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Dispersion of Gold in Polycarbonate by Vapor-Induced Crystallization
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ABSTRACT: It has been demonstrated that dispersion of noble metal nanoparticles in an organic matrix
can be achieved by crystallization of amorphous low-molecular-weight nylon-11 in a process called
relaxative autodispersion. In the present paper we report the dispersion of Au by acetone vapor-induced
crystallization of amorphous polycarbonate films. Crystallization Kinetics were examined with infrared
spectroscopy. Au dispersion was detected with X-ray photoelectron spectroscopy in conjunction with ion-
beam depth profiling and cross-sectional transmission electron microscopy. While vapor sorption in films
of some micrometers thickness occurs within minutes at room temperature, crystallization and Au
dispersion take place on a time scale of hours. Crystallization gives rise to a strong enhancement of
surface roughness measured by atomic force microscopy. The present approach of metal dispersion is not
restricted to low-molecular-weight polymers. A model for the dispersion process is proposed.

Introduction

Recently, there is much interest in composites con-
sisting of metallic nanoparticles in organic matrices
because of their interesting optical,! electrical,? ther-
modynamic,® catalytic,* and magnetic properties.5 Vari-
ous techniques have been developed to produce a fine
dispersion of metals in an organic matrix. These include
reduction of a metal salt in a polymer solution® and
metal evaporation upon plasma polymerization’ as well
as coevaporation®® and co-sputtering of the organic and
metallic components.1® A particularly striking process
termed relaxative autodispersion has been developed by
the group of S. Deki at Kobe University.}* The group
demonstrated that noble metals can be dispersed into
low-molecular-weight nylon-11 by evaporation of a thin
metallic film on the amorphous polymer, produced by
vapor phase deposition and thermal crystallization of
the polymer. Unfortunately, this approach does not
seem to be applicable to other amorphous polymers with
higher molecular weight and sluggish crystallization
Kinetics.

In the present paper we report the dispersion of Au
into bisphenol A-polycarbonate by a new technique that
has similarities to the relaxative autodispersion process.
A thin film of Au is evaporated onto the amorphous
polymer, and crystallization is induced at room tem-
perature by sorption of acetone vapor which causes
plasticization of the polymer matrix. While vapor sorp-
tion is a fast process, crystallization and metal disper-
sion take place on a much longer time scale.

Experimental Section

Polycarbonate films with a typical thickness of 1.5—2 um
were used in this work. The bisphenol A-polycarbonate
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Figure 1. Experimental setup for the vapor-induced crystal-
lization.

(BPA-PC; M, = 14 200, My, = 29 300 g/mol) was provided as
pellets by BAYER (Leverkusen, Germany). The 0.5 wt %
solution of BPA-PC was prepared by dissolving the pellets in
water-free dichloromethane (DCM) in an ultrasonic bath. The
solution was filtered through a Nalgene 0.2 um PTFE filter
mounted on a glass syringe. The films were prepared by
solution casting of BPA-PC in DCM on a heated (approxi-
mately 308 K) 6 in. silicon wafer placed in a Petri dish. This
fast evaporation method avoids crystallization and leads to an
amorphous polymer film.'2 The films were heated in a vacuum
oven for 24 h at 353 K to remove residual DCM.

The gold was deposited on the film at 293 K by a 15 min
thermal evaporation from a molybdenum crucible mounted in
an ultrahigh-vacuum chamber. The deposition rate 0.1 nm/
min was monitored by a quartz crystal microbalance. Thus,
the total nominal gold thickness was ~1.5 nm. The pressure
did not exceed 1 x 1077 Pa during the evaporation process.
The metallized polymer samples were exposed to acetone vapor
at a sample temperature of 303 K (Figure 1).

The desiccator was connected with a glass flask containing
acetone and a membrane pump. After the desiccator was
evacuated, it was flooded with acetone vapor from the flask,
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Figure 2. AFM micrograph of the surface of 2 um BPA-PC
film after 10 h exposure time.
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which had a temperature of 298 K to avoid condensation of
acetone on the samples.

The dried samples were characterized by atomic force
microscopy (AFM) (“Autoprobe cp” from Park Scientific Instru-
ments), polarized light microscopy with direct light (PLM)
(Reichert-Jung MeF3a), transmission electron microscopy
(TEM) (Philips CM30), and X-ray photoemission spectroscopy
(XPS) depth-profiling (Omicron Full Lab with a VG Microtech
XR3E2) in conjunction with ion beam sputtering. Before
sputtering, copper was evaporated onto the crystallized samples
to distinguish between sputter artifacts, surface roughness,
and dispersion.

Nonmetallized samples were investigated to obtain informa-
tion about the crystallization process. They were characterized
by infrared reflection—absorption spectroscopy (IR-RAS), X-ray
diffractometry (XRD), and AFM.

Results

Generally polycarbonates do not crystallize easily due
to their stiff backbone of carbonate groups and bulky
phenyl groups. Even at 458 K (36 deg above glass
transition temperature (Tg)) the first indications of
crystallization are detectable after ~40—50 h of anneal-
ing.1?

However, the crystallization velocity is increased
significantly by acetone vapor. The acetone vapor pen-
etrates the BPA-PC, the polymer swells, and the chains
become mobile, leading to a depression of the glass
transition temperature (Ty) below room temperature.!4
Whereas the sorption of a film with a thickness of ~2
um is in the range of minutes,'* visible crystallization
occurs in a couple of hours (Figures 2 and 3).

The spherulites have diameters up to 40 um. A closer
look shows fibril-like structures. The spherulites are
quite flat. Profilometer measurements showed that their
height is in the range of the film thickness (~2 um).

AFM and PLM investigations indicated that there is
no significant change in the spherulite morphology after
approximately 10—30 h (Figures 2 and 3). To gain more
insight into the kinetics of the crystallization process,
a thin film of BPA was examined by IR-RAS and XRD.

Despite the discussion about the preferred conforma-
tion in amorphous BPA-PC,5 Dybal et al.16 showed that
the changes in the C—O—C and the C=O0O stretching
mode of the polycarbonate detected by IR spectroscopy
(cf. Figure 4) can be easily identified with polymer
crystallization independent from the discussed confor-
mational changes.
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Figure 3. PLM micrograph of the surface of 2 um BPA-PC
film after 35 h exposure time.
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Figure 4. Alteration of the carbonyl stretching mode in IR
spectra from amorphous (dotted line) to crystalline BPA-PC
(solid line).
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Figure 5. Exposure time dependence of the peak shift of the
carbonyl stretching mode in IR-RAS spectra.
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The shift of the corresponding peak of the C=0O
stretching mode in the IR spectra in Figure 5 thus
indicates that the crystallization time of the nonmet-
allized polymer is in the range of 6—15 h, which is in
good accordance with the observations by AFM and
PLM.

Three samples, one amorphous, one crystallized by
17 h of acetone vapor exposure, and one well-crystallized
by solvent-induced crystallization by means of dichlo-
rmethane, were investigated by XRD. One can conclude
from Figure 6 that most of the crystallization process
took place after 17 h of exposure.

Metallized samples surfaces, crystallized in the ac-
etone vapor chamber for different exposure times, were
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Figure 6. Comparison of XRD spectra of amorphous BPA-
PC and crystallized BPA-PC (by solvent- and vapor-induced
crystallization).
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Figure 7. Signal of the gold 4f emission from XPS measure-
ments on the surface of metallized and crystallized BPA-PC
thin films with different exposure times to acetone vapor.

Figure 8. Cross-sectional TEM micrograph of dispersed gold
cluster in a crystallized thin BPA-PC polymer film.

examined by XPS, which is highly surface-sensitive. It
is obvious that the gold signal (4f) in Figure 7 vanished
almost completely from the surface after 10—20 h of
exposure time.

An average cluster size of 8—10 nm in diameter was
determined from cross-sectional TEM micrographs like
in Figure 8. A dispersion over a range of approximately
50—100 nm was observed, too. However, it was not
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Figure 9. Signal of the gold 4f emission from XPS measure-
ments after sputtering of metallized and crystallized BPA-PC
thin films with different exposure times to acetone vapor (0,
25,355 h).
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Figure 10. Signals of the gold 4f and the copper 2p emission
from XPS measurements after sputtering of metallized and
crystallized BPA-PC thin films with an exposure time of 35.5
h and metallization with copper after crystallization to deter-
mine sputter artifacts.

possible to get reliable information about the embed-
ding depth below the surface from cross-sectional
TEM.

The embedding depth for the different exposure times
could be obtained by depth profiling by the means of
ion beam sputtering and subsequent XPS measurement
of the gold signal (4f transition) in Figures 9 and 10.
Assuming a constant sputter etch rate, the sputter
depth was calculated from the sputter time and the final
sputter depth. The sputter depth was determined by
measuring the height of a step covered by a metal sheet,
using a profilometer (DEKTAK 8000).

The peak width of approximately 150 nm is in the
range of the result from the TEM micrograph. The
comparison of the gold signal and the signal of a copper
marker layer evaporated after the crystallization (Fig-
ure 10) allows to reason that the sputter depth can be
identified with the embedding depth of the gold clusters
with an error <20 nm.

Discussion

When a polymer crystallizes, the crystals grow from
individual nuclei. The chains fold and form lamellae
with a thickness of 10—20 nm.” Usually the lamellae
radiate like spokes of a wheel in three dimensions. In
the present case the polymer is a thin film, so the
lamellae cannot grow in every dimension uniformly.
Although, because of the thin film thickness, we have
more or less two-dimensional spherulites, we expect the
first nuclei to form at the surface exposedto the acetone
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model: (a) cluster trapped between branching lamellae; (b)
cluster trapped between spherulites; (c) cluster in the amor-
phous region; (d) smaller cluster not disturbing the structure.

vapor. Hence, lamellae should primarily penetrate the
polymer from the surface into the bulk. The branching
lamellae give birth to daughter lamellae, if the space
between them is large enough. Amorphous polycarbon-
ate is trapped between them. The thermodynamically
most unfavorable position for a gold cluster is inside of
a lamella. It is very unlikely that a cluster is incorpo-
rated into the structure of the lamella because this
would cause major structural disturbance.

In the amorphous area, the clusters have three
possible positions in Figure 11. However, position (c) in
the noncrystallized area is the most likely position; some
clusters will be trapped between the spherulites (b) or
between branching lamellae (a). If the crystallites grow
deeper into the film, the number of such areas will rise
and more clusters are trapped, so we expect the disper-
sion to slow down and to stop after some time. Although
our results show this slowdown, we are not sure about
the end of the process yet. Furthermore, smaller clusters
should not be dispersed to such depths as the larger
ones. They do not disturb the structure of the lamellae
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as much, and they can stay in smaller amorphous
regions (cf. Figure 11d).

Conclusion

In our ongoing research we show that a layer of gold
clusters on the surface of an amorphous polymer can
be dispersed onto the polymer bulk by vapor-induced
crystallization. Since the dispersion is on the same time
scale as the crystallization process, we assume that the
crystallization is the cause for the dispersion.

Our proposed model, assuming that the clusters are
dispersed because of their thermodynamically unfavor-
able position in the crystalline area, is subject to further
investigations. The kinetic and steric parameters (i.e.,
the influence of cluster size and exposure time) of this
process are of special interest.
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