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We report a novel two-dimensional gas-solid phase transition of pentacene molecules on the

Cuð110Þ-ð2� 1ÞO surface where the 2D condensation is accompanied by a reversible azimuthal rotation

of the pentacene molecules. The change of the optical anisotropy associated with this reorientation allows

us to explore the 2D condensation as a function of coverage and temperature by reflectance difference

spectroscopy. As a result, the 2D heat of condensation of pentacene on Cuð110Þ-ð2� 1ÞO is determined to

be 84 meV, which is more than one order of magnitude smaller than the respective value for 3D

crystallization.
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Adsorption of large �-conjugated molecules on inor-
ganic solid surfaces is a topic of great interest in both
fundamental research and technological applications
[1–3]. On the one hand, the morphology and the associated
electronic structure of the organic-inorganic interface deter-
mine the performance of optoelectronic devices based on
organic thin films such as organic field effect transistors,
organic light emitting diodes, and organic photovoltaic cells
[4]. On the other hand, the large footprint and the numerous
internal degrees of freedom of large �-conjugated mole-
cules may lead to a more complex structural phase diagram
as compared to atoms or small molecules [5]. Recent ex-
perimental and theoretical studies demonstrate that the
conformation, orientation, and deformation of large
�-conjugated molecules can have a sensitive influence on
the delicate balance between intermolecular and molecule-
substrate interactions and thus, lead to novel types of struc-
tures and phase transitions [6–12].

In this Letter, we report on the adsorption of pentacene, a
prototype rod-shaped �-conjugated molecule, on the
highly corrugated, anisotropic Cuð110Þ-ð2� 1ÞO surface.
We find that pentacene molecules experience a weak
attractive intermolecular interaction leading to a fully re-
versible two-dimensional (2D) gas-solid phase transition
upon variation of surface coverage or substrate tempera-
ture. A close inspection of this phase transition reveals that
the ideal 2D gas law is still valid in spite of the large size
and the complex internal structure of pentacene. Moreover,
we find that the rod-shaped pentacene molecules reorient
themselves upon 2D condensation, thus revealing the an-
isotropic nature of the intermolecular interaction and its

dependence on the azimuthal orientation of the molecules
relative to the highly corrugated surface with twofold rota-
tional symmetry.
Reflectance difference spectroscopy (RDS), also known

as reflectance anisotropy spectroscopy, measures the dif-
ference of the reflectance at normal incidence for two
mutually perpendicular orientations of the polarization
vector as a function of photon energy [13]. For large
�-conjugated organic molecules, Frederick et al. have
demonstrated that RDS is particularly sensitive to the
azimuthal molecular orientation on surfaces [14]. In the
current study, RDS was applied to investigate the orienta-
tional ordering of pentacene as a function of surface cover-
age � and substrate temperature Ts.
The experiments were carried out in a UHV chamber

with a base pressure of 1� 10�10 mbar. The substrate can
be heated by electron beam bombardment from the back-
side and cooled down to 15 K with a liquid He cryostat.
The Cu(110) surface was cleaned by repeated cycles of
Arþ ion sputtering and subsequent annealing at 800 K. The
Cuð110Þ-ð2� 1ÞO surface was prepared by exposing the
freshly cleaned Cu(110) surface to more than 20 L of
oxygen (1 L ¼ 1� 10�6 Torr � s) and subsequent anneal-
ing at 600 K. Pentacene molecules were evaporated from a
thoroughly degassed Knudsen cell while the sample was
held at selected temperatures. The molecular adsorption
and the 2D phase transition were monitored in situ using a
photoelastic modulator based reflectance difference (RD)
spectrometer [15,16]. The normalized difference in reflec-
tivity �R=R ¼ 2ðR½1�10� � R½001�Þ=ðR½1�10� þ R½001�Þ [17] is

recorded either in spectroscopic mode (spanning a
photon energy range from 1.5 to 5.5 eV) or by recording
transients, where the �R=R signal at a selected photon
energy is monitored as a function of time. In addition, the
structure and morphology of the pentacene adlayer was
investigated using a homemade variable temperature
scanning tunneling microscope and low energy electron
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diffraction (LEED) equipped with a double channel plate
detector.

Figure 1(a) shows RD spectra (�R=R) recorded after
consecutive deposition of pentacene on Cuð110Þ-ð2� 1ÞO
at a substrate temperature of 300 K up to a total coverage of
1 monolayer (ML) (which corresponds to a close-packed
layer of lying pentacene molecules). In order to follow the
detailed evolution of the molecular orientation during the
initial stage of growth, the amount of pentacene deposited
in each of the first 15 steps was chosen to be as small as
0.013 ML. The RD spectrum corresponding to 1 ML of
pentacene exhibits a pronounced peak at around 3.8 eV
which can be attributed to the intramolecular electronic
transition from the highest occupied molecular orbital
(HOMO) to the third lowest unoccupied molecular orbital
(LUMOþ2) of pentacene [18,19]. Noting that the dipole
moment of this transition is oriented along the long

molecular axis, the positive sign of the corresponding RD
response indicates that the pentacene molecules are lying
flat on the surface with their long molecular axis oriented
preferentially along the [001] direction of the Cu substrate
(i.e., the direction of the Cu-O rows). The morphology
resolved by STM [Fig. 1(d)] and LEED [Fig. 1(e)] shows
that the pentacene monolayer forms a ð 1

�3
�4
�2Þ superstruc-

ture with three molecules per unit cell [Fig. 1(d)]. The long
molecular axis is, indeed, found to be exclusively aligned
along the [001] direction of the substrate. However, a
closer inspection of the first 15 RD spectra, recorded at
the beginning of the pentacene deposition [Fig. 1(b)],
reveals that the RD signal at 3.9 eV, at first, gradually
grows in the opposite (negative) direction until a coverage
of �c � 0:1 ML is reached. In Fig. 1(c), the difference
between subsequent RD spectra [�ð�R=RÞ], i.e., the incre-
mental change of the RD spectrum, is shown to illustrate
the characteristic difference between the spectra of the
pentacene molecules below and above the coverage �c,
respectively: the orange (light) curve corresponds to the
change of �R=R from zero coverage up to �c, whereas the
blue (dark) curve depicts the change over the coverage
range from �c to 2�c. The two curves clearly differ with
respect to sign, line shape, and amplitude. Also a slight
shift of the peak position can be discerned. This observa-
tion unambiguously shows that pentacene adsorbs in two
distinct phases with different molecular alignment and
different electronic structure below and above �c.
Compared to the characteristic spectrum of the high cover-
age (well-ordered) phase, the negative, broadened line
shape with smaller amplitude observed at � < �c indicates
a much lower degree of orientational ordering, but with net
molecular orientation along the [1�10] direction of the
substrate [20]. From these experimental observations we
infer the following growth scenario: at low coverages,
pentacene molecules adsorb in a 2D gas phase, which
then condenses into a 2D solid phase at the coverage �c.
Such 2D phase transitions are well-known for atoms and
small molecules and are typical for adsorbates with attrac-
tive lateral interactions [21,22].
Figures 2(a) and 2(b) show RD transients at a photon

energy of 3.9 eV, and the spectral evolution, respectively,
for 0.25 ML pentacene on Cuð110Þ-ð2� 1ÞO as a function
of substrate temperature. The fully reversible temperature
dependence of the RD signal at 3.9 eV means that at all
times 2D condensed phase and 2D gas phase are in thermal
equilibrium, which, in turn proves that this is indeed an
entropy-driven equilibrium phase transition. The corre-
sponding morphology has also been studied by STM.
Figures 2(c) and 2(d) show STM images of the same
sample, namely, 0.2 ML pentacene on Cuð110Þ-ð2� 1ÞO,
recorded at substrate temperatures of 15 and 300 K, respec-
tively. While we were able to achieve atomic resolution of
the Cuð110Þ-ð2� 1ÞO surface structure, well ordered pen-
tacene islands could only be found on the surface at low
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FIG. 1 (color online). (a) RD spectra (�R=R) of the pristine
Cuð110Þ-ð2� 1ÞO surface (thick black dotted line) and after
subsequent deposition of pentacene (thin solid lines): for the
first 15 spectra, the coverage increment is 0.013 ML/spectrum up
to a total coverage of 0.2 ML; the last five spectra correspond to
pentacene coverages of 0.5, 0.7, 0.8, 0.9, and 1 ML, respectively.
(b) Spectral evolution during the first 15 deposition steps in the
energy range around the main peak position. The first 8 spectra
growing in negative direction are plotted in orange (light),
whereas the rest, growing in positive direction, is plotted in
blue (dark). (c) Difference between two RD spectra [�ð�R=RÞ]:
0:1 ML-0:0 ML (orange or light); 0:2 ML-0:1 ML (blue or
dark). (d) STM image at 15 K of a closed pentacene adlayer
(1 ML) on Cuð110Þ-ð2� 1ÞO, deposited at room temperature.
The (1 4, �3 2) unit cell of the superstructure is indicated.
Tunneling current: 20 pA; tip bias: þ2 V. (e) LEED pattern of
the full pentacene monolayer at 115 K (upper half) and simu-
lated reciprocal lattice (lower half) with indication of the unit
cell of the superstructure.
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temperatures. At room temperature, only fuzzy features,
most likely induced by pentacene molecules moving under
the STM tip, were observed. Evidently, the STM study
confirms that, at low surface coverage, pentacene mole-
cules condense into 2D islands at low temperature but form
a highly mobile 2D gas phase at room temperature.

Furthermore, we have determined the onset of conden-
sation (i.e., the coverage �c) as a function of substrate
temperature. Figure 3(b) shows the evolution of the
�R=R signal at 3.9 eV and a substrate temperature of
250 K as a function of pentacene coverage � (adsorption

isotherm): a slow, negative slope of the RD transient at the
beginning of pentacene deposition is followed by a fast
increase with positive slope. The slight increase in slope
just before the completion of the first monolayer could be
due to an enhanced condensation rate or to slight changes
in the structure or conformation in the condensed phase
upon 2D compression. We are able to explain the curve
shape of these adsorption isotherms according to the dis-
cussion above: the negative slope at the initial stage of
growth is due to the formation of a 2D gas phase. The
change in sign at a coverage of around 0.1 ML marks the
surface coverage (�c) at which the condensation of the 2D
gas phase into a 2D solid phase sets in. The subsequent
linear increase of the RD signal directly correlates with the
increase of the coverage of the 2D solid phase. The pres-
ence of a condensation point implies a net attractive inter-
action between pentacene molecules adsorbed on the
surface. By studying the dependence of the onset of con-
densation �c on the substrate temperature Ts, the 2D heat
of condensation�H can be deduced from the 2D Clausius-
Clapeyron equation [23]

dðln’cÞ
dð1=TsÞ

¼ �H

kB
; (1)

where ’c is the 2D spreading pressure, which can be
related to the coverage �c through the ideal gas law,
namely, ’c ¼ ns�ckBTs (with ns being the surface density
of the substrate atoms and kB the Boltzmann constant).
From the dependence of �c on the substrate temperature Ts,
extracted from Fig. 3(a), �H can be deduced directly by
plotting the logarithm of ’c as a function of the inverse
temperature T�1

s (Fig. 4). The slope of the linear fit to the
data points (solid red line in Fig. 4) yields a 2D heat of
condensation of �H ¼ 84� 2 meV per pentacene mole-
cule. The fact that the experimental data points lie on a
straight line corroborates the validity of our assumptions,
in particular the appropriateness to describe the low density
gas phase by the ideal gas law. The 2D heat of condensa-
tion �H determined in this work is more than one order of

FIG. 3 (color online). RD signal intensity (�R=R) at a photon
energy of 3.9 eV, recorded during the deposition of pentacene on
Cuð110Þ-ð2� 1ÞO: (a) initial stage of growth (up to 0.6 ML)
for five different substrate temperatures (230 K, 250 K, 270 K,
290 K, and 310 K, from left to right, respectively). (b) Complete
monolayer growth curve at a substrate temperature of 250 K.
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FIG. 2 (color online). (a) �R=R signal at 3.9 eV recorded
during heating and cooling of a 0.25 ML pentacene adlayer on
Cuð110Þ-ð2� 1ÞO; heating rate: 0:2 K=s. (b) Corresponding RD
spectra recorded at selected temperatures during heating or
cooling (200 K, 220 K, 240 K, 260 K, 280 K, 300 K, 320 K,
and 340 K, from top to bottom). (c) STM image at 15 K of a
0.20 ML pentacene adlayer on Cuð110Þ-ð2� 1ÞO. (d) STM
image at 300 K of the same sample as shown in (c). Tunneling
current: 20 pA; tip bias: þ2 V.

FIG. 4 (color online). Logarithm of the 2D spreading pressure
’c ( ln�cTs) as a function of the inverse temperature (1=kBTs).
The data points were deduced from the onset of condensation
(coverages �c in Fig. 3) and fitted by a linear curve (red solid
line).
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magnitude smaller than that of the 3D pentacene crystal
(1.58 eV), in which van der Waals intermolecular interac-
tions play the key role [24,25]. The significant reduction
of the 2D condensation energy of pentacene on
Cuð110Þ-ð2� 1ÞO, with respect to the 3D crystal, could
be due to several reasons. (i) First of all, the effective
coordination of the molecules in the 2D condensed layer
is reduced with respect to the 3D bulk. Moreover, the
intermolecular interactions are anisotropic. Therefore, the
intermolecular binding energy also depends on the relative
orientation of the molecules and their mutual arrangement
as well as on the dimensionality of the packing. (ii) The 2D
gas phase may be composed of small pentacene aggregates
(e.g., dimers) in which molecules are already bound to
each other. Upon condensation of such aggregates, this
internal binding energy would not be included in the 2D
condensation enthalpy �H as determined from the data in
Fig. 4. (iii) The molecule-substrate interaction, which is
completely absent in the case of the 3D pentacene crystal,
significantly alters the nature and strength of the intermo-
lecular interaction between adsorbed molecules. In the
context of substrate-mediated interactions, it is also inter-
esting to compare the results of the current study
with pentacene adsorption on bare Cu(110) [26,27]. The
molecule-substrate interaction is substantially stronger for
pentacene on Cu(110) as compared to Cuð110Þ-ð2� 1ÞO.
This is evidenced by the following observations: (i) a
strong hybridization reflected by a measurable charge
transfer from the substrate to the molecules has been
observed for pentacene adsorbed on bare Cu(110) [28],
but not for pentacene on Cuð110Þ-ð2� 1ÞO [29], and
(ii) the desorption temperature of pentacene molecules is
much higher on Cu(110) than on Cuð110Þ-ð2� 1ÞO (T >
800 K vs T � 430 K) [30,31]. This significant reduction
of molecule-substrate interaction can be assigned to the
passivation of the Cu(110) surface by adsorption of oxy-
gen. The reportedly repulsive interaction of pentacene
molecules adsorbed on the bare Cu(110) surface could be
due to a sizable dipole moment induced by the strong
electronic hybridization, whereas the weaker interaction
between pentacene and the Cuð110Þ-ð2� 1ÞO surface
leads to a smaller repulsive component to the effective
lateral interaction, which may be completely outweighed
by the van der Waals force, thus resulting in a weak, but
still attractive, net intermolecular interaction. In fact, the
reorientation of pentacene molecules upon 2D condensa-
tion, as revealed in the present study, prominently attests
the importance of this delicate balance between competing
intermolecular and molecule-substrate interactions.

In conclusion, by monitoring the evolution of the
in-plane optical anisotropy, we have been able to reveal
the 2D gas to solid phase transition of pentacene molecules
adsorbed on Cuð110Þ-ð2� 1ÞO. This phase transition
is driven by a small condensation enthalpy of �H ¼
84� 2 meV. Most remarkably, this phase transition is

accompanied by an azimuthal reorientation of the mole-
cules which can be interpreted by two intercorrelated ef-
fects: the dependence of the intermolecular interactions on
the azimuthal orientation of the molecules, and the depen-
dence of the molecular alignment on the lateral bonding
conditions. Those are essentially two aspects of a single
physical effect, namely, the competition between intermo-
lecular and molecule-substrate interactions of molecules
adsorbed on a surface.
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