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Preparation, structure and properties of uniaxially
oriented polyethylene-silver nanocomposites
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E-mail: wcaseri@ifp.mat.ethz.ch

Uniaxially oriented composites of high-density polyethylene and silver nanoparticles were
prepared using solution-casting, melt-extrusion and solid-state drawing techniques. The
absorption spectrum in the visible wavelength range of the drawn nanocomposites was
observed to strongly depend on the polarisation direction of the incident light. For instance,
the nanocomposites appear bright yellow or red when the vibration direction of linearly
polarised light is perpendicular or parallel, respectively, to the drawing axis. The optical
anisotropy of the drawn nanocomposites originates from uniaxially oriented, pearl-necklace
type of arrays of nanoparticles of high aspect ratios. The absorption spectrum of the
nanocomposites can be shifted to higher wavelengths using appropriate annealing
procedures. The annealing results in an increased size of the primary silver particles, due to
Ostwald ripening, and consequently a range of polarisation-dependent colours can be
generated in the drawn nanocomposites. C© 1999 Kluwer Academic Publishers

1. Introduction
The synthesis and properties of a large range of inor-
ganic nanoparticles with a typical size in the range of
1–100 nm was extensively investigated in the past, and
a variety of routes were discovered to produce such
particles with a strongly bound organic surface layer
[1–5]. Typically, an organic surface layer is used onto
these nanoparticles to lower the surface energy, to pre-
vent particle aggregation into larger structures or to dis-
perse the particles in, for instance, organic solvents. The
above described advances have opened the possibility to
produce composites based on synthetic polymers con-
taining well-dispersed ceramic or metallic nanoparti-
cles [6, 7]. Large-scale aggregation of the nanoparticles
may also be avoided with polymer-stabilized particles
using appropriate materials and processing routes. With
certain methods, transparent materials can be obtained,
due to the small size of the nanoparticles which pre-
vents excessive light scattering [8–11]. Apart from a
high transparency, such nanocomposites also possess
a variety of other potentially useful properties. For
instance, it has been shown previously that polymer-
based nanocomposites containing well-dispersed inor-
ganic particles can exhibit semiconducting properties
[12, 13], quantum dot effects [14], non-linear optical
properties [15, 16] and an extremely low [17], or high
[18] refractive index.

Here, experimental results are presented concerning
the manufacturing, structure and properties of mechan-
ically robust, flexible, thin polymeric films containing
metallic nanoparticles with an organic surface layer,
that exhibit interesting optical properties; a brief synop-
sis of which was previously published [19]. In contrast
to the above described studies, here it is attempted to

generate anisotropy in the films via the classical orien-
tation technique solid-state drawing. More specifically,
it is attempted to generate structural anisotropy in both
the continuous phase (i.e. synthetic polymer) and in
the dispersed phase (metallic nanoparticles), and the
influence of the anisotropy on the optical characteris-
tics in the visible wavelength range of the films is in-
vestigated. It is shown that rather unusual, potentially
useful, anisotropic optical phenomena can be generated
in these films in a well-controlled manner.

2. Experimental
2.1. Synthesis of the nanoparticles
The synthesis of colloidal silver particles with a sur-
face layer of dodecanethiol was performed accord-
ing to (somewhat modified) methods described in
the literature [3–5]; Silver trifluoromethanesulfonate
(CF3SO3Ag, 9·10−4 mol), tetraoctylammonium bro-
mide ([C8H17]4NBr, 4·10−3 mol) and 1-dodecanethiol
(C12H25SH, 1.8 ·10−3 mol) were dissolved in 80 ml
toluene. A freshly prepared aqueous sodiumborohy-
dride solution (1·10−2 mol in 25 ml distilled water)
was slowly added under vigorous stirring, and the solu-
tion was stirred for another hour. The organic layer was
separated, and the mixture was concentrated by sol-
vent evaporation to a volume of approximately 5 ml.
Then 500 ml ethanol was added at−20◦C. After
sedimentation of the particles, the mixture was de-
canted, and the residue was again treated with 500 ml
ethanol at−20◦C. Finally the particles were dried
for 12 h at room temperature and reduced pressure
(ca. 10 mbar).
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2.2. Preparation of the nanocomposites
Solution-cast films were prepared by dispersing vari-
ous amounts of the metal nanoparticles (10–100 mg)
in 50 ml of p-xylene under stirring at room temper-
ature in an ultrasonic bath (Branson 2210, 47 kHz).
High-density polyethylene (0.5 g, Hostalen Gur 7225 P,
Mw =400 kg/mol) was added and the dispersion was
degassed at ca. 10 mbar for 30 min. The mixture was
heated to 130◦C and stirred for 15 min until a homoge-
neous, dark brown liquid mixture was obtained. These
mixtures were cast, quenched to room temperature and
dried overnight at ambient conditions. After evapora-
tion of the solvent, the films were compression moulded
for 15 min at 180◦C. Some of the polyethylene/silver
nanocomposites were annealed at 180◦C for 15 h.
Melt-processed nanocomposites were made on a recy-
cling, corotating twin-screw mini-extruder (DACA In-
struments). A 2% w/w HDPE/silver nanoparticle blend
was mixed for 10 min at 180◦C. The extrudates were
subsequently compression moulded at 180◦C. All com-
pression moulded, melt-crystallised films were finally
drawn on a hot stage at 120◦C. The draw ratio was
determined from the displacement of ink marks.

2.3. Characterization
Thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) were performed with,
respectively, a Netzsch TG 209 thermogravimetrical
analyser and with a Netzsch DSC 200. The samples
(ca. 10 mg) were heated under a nitrogen flow of a
heating rate of 10◦C/min.

Transmission electron microscopy (TEM) was per-
formed using a Philips EM 301 electron microscope
operating at an acceleration voltage of 80 kV. A drop
of the toluene reaction mixture containing the colloidal
metal particles was placed onto a carbon film supported
by a copper grid. After evaporation of the toluene, the
samples were inserted into the electron microscope.
The morphology of both the undrawn and the drawn
nanocomposite was also investigated with TEM. The
undrawn nanocomposites were cut at low temperatures
(−80◦C) using a diamond knife and coupes were col-
lected on a copper grid. The drawn films were split
into thin filaments which were placed on a copper grid.
These filaments were sputtered with a carbon layer to
reduce electron-beam damage during TEM.

Small-angle X-ray scattering (SAXS) patterns were
obtained with a Kiessig camera, using Ni-filtered
CuKα-radiation generated by a Seifert ISO-Debeyeflex
2002 generator operating at 35 kV and 30 mA. The sam-
ple to film distance was 200 mm. X-ray patterns were
recorded of the silver nanoparticles, and the undrawn
and drawn nanocomposite films.

UV-Vis spectroscopy was performed using a Perkin
Elmer Lambda 900 double beam spectrometer. Surface-
coated metal nanoparticles were dispersed in xylene
(1 mg/10 ml), and UV-Vis spectra were recorded in the
wavelength range from 350 to 800 nm. Undrawn and
drawn nanocomposites (4% w/w nanoparticles) were
sandwiched between two quartz glass slides and coated
with silicon oil to reduce light scattering at the film

surface [20]. Absorption spectra in non-polarised light
were recorded by placing a depolariser in the measur-
ing and reference beam. Polarised UV-Vis spectra of
the drawn nanocomposite were measured using motor
driven Glan-Thomson prisms. Spectra were obtained at
various angels (ϕ) between the polarisation direction of
the incident light and the drawing direction of the films.

Photographs of different samples were taken at a low
magnification (4×) using a Leica MS5 polarising mi-
croscope.

3. Results
3.1. Silver nanoparticles
According to the procedure detailed above, colloidal
metal particles were obtained which are coated with
an organic dodecanethiol layer. The nanoparticles can
be re-dispersed in common organic solvents such as
toluene or xylene. Transmission electron microscopy
(TEM) shows that the particles were of a relatively nar-
row size distribution and had an average size of the pri-
mary particles of approximately 4.5 nm (Fig. 1a and b).

In Fig. 2, DSC thermograms are shown of the metal-
lic nanoparticles as well as pristine dodecanethiol.

Figure 1 Transmission electron microscopy (TEM) micrograph of: (a)
the silver nanoparticles, and (b) their size distribution.
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Figure 2 Differential scanning calorimetry (DSC) thermograms of: (a)
pure dodecanethiol, and (b) dodecanethiol-coated silver nanoparticles.

Figure 3 Thermogravimetric analysis (TGA) measurement of dode-
canethiol-coated silver nanoparticles.

Interestingly, the dodecanethiol layer on the silver
nanoparticles possesses a substantially higher melting
temperature (Tm=131◦C) compared to that of pure
dodecanethiol (Tm=1 ◦C), which, probably, originates
from entropic effects related to the chemical anchoring
of the dodecanethiol to the silver surface.

The thermal stability of the dodecanethiol layer on
the silver particles was examined with thermogravimet-
ric analysis (TGA, Fig. 3). Virtually no weight loss was
observed below about 200◦C in a nitrogen atmosphere
which indicates that the particles possess an excellent
stability at elevated temperatures which is relevant, of
course, for further processing. The silver content of the
particles was determined from the residual weight frac-
tion of the particles after prolonged heating at 600◦C,
assuming that the remainder consists principally of ele-
mental silver. A silver weight fraction of 75% w/w was
measured for the nanoparticles, which corresponds to
a silver volume fraction of approximately 22% v/v.

3.2. Polyethylene-silver nanocomposites
TEM micrographs of the undrawn nanocomposite
(Fig. 4a) reveal that the silver particles are agglomer-
ated, to a certain extent, in the polymer matrix. The
individual silver nanoparticles in the aggregates can
readily be distinguished in these micrographs. It was
found that the primary particle size and size distribution

Figure 4 (a) TEM micrograph of: undrawn (isotropic) polyethy-
lene/silver nanocomposites containing 4% w/w particles, and (b) their
size distribution.

are virtually identical prior to and after manufacturing
of the films (cf. Figs 1b and 4b). The melt-crystallized
nanocomposites were drawn on a hot stage at 120◦C
to a draw ratio of 15. In the drawn samples, arrays
of nanoparticles are observed which are aligned in the
drawing direction (Fig. 5). The TEM micrographs illus-
trate the presence of pearl-necklace arrays of nanopar-
ticles that possess a rather high aspect ratio (>20) and
a typical width of 1 to 2 particle diameters. Evidently,
the aggregates of silver particles in the undrawn films
(Fig. 4a) rearrange into these pearl-necklace type ar-
rays during solid-state drawing of the nanocomposites
(Fig. 5).

The SAXS pattern of the as-synthesised particles
is shown in Fig. 6a. An isotropic pattern is obtained
with reflection rings at a characteristicd-spacing of
3.54 nm, suggesting that the particles are regularly
packed. This might be due to cocrystallisation of the
alkyl chains of different particles which would imply
that the pristine particles are partially aggregated. The
SAXS pattern of the undrawn polyethylene/silver nano-
composite is essentially identical to that of the particles
alone (Fig. 6b,d-spacing=3.46 nm) which means that
the aggregated, and regularly-packed particle structure

3861



Figure 5 TEM micrograph of drawn (oriented, draw ratio= 15) polyethylene/silver nanocomposites containing 4% w/w particles.

Figure 6 Small angle X-ray (SAXS) patterns of: (a) dodecanethiol-
coated silver nanoparticles, (b) isotropic polyethylene/silver nanocom-
posites containing 4% w/w particles, and (c) oriented (draw ratio= 15)
polyethylene/silver nanocomposites containing 4% w/w particles.

Figure 7 UV-Vis absorption spectra of silver nanoparticles in unpo-
larised light of: (a) dispersion in xylene, (b) undrawn nanocomposite
(4% w/w particles), and (c) drawn nanocomposite (draw ratio= 15).

is still present in the isotropic nanocomposite. After
drawing, a 2-dimensional pattern is observed with re-
flection spots at a spacing of 3.43 nm (Fig. 6c). Ev-
idently, the aggregated silver particles are rearranged
into surprisingly highly ordered pearl-necklace chains
during solid-state deformation of the films.

The optical properties of the nanoparticles in a
reference xylene dispersion, in an undrawn nanocom-
posite and a drawn nanocomposite were investigated
using UV-Vis spectroscopy. The absorption spectrum
of the particles dispersed in xylene is virtually identical
to the spectrum of the undrawn nanocomposite contain-
ing 4% nanoparticles (Fig. 7a and b). This experimental
observation indicates that the degree of aggregation of
the nanoparticles in the dispersion and in the undrawn
nanocomposite are comparable, since shifts in the ab-
sorption maximum are extremely sensitive to the state
of aggregation of the metal particles [23]. Hence, we
conclude that the aggregates of silver particles, which
are observed for the undrawn nanocomposite with TEM
(Fig. 4a) and identified with SAXS (Fig. 6b), are already
present in the xylene dispersion prior to film manufac-
turing; and it appears that the state of aggregation is
preserved in subsequent processing-steps.

It is evident from the data in Fig. 7 that the absorption
spectrum of the nanocomposites changes significantly
upon solid-state drawing. For instance, a pronounced
shoulder is observed in the absorption spectrum at a
wavelength of approximately 490 nm (Fig. 7c).
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Figure 8 Absorption spectra in linearly polarised light of: (a) drawn
polyethylene films (draw ratio=15), and (b) oriented silver/polyethylene
nanocomposites (4% w/w particles) as a function of the angle (ϕ) be-
tween the polarisation direction and the drawing direction.

Absorption spectra recorded with linearly polarised
light of a drawn polyethylene film containing 4% w/w
silver nanoparticles are shown in Fig. 8. The absorp-
tion spectra of the films without nanoparticles are in-
cluded for reference purposes. Clearly, the absorption
of the latter films is low (<0.06) and virtually constant
in the entire visible wavelength range. The absorption
spectra of the drawn nanocomposites exhibit a strong
dependence on the angleϕ between the polarisation
direction of the incident light and the drawing direc-

Figure 9 Photographs taken in polarised light of drawn silver/polyethylene nanocomposites (draw ratio= 15). Nanocomposite compression moulded
at 180◦C for 15 min prior to drawing in: (a) parallel, and (b) perpendicular polarised light. Nanocomposite annealed for 15 h at 180◦C prior to drawing
in (c) parallel, and (d) perpendicular polarised light.

tion of the films. Light vibrating parallel to the drawing
axis (ϕ=0◦) is absorbed at higher wavelengths with a
maximum absorption at 489 nm, while light vibrating
perpendicular to this axis (ϕ=90◦) is absorbed at lower
wavelengths with a maximum at 398 nm. An isosbestic
point is observed at 425 nm.

In Fig. 9a and b, photographs are shown of a drawn
silver/HDPE nanocomposite, taken in linearly po-
larised light. The colour of the films depends strongly
on the polarisation direction of light, in accordance
with the UV-Vis measurements. The films exhibit
bright colours and appear red or yellow, dependent on
the polarisation direction of incident light.

The wavelengths of the absorption maxima in paral-
lel (ϕ=0◦) and perpendicular polarised light (ϕ=90◦),
respectively, are depicted in Fig. 10 as a function of the
draw ratio of the films. The wavelength shift already
occurs at low (<10) draw ratios and remains at a con-
stant level of approximately 90 nm. Data are presented
for nanocomposites produced by either the solution-
casting technique or by melt-extrusion in Fig. 10. It
can be observed that the wavelength shift virtually is
independent on the production procedure of the films.

A few attempts were performed to generate other,
polarisation-direction dependent, colours in the drawn
nanocomposites. For instance, an undrawn polyethy-
lene film containing silver nanoparticles was annealed
at 180◦C for 15 h and TEM micrographs of the annealed
films were recorded (Fig. 11). The silver nanoparticles
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Figure 10 Absorption maxima as a function of the draw ratio of the
polyethylene/silver nanocomposite films: solution-processed films in
parallel polarised light (•) and perpendicular polarised light (k); melt-
extrusion-processed films in parallel (¥) and perpendicular polarised
light (¤).

Figure 11 (a) TEM micrograph of: undrawn polyethylene/silver nano-
composite annealed for 15 h at 180◦C, and (b) the corresponding silver-
particle size distribution.

remain slightly aggregated, but the size of the individ-
ual nanoparticles was found to increase from approxi-
mately 4.5 to 10 nm (compare Figs. 4b and 11b), pre-
sumably due to Ostwald ripening [21]. This increase

Figure 12 Absorption spectra in polarised light of a drawn (draw ratio=
15) silver/polyethylene nanocomposite film as a function of the angle (ϕ)
between the polarisation and drawing direction. The polyethylene/silver
film was annealed for 15 h at 180◦C before drawing.

in particle diameter, of course, also results in a wave-
length shift in the absorption spectrum of the undrawn
nanocomposites; i.e. the absorption maximum in unpo-
larised light increases from 435 to 463 nm.

The UV-Vis spectra of an annealed, drawn nanocom-
posite in linearly polarised light is shown in Fig. 12. In
comparison with the non-annealed films, the absorption
maxima are again shifted towards higher wavelengths
(compare with Fig. 8). Of course, these shifts influence
the colour of the films when observed in linearly po-
larised light (Fig. 9c and d). In this particular case, the
colour changes from purple to yellow dependent on the
polarisation direction of incident light.

4. Discussion
Extensive studies were performed in the past concern-
ing the optical characteristics of dispersions of metal
nanoparticles in liquids or in isotropic polymeric
nanocomposites [21–24]. These studies showed that
the absorption spectra of the nanoparticles depend
on the particle size and its polydispersity, the de-
gree of aggregation of the nanoparticles, the type of
metal and the interaction of the nanoparticles with
their environment. A variety of widely forgotten stud-
ies also exist that concern dichroism in oriented sub-
strates, both natural-based [25–29] and synthetic poly-
mers [30, 31] containing elemental metal nanoparti-
cles. Already in this early work it was shown that
the absorption spectrum of these anisotropic nanocom-
posites depends on the polarisation direction of in-
cident light. Usually, these materials were produced
by the in situ reduction of metal salts in the pres-
ence of preoriented substrates such as plant fibrils [25–
29], stretched gelatine [26] or poly(vinylalcohol) [30,
31]. More recent studies used friction-deposited ori-
ented poly(tetrafluoroethylene) layers for the oriented
growth of metal nanoparticles [32–34]. The experi-
mental routes used in these studies almost invariably
resulted in the formation of large quantities of by-
products in the materials, in experimental difficulties
in obtaining large area flexible films, in a limited range
of obtainable colours, or combinations thereof.

3864



The present work explored new routes to prevent
the above restrictions and to produce flexible, poly-
meric films which exhibit a polarisation dependent,
and tunable colour. Here, it is shown that polymeric
films containing slightly aggregated metallic nanopar-
ticles can be produced and that these aggregates can,
subsequently, be deformed into pearl-necklace types of
arrays by solid-state drawing at temperatures below the
melting temperature of the polymer. The formation of
the pearl-necklace type of arrays results in films which,
indeed, exhibit a strongly polarisation-direction depen-
dent colour. In our method, the metallic nanoparticles
are first synthesised and purified and, therefore, the
presence of large quantities of by-products in the films
is prevented. Also, we employed conventional pro-
cesses for the processing of synthetic polymers which
drastically facilitates the production of large area, flex-
ible films.

The colour of the films in linearly polarised light
can be varied, to a certain extent, by using appropriate
annealing procedures. Of course, further colour tuning
can be performed in several other ways, for instance, by
the direct synthesis of larger silver particles or even by
the synthesis of non-spherical particles with a prede-
termined aspect ratio, followed by the preparation and
orientation of the nanocomposites.

In the previous studies concerning oriented systems
with elemental metal particles, the colour shift was
either attributed to the formation of oriented metallic
needles or, comparable to our observations, attributed
to a chain-like ordering of individual spherical metal
particles. Recently, Luet al. [34] studied the dichro-
ism of surface-coated gold nanoparticles which were
deposited onto oriented poly(tetrafluoroethylene) sub-
strates. Only very weak dichroism was observed, al-
though the thiol-coated gold particles were arranged
in oriented arrays, which they attributed to the elec-
trical isolation of the separate particles by the organic
layer surrounding each particle. Strong dichroism was
observed after removal of the surface coating of the par-
ticles and the polymer substrate by burning in a torch
at 1700◦C. It was suggested that the observed optical
phenomena originate from the formation of metallic
needles during the heat treatment. In the present study,
arrays of thiol-coated, electrically isolated, silver parti-
cles are produced in a polymer film and strong dichro-
ism is nonetheless observed, suggesting that bulk elec-
trical conductivity is not a prerequisite for generating
the desired optical phenomena.

As we demonstrated previously, the oriented nano-
composites are potentially useful in Liquid Crystal Dis-
play applications [19]. A traditional display consists
of a twisted-nematic (TN) electro-optical cell which is
sandwiched between two polarisers [35]. The TN cell
switches the polarisation direction of light depending
on the voltage which is applied across the cell. Con-
sequently, the two polarisers are effectively put into
a parallel or perpendicular position and light is either
transmitted (“off”-state) or completely absorbed (“on”-
state). The nanocomposites presented in this study
transmit (coloured) light for both principal polarisa-
tion directions. Therefore, a system comprised of a po-

lariser, a TN-cell and, finally, a film with a polarisation
dependent colour will transmit light in both the “on”
and “off”-state which, in principal, raises the light ef-
ficiency of the device.

The main merits of the presented route towards ori-
ented metal nanocomposites are that flexible, polymeric
films are obtained without by-products originating from
the reduction of metal salts. These nanocomposites can
be produced using conventional processing techniques
such as melt-extrusion in combination with solid-state
film drawing.
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