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The absorption spectra in an oriented film of pentacene have been studied up to
10 GPa under hydrostatic conditions. The absorption bands of this hydrocarbon
rapidly shifted to a longer wavelength region. The Davydov splitting of the 0-0
band in the oriented film abruptly increased with increasing pressure up to
1.2 GPa. However, this splitting disappeared at around 1.5 GPa. The absorption
spectrum at this pressure is similar to that of the amorphous film. The molecular
arrangements in the oriented film of pentacene changed to the amorphous state at
around 1.5 GPa. When the pressure was increased further, the absorption peaks
disappeared at pressures greater than 6.6 GPa. When the pressure is reduced
from 10 GPa to the ambient pressures, we cannot find the original absorption
spectra of the oriented film of pentacene. The irreversible optical property arises
from the solid-phase reaction at higher pressures.

We have observed in situ shear stress effects on the oriented film of pentacene in
the sapphire-anvil cell under the microscope. After the pressure is increased
up to 2 GPa, one sapphire-anvil is rotated by applied force to generate shear
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stress at this pressure. The color of the thin film changed remarkably from blue
to yellow at the outer part on the anvil, but the color at the center was blue,
insensitive to shear stress. The absorption intensity of the visible bands sharply
decreased, and the width vastly broadened in the outer part. The amorphization
of the oriented film is accelerated under shear deformation. On the other hand,
the intensity of the absorption band below 400 nm increased in the outer part.
After shear stress was reduced, the original spectrum of pentacene did not
recover completely. The conjugated system in pentacene is partly broken by shear
stress. Thus, the solid-phase reaction is also induced by shear stress for the
thin film.

Keywords: absorption spectrum; amorphization; high pressure; pentacene; shear
stress; solid-phase reaction

INTRODUCTION

The effects of pressure on an electrical resistivity of aromatic crystals
have been studied; the resistivity rapidly decreases by several orders
of magnitude at high pressures. This behavior is closely associated
with an increase in the amount of overlap between adjacent mole-
cules. The band calculations at high pressure have been carried
out for aromatic crystals by several authors [1,2]. p-Iodanil and tetra-
selenotetracene have the low resistivity of ca. 10�1 X cm at around
20 GPa [3]. An insulator-to-metal transition in p-iodanil is found at
around 30 GPa. Further, this compound shows the superconductivity
at about 2 K at pressures greater than 52 GPa [4]. This is the first
observation of the superconductivity in simple organic molecular
crystals.

Pentacene (C22H14) is a five-ring polyacene molecule. The crystal
structure of this compound is triclinic, with two molecules in a unit
cell [5,6]. The resistivity of pentacene abruptly decreases from
1015 X cm at normal pressure to 10�1 X cm at 16 GPa [7,8]. A single
crystal of pentacene shows a metallic behavior at around 19 GPa,
and further, the solid-phase reaction is induced at very high pres-
sures [7]. The phase transition in pentacene is found at around
0.2 GPa [6]. We have already studied the absorption spectra of
oriented and amorphous films of tetracene and pentacene up to
0.6 GPa [9,10]. The absorption bands of both films rapidly shift to a
longer wavelength region at high pressures. The Davydov splitting
in the oriented film markedly increases with increasing pressure.
This behavior is explained by the theory of molecular excitons
[9–11]. Pentacene shows interesting physicochemical properties at
high pressures.
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We have prepared new sapphire-anvil type and diamond-anvil cells
to generate shear stress at high pressure. Using these cells, shear
stress effects on the absorption spectra and X-ray diffraction of the
one-dimensional metal complexes have been studied under high
pressure [12,13]. It has been found that the electronic states of these
complexes essentially change by applying shear deformation.

We have studied in detail the pressure effect on the absorption spec-
tra in the oriented film of pentacene under hydrostatic conditions.
Further, the electronic spectra in the oriented film of pentacene
have been investigated under applied shear deformation and non-
hydrostatic conditions. In this report, pressure and shear stress effects
for the thin films of pentacene are discussed.

EXPERIMENTAL

The absorption spectra in thin films of pentacene were measured in
detail with a sapphire-anvil cell in the 0- to 2-GPa region [14], and
with a diamond-anvil cell in the 3- to 10-GPa region under hydro-
static conditions [4]. The optical system comprised a standard
microscope and a spectrophotometer with an associated photodetec-
tion system. A fourier transform infrared spectrometry (FT-IR)
(Nicolet MAGNA-IR760) was used for the measurement of the
absorption spectra in the near infrared region. An oriented film of
pentacene was prepared by evaporation onto the surface of an anvil
in high vacuum. The thickness of the evaporated films is about
1500 Å. Fluorinert was used as the pressure medium.

The new sapphire-anvil cell designed to generate shear stress has
already been prepared [12]. Figure 1 shows the schema to generate
shear stress under high pressures. After two anvils are pressurized,
shear stress is generated by the rotation of one anvil at high pressure.
A radius (r) of the anvil top is 0.50 mm. The flat film of pentacene with
the thickness of 1500 Å was prepared by evaporation onto one sapphire-
anvil. The electronic absorption spectra of the thin film on the anvil
were measured at several points along the radial direction under shear
deformation. In this case, the gasket was not used in order to observe
the remarkable shear stress effect. Thus, it is very difficult to deter-
mine the pressure by the ruby fluorescence method because the ruby
is a very hard material. The pressure vs. wavelength curve for penta-
cene was studied under hydrostatic conditions. In a previous article,
we reported that the absorption band around the center of the anvil
is insensitive to shear stress [12]. Thus, the pressure in the cell under
nonhydrostatic conditions was determined from the pressure vs. wave-
length curve of pentacene [12,13].
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RESULTS AND DISCUSSION

Pressure Effects on the Absorption Spectra in the
Oriented Film of Pentacene

The orientation of pentacene and tetracene molecules in evaporated
thin films is sensitive to the substrate temperature [10,15]. When
the temperature on the substrate is greater than room temperature,
the oriented film is easily grown. On the other hand, the amorphous film
is prepared on the substrate cooled by liquid nitrogen. The interesting
absorption bands in the oriented film of pentacene are observed at
around 630 and 670 nm [10,15]. Both bands are the Davydov components
of the 0-0 band. The magnitude of this splitting is about 920 cm�1.
This value is much larger than that of ordinary aromatic hydrocarbons.
The sublimation energy of pentacene is largest among aromatic crystals
with 22 carbon atoms [10]. The large value of the Davydov splitting
arises from the strong intermolecular interactions between adjacent

FIGURE 1 Schema to generate shear stress under high pressures.
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molecules at ambient pressure. On the other hand, the Davydov splitting
is not observed in the amorphous film of pentacene [15].

The absorption spectra in the oriented film of pentacene were mea-
sured with the sapphire-anvil type cell up to 2 GPa under hydrostatic
conditions. Figure 2 shows the absorption spectra in the oriented film
of pentacene at high pressures. The absorption bands in visible region
for this compound rapidly shift to longer wavelength region with
increasing pressure. Both bands indicated by the arrows are due to
the Davydov splitting. Two bands with the Davydov components are
observed at around 645 nm and 720 nm under 1.1 GPa. The magnitude
of the Davydov splitting is 1615 cm�1 at this pressure. This splitting
rapidly increases with increasing pressure at the average rate of
630 cm�1=GPa. The Davydov splitting of tetracene is also sensitive to
pressures [10]. The rate of the increase of the Davydov splitting for

FIGURE 2 Pressure effects on absorption spectra for the oriented film of pen-
tacene in 0- to 2-GPa region. Both bands indicated by the arrows are due to the
Davydov splitting.
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pentacene is about two times larger than that of tetracene. The large
value of the Davydov splitting and its pressure dependence for penta-
cene cannot be explained by the usual exciton theory in the weak
coupling limit [10,11]. The intensity ratio of the both bands changes
sharply with increasing pressure greater than 0.6 GPa. This mainly
may be due to the rotation of the molecular plane in the unit cell at
high pressures [9]. Two bands with the Davydov components becomes
one at around 1.5 GPa. The Davydov splitting disappears at around
this pressure. As mentioned previously, the 0-0 band in the amorphous
film does not indicate the Davydov splitting [10,15]. The absorption
spectrum at 1.5 GPa is similar to that of the amorphous film.

The absorption spectra in the oriented film of pentacene were mea-
sured with the diamond-anvil cell up to 10 GPa at room temperature.
Figure 3 shows the absorption spectra of the thin film of pentacene in

FIGURE 3 Pressure effects on absorption spectra for the oriented film of pen-
tacene in 3- to 10-GPa region. There are small peaks in the 800- to 900-nm
region in the figure. These are due to the light source (xenon lamp).
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the 3- to 10-GPa region. The absorption spectra become broader at
higher pressures. The Davydov splitting is not found at around
3.0 GPa. The molecular arrangements in the oriented film of penta-
cene change to the amorphous state at around 1.5 GPa. When the
pressure is increased further, the absorption peaks disappear at pres-
sures greater than 6.6 GPa. When the pressure is reduced from 10 GPa
to the ambient pressure, we cannot find the original absorption
spectra in the oriented film of pentacene. The irreversible optical
behavior is observed for this compound. The visible peaks in the
absorption spectra of pentacene are due to the lowest energy tran-
sition of the p electrons. The disappearance of these bands at high
pressure arises from the disturbance of the conjugated system. The
resistivity of the polycrystalline pentacene abruptly decreases from
1015 X cm at normal pressure to 10�1 X cm at 16 GPa. However, the res-
istivity rapidly increases with time above 16 GPa [7,8]. This electrical
behavior suggests that the solid-phase reaction is induced at high
pressures. Bastron and Drickamer have reported that the solid-phase
reaction may be due to the pressure-induced polymerization [16]. The
disappearance of the absorption peaks observed for the thin film of
pentacene occurs at around 6.6 GPa. This value is much lower than
the pressure (16 GPa) observed in the polycrystalline pentacene. In
general, the reactivity of thin films is much higher than that of the
polycrystals. Thus, the solid-phase reaction is easily induced for the
thin film of pentacene in the low-pressure region.

We have already reported the amorphization and the solid-phase
reaction for the one-dimensional palladium complex, a-Pd(bqd)2 at high
pressures [17,18]. The powder X-ray diffraction of this complex has
been studied with synchrotron radiation at high pressures. The inten-
sity of many diffraction lines rapidly decreases and the width markedly
broadens at pressures greater than 3.5 GPa; the amorphous patterns
are observed. Many diffraction lines disappear at pressures greater
than 6.8 GPa. When the pressure is reduced to ambient pressure, the
original pattern is not recovered. The X-ray behavior is irreversible.
The absorption band based on the 4d–5p transition fades out at higher
pressures. The electrical resistivity increases rapidly with time at high
pressure [17]. These electrical, optical, and structural properties at
high pressure arise from the pressure-induced amorphization and
solid-phase reaction. A molecule of Pd(bqd)2 is the long molecule with
the length of more than 10 Å. Thus, the crystal structure of a-Pd(bqd)2
is anisotropic at ambient pressure. The structural anisotropy becomes
remarkable at high pressures. We suggest that the amorphization and
solid-phase reaction for a-Pd(bqd)2 are induced by the increase of asym-
metric intermolecular interactions at higher pressures [18].
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The crystal structure of pentacene is triclinic, with two molecules in
a unit cell. This structure resembles that of anthracene. In particular,
the molecular arrangements along the a- and b-axes are very similar
to those of anthracene. The pressure dependence of the lattice para-
meters for anthracene has been investigated at room temperature
[19]. The a- and b-axes of this hydrocarbon are easily compressed with
increasing pressure; on the other hand, the c-axis is less compressible.
The similar lattice constant vs. pressure curves are also expected
for pentacene though the X-ray diffraction has not been studied at
high pressure. Thus, the intermolecular interactions in the a–b plane
for pentacene increase remarkably with increasing pressure. The
molecular arrangements along the c-axis are composed of long mole-
cules of about 12.3 Å. The compressibility of the c-axis for pentacene
would be smaller than that of anthracene. The structure of pentacene
must become more anisotropic at higher pressures. As mentioned
previously, this behavior is similar to that of a-Pd(bqd)2 [18]. The asym-
metric intermolecular interactions for pentacene would also be
expected at higher pressures. Thus, we suggest that the asymmetric
intermolecular interactions are closely related to the amorphization
in the pentacene film at high pressures. Recently, Bustingorry
and Jagla have discussed the mechanism of the pressure-induced
amorphization [20].

Effect of Shear Stress on the Absorption Spectra
in the Oriented Film of Pentacene

The shear stress effect on absorption spectra in the thin film of one-
dimensional bis(diphenylglyoximato)platinum(II), Pt(dpg)2, have been
studied under high pressure [12,13]. After one sapphire-anvil is
rotated by applied force to generate shear stress at 0.4 GPa, the color
of the thin film changes remarkably from green to yellow at the outer
part on the anvil, but the color at the center is green, insensitive
to the shear stress. Absorption spectra at the outer part change
markedly, the intensity of the d–p band decreases sharply, and this
peak abruptly shifts to the near-infrared region. The shear stress
effect on the Raman spectra of Pt(dpg)2 has also been studied at high
pressure. The Raman shift is sensitive to shear stress at the outer part
[21]. Powder X-ray diffraction profiles of the thin film of Pt(dpg)2 at
center (green) and outer (yellow) parts have been studied under shear
deformation. The 110 and 200 lines at the outer part shift to the lower
d-value region [13]. This behavior corresponds to the shift of the
absorption peak at the outer part.
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We have observed in situ shear stress and pressure effects on
the oriented film of pentacene in the sapphire-anvil cell under the
microscope. The pressure in the cell is increased up to 2 GPa. Then,
as shown in Fig. 1, one sapphire-anvil is rotated by applied force to
generate shear stress at this pressure. We can see the region changed
by shear stress with the naked eye. Plate 1 shows photographs of the
thin film of pentacene by applying shear stress of less than 2 GPa. The
color of the thin film changes remarkably from blue to yellow at the
outer part on the anvil, but the color at the center is blue, insensitive
to shear stress. The yellow region at the outer part is remarkably
observed at around about 80% of the radius (0.8 r). The value of the
shear deformation can be estimated by the formula [22]

c ¼ ur

h
; ð1Þ

where c is the shear deformation, u the angle of the anvil-rotation in
rad, r is the radius of the sample in micrometers, and h the thickness
of the sample in micrometers. The shear stress effects become stronger
at the outer part of the anvil. Thus, the boundary based on the color
change appears under the shear deformation.

Figure 4 shows absorption spectra of the center (blue) part and the
outer (yellow) part in Plate 1b for the thin film of pentacene. The spec-
trum of the dotted line (blue part) is similar to that observed at around
1.5 GPa in Fig. 2. The solid line shows the absorption spectrum at the
outer (yellow) part in Plate 1b. The intensity of the absorption band

PLATE 1 a) Photographs of the thin film of pentacene at ambient pressure;
b) photographs of the thin film of pentacene applying shear stress of less than
2 GPa.

Pressure and Shear Stress Effects on Pentacene Absorption Spectra 119

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
0:

10
 2

2 
A

ug
us

t 2
01

2 



sharply decreases and the width vastly broadens in the outer part.
Amorphization of the oriented film is accelerated under shear defor-
mation. On the other hand, the intensity of the absorption band below
400 nm increases in the outer part. The color at the outer part changes
from blue to yellow. These results suggest that the conjugated system
in pentacene is partly broken by shear stress. After shear stress
is reduced, the original spectrum of pentacene is not recovered com-
pletely. The solid-phase reaction must be induced by shear stress
for a part of the film. By applying shear stress, the amorphization
and solid-phase reaction for pentacene occurs in low-pressure region.
Pentacene is a long molecule of about 12.3 Å. The lattice constants
of pentacene must show the anisotropic decrease by shear stress.
Thus, physicochemical properties of pentacene are very sensitive to
shear stress.

The shear stress effect on X-ray diffraction of GaSb with a diamond-
anvil cell has been studied at room temperature [23]. The diffraction

FIGURE 4 Absorption spectra of the center (blue) part and the outer (yellow)
part in Plate 1b for the thin film of pentacene; dotted line: center (blue) part,
solid line: outer (yellow) part.

120 I. Shirotani et al.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
0:

10
 2

2 
A

ug
us

t 2
01

2 



pattern of GaSb markedly changed from the crystalline state to the
amorphous phase by applying shear deformation under high pressure.
The stress-induced amorphizationis also observed for the inorganic
material. Thus, the study of the shear stress effect on various mate-
rials under high pressure is an important goal for solid state physics
and chemistry.
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