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High resolution electron energy loss spectroscopy and two-photon photoemission was employed to derive
the adsorption geometry, electronic structure, and the photoisomerization ability of the molecular switch tetra-
tert-butyl-stilbene (TBS) on Au(111). The results are compared with the azobenzene analogue, tetra-tert-
butyl-azobenzene (TBA), adsorbed on Au(111). TBS was found to adsorb on Au(111) in a planar (trans)
configuration similar to TBA. The energetic positions of several TBS-induced electronic states were determined,
and in comparison to TBA, the higher occupied molecular states (e.g., the highest occupied molecular orbital,
HOMO) are located at similar energetic positions. While surface-bound TBA can be switched with light
between its trans and cis configurations, in TBS this switching ability is lost. In TBA on Au(111), the trans
f cis isomerization is driven by a substrate-mediated charge transfer process, whereby photogenerated hot
holes in the Au d band lead to transient positive ion formation (transfer of the holes to the TBA HOMO
level). Even though the energetic positions of the HOMOs in TBA and TBS are almost identical and thus a
charge transfer should be feasible, this reaction pathway is obviously not efficient to induce the trans f cis
isomerization in TBS on Au(111). Quantum chemical calculations of the potential energy surfaces for the
free molecules support this conclusion. They show that cation formation facilitates the isomerization for
TBA much more pronounced than for TBS due to the larger gradients at the Franck-Condon point and the
much smaller barriers on the potential energy surface in the case of the TBA.

Introduction

Photochromes, commonly referred to as molecular switches,
permit the control of molecular structure and resulting functional
properties via excitation with light at appropriate wavelengths.
Thereby the molecules are interconverted reversibly between
at least two (meta) stable states as a result of a trans h cis
isomerization, a photocyclization, or a combination of both.
Among the most representative photochromes, stilbene, azoben-
zene, and their derivatives undergo a reversible photoinduced
trans h cis isomerization (see Figure 1a) between the planar,
thermodynamically more stable trans isomer and the three-
dimensional cis form. Optical excitation followed by a rotation
around the CdC (NdN) double bond in stilbene (azobenzene)
or N inversion in azobenzenes drives the photoisomerization.
In the case of azobenzene and its derivatives also a thermally
activated cis f trans reaction is possible. In contrast, for
stilbenoid compounds the thermal back reaction is unlikely since
the activation barrier (Ea) is on the order of 1.9 eV1-4 and thus
much higher as compared to azobenzenes (Ea ≈ 1 eV; see Figure
1b).4-7

Recently, increasing interest has been directed toward research
on molecular switches at surfaces due to their potential use in
nanotechnology ranging from information storage and process-

ing to adaptive surfaces.4,8-10 A major goal, relevant to the
development of future applications, is to understand and control
structural changes of molecular switches, such as azobenzenes
and stilbenes adsorbed on solid substrate surfaces. For this
purpose, it is crucial to gain a detailed knowledge about the
adsorption geometry (molecular orientation) and the electronic
structure, i.e., occupied and unoccupied electronic states (or band
structure) of the molecules in contact with (metal) substrates.

In this contribution we examine the electronic and geometrical
structure of 3,3′,5,5′-tetra-tert-butyl-stilbene (TBS, see Figure
1a) adsorbed on Au(111) using two-photon photoemission
(2PPE) and high resolution electron energy loss spectroscopy
(HREELS), respectively. This study is motivated by our previous
work on 3,3′,5,5′-tetra-tert-butyl-azobenzene (TBA, see Figure
1a) on Au(111) with the intention of analyzing the adsorption,
electronic, and in particular switching properties of the adsorbed
molecules when changing the central functional unit from the
diazo-group (sNdNs) in azobenzene to the vinylene-group
(sHCdCHs) in stilbene. The four lateral tert-butyl groups in
TBS and TBA increase the separation between the molecules
and the substrate. This leads to a reduced electronic coupling
between the active part of the molecule, i.e., the π -system,
and the metal surface and thus allows for photoinduced and
thermally activated isomerization in the case of TBA adsorbed
on Au(111).11-15 It has been demonstrated that the trans h cis
isomerization of TBA on Au(111) is accompanied by reversible
changes in the geometrical and electronic structure of the
molecules enabling quantitative and mechanistic insights into
the switching process.16 On the other hand, light-induced
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switching could not be achieved for TBA on Ag(111)17 and the
parent (unsubstituted) azobenzene on Au(111).12 Presumably this
arises from the stronger interaction with the metal substrate and
corresponding differences in the geometric and electronic
structure as well as the ultrashort lifetimes of the excited states.

Beside studies on the adsorption behavior of stilbenes
adsorbed on Cu(110),18 Si(100),19 and Ag/Ge(111)-�3,20,21

respectively, photoinduced trans h cis isomerization of the
parent unsubstituted stilbene on Ag/Ge(111)-�3 has been
observed by scanning tunneling microscopy (STM).22 Thereby
a biexciton-assisted photoisomerization model has been pro-
posed in order to explain the optically induced conformational
change of stilbene pairs. In contrast, no photoisomerization of
stilbene adsorbed on Al2O3 (0001) has been observed.23

2PPE and HREELS is employed to study the electronic and
geometrical structure as well as the isomerization ability of TBS
on Au(111). It is found that TBS adopts a planar (trans)
configuration in the low-coverage regime (e1 ML) just as TBA
does on Au(111). From the photoemission experiments TBS-
derived unoccupied and occupied electronic states are obtained
and their energetic positions are similar for TBA and TBS.
However, in contrast to TBA no photoinduced changes in the
electronic or vibrational structure are observed for TBS and thus,
we propose a quenching of the photoisomerization in TBS/
Au(111). The suppression of the light-induced conformational
change is discussed on the basis of the photoisomerization
mechanism operative in TBA on Au(111), namely the creation
of a positive ion resonance. Apparently, this pathway is not
efficient in TBS/Au(111), which is supported by quantum
chemical calculations.

Methods

Synthesis and Isomerization in Solution. TBS was synthe-
sized from the 3,5-di-tert-butylbromo-benzene via a four-step
sequence involving Sonogashira coupling with TMSA followed
by desilylation then hydroboration and finally Suzuki coupling
with 3,5 di-tert-butylbromo-benzene. TBS was successfully
characterized and the trans geometry verified by 1H NMR. In
cyclohexane solution, TBS displays the photochemical isomer-
ization behavior typical for stilbene derivatives, which has been
verified by UV/vis absorption spectroscopy (see the Supporting
Information).

Both the HREELS and the 2PPE experiment were carried
out under ultrahigh vacuum conditions. The Au(111) crystal
was mounted on a liquid-nitrogen-cooled cryostat, which in
conjunction with resistive heating enables temperature control
from 90 to 750 K. The crystal was cleaned by a standard

procedure of Ar+ sputtering and annealing. The TBS was dosed
by means of a home-built effusion cell held at 380 K at a crystal
temperature of 260 K. The TBS coverage was quantified by
thermal desorption spectroscopy (TDS) and work function
measurements. In the TDS experiments, the substrate was
resistively heated with a heating rate of 1 K/s and desorbing
TBS was detected with a quadrupole mass spectrometer at the
TBS-fragment mass of 190 amu (3,5-di-tert-butyl-phenyl ion).

High-Resolution Electron Energy Loss Spectroscopy.
HREEL spectra were recorded in both specular (θi ) θr ) 60°)
and off-specular (θi ) 50.8°, corresponding to 9.2° off-specular;
θr ) 60°) scattering geometry. The energy of the primary
electrons was set to 3.7 eV with an overall resolution of e3.5
meV, measured as the full width at half-maximum (fwhm) of
the elastic peak. In the specular spectra of HREELS, the signals
contain both dipole and impact scattering components.24 The
selection rule for dipole scattering at metal surfaces, i.e., only
vibrations with a component of the dipole moment change
normal to the surface are observable, is the same as that for
infrared reflection absorption spectroscopy.25 Therefore it is
useful for characterizing the geometrical structure and predomi-
nantly the orientation of adsorbates. To separate the dipole-
scattering components, off-specular spectra consisting only of
impact-scattering components were measured.

Two-Photon Photoemission Spectroscopy. For the 2PPE
measurements, femtosecond laser pulses are generated by a 300
kHz Ti:sapphire laser system, which pumps an optical para-
metric amplifier. The visible output with photon energies from
1.7 to 2.7 eV, respectively, is frequency doubled in a BBO
crystal to generate ultraviolet pulses (3.4-5.4 eV photon
energy). The laser pulses are incident on the surface with an
angle of 45° with respect to the surface normal. While the pump
pulse hν1 excites an electron from below the Fermi level (EF)
to intermediate unoccupied states at energies E - EF ) Ekin +
Φ - hν2 (with Φ the work function), the probe pulse hν2

photoionizes the sample by lifting the excited electron above
the vacuum level (Evac). Photoelectrons are detected in an
electron time-of-flight (TOF) spectrometer and are analyzed with
respect to their kinetic energy (Ekin). The energy resolution of
the TOF spectrometer depends on the electron energy, it is ∼10
meV at Ekin ≈ 1 eV. Variation of the electron detection angle
R with respect to the surface normal allows one to determine
the electron momentum parallel to the surface pk|| according to

pk|| ) √2meEkin sin R (1)

where me denotes the free electron mass. k|| ) 0 corresponds to
electrons detected along the surface normal (R ) 0). For

Figure 1. (a) Photochromic systems considered in this study. Azobenzene, stilbene, and their derivatives undergo a reversible photoinduced trans
h cis isomerization. (b) Scheme of the reversible trans/cis isomerization induced by light at appropriate wavelengths and the thermal activated
cis f trans reaction for molecular switches in the liquid or gas phase (for simplicity only one excited state is shown).
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dispersion measurements, the vacuum levels of the sample and
spectrometer have to be balanced due to their different work
functions by applying an appropriate bias voltage to the sample.
Thereby, deformation of the angular distribution of the emitted
electrons by electric fields is minimized.

Calculations. All quantum chemical calculations were done
with the Gaussian 0326 program package. The B3LYP27

functional and a 6-31G* basis set28-30 were used.

Results and Discussion

Adsorption Behavior of TBS on Au(111). In order to obtain
insights into the adsorption properties of TBS/Au(111) and to
quantify the coverage, thermal desorption spectra were recorded
as a function of TBS coverage (Figure 2). At low coverage a
broad desorption peak (R2) is observed around 555 K, which
extends to lower temperatures with increasing coverage. After
saturation of this peak, a second desorption feature R1 develops
at 296 K. The R1 peak increases in height and width with
increasing coverage, showing a typical zero-order desorption
behavior. We therefore assign this peak to desorption from the
multilayer while the R2 peaks is associated with desorption from
the first monolayer (ML). The thermal desorption behavior of
TBS from Au(111) is very similar to those of other aromatic
compounds on noble metal surfaces, for example azobenzene
derivatives,11,17,31 benzene,32,33 hexafluorobenzene,34 and pyri-
dine,35 respectively. A common observation in these systems is
the substantial broadening of the desorption peak with increasing
coverage in the monolayer regime. This can be attributed to
repulsive interactions between the adsorbed molecules (for
example due to dipole-dipole interactions).

Figure 3a shows the HREEL spectrum of 1 ML TBS adsorbed
on Au(111), which was prepared by heating the multilayer-
covered surface to 400 K, recorded in specular scattering
geometry. For comparison, the infrared (IR) spectrum obtained
for the solid state (in KBr) is displayed in Figure 3b. The
vibrational frequencies and their assignments for both the
adsorbed and condensed TBS are listed in Table 1 together with
the literature values of vibrational modes of 0.9 ML TBA
adsorbed on Au(111)13 and condensed trans-stilbene.36-38

The HREEL spectrum for the adsorbed TBS agree well with
the IR data for TBS in the solid, only small shifts toward lower

energies are observed for some vibrations due to adsorption on
Au(111). In both the adsorbed and condensed TBS the asym-
metric CH3 stretch mode (υas ≈ 2953 cm-1) and the CH3

deformation modes (δas ≈ 1458 cm-1, δs around 1387 cm-1)
of the tert-butyl-groups as well as the out-of-plane C-H
deformation of the phenyl rings and the ethylene moiety
(γ(C-H) ≈ 861 cm-1, γ (C-H)e ≈ 951 cm-1) and the phenyl
ring torsion mode (τ(C-C) ≈ 693 cm-1) show high intensities.
In contrast, the stretch modes of the aromatic rings (ν(C-C))
at 1246 and 1595 cm-1, respectively, result in very high
intensities in the IR spectrum of the condensed TBS, are absent
or barely visible in the HREELS.

In order to gain insights into the excitation mechanism, i.e.,
dipole- versus impact-scattering, and to analyze the adsorption
geometry of TBS on Au(111), we performed angular dependent
measurements. Figure 4 shows a comparison of HREEL spectra
recorded in specular and 9.2° off-specular geometries for 1 ML
TBS/Au(111).

Most striking is the huge intensity decrease of the out-of-
plane torsion mode of the phenyl rings (τ(C-C)) at 693 cm-1

and the C-H bending mode (γ(C-H)) at 861 cm-1 in the off-
specular spectrum, indicating that their intensities are originating
mostly from dipole scattering in the specular spectrum (see Table
1 for the assignment of the dipole active modes). The strong
dipole activity of the phenyl ring torsion and C-H bending
modes point toward a preferential orientation of the TBS parallel
to the Au(111) surface, viz. a planar trans configuration, since
in this orientation these modes have a strong dipole moment
change upon vibration perpendicular to the surface. Moreover,
the in-plane modes of TBS, for instance the stretch vibration
of the phenyl rings at 1246 and 1595 cm-1 of condensed TBS
observed with high intensities, are absent or barely visible in

Figure 2. Thermal desorption spectra of TBS on Au(111) at different
coverages recorded with a heating rate of 1 K/s at the fragment-mass
of 190 amu (3,5-di-tert-butyl-phenyl ion).

Figure 3. (a) HREEL spectrum of 1 ML TBS adsorbed on Au(111)
recorded in specular scattering geometry with primary electron energy
of 3.7 eV. The fwhm of the elastic peak is 27 cm-1 (3.3 meV). (b)
Fourier-transform infrared spectrum of condensed TBS (KBr-pellet)
measured with a resolution of 4 cm-1.
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the HREELS of the adsorbed species. This corroborates the
proposed planar adsorption geometry. In addition, STM mea-
surements show that in the low-coverage regime TBS forms
well-ordered islands with the molecules adsorbed in the planar
configuration.39 Hence, we conclude that the adsorption behavior
is similar to the one observed for TBA in direct contact with
the Au(111) surface.13,40,41 Note that also in the liquid phase
the trans isomer of both azobenzene and stilbene is known to
be the energetically favorable configuration.2

Electronic Structure of TBS on Au(111). In order to gain
knowledge about the electronic structure, i.e., occupied and
unoccupied electronic states of surface-bound TBS, we per-
formed 2PPE. Figure 5a shows two-color 2PPE spectra of the
clean Au(111) surface and of 1 ML TBS adsorbed on Au(111)

recorded at photon energies of 2.29 and 4.57 eV. From the clean
Au(111) an intense peak at EFinal - EF ) 6.4 eV is observed,
which can be assigned to the occupied Shockley surface state
(SS). The energetic position is -0.46 eV with respect to EF in
accordance with previous work.42 The peak at 6 eV results from
the sp band of Au(111) located at -0.86 eV below the Fermi
level.43,44 Deposition of 1 ML TBS leads to the appearance of
two new features around 5 eV (peak A) and 6.25 eV (peak B)
in the 2PPE, whereas the surface state loses intensity and shifts
by ∼100 meV from -0.46 to -0.34 eV with respect to EF. In
order to identify whether the peaks A and B originate from
occupied initial states, unoccupied intermediate states, or
unoccupied final states in the 2PPE process, their dependence
on photon energy was investigated. If an electron is excited
directly from an occupied state below the Fermi level in a 2PPE
process by adsorption of two photons, the shift in the electron
kinetic energy ∆Ekin scales with 2 ∆hν (∆hν ) hν1 - hν2). If
2PPE involves one-photon excitation of an electron into an
unoccupied intermediate state (between EF and Evac) followed
by photoionization of this transient state, ∆Ekin scales with 1
∆hν. In the case of an unoccupied final state Ekin is constant.

Figure 5b shows the photon energy dependence of the peaks
A and B. The kinetic energy of peak A varies with 2∆hν,
indicating that the peak is caused by photoemission from an
occupied initial state. This occupied state is located 1.75 eV
below EF. In contrast, the peak labeled as B scales with 1∆hν
suggesting that peak B arises from an unoccupied intermediate
state. This state is pumped with the UV pulse hν2 and probed
with the visible pulse hν1, therefore its energetic position is 3.9
eV above EF or 0.75 eV below Evac (Φ(1 ML) ) 4.65 eV).

Figure 6 displays a one-color 2PPE spectrum of 1 ML TBS
adsorbed on Au(111) recorded at a photon energy of 4.57 eV.

TABLE 1: Vibrational Frequencies (in cm-1) and
Assignments for 1 ML TBS Adsorbed on Au(111) and
Condensed TBS, Respectively

vibrational modea
1 ML
TBSb

cond.
TBSc

0.9 ML
TBAd

trans-
stilbenee

δ(C-X), τ(C-X) 187 198
τ(C-C)Ar 254 275 268
τ(C-C)Ar 280 299 291
δ(C-X), τ(C-C)Ar 319 336
τ(C-C)Ar, δ(C-X) 429 410, 419
τ(C-C)Ar 451 455
γ(C-X) 535 (da)f 540 528
δ(C-C)Ar 558 576 543 541
δ(C-C)Ar 609 630 620
τ(C-C)Ar 693 (da) 707 696 692
γ(C-H)Ar, ν(C-C)Ar 816 813 847, 824
γ(C-H)Ar 861 (da) 871, 889 879 848
γ(C-H)e 951 962 966
ν(C-C)Ar, δ(C-H)Ar 1019 1026 1008 1028
ν(C-C)Ar, δ(C-H)Ar 1038 1026 1059
δ(C-H)Ar 1184 1209 1189 1187
ν(C-C)Ar 1246 1234
δs(CH3)t 1354 1364 1359
δs(CH3)t 1387 1390 1385
δs(CH3)t 1458 1460, 1477 1453
ν(C-C)Ar 1590 1595 1584 1597
υs(CH3)t 2847, 2876 2864 2878
υas(CH3)t 2953 2957 2963
ν(C-H)e 3011 3020 3029
ν(C-H)Ar 3040 3057 3057 3040

a CX stands for the phenyl ring-ethylene bond; e, indicates the
ethylene moiety; s, symmetric; as, asymmetric; υ, stretch; δ,
in-plane bend; τ, torsion; γ, out-of-plane bend; Ar, aromatic ring; t,
tert-butyl group. b Obtained by HREELS; present study. c IR
spectrum recorded in KBr; present study. d HREELS data from
tetra-tert-butyl-azobenzene (TBA) adsorbed on Au(111) adapted
from ref 13. e IR and Raman data adapted from refs 36-38. f The
da indicates a strong dipole activity.

Figure 4. HREEL spectra of 1 ML TBS adsorbed on Au(111) recorded
in specular and 9.2° off-specular scattering geometry, respectively, with
a primary electron energy of 3.7 eV.

Figure 5. (a) Two-color 2PPE spectra from the bare Au(111) surface
and 1 ML TBS adsorbed on Au(111) measured with 2.29 and 4.57 eV
photons. The spectra are displayed as a function of final state energy
above the Fermi level, EFinal - EFermi ) Ekin + Φ. (b) Photon energy
dependence of the peaks labeled as A and B in the 2PPE spectrum of
TBS/Au(111). The symbols are experimental data, and the solid lines
are fits. The kinetic energy of peak A varies with 2∆hν, while the kinetic
energy of peak B varies with 1∆hν. This indicates that peak A originates
from an occupied initial state, whereas peak B evokes from an
unoccupied intermediate state in the 2PPE process.
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Besides photoemission from the occupied d band,43,44 which is
located at ∼2.0 eV below EF, the features labeled as C and D
are observed. The inset of Figure 6 shows the photon energy
dependence of these peaks. The kinetic energy of both photo-
emission peaks vary with 2∆hν, indicating that the transitions
involve occupied initial states. Thus the energetic positions of
the states C and D are -2.9 and -2.65 eV below EF, respec-
tively.

Assignment of the Electronic States. In order to assign the
TBS-derived occupied and unoccupied states to photoemission
from specific molecular orbitals (MOs), we calculated the orbital
energies for geometry-optimized gas phase TBS on the B3LYP/
6-31G* level of theory. The analysis of state-transitions in the
molecular orbital (one electron) picture is only approximate,
and also the idealization of the physisorbed species as a free
molecule introduces errors. With these warnings in mind, we
show in Table 2 the calculated orbital energies with respect to
the highest occupied molecular orbital (HOMO) of TBS. All
molecular orbitals considered in this study have π symmetry.
While the HOMO has a bonding character at the central CdC
bond, the LUMO possesses a nodal plane (antibonding char-
acter) through the CdC bond. The HOMO-1 and HOMO-2 are
localized at the phenyl rings with no charge density at the CdC
bridge. Both orbitals are nearly degenerate. The HOMO-3 is
also located at the phenyl rings but with some charge density
at the CdC bridge. The LUMO+1 and LUMO+2 are concen-
trated mainly at the phenyl rings. These orbitals possess positive
absolute energies, i.e., they are located above the vacuum level
(final states). Note that for larger basis sets, an increasing number
of diffuse “Rydberg-like” MOs emerge in the energy regime
close to the vacuum level.

Returning to the assignment of the 2PPE signals of TBS/
Au(111), the occupied initial state labeled as A, which exhibits
an energetic position of -1.75 eV with respect to EF, arises
predominantly from ionization of the HOMO. On the basis of

the calculated orbital energies we attribute the peak labeled as
D at -2.65 eV to photoemission from the HOMO-1 and
HOMO-2, since these orbitals are nearly degenerate. Accord-
ingly, the 2PPE signal at -2.9 eV (peak labeled as C) results
from ionization of the HOMO-3. The unoccupied intermediate
state (peak B) exhibits an energetic position of 3.9 eV above
EF, thus a binding energy of 0.75 eV with respect to Evac at a
coverage of 1 ML. Since the first image potential state (n ) 1)
of the clean Au(111) surface is also located in this energy region,
possessing a binding energy of 0.8 eV,45 we carried out coverage
and angular dependent 2PPE measurements in order to under-
stand the nature of this electronic state.

Figure 7a displays a set of two-color 2PPE spectra taken at
photon energies of 2.23 and 4.43 eV at various TBS coverages.
As can be seen from Figure 7a, the energetic position of the
unoccupied state (peak B) does not change as a function of
coverage: it stays constant at 3.9 eV. Accordingly, its binding
energy with respect to Evac changes; that is, it increases from
0.75 to 1.3 eV with decreasing coverage from 2 to 0.3 ML (see
Figure 7b) and follows the shift in the work function as a
function of TBS coverage, as shown in Figure 7c, viz. the
binding energy increases with increasing work function. Thus,
this state is not pinned to the vacuum level, as normally expected
for image potential states. To gain insight into the extent of
electron delocalization parallel to the surface we performed
dispersion measurements using angle-resolved 2PPE. Figure 8
shows the dependence of the kinetic energy on k| for 1 ML
TBS adsorbed on Au(111) measured at a photon energies of
4.59 and 2.31 eV. The dispersion curves can be described by a
parabolic function Ekin(k|) ) p2k|2/2meff + Ekin(k| ) 0), where
meff is the effective electron mass. The fits give an effective
electron mass of 3.4 ( 0.1me for 1 ML and 3.2 ( 0.2me for 2
ML (data not shown), which indicates that the electronic
potential is strongly modulated parallel to the surface and the
wave function of state B is not free-electron like. This relatively
high effective electron mass could be explained by the assump-

Figure 6. One-color 2PPE spectrum from 1 ML TBS adsorbed on
Au(111) recorded at a photon energy of 4.57 eV. The inset shows the
photon energy dependence of the peaks labeled as C and D in the 2PPE
spectrum of TBS/Au(111). The symbols are experimental data, and
the solid line is a fit. The kinetic energy of both peaks vary with 2∆hν,
indicating that they originate from occupied electronic states.

TABLE 2: Calculated Molecular Orbital Energies (in eV)
with Respect to Energy of the HOMO of TBS

molecular orbitals TBS

LUMO+2 5.54
LUMO+1 5.52
LUMO 4.07
HOMO 0.00
HOMO-1 –1.10
HOMO-2 –1.11
HOMO-3 –1.43

Figure 7. (a) Two-color 2PPE spectra recorded at photon energies of
2.23 and 4.43 eV of various TBS coverages. The spectra are displayed
as a function of intermediate state energy above EF, E - EF ) Ekin +
Φ - hνprobe, where hνprobe is the probing photon energy. (b) Binding
energy (with respect to Evac) of the unoccupied intermediate state (peak
labeled as B) as a function of TBS coverage. (c) Work function (Φ) of
TBS/Au(111) as a function of coverage. Φ is determined by the low
energy cutoff (vacuum level, Evac) and high energy cutoff (Fermi edge,
EFE ) EF + 2hν) of the photoemission spectra, by the relation Φ )
2hν - (EFE - Evac), where hν is the photon energy used in the one-
color 2PPE experiment.
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tion that state B originates from a molecular orbital of TBS,
i.e., from a state with a localized character. The constant
energetic position at 3.9 eV above EF of this state as a function
of coverage corroborates this assumption; therefore, we assign
this peak B to an unoccupied molecular orbital of TBS. Whether
this peak arises from the lowest unoccupied molecular orbital
(LUMO) or a higher lying unoccupied molecular state
(LUMO+n) will be discussed in the following.

The optical gap (πf π* excitation) determined by UV-vis
spectroscopy of trans-TBS in cyclohexane is ∼4.1 eV (λmax )
300 nm). Using time-dependent density functional theory (TD-
B3LYP/6-31G*) for the trans-TBS optimized in the gas phase,
we find a lowest excitation energy of 3.86 eV (321 nm). The
signal is dominated by the HOMO (π)f LUMO (π*) transition.
The computed HOMO-LUMO energy difference is 4.07 eV,
showing that the one-electron picture describes this excitation
well. Taking the energy difference between the measured peaks
labeled as A and B, on the other hand, gives a gap of 5.65 eV,
which is far too large to be compatible with the HOMO f
LUMO transition. Depending on the electronic coupling strength
between the molecules and the metallic substrate one would
expect a even smaller gap compared to the free molecule. In
addition, the unoccupied electronic state is most likely transiently
populated Via an electron transfer from the metal to the
molecule. This negative ion resonance is stabilized due to the
image charge attraction, and thus appears in 2PPE spectroscopy
at smaller energies as the ion resonance is an intermediate state
for 2PPE but a initial state of the final photoemission step.
Therefore, we conclude that the unoccupied state located at 3.9
eV with respect to EF cannot be assigned to the LUMO of TBS
but rather to a higher lying unoccupied molecular state
LUMO+n, in the one-electron picture.

Table 3 summarizes the energies of all electronic states
observed at a TBS coverage of 1 ML. The Fermi level of the
Au(111) surface serves as the reference. In addition the
electronic states observed for 0.9 ML TBA on Au(111) are
shown.16

From this the question why the LUMO level of the TBS
adsorbed on Au(111) is absent in the 2PPE spectra arises. In
2PPE, the electron in the case of a charge transfer from the
substrate to the adsorbate must either be directly optically
excited from the substrate (resonant transition between, e.g.,
surface state and LUMO) or it must first be excited as a hot
electron in the substrate and subsequently tunnel into the
molecular resonance. Both processes are substantially impacted
by the degree with which the molecular orbital mixes with the
substrate states. If there is a small electronic coupling then the
excitation process is unlikely. Accordingly the absence of a clear
LUMO state in 2PPE suggests a weak electronic coupling for

the LUMO and the Au(111) surface. The absence of LUMO
states in 2PPE has also been observed for other organic
molecules on noble metals.46-50

Photoisomerization Ability. The electronic structure, in
particular the energetic positions of the occupied states of both
TBA and TBS on Au(111) are very similar (see Table 3), but
contrary to TBA adsorbed on Au(111)11,13-15 no light induced
changes in the vibrational or electronic structure of surface-
bound TBS are observed using different optical excitation
energies ranging from 2-4.5 eV. Accordingly we propose that
the photoisomerization is suppressed. In TBA/Au(111) the
excitation mechanism for molecular switching has been identi-
fied to arise from a substrate-mediated charge transfer process,
viz. the formation of a positive ion resonance. Thereby excitation
with photon energies above ∼2.1 eV lead to the generation of
hot holes in the Au d band, which rapidly relax to the top of
the d band and subsequently transfer to the HOMO level
of TBA induces the isomerization.15 Even though the HOMO
of TBS is located at -1.75 eV with respect to EF, i.e., at a
similar energetic position as the HOMO level of TBA on
Au(111), which is -1.85 eV (see Table 3), a photoisomerization
is not observed. One may speculate if the overlap between the
Au d bands and the HOMO of TBS and thus the electronic
coupling is weaker compared to TBA and therefore a transfer
of photoexcited Au d band holes to the HOMO of TBS is
unlikely. However, based on the mechanism for the photoin-
duced isomerization of TBA on Au(111), it is evident that a
(strong) electronic coupling must be existent, i.e., some degree
of hybridization between the Au d band and the HOMO of TBA,
presumably via the NdN bonding or the lone pairs at the
nitrogen.

In addition, it is an open question if the creation of a TBS
cation would stimulate a conformational change. In order to
answer this question we calculated potential energy surfaces
(PES) of the neutral ground state and the cation of TBA and
TBS, respectively, along the inversion angle R (the C-C-C
in TBS and N-N-C angle in TBA) and the rotation angle ω.
ω is the CsNdNsC dihedral angle describing a rotation around
the central NdN bound for TBA. In the TBS molecule the
corresponding C-C-C-C angle alone is not able to give an
appropriate picture of the isomerization as reported in ref 52.
Here, it was found that the H-C-C-H dihedral angle abruptly
changes for relaxed scans in the C-C-C-C dihedral angle
for values around 90°. Therefore we defined ω as the value of
the C-C-C-C and the H-C-C-H dihedral angle as done
by Noodleman and co-workers.52 Martinez and co-workers also
pointed out the importance of the pyramidalization of the C

Figure 8. Dispersion of the peak B for 1 ML TBS adsorbed on Au(111)
recorded at photon energies of 4.59 and 2.31 eV.

TABLE 3: Energies of the Photoemission Spectral Features
of 1 ML TBS and 0.9 ML TBA Adsorbed on Au(111),16

Respectivelya

E - EF [eV]

assignment TBS/Au(111) TBA/Au(111)

LUMO+n 3.9
LUMO 1.7
n ) 0 (Shockley surface state) –0.38 –0.38
sp band –0.87 –0.87
HOMO –1.75 –1.85
d band –2.0 –2.0
TBS: HOMO-1 +

HOMO-2 TBA: HOMO-1
–2.65 –2.65

TBS: HOMO-3 TBA:
HOMO-2 + HOMO-3

–2.9 –2.87

a All features are referenced to the Fermi level of Au(111).
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atoms53 for the isomerization. However, as no such coordinate
is defined for the TBA, we will focus on R and ω in the
following.

The PES in R and ω for TBS and TBA are shown in Figure
9. Here, we calculated relaxed PES for the neutral ground state
and the corresponding vertically ionized cationic surfaces. The
PES are obtained by spline interpolation from DFT calculations
with 8 points in R between 110° and 178° × 16 points in ω
between 0° and 180° for the TBS molecule. For TBA we used
15 points in R between 110° and 178° × 19 points in ω between
0° and 180°. The global minimum corresponding to the trans-
TBS is located at Rn,TBS ) 128° and ωn,TBS ) 180° for the neutral
molecule. For TBS these values are nearly unchanged after
ionization, with Rc,TBS ) 126° and ωc,TBS ) 180°. The situation
is different for TBA; here one gets Rn,TBA ) 115° and ωn,TBA )
180° compared to Rc,TBA ) 124° and ωc,TBA ) 147°. Therefore,
a considerable gradient exists in R and ω after a vertical
ionization.

In addition, the barriers in TBA are largely reduced after
ionization. One finds ∆En,R,TBA ) 1.76 eV and ∆En,ω,TBA ) 1.76
eV compared to ∆Ec,R,TBA ) 0.46 eV and ∆Ec,ω,TBA ) 0.48 eV.
Note, that the barrier of 1.76 eV for ∆En,ω,TBA is located around
ω ) 90° and R ) 115°, in a region where clear traces of a
conical intersection are found in the spline interpolated PES.
Therefore this value is probably not really reliable. Note that
according to ref.,51 the “true” transition state for the ground state
trans f cis isomerization of TBA has an activation energy of
about 1.76 eV, and is located at ω ≈ 90° and R ≈ 180°,
indicative of simultaneous motion along ω and R. For TBS also
a reduction of the barrier along ω is seen in the ionized state.
In the neutral case, we get ∆En,ω,TBA ) 2.60 eV, which is about
0.5 eV too high compared to estimates based on experimental
data and other theoretical calculations.52 We attribute this again
to the restricted single determinant treatment, which fails in the
region of the barrier. In the case of unrestricted calculations
we observed large spin contaminations, i.e., the fact that the
wave function becomes a mixture of singlet and triplet states,
and discontinuities exactly in this region of the PES. In the
cationic state we find a reduced, but still considerable barrier
of 1.2 eV. In summary, at least in the gas phase trans f cis

isomerization should be much more facilitated by ionization for
TBA than for TBS. This is because, after an assumed vertical
excitation, the TBA molecule feels larger gradients at the fixed
geometry in the excited state (“Franck-Condon point”) than TBS
does. Also, the isomerization barrier in the cationic state is much
smaller for TBA in comparison to TBS.

As already stated, we have remarkably different cationic PES
for TBA and TBS. These differences can be explained by means
of the Kohn-Sham orbitals for both molecules. The high lying
occupied molecular orbitals for trans-TBS, trans-TBA, and a
slightly twisted relaxed configuration of TBS (ω ) 170°) are
shown in Figure 10. Here, one can see that the HOMO is nearly
identical for TBS and TBA. Furthermore, the HOMO-1 of TBS
corresponds to the HOMO-2 of TBA. However, in the TBS
molecule no nonbonding orbital like the HOMO-1 of TBA
exists. This nonbonding orbital mixes with the π-HOMO upon
rotation along ω, forming two orbitals, one slightly more
bonding, i.e., energetically more stabilized than the other.
Therefore, the HOMO is destabilized, while the HOMO-1 is
stabilized. This trend prevails also for a further rotation along
ω, as displayed in Figure 11. One can see the energies of the
high lying occupied molecular orbitals for TBS and for TBA
obtained from a relaxed scan along ω for both molecules. In
TBS the main effect of the rotation in ω starting from the trans

Figure 9. Shown are contour plots of PES in R and ω for the TBS
molecule (left graphs) and the TBA molecule (right graphs). The lower
graphs represent relaxed PES for the neutral ground state, the upper
graphs the corresponding vertically ionized cationic surfaces (details
see text). The contours are separated by 0.1 eV and all energies are
given relative to the fully optimized trans minimum of the respective
neutral molecule.

Figure 10. Shown are the energies and the shape of high lying
occupied molecular orbitals for trans-TBS (left) and trans-TBA
(middle). For the TBA also the orbitals for a slightly twisted relaxed
configuration (ω ) 170°) are displayed (right).

Figure 11. The energies of the high lying occupied molecular orbitals
for TBS (upper graph) and for TBA (lower graph) are shown as a
function of ω. The orbital energies are obtained from relaxed scan along
ω for both molecules.
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isomer (ω ) 180°) is the destabilization of the π-HOMO. This
is not surprising, as this HOMO actually forms the double bond,
which hinders the rotation in ω. In the TBA molecule the
HOMO is also destabilized. However, at the same time the
HOMO-1 gets energetically stabilized. Therefore, in the cation
after vertical ionization a gradient exists and the barrier along
ω is reduced.

Conclusions

In summary, HREEL and 2PPE spectroscopy have been
utilized to determine the adsorption geometry and electronic
structure of the molecular switch tetra-tert-butyl-stilbene (TBS)
adsorbed on Au(111). In addition the optically induced trans/
cis isomerization ability of the surface-bound molecules is
investigated. The results are compared with the tetra-tert-butyl-
azobenzene (TBA) on Au(111), a molecule for which a
photoinduced and thermally activated trans/cis isomerization is
observed via reversible changes in the electronic and vibrational
structure. Angular-dependent HREELS measurements show that
TBS on Au(111) adsorbs in a planar configuration analogous
to TBA. Several TBS-derived electronic states are observed in
2PPE. Their energetic positions have been determined and we
found that the occupied molecular states, i.e., the high lying
occupied molecular orbitals, possess similar energetic positions
as obtained for TBA/Au(111). In contrast to TBA/Au(111) no
photoinduced changes in the geometry or electronic structure
of TBS are observed. Therefore we conclude that the photoi-
somerization is suppressed. Whereas the molecular switching
in TBA is driven by the generation of a positive ion resonance
(cation) via a charge transfer of holes from the Au d band to
the HOMO level of TBA, this mechanism is obversely not
efficient in TBS/Au(111) even though the HOMO of TBS is at
a similar energetic position. Quantum chemical calculations of
the potential energy surfaces for the free TBA and TBS molecule
corroborate this conclusion. They indicate that for the TBA
cation larger gradients at the Franck-Condon point than for
the TBS cation exist. Furthermore in the cationic states the
barrier is strongly reduced in TBA compared to TBS.

Further experiments, including the determination of the
geometry, electronic structure and the photoisomerization ability
of the imine (sNdCHs) analogue adsorbed on Au(111) in
order to gain a comparative insight into the switching properties,
are in progress. This may allow us to get a general picture of
the photoinduced trans/cis isomerization properties of surface-
bound molecular switches.
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(51) Dokić, J.; Gothe, M.; Wirth, J.; Peters, M. V.; Schwarz, J.; Hecht,
S.; Saalfrank, P. J. Phys. Chem. A 2009, 113, 6763.

(52) Han, W.-G.; Lovell, T.; Liu, T.; Noodleman, L. ChemPhysChem
2002, 3, 167.

(53) Quenneville, J.; Martinez, T. J. J. Phys. Chem. A 2003, 107, 829.

JP909684X

Photoisomerization Ability of Molecular Switches J. Phys. Chem. C, Vol. 114, No. 2, 2010 1239


