




group lie nearly in a single plane (dihedral angle r 101).23,41

The phenyl rings are twisted out of the CNNC plane by +601

and �601, respectively. In the contour plot of the LUMO of

cis-TBA in Fig. 3 the CNNC plane is the nodal plane of the

p-constituents of the azo-bridge. As sketched in Fig. 7, a

structure close to that of the free cis-TBA molecule is found

for the adsorbed cis-TBA with the lower phenyl ring tilted

towards the azo-bridge by a1 = 301 and the plane of the upper

phenyl ring oriented vertically to the surface (a2 = 901). In this

case the p-electron system at the azo-bridge forms an angle of

591 with the surface normal. In the cis configuration (see

Fig. 7) two tert-butyl legs of the lower phenyl ring remain in

an orientation similar to the trans configuration. Thus assuming

the cis configuration of the free molecule we obtain an

adsorption geometry which is compatible with the polarization

dependence of the p* transitions in NEXAFS and may

likewise explain the STM images in ref. 17 and 25. It seems

natural that the molecules adopt the cis configuration but we

can not exclude other geometries which are compatible with

the combination of tilt angles a, a1 and a2 discussed above.

For example a torsion of the phenyl ring around the N–C

bond axis seems likely to accommodate the orientation of the

tert-butyl legs with respect to the Au(111) surface.42

The combination of the STM image and the NEXAFS data

suggest a significant rotation of one phenyl ring with opposing

tert-butyl moieties pointing toward the surface and into the

vacuum. Such a change of the molecular configuration is

supported by the NEXAFS transitions related to the C–H

resonances. Between trans and cis species the n= 0 and n= 1

C–H transition at 286.5 and 286.8 eV seen for p-polarization

shift by B0.1 eV to higher photon energy (see Table 1). In

contrast to this rather small modification of the out-of-plane

contribution the C–H resonance seen mostly with s-polarized

X-rays broadens significantly and the main peak is observed at

a 0.6 eV higher photon energy of 288.0 eV. Even though we

observe a weak polarization dependence of the C1s to p*
transitions for cis-TBA the C–H resonances show a significant

polarization contrast comparable to trans-TBA. This suggests

that the carbon p-components of the tert-butyl moiety are

again aligned with respect to the in-plane and out-of-plane

components of the field vector ~E, i.e. the rotated phenyl ring is

not oriented askew but preferentially perpendicular to the

surface plane. As we can see a shift of the C1s core-level in

XPS to higher binding energy upon trans to cis isomerization,

we attribute the shift of the C–H resonance to reduced screening

in the core-excited state. This is reasonable for the carbon

atoms of the tert-butyl moiety pointing towards the vacuum,

as the distance to the substrate and neighboring (unswitched)

molecules is increased, which will reduce polarization screening

of the core-excited state. In a very recent ab initio DFT study

of TBA adsorption on Au(111) including semi-empirical

van der Waals corrections McNellis and coworkers predict

molecular orientations of the trans and cis species almost

identical to those derived from our NEXAFS study.39 The

upward bending of one phenyl ring and the perpendicular

orientation of the second phenyl ring with respect to the

substrate allows for a decrease of the bond distance between

azo-bridge and substrate upon trans to cis isomerization. This

counteracts the 301 upward bending of the lower phenyl ring

and prohibits a detachment of the corresponding tert-butyl

groups from the gold substrate.

C Reversible isomerization probed by XPS

As already mentioned, in addition to the NEXAFS experiment

we find a signature of the conformational change of TBA in

the carbon XPS. Fig. 8 displays N1s and C1s XP spectra of the

TBA monolayer on Au(111). We compare again data after

photo-excitation (455 nm, B1022 photons cm�2) with spectra

measured after annealing the illuminated sample.

The N1s -XP spectra of the annealed and illuminated

sample were recorded at different pass energies of the electron

analyzer and thus experimental resolution. To compensate for

the different instrumental broadening the spectrum of the

annealed sample is convolved with a Gaussian determined

from a comparison with the alternatingly measured Au 4f

photoemission lines. The outcome is shown as gray dashed line

on top of the N1s spectrum of the illuminated sample.

This clearly demonstrates a negligible (r50 meV) shift and

broadening of the N1s XP line upon photo isomerization and

thermal back-switching. As already discussed the N1s p*
resonance varies in excitation energy by 0.45 eV. This final

state effect must be related to different charge distributions

in the neutral core-excited state (N1s�1-LUMO+1) of trans-

and cis-isomers. The almost unmodified XP binding energy

and line-width is rather surprising. We assume that intra- and

intermolecular screening of the core-ionized molecule in

the two different configurations and polarization screening

by the substrate balance one another.

In contrast to the N1s core-level line, the difference in trans

and cis geometry causes notable changes in the C1s -XPS. In

Fig. 8b three peaks are distinguishable for the trans form,

assigned to the carbon atoms of the phenyl ring at 284.4 eV

and those of the tert-butyl spacers at 283.75 and 283.4 eV,

respectively. The small shoulder at 282.6 eV is attributed to

atomic carbon induced by beam damage. Isomerization of the

adsorbed TBA results in an intensity decrease at 283.4 eV,

Fig. 8 XP spectra of the (a) N1s and (b) C1s core-level recorded at

photon energies of hn = 500 and 400 eV. Spectra of 1 ML TBA on

Au(111) after illumination (455 nm, B 1022 photons cm�2) and after

annealing the before illuminated sample to T = 243 K for 5 min. The

spectra of the bare cis-isomers are obtained subtracting 47% of

the trans spectrum (annealed) from the mixture of trans and cis

(illuminated).
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making up to B10% of the overall signal and an equivalent

intensity increase between 284.5 and 285.5 eV. To compare

spectra of the bare trans- and cis-isomers we again subtracted

47% of the trans spectrum (annealed) from the mixture

of trans and cis (illuminated). We note that given the distinct

configurations, the difference spectra may be somewhat

falsified by diffraction of the photo-emitted electrons.

Nevertheless we can isolate a significant overall shift of the

cis species by about 0.3 eV and a less-structured line-shape

(Fig. 8b). The higher binding energy is again attributed to

reduced screening in the core-ionized state. We assume that

polarization screening by the gold substrate is lower for the

B901-rotated phenyl ring and the lifted tert-butyl group

pointing into the vacuum. This leads to shifts of the individual

C1s components and, consequently, a less structured

and broadened XP spectrum of the cis species at higher

binding energy. A shift to higher photon energy is likewise

observed for the C–H NEXAFS resonances. In contrast, the

positions of the C1s p* resonances are only slightly modified.

This is again attributed to different charge distributions

and screening of the core-excitonic state involving either p*
or C–H valence levels.

IV. Conclusion

In summary, core level spectroscopies, namely near edge X-ray

absorption fine structure (NEXAFS) and X-ray photoelectron

spectroscopy (XPS) have been utilized to follow the reversible

trans to cis isomerization of the molecular switch tetra-tert-

butyl-azobenzene (TBA) adsorbed on Au(111). In particular

polarization-dependent NEXAFS allowed us to determine

the adsorption geometry of surface-bound TBA in its trans

and cis configuration. In the monolayer regime TBAmolecules

are adsorbed in a planar trans configuration. Illumination

of the surface-bound TBA at 455 nm induced the trans

to cis isomerization resulting in a photo-stationary state with

53 � 5% of the TBA molecules switched to the cis-isomer.

Contrary to the trans-TBA, in cis-TBA the two phenyl

rings exhibit two distinct orientations with respect to

the surface. One phenyl ring is tilted by approximately 301,

while the second ring is oriented perpendicular to the surface.

Accordingly, the tert-butyl moieties of the second ring point to

the Au(111) surface as well as to the vacuum. We find a

clear shift of the C1s core-level in XPS and of the C–H

NEXAFS resonances upon photoisomerization. This is

attributed to reduced polarization screening of the upward

rotated phenyl ring and tert-butyl entity. The N1s to

p*-LUMO transition dipole moment of the azo-bridge is also

found to be tilted by 591 with respect to the surface normal.

The proposed geometry of cis-TBA on Au(111) is similar

to the calculated structure of the free molecule, indicating

a weak adsorbate/substrate interaction. Thermal activation

resulted in the back reaction, i.e., the cis to trans isomerization.

Further experiments, concerning the adsorption geometry

and the photoisomerization of the imine (–NQCH–) analogue

of TBA adsorbed on Au(111) are in progress, which may

help develop a comprehensive picture of the photoinduced

isomerization of surface-bound molecular switches.
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D. Poulsen and J. Fréchet, Appl. Phys. Lett., 2008, 92, 123107.

41 T. Ishikawa, T. Noro and T. Shoda, J. Chem. Phys., 2001, 115,
7503–7513.
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