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Thin and ultrathin crystalline polymer films are of funda-
mental scientific as well as practical interest concerning their
structures and properties.[1–6] For the preparation of ultrathin
(� 0.1 mm) films the polymer is applied to the substrate in a
non-ordered state, usually as a dilute solution in an organic
solvent. To overcome the intra- and intermolecular interac-
tions responsible for crystalline order in the solid polymer,
and render it soluble, high temperatures are often required.
Crystalline order only forms on the substrate during solvent
removal or cooling. As a different approach to ultrathin films
of crystalline polymers we report on their preparation at room
temperature from aqueous dispersions of prefabricated
polymer nanocrystals functioning as building blocks
(Scheme 1). The very small particle size, in combination
with the basic phenomenon that the amorphous regions are
located at the surface exclusively in polymer single crystals,
results in an efficient interaction between particles in films.

The construction of materials from individual nanoscale
crystalline entities as building blocks has been studied
intensely for inorganic materials. Here, this method has
been employed as a route to mesoscopic materials, that is,

materials intermediate in order between glasses or liquids and
bulk inorganic crystals, but with a more complex, often
hierarchical structure than the latter.[7] Also, the occurrence
of such entities as intermediates is discussed to be a general
principle of inorganic crystal formation.[8] In our case, the
nanoscale building blocks consist of an organic polymer, and
their order results from the principles of polymer crystalliza-
tion, which includes the presence of amorphous phases as a
general feature of a crystal.

Polyethylene is the simplest organic polymer in terms of
molecular structure, and it is of vast practical importance. Its
crystallization and structure in the bulk have been inves-
tigated intensely.[9] Also, studies of single crystals of polyeth-
ylene have been ground-breaking for the understanding of
polymer crystallization.[10,11] These studies typically employed
isolated crystals with several micrometers lateral extension
prepared by crystallization from supersaturated solutions in
organic solvents.[12] Ultrathin polyethylene films have been
prepared previously by evaporating solutions in hydrocarbon
solvents at temperatures of 100 to 180 8C.[13–15]

Aqueous dispersions of nanoscale polyethylene crystals
can be obtained by catalytic polymerization of ethylene with
water-soluble nickel(II) complexes.[16] These dispersions are
essentially separated, nonaggregated single crystals (lateral
size, that is, pseudodiameter ca. 25 nm) consisting of a single
crystalline lamella (thickness 6 nm) covered by thin amor-
phous layers (thickness ca. 1 nm).[17]

For the present study, polyethylene particles were
employed as 2 wt% aqueous dispersions containing just
enough surfactant (sodium dodecyl sulfate, SDS) to colloi-
dally stabilize the particles. A surface tension of 65 mNm�1

demonstrates that virtually all surfactant is adsorbed on the
particles. The polyethylenes studied were highly linear (less
than 5 branches per 1000 carbon atoms[18]) and had number
average molecular weights Mn of approximately 2 8
105 gmol�1 and molecular weight distributions Mw/Mn of
around 2. Their melting points Tm in the dispersed particles

[19]

are around 127 8C (Tm = 132 8C for isolated bulk polymer).
Dropwise application of the aqueous nanoparticle dispersions
to a glass slide and subsequent drying at room temperature
affords transparent films, which appear homogeneous by
optical microscopy (glass was chosen as a substrate because of
its planarity and optical transparency). These films are about
1 mm thick. To obtain ultrathin films, spincoating was
employed. Coverage of the substrate without holes or defects
is evident from AFM (Figure 1). The surface roughness
amounts to approximately 5 nm as concluded from line scans
over several micrometers. A uniform thickness of the films is
also confirmed by ellipsometry. Film thicknesses are typically
around 50 nm, as found independently by ellipsometry, AFM
of purposefully introduced scratches in the film, and energy
loss in TEM (see below).

Scheme 1. Film preparation and film structure (surfactant molecules
adsorbed to the surface of dispersed particles not shown for the sake
of clarity).
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For TEM studies, the films were floated off the glass slide
onto water. Free-standing films were obtained (Figure 2).
Analysis of the films by electron energy loss spectroscopy
(EELS) and studies of water contact angles give no indication
of the presence of surfactant, which is removed during the
floating-off procedure (see the Experimental Section). TEM
shows an overall homogeneous structure of the films and
variations of the electron density on a local scale (Figure 2,
left). In accordance with the absence of larger crystalline
structures, the films appear dark when viewed with cross
polarizers in an optical microscope. For comparison, after
annealing of films above the melting point and subsequent
cooling to room temperature, open spherulitic structures with

sizes of several micrometers are found by AFM and optical
microscopy as expected.[13,14]

Electron diffraction on the nascent spin-coated films
demonstrates the presence of crystalline phases, which consist
of the most common orthorhombic polyethylene lattice unit.
With the incident beam direction perpendicular to the film
surface, sharp (hk0) diffraction rings are observed (Figure 2,
right), which indicates that the crystals are oriented prefer-
entially with their lamella c axis perpendicular to the sub-
strate surface (Scheme 1).[20,21] The differences in electron
density on a local scale observed for films (Figure 2, left) can
be attributed to some degree of disorientation of the platelets
in the films.

In summary, construction from individual crystalline
mesoscale entities is an attractive method for the generation
of crystalline polymer ultrathin films. The combination of a
very small crystal size with the general structure of polymer
single crystals results in efficient interaction through the
amorphous parts despite their overall minor volume share.
This situation has been demonstrated for linear polyethylene,
a high volume commodity plastic that is also physiologically
inert and environmentally benign, but difficult to process to
thin and ultrathin films to date. It is an inherent feature of the
reported approach that it is carried out at ambient temper-
atures and does not involve hazardous and toxic organic
solvents, which can also be beneficial for sensitive substrates.
The “nascent” film structures, and the interaction of the
primary particle building blocks at elevated temperatures, but
below their melting point may also be of interest with respect
to current dispute over the role of mesophases in polymer
crystallization.[22–25]

Experimental Section
Dispersion synthesis: Aqueous polymer nanoparticle dispersions[17]

were prepared according to reference [16]. In brief, an aqueous
surfactant-containing solution of the water-soluble catalyst precursor
[{k2-N,O-6-C(H)=N(2,6-{3,5-(F3C)2C6H3}2C6H3)-2,4-
I2C6H2O}NiMe(L)] (L=di- or trisulfonated triphenylphosphine) was
exposed to ethylene at 40 atm and 15 8C for 30 min. The degree of
branching (from high temperature 13C NMR spectroscopy), molec-
ular weight (from high-temperature size-exclusion chromatography
vs. linear polyethylene standards), and bulk thermal properties (from
DSC, 10 Kmin�1) were determined on bulk polymer, obtained by
precipitating an aliquot of dispersion with excess methanol and drying
in vacuo.

Preparation of films: Polished glass slides were cleaned by
immersing in a 7:3 mixture of 96%H2SO4 and 30% H2O2 at 80 8C for
around 30 min, rinsed thoroughly with distilled water in an ultrasonic
bath, and dried in air. Freshly cleaved mica was used without further
treatment. Polyethylene dispersions were spin-coated on the sub-
strates. A drop of dispersion was placed on the resting substrate,
which was then accelerated at a rate of 300 rpms�1 to a final speed of
2000 rpm. The nascent films are transparent. For TEM, the as-
prepared film on a glass or mica substrate was inserted into distilled
water at an angle of approximately 458. The floated-off film was
transferred onto a copper grid and dried at room temperature
overnight prior to TEM. In comparison to a reported value of around
908 for polyethylene,[26] the static water contact angle on the surface
of nascent films was determined to be approximately 158 for spin-
coated films (and also for thicker films obtained by drying several
drops of dispersion on a glass slide and subsequent removal of any

Figure 1. AFM image of ultrathin film prepared from crystalline nano-
particles.

Figure 2. TEM image of a free-standing film (left), and electron-
diffraction pattern with the electron beam perpendicular to the film
surface (right).
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residual water in vacuo). This difference probably originates from
accumulation of the surfactant on the film surface during film
formation.[27] However, most of the surfactant can be removed by
washing the film surface with water, or floating-off from the substrate,
respectively, as indicated by an increase of the contact angle to 958
after washing. No sulfur, indicative of SDS surfactant, is detected by
EELS.

Microscopy: The topography of the films was characterized with a
JPK NanoWizard atomic force microscope in the intermittent contact
mode using a Silicon tip with a force constant of 40 Nm�1 and
resonant frequency of about 300 kHz. Height and phase images were
recorded simultaneously. To minimize the deformation of the film
surface by the scanning probe, the set-point amplitude Asp was chosen
about 0.7–0.8 of the free-oscillating amplitude A0. TEM images were
obtained on a Zeiss Libra 120 instrument operated at 120 kV on
unstained samples.
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