication of their extended-chain
structure with relatively few folds. On the other hand,
the long and short blocks are apparently weakly con-
nected in a direction perpendicular to their long axes
(the chain direction), which suggests high perfection of
the folds with many adjacent reentries, characteristic
for the crystallization in regime I.22

It is consistent with the observation that in the
contact layer there is very little space left for the
amorphous phase (very narrow regions between the
lamellae; cf. Figure 1).

Usually many long blocks can be seen on the flat
regions (presumably resulting from fracture close to
the substrate surface) and not on rough ones. This
suggests that extended-chain type crystals are formed
at the atomically flat support surface and not a few
nanometers apart.

The presented results suggest that in contact with an
atomically flat substrate crystallization of PE proceeds
in two steps: (1) adsorption of polymer chains on the
substrate and formation of domains containing partially
folded chains aligned along the crystallographic direc-
tions of the substrate; (2) layer by layer crystallization
of PE with chain folding preferentially in the plane of
the layer, leading to the formation of contact layer with
unusual structure and the remarkable flatness of the
fracture surfaces.
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