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Intermolecular separation determines the extent of orbital overlap and thus the rate of electron transfer between neighbouring
molecules in an organic crystal. If such a crystal is compressed,
the resistivity decreases owing to a diminishing intermolecular
distance1. Metal–insulator transitions have been observed by
applying hydrostatic pressure to, for example, Langmuir films
of metal nanoparticles2,3. But previous attempts to observe a clear
transition point in organic crystals, such as anthracene and
tetracene, were not successful owing to difficulties with electrically insulating the high-pressure cell4. Here we report a different
approach by using a sample that is photoconductive and forms an
organized film. A cylindrical tip (,100 mm in diameter) was used
to compress the sample instead of a piston/cylinder structure,
entirely eliminating the problem of electrical insulation. Furthermore, by illuminating the sample with a laser, the conductivity of the sample is increased by several orders of magnitude.
By monitoring the photocurrent with sensitivity at the 10213 A
level, changes in resistivity at very low pressure could be monitored. We observe a sharp increase in current that could indicate
a transition from hopping to delocalized conduction.
Zinc octakis(b-decoxyethyl)porphyrin (ZnODEP) was used as
the sample. In the crystal, molecules are regularly stacked to form
well-defined molecular columns. As the intercolumn separation is
large (,24 Å), each column is fairly isolated electronically from a
neighbouring column5,6. In fact, in the liquid-crystal state (95–
147 8C), the column structure still remains in the discotic mesophase, although the long tails are disordered5. The molecule-tomolecule distance within the same column is also quite large
(,4 Å). The structure of ZnODEP suggests that the solid should
be relatively soft and easy to compress compared to other organic
162

Figure 1 Schematic diagram of the experimental apparatus. A PZT pusher capable of
moving extremely slowly (a few Å s21) was used to drive the tip so that the sample could
be maintained in a quasi-equilibrium state during compression. A balance (Sartorius,
1212 MP) was used to measure the pressure precisely by placing the sample on its top.

crystals, such as anthracene. Films were made by a capillary filling of
the substance in the molten state into empty ITO (indium tin oxide)
sandwich cells as reported earlier7,8. The cells were then cooled to
form a solid film, and separated to produce a free surface. As shown
in previous work7–9, the axes of the molecular columns are oriented
perpendicular to the ITO surface, so that the pressure would
mainly affect the intermolecular interactions within the same
columns.
An argon-ion laser (100 mW at 488 nm, Melles Griot) was used to
irradiate the film via a fibre optic through the ITO glass. The tip was
made from a stainless-steel cylinder about 0.1 inch in diameter with
one end tapered to a sharp point by mechanical polishing. The tip
was then pressed against a stainless-steel or glass plate to flatten the
end to about 100–150 mm diameter by applying very high pressure.
The overall structure is tip/film/ITO (Fig. 1). The electrical contacts
were made to both the ITO and the tip electrodes. The tip was
pushed by a PZT (lead zirconate titanate) pusher (Burleigh) to
compress the film. A micrometer was attached to the other end of
the pusher for the initial rough adjustment of the distance between
the tip and the film.
When the tip was brought into contact with the ZnODEP film, a
steady photocurrent was observed under a fixed bias voltage of 3.2 V
(with the tip negative). The magnitude of the photocurrent
depended on the initial film thickness. A short-circuit photocurrent
could also be detected, as reported earlier, with large-area ITO/
ZnODEP/ITO sandwich cells9–11. This current is produced by
preferential injection of photogenerated electrons from ZnODEP
molecules into the illuminated ITO electrode, while holes hop
through the film to the tip electrode. Note that the photocurrent
started to increase immediately following the tip’s forward move-

Figure 2 Photocurrent as a function of compression and expansion of a ZnODEP film
about 6 mm thick between ITO glass and a stainless-steel tip. The ITO glass was placed on
a fixed stainless-steel platform, and the tip was moved at a rate of 4 nm s21. The film was
irradiated from the ITO side with a fibre optic through a hole in the platform. A bias voltage
of 3.2 V was applied between sample and tip, with the tip negative.
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ment to compress the film, and linearly increased from subpicoamp
to nanoamp levels during the film compression. When the light was
cut off briefly from time to time, the photocurrent dropped by
several orders of magnitude, as expected, and increased back to the
same level when the light was turned on again. When the film had
been compressed to a certain level and the tip was then moved
backward so that the film expanded, the photocurrent decreased.
Reversible changes in photocurrent were observed during cycles of
film compression and expansion (Fig. 2). The tip could be moved
back and forth for many cycles at the same spot without affecting the
reversibility and the magnitude of the photocurrent, indicating that
the film beneath the tip was quite flexible and not physically
damaged. Examination of the film under an optical microscope
after the experiment showed no indentation or other damage at the
position where the tip compression occurred, confirming that the
applied pressure was mainly confined to an area over the molecular
columns.
When the film was compressed further, a point was reached where
the slope of the log current versus displacement curve greatly
increased and the current became larger by several orders of
magnitude (Fig. 3). A photocurrent at the 0.1 mA level was obtained,
which was over six orders of magnitude higher than the initial value.
This increase can be explained by a decrease in the intermolecular
separation to such a level that the molecular orbitals overlap,
changing the charge carrier transport mechanism from hopping
to delocalized conduction. We do not know the pressure distribution along the molecular columns from the tip to the ITO
substrate. Perhaps molecular separations near the tip were first
decreased by compression at low pressure, while the intermolecular
distances near the ITO surface were decreased at the critical
pressure, leading to a very marked increase in current (Fig. 3). On
the other hand, the molecular distances might be decreased relatively uniformly. In either case, however, the sharp current increase
would signal a transition from hopping to delocalized conduction.
We are not aware of any theory predicting such a transition.
The estimated resistivity of the ZnODEP film beneath the tip was
of the order of 106 Q cm, indicating that the insulator was changed
into a semiconductor. The pressure at the transition point was
about 2.2 kbar, as determined with a balance (176 g over a tip about
100 mm in diameter). Seven measurements at different locations on
the film showed the same result. Careful examination under an

Figure 3 Photocurrent as a function of distance during the compression of a ZnODEP film
about 10 mm thick between ITO glass and a stainless-steel tip. A bias voltage of 3.2 V was
applied to the sample with the tip negative, and the film was compressed at a rate of
4 nm s21. Inset, schematic structure of ZnODEP.
NATURE | VOL 418 | 11 JULY 2002 | www.nature.com/nature

optical microscope indicated that the shape of the tip was not
changed after these measurements. Once the material became a
semiconductor under pressure, the current was a function of bias
voltage (Fig. 4). This current–voltage curve was very stable: ten
consecutive curves essentially overlapped. The nonlinear behaviour
clearly indicates that the tip was not in direct contact with the ITO
substrate. In fact, the compressed film under the tip was still about
6 mm thick.
The same general behaviour was found for the film in the dark
(Fig. 3). The initial current was over two orders of magnitude
smaller, but a transition to a more conductive state was seen at
essentially the same pressure as that for the illuminated film.
Moreover, the optical properties of the ZnODEP film under
pressure also changed when the compression was carried out on
the stage of an inverted optical microscope (Nikon, TE300). The red
colour of the film became darker with increasing pressure.
Additional studies of the optical effects of compression are planned.
To determine how much the films were compressed under the tip,
the samples were placed on a fixed stainless-steel platform instead of
the balance. Before each measurement, the tip was directed first to
the bare ITO surface next to the ZnODEP film. Once a tunnelling
current between the tip and ITO was detected, the tip was withdrawn a known distance. The tip was then moved to approach the
film and start the compression while the current and travel distance
of the tip were monitored continuously. After the measurement, tip
was moved to bare ITO surface again to assess the distance. This
measured distance was exactly the same, even after the sample was
taken out and put back onto the platform a number of times. Thus,
the changes in the film thickness during the compression could be
calculated. There is some uncertainty, however, because other parts,
including the ITO glass, could be compressed to some degree.
Because the glass and stainless steel are much harder than the
ZnODEP film, their compression is probably negligible. The data
indicate that the film was compressed by about 50% at the transition
point. This can be compared to the 30–40% shrinkage observed
with aromatic crystals, such as pentacene, at a pressure in the region
of several hundred kilobars12.
As mentioned above, the ZnODEP material is relatively soft
owing to its structure (Fig. 3 inset), and is very different from
conventional organic molecular crystals. Indeed, when anthracene
films (,10 mm thick) were tested with our apparatus, the transition
point was not seen under a pressure beyond our balance’s upper

Figure 4 Current as a function of bias voltage in ZnODEP semiconductor (pressure about
2.7 kbar). Ten consecutive curves overlapped. Scan rate, 50 mV s21. The photocurrent
was at 10213 A under a bias voltage of 3.2 V when there was no compression.
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limit, which was twice as high as the transition pressure for
ZnODEP.
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Self-regeneration of a Pd-perovskite
catalyst for automotive emissions
control

problem has been exacerbated in recent years by the trend to
install catalytic converters closer to the engine, which ensures
immediate activation of the catalyst on engine start-up, but also
places demanding requirements on the catalyst’s heat resistance.
Conventional catalyst systems thus incorporate a sufficient excess
of precious metal to guarantee continuous catalytic activity for
vehicle use over 50,000 miles (80,000 km). Here we use X-ray
diffraction and absorption to show that LaFe0.57Co0.38Pd0.05O3,
one of the perovskite-based catalysts investigated1–4 for catalytic
converter applications since the early 1970s, retains its high metal
dispersion owing to structural responses to the fluctuations in
exhaust-gas composition that occur in state-of-the-art petrol
engines5. We find that as the catalyst is cycled between oxidative
and reductive atmospheres typically encountered in exhaust gas,
palladium (Pd) reversibly moves into and out of the perovskite
lattice. This movement appears to suppress the growth of metallic Pd particles, and hence explains the retention of high
catalyst activity during long-term use and ageing.
A state-of-the-art automotive petrol engine is operated close to
the stoichiometric air-to-fuel ratio (by using an oxygen sensor and a
sophisticated feedback control system linked to the catalyst) in
order to convert simultaneously three pollutant emissions—carbon
monoxide (CO), hydrocarbons, and nitrogen oxides (NOx)5—into
carbon dioxide (CO2) water (H2O) and nitrogen (N2). A time lag
associated with adjusting the air-to-fuel ratio results in a redox
fluctuation in the exhaust gas. We designed our catalyst system to
react to this fluctuation, to achieve greater efficiency and to conserve
precious metals.
The conversion of CO and NOx is equal at the CO–NOx crossover point (see Methods for catalytic evaluation), and the conversion at this point is generally accepted as a useful indicator of
catalytic activity6. Figure 1 compares the activity of two catalysts
using this indicator; one is LaFe0.57Co0.38Pd0.05O3 (Pd-perovskite,
our ‘intelligent’ catalyst), and the other is Pd-impregnated g-Al2O3
(Pd/alumina, the conventional catalyst; see Methods for catalyst
preparation and testing). The Pd-perovskite catalyst maintains its
high activity during ageing, whereas the activity of the Pd/alumina
catalyst deteriorates by about 10%. (See Supplementary Information Fig. 1 for details on the conversion of different pollutants
during the sweep test.) Imaging of the aged catalysts by transmission
electron microscopy showed that the Pd particles on alumina
reached sizes of up to 120 nm, whereas only small metallic particles
about 1–3 nm in diameter were found on the perovskite surface (see
Supplementary Information Fig. 2). X-ray energy dispersion analysis indicated that the small particles contain not only Pd, but also
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Catalytic converters are widely used to reduce the amounts of
nitrogen oxides, carbon monoxide and unburned hydrocarbons
in automotive emissions. The catalysts are finely divided precious-metal particles dispersed on a solid support. During
vehicle use, the converter is exposed to heat, which causes the
metal particles to agglomerate and grow, and their overall surface
area to decrease. As a result, catalyst activity deteriorates. The
† Present addresses: Faculty of Engineering, Tottori University, Tottori 680-8552, Japan (T.A.); Research
Institute for Science and Technology, Chubu University, Kasugai, Aichi 487-8501, Japan (T.O.).

164

Figure 1 Change in catalyst activity during ageing. Shown is the ageing dependence of
the CO–NOx cross-over point conversion for LaFe0.57Co0.38Pd0.05O3 (Pd-perovskite
catalyst) and Pd-impregnated g-Al2O3 (Pd/alumina catalyst). The conversion efficiency
was evaluated three times for each sample by the sweep test (see Methods). The median
of the CO–NOx cross-over point conversion (see Methods) is plotted as the symbol,
together with the maximum and the minimum as error bars.
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