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The electron transfer dynamics of oligo(p-phenylene-ethynylene) (OPE) SAM on Au(111) was studied by
resonant photoemission spectroscopy. The ultrafast electron transfer from OPE molecules to Au substrate
was clearly observed. The time scale for this charge transfer is much less than 6 fs, the core-hole lifetime for
C 1s. This strongly suggests that there is an intense interfacial electronic coupling between OPE molecules
and the Au substrate.

Oligo(p-phenylene-ethynylene) (OPE) and its derivates have
attracted an enormous amount of attention as one of the most
promising system in molecular electronics.1 They have exhibited
negative differential resistance,2 bistable conductance,3 and
rectification.4 Understanding the electron-transfer process be-
tween OPE and supporting material is central to explaining these
novel properties.5

Although there are many investigations of OPE, most of them
focus on synthesis of its derivates,6 I-V measurements,7 and
electronic structural properties.8 There are few reports on the
electron-transfer process between OPE molecules and metals,9

especially the electron-transfer dynamics. Resonant photoemis-
sion spectroscopy (REPES) provides a feasible method to
monitor electron transfer occurring in the less-than-3-femto-
second (fs) time scale.10 This letter reports the first experimental
evidence for the presence of ultrafast electron transfer in OPE
molecules chemisorbed on gold and the time scale for this
transfer process by REPES technique.

OPE molecules of 4,4′-bis(phenylethynyl)-benzenethiol were
synthesized in the way described in ref 11. OPE self-assembled
monolayers (SAMs) were prepared on atomically flat Au(111)/
mica substrates (SPI, USA), using methods known to give
densely packed monolayers. The Au(111)/mica samples were
immersed in 3 mL THF solution of OPE’s thioacetate forms
[4,4′-bis(phenylethynyl)-benzenethioacetate] with the concentra-
tion of 1×10-5 M in N2 environment for 48 h, using 10µL of
25% ammonia solution as de-protection reagent to generate the
free OPE thoil molecules. After growth, the SAM was im-
mediately transferred to an ultrahigh vacuum chamber with a
typical base pressure of 1.0× 10-10 Torr. The photoemission
and X-ray absorption experiments were carried on the beamline
surface, interface, and nanostructure science (SINS) of Singapore
synchrotron light source.12 SINS uses a modified dragon-type
monochromator covering the energy range 50-1200 eV. The
emitted photoelectrons were measured using a hemispherical
analyzer with seven channels (Omicron EAC200-125). The

X-ray absorption measurements were performed in total-yield
mode with the photon energy resolution of 0.1 eV. All
photoemission (PES) and X-ray absorption spectra (XAS) were
taken at normal emission at room temperature.

Figure 1 shows the electronic structure of OPE SAM/Au
measured by the combination of the valence band spectrum
taken at the incident photon energy of 60 eV (the left curve),
and the C 1s XAS spectrum (the right curve) at the same energy
scale. The vacuum level is used as the common energy
reference. Two features labeled as A and B are observed in the
occupied state, which is consistent with a previous report.8

Moreover, the work function for OPE SAM/Au is measured to
be about 4.35 eV by the cutoff method and is very close to the
previous value.8 Three sharp peaks are present in the C 1s XAS
spectrum. The previous study on C60 reveals that the resonances
in the XAS spectrum well represent the unoccupied states.13

Therefore, the three peaks observed here are assigned to the
lowest unoccupied molecular orbital (LUMO), LUMO+1, and
LUMO+2, respectively. Note that the LUMO is situated at∼0.2
eV below the Fermi level. This is an effect of the core hole
produced in XAS, which leads to energy shifts to higher binding
energies.14

Figure 2 shows a series of REPES spectra of OPE SAM/Au
for excitation energies in the region of the first resonance peak
in the XAS spectrum. The intensities of the spectra were
normalized to the total incoming photon flux measured with a
gold grid. The photon energies and the binding energy scale
were calibrated using the position of Au (4f7/2) photoelectric
line excited by first- and second-order light. The peak located
at the low binding energy side in the spectra, which appears to
move linearly in energy with the excitation photon energy,
corresponds to the C 1s core level photoionized by second-
order light. Even though this C 1s peak is very prominent, an
enhancement of particular valence band spectral features (as
the dash line shows) is clearly observed when the excitation
photon energy reaches the resonance. This behavior arises from
participator decay process, which in a molecular solid is a major
contribution to the resonant spectra in the low binding energy
region, as long as the excited electron remains localized on the
molecule probed.15
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The REPES intensities are obtained by subtracting the C 1s
core level signal from the valence PES and then integrating the
valence PES containing the resonant photoemission signal for
the photon energies studied in the XAS. This allows one to probe
the effect of placing the excited electron in different unoccupied
states. Figure 3 gives the comparison of the REPES and the
XAS spectra for OPE SAM/Au. Only a single peak was
observed in the REPES spectrum. The peak position for the
REPES is situated at 285.09 eV and is close to the first
absorption peak in the XAS (284.87 eV). In contrast, the signals
observed in the XAS for the LUMO+1 and LUMO+2 are
completely quenched in the REPES.

For a core-excited system, the signal will decay exponentially
via Auger process with a time constant given by the core-hole
lifetime. REPES monitors only anticipator decay processes in
which the excited electron takes part. If the particular unoccupied
orbital to which the excited electron was promoted is coupled
to unoccupied substrate states, the excited electron delocalizes
into the substrate with the characteristic electron transfer time
and competes with the decay process characterized by core-
hole lifetime. If these two time scales are comparable, the

REPES intensity serves as a fingerprint for the extent of excited
electron localization. For very fast electron transfers, the REPES
vanishes completely for the particular state.

The observation of an intense peak in the REPES corre-
sponding to the LUMO in the XAS, as shown in Figure 3,
clearly reveals that the excited electron promoted to the LUMO
is localized on the molecule. This is in good agreement with
the fact that in the presence of the core hole, the LOMO is
attracted to be about 0.2 eV below the Fermi level (shown in
Figure 1), which means the decay of an electron residing in the
LUMO to the Au substrate is forbidden. Similar energy
forbidden transition was observed in the LUMO in bi-isonico-
tinic acid on TiO2.10 However, for the electrons excited to the
LUMO+1 or LUMO+2, transfers to the Au substrate are
energetically feasible. In fact, the presence of these transfer
processes with ultrafast transfer rate is confirmed by the
vanishing REPES signal for these two states. The core-hole
lifetime for the inner shell vacancy at C KLL is about 6 fs and
weakly depends on the chemical environment.16 Thus, the time
scale for the decay of the electrons residing in the LUMO+1
or LUMO+2 to the Au substrate must be much less than 6 fs.
During the core-hole lifetime, the back electron transfer process
in which the electrons transfer from the gold substrate to the
molecules is much slower since the Fermi level of Au(111) is
below the unoccupied molecular orbitals of OPE.17 The charge
transfer across the molecule/Au interface is mainly dominated
by the electron transfer from the molecules to the Au(111) as
is observed here. The observation of this ultrafast electron
transfer strongly suggests that there is an intense interfacial
electronic coupling between OPE molecules and the Au
substrate.

In conclusion, we observed the ultrafast electron transfer
process from the LUMO+1 or LUMO+2 in OPE molecules to
the Au substrate with a time scale of much less than 6 fs by
resonant photoemission technique. This strongly suggests that
the interfacial electronic coupling between molecules and
support materials is crucial to the transport across a molecule/
metal or semiconductor junction.
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Figure 1. Electronic structure of OPE SAM/Au. The energy is
referenced to the vacuum level. The vertical line represents the position
of the Fermi level. The inset shows the schematic diagram for 4,4′-
bis(phenylenthynyl)-benzenethiolate on Au(111).

Figure 2. Series of RPES spectra of OPE SAM/Au across the first
resonance in the XAS. The excitation energy is indicated on the right
side of the graph.

Figure 3. Comparison of REPES and XAS for OPE SAM/Au. The
spectra were normalized on the intensity of the main peak.
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(15) Brühwiler, P. A.; Karis, O.; Mårtenson, N.ReV. Mod. Phys.2002,
74, 103.

(16) Coville, M.; Thomas, T. D.Phys. ReV. A 1991, 43, 6053.
(17) Duncan, W. R.; Stier, W. M.; Prezhdo, O. V.J. Am. Chem. Soc.

2005, 127, 7941.

676 J. Phys. Chem. B, Vol. 110, No. 2, 2006 Letters


