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Abstract: Optical properties and the geometric structure of self-assembled monolayers of azobenzene-
functionalized alkanethiols have been investigated by UV/visible and near edge X-ray absorption fine
structure spectroscopy in combination with density-functional theory. By attaching a trifluoro-methyl end
group to the chromophore both the molecular tilt and twist angle of the azobenzene moiety are accessible.
Based on this detailed structural analysis the energetic shifts observed in optical reflection spectroscopy
can be qualitatively described within an extended dipole model. This substantiates sizable excitonic coupling
among the azobenzene chromophores as an important mechanism that hinders trans to cis isomerization
in densely packed self-assembled monolayers.

Introduction

The functionalization of surfaces with molecular switches
is a rapidly growing field in today’s research. Molecules can
be used as repeatable building blocks for electronics and
sensors and thereby open the perspective for tailoring devices
on the nanoscale.1-6 In this respect self-assembled mono-
layers (SAMs) have often been considered as ideal platforms
to order and align molecules at surfaces.7,8 For this purpose
the combination of aliphatic and aromatic molecules is widely
proposed as a versatile class of systems to control structure
and energetics within the SAM. An alkanethiol is used as a
linker, which binds with its sulfur headgroup to a metal
template, typically a gold surface. The alkyl-chain spacer
carries the aromatic entity as an end group. The supramo-
lecular architecture of the SAM is ruled by the balance of
adsorbate-substrate and adsorbate-adsorbate interactions.
This comprises the bond strength and bond angle between
sulfur and substrate atoms as well as intermolecular couplings
within the densely packed layer.9 The latter involve van der

Waals and electrostatic interactions among both aliphatic
spacers and aromatic headgroups. In recent years biphenyl
carrying alkanethiols have been extensively investigated by
core-level spectroscopies and scanning probe techniques, and
SAMs with a high degree of molecular orientation and lateral
order have been achieved.9–11

However, to functionalize SAMs with molecular switches,
such as azobenzene units, it is not only crucial to tailor the
molecular structure but also even more important to control
the coupling of the chromophore to its environment. In most
investigations of molecular switches at surfaces, the electronic
coupling strength to the substrate is taken care of by various
spacer groups.6–12 In a SAM, however, neighboring molecular
switches can influence each other by steric hindering as well
as electronic and excitonic coupling. This may influence the
molecular motion and/or electronic structure and thereby
hinder or promote functionality by cooperative action.13-15

Azobenzene linked to a Au(111) surface by an alkanethiol is
known to form well-ordered SAMs with a surface area of
0.24-0.26 nm2 per molecule.16,17 Steric hindrance within these
densely packed structures is mainly assumed to be the reason
why photoisomerization has commonly not been observed.18,19

Various efforts have been made to increase the spacing
between the switching moieties or modify their mutual orienta-
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tion in the SAM.13,14,20 In addition, molecular switches isolated
in a passive SAM matrix or at defects have been studied and
switched by light.15,21 While these experiments underscore the
importance of steric hindrance, the local field enhancement near
an STM tip nevertheless enables optical switching even in
densely packed SAMs, so that photoisomerization cannot be
entirely inhibited by steric constraints.22 However, the full
mechanism behind the observed quenching is to date not
understood, and the grand goal to functionalize surfaces by
reproducible switching of the entire SAM remains elusive.

In the present contribution we show that azobenzene chro-
mophores in a close-packed structure influence each other
strongly by excitonic coupling. This leads to energetic shifts
and narrowing of optical absorption lines. We deduce in detail
the molecular orientation of azobenzene-functionalized al-
kanethiols within well-ordered SAMs from near-edge X-ray
absorption fine structure (NEXAFS) measurements in combina-

tion with density-functional theory (DFT) calculations. On this
basis we model the shifts observed in the UV/visible (UV/vis)
spectra within the framework of the extended dipole model.23

Excitonic coupling and the concomitant fast delocalization of
the excitation within the SAM is expected to contribute strongly
to the suppression of the photoisomerization reaction. This
detailed insight into the intermolecular coupling denotes a step
forward in developing a design of SAMs containing molecular
switches with proper functionality.

Methods

Chemicals and Sample Preparation. 6-[(4-Phenylazo)phenoxy]-
hexane-1-thiol and 6-[(4-trifluoromethylphenylazo)phenoxy]hexane-
1-thiol have been synthesized and purified as described elsewhere.24

In the following the molecules are referred to as Az6 and TF-Az6.
The structural formula, the relative orientation of the optical and
NEXAFS transition dipole moments (TDM), and the angles defining
the molecular orientation on the surface are given in Figure 1.

Commercially available 300 nm Au films on mica, which were
annealed after gold deposition, serve as substrates for SAM
formation. The polycrystalline surface exhibits large Au(111)
terraces of a few hundred nm2.25 Preexisting carbon and sulfur
contamination of the gold surface is largely eliminated within the
self-assembly process. This has been routinely verified by recording
S 2p X-ray photoelectron spectra (XPS).7,24 SAMs are prepared
by immersing the gold-covered mica substrates in 0.1 mM ethanolic
solution of Az6 and TF-Az6 for 24 h at room temperature. To avoid
weakly bound molecules residing on top of the SAM, the samples
were rinsed thoroughly with pure ethanol, dried in a flow of argon
gas, and immediately transferred into the ultrahigh-vacuum (UHV)
system for core-level spectroscopy or the optical spectrometer for
UV/vis spectroscopy in reflection.

X-ray and UV/Vis Spectroscopy. NEXAFS spectroscopy and
XPS experiments were carried out at beamline U41-PGM of the
storage ring BESSY II (Helmholtz-Zentrum Berlin). We use a two-
chamber UHV system equipped with a fast sample transfer system
and a hemispherical electron analyzer with a five-channel detector
(Omicron EA125). In NEXAFS spectroscopy Auger electrons were
recorded in the direction perpendicular to the polarization of the
exciting X-ray beam. This lowers the intensity of direct photo-
emission and enhances the surface sensitivity. To reduce radiation
damage, the sample was kept at liquid nitrogen temperature and a
fast shutter was used to block the beam during the scan of the
monochromator and undulator.26 The shutter is equipped with a
GaAs photodiode, which records the X-ray flux alternatingly with
the measurement and is used to normalize the NEXAFS spectrum.
Using the shutter the total exposure for a single NEXAFS scan is
reduced to 1016 photons/cm2, a fluence for which negligible C-H
bond breaking is reported in the literature.26 The sample can be
rotated around the X-ray-beam axis in order to determine the
polarization dependence for a fixed angle of incidence of � ) 20°
with respect to the surface plane. The degree of polarization of the
synchrotron radiation P at the U41-PGM is expected to be 96 (
2%.27

For UV/vis spectroscopy a scanning double monochromator
Perkin-Elmer Lambda 900 spectrometer was used. The spectra of
the SAMs on Au/mica were measured in reflection mode with
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Figure 1. (a) Structural formula of the azobenzene alkanethiol TF-Az6.
In Az6 the trifluoro-methyl group (CF3) is replaced by a hydrogen atom.
The gray double arrows indicate the optical transition dipole moments µ(T2)
and µ(T3) probed in UV/vis spectroscopy. Their orientation with respect to
the molecular framework is obtained from a TD-DFT calculation. They
are coplanar to the plane of the trans isomer but tilted with respect to the
C-CF3 axis by 8.5° and 46.7°, respectively. (b) The sketch of the molecule
indicates the geometric structure and the angles ϑ and γ used to describe
the orientation of the azobenzene moiety. The angles R and ϑ describe the
mean tilt angles of the NEXAFS-TDMs probed in C 1s core-level excitation
with respect to the surface normal z (see text). (c) Illustration of the tilt
angle θ ) θ(ϑ, γ) of the optical TDMs compared to the molecular tilt and
twist angle (shown is the angle θ of the optical TDM µ(T2); an equivalent
angle can be defined for µ(T3)).
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unpolarized light at an angle of incidence of 45°. The SAM-induced
change in reflectivity is derived from the difference between the
reflectivity of the gold substrate before and after SAM preparation.
Thereby we obtain the complete contribution of the molecules in
the SAM to the UV/vis spectrum. This is in contrast to the
commonly evaluated difference of spectra before and after illumina-
tion which is sensitive only to those molecules which have been
optically switched and may thus represent a minority species.

Density-Functional Theory Calculations. To support the
experimental data analysis, DFT and time-dependent DFT (TD-
DFT) calculations were performed using the Gaussian suite of
programs,28 the B3LYP hybrid density functional29 to treat
electronic exchange and correlation, and the all-electron def-TZVP
basis set.30 Excitation energies and transition dipole moments of
low lying resonances in the UV spectrum were computed within
the response theory formulation of TD-DFT,31 using the B3LYP
functional in the adiabatic approximation.32 Neglecting the effect
of the underlying substrate and the surrounding molecules in the
SAM, the calculations focused on single Az6 and TF-Az6 units
with a six-unit alkanethiol chain as illustrated in Figure 1a.

Results

Molecular Orientation. Concerning the relation between
structure and function of the photoswitch in the SAM it is
essential to determine the orientation of the azobenzene moiety,
especially the π-conjugated system of the phenyl rings and the
long molecular axis. They have been extracted from the
polarization dependence of the C 1s and N 1s to π* and the C
1s to σ*(C-CF3) transitions in NEXAFS spectroscopy. Corre-
sponding spectra of TF-Az6 SAMs on gold on mica are shown
in Figure 2a and b for the C 1s and N 1s edges, respectively.
They have been recorded for s- and p-polarization of the X-ray
beam with a photon-energy resolution of 0.1 eV. Spectra are
aligned at the pre-edge below the first transition and well above
the ionization threshold, where no significant resonances
are observed and the measured signal can be assumed to be
independent of the molecular orientation.

Overall the NEXAFS spectra exhibit a pronounced depen-
dence of the Auger yield on the polarization of the exciting
X-ray radiation, which is a clear signature of a high degree of
molecular orientation within the SAM.33 The spectra are
dominated by absorption from the azobenzene moiety since the
Auger signal of the alkyl chain buried beneath the chromophore
is damped.34,35

At the carbon edge the dominant peak at ∼285.7 eV
corresponds to the transition from the C 1s to π* (LUMO, lowest
unoccupied molecular orbital). This orbital extends over the two
phenyl rings as well as the azo group. The width of the C 1s to
π* (LUMO) transition of 1.4 eV and its three-peak structure
are attributed to the distinct chemical shifts of the C 1s core
level in the different environments, i.e. the phenyl ring, and
the carbon atoms bound to the azo-, phenoxy-, and the trifluoro-

methyl groups (CdC, CsN, CsO, CsCF3).
24 At the nitrogen

edge this π* resonance is found at 399.0 eV and exhibits a
smaller line width of 0.4 eV. From the strong polarization
contrast the mean tilt angle R of the 1s to π* transition dipole
moment in TF-Az6 is determined as RC1s ) 75 ( 3° and RN1s

) 77 ( 3° according to

Equation 1 is valid for vector-like orbitals in the case of 3-fold
or higher symmetry.36 Herein R denotes the angle between the
vector-like π* orbital and the surface normal (cf. Figure 1b),
and � ) 20° describes the fixed angle of incidence of the X-ray
beam relative to the surface plane. P ) 0.96 is the degree of
polarization of the X-ray beam, and I is the measured intensity
ratio of the π* absorption peak for s- vs p-polarization. NEXAFS
spectroscopy is a local probe of the electronic structure, since
the dipole transition projects the wave function of the unoc-
cupied valence orbital onto the core hole. Thus for the C 1s
and N 1s core holes we probe the atomic 2p contributions to
the molecular valence orbitals, which define the orientation of
the transition dipole moments in NEXAFS (TDM in Figure
1b).33 Correspondingly, the comparable angles RN1s and RC1s

of the 1s to π* transition-dipole moments for excitation at the
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Figure 2. NEXAFS spectra of TF-Az6 at the (a) C1s and (b) N1s absorption
edge. The sample was rotated around the X-ray beam axis at a fixed angle
of incidence of � ) 20° with respect to the surface plane. For p- and
s-polarization the field vector was parallel and perpendicular, respectively,
to the plane of incidence.
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the azobenzene moiety favors the trans conformation in thermal
equilibrium. According to our DFT calculations and in analogy
to NEXAFS of the free benzene molecule,37 the absorption
peaks of the aromatic system in the energy range up to 5 eV
above the π* (LUMO) resonance are assigned to excitations to
higher lying π* orbitals and to mixed C-H valence/Rydberg
states with predominantly σ-character. The polarization depen-
dence of the higher lying π* transitions mimics that of the
LUMO resonances and thus corroborates the orientation of the
azobenzene moiety, i.e. the tilt angle R determined through
the C1s and N1s to LUMO transition dipole moments.

The transitions at the nitrogen edge at approximately 409 and
414 eV are assigned to σ* shape resonances. Based on the
interrelation of the shape resonance position and the bond length,
we assign these resonances to the N-C and N-N bonds,
respectively.33

In addition to the pronounced π* transitions, the C1s
NEXAFS spectra show sharp resonances in the photon energy
range of 294 to 300 eV. These absorption features are missing
in the NEXAFS spectra of Az6 in Figure 3. They are attributed
to excitations involving the chemically shifted C1s level of the
CF3 group of TF-Az6 (gray area). In analogy to hexafluoro-
ethane the main resonances are assigned to transitions to the
σ* (C-F) orbitals in the photon energy range of 295-298 eV
and to the σ* (C-C) resonance at 299 eV.38,39 According to
our XPS measurements the C1s core level of the trifluoro-methyl
group exhibits a chemical shift of 8.0 eV with respect to the
carbon atoms of the alkyl chain.24 Adding this shift to the energy
of the σ* (C-H) resonance of the alkyl chain at ∼287.8 eV we
expect σ* (C-F) resonances at ∼295.8 eV corroborating the
above assignment.7 The polarization dependence of the C1s to
σ* (C-C) resonance at the CF3 group is evaluated relying on
the building block scheme; i.e., in the relevant photon energy
range the Az6 NEXAFS spectrum contains all but the CF3

related transitions. For this we assume a comparable orientation
of TF-Az6 and Az6 molecules supported by the very similar
intensity and polarization dependence of the 1s to π* transition.
For the higher-lying bound state resonances, i.e. for photon
energies up to 290 eV, we observe changes in the intensity
which indicate subtle differences in the molecular orientation
and/or a redistribution of oscillator strength upon changing the
end group. Nevertheless, the polarization dependence of the π*-
resonance indicates comparable tilt angles R of the azobenzene
moiety, and we likewise expect the continuum resonances to
be little affected by the different end groups. As depicted in
Figure 3b subtraction of both spectra removes the background
from the broad carbon shape resonances associated with the
phenyl rings. The resulting NEXAFS contrast of 4.3:1 corre-
sponds to a tilt angle ϑ (C-CF3) ) 30° ( 6° (cf. Figure 1b).
The larger error bar is due to the uncertainty in the background
subtraction and the variation in peak ratios from sample to
sample. We note that fluorinated hydrocarbons are extremely
sensitive to radiation damage.24,40 We therefore recorded spectra
at BESSY at beamline UE112-PGM1 with reduced flux (not
shown) which corroborate the above results.

From the measured orientation R ) 76° of the 1s to π*
transition dipole moments with respect to the surface normal
and the tilt angle ϑ ) 30° of the C-CF3 axis, we can derive
the twist angle γ of the azobenzene moiety (cf. Figure 1b) to
be 61 ( 10°, using the relation

The twist angle not only influences the mutual interaction
between neighboring azobenzene moieties but also impacts the
connection between the azobenzene chromophore and the alkyl
chain. As depicted in Figure 4a our DFT calculations show that
the C-O-C bond angle � of 120° is rather rigid with the three
atoms lying in the plane of the adjacent phenyl ring (� ) 0°).
The phenoxy group is, however, rather freely rotatable around
the internal azimuthal angle � in a range of (30°. As evident
from Figure 4b azobenzene linked directly to the alkyl chain is
instead almost freely rotatable around the C-phenyl bond with
a shallow potential minimum for an orientation of the alkyl chain
perpendicular to the phenyl plane (� ) ( 90°). The same holds
for the intensively studied biphenyl-alkanethiols (BPn). Thus
if lateral interactions among the chromophores dominate the
structure of the SAM, the molecular framework can adjust and
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Figure 3. (a) NEXAFS spectra of TF-Az6 and Az6. (b) Difference spectra
(gray area in part a) on an enlarged photon energy scale singling out
transitions from the chemically shifted C 1s core level at the trifluoro-
methyl group.
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we may find similar orientations of the azobenzene and biphenyl
moieties, i.e. tilt and twist angles ϑ and γ in the corresponding
SAMs (cf. Figure 1b).

Optical Properties in the UV/Vis Range. Absorption spectra
in solution as well as reflection spectra from the SAM for TF-
Az6 and Az6 are shown in Figure 5. In ethanolic solution the
spectra exhibit three main absorption features: The n-π*
(LUMO) transition (denoted as T1) at a photon energy of 2.8
eV, which is dipole forbidden in the thermally stable, inversion-
symmetric trans conformation of azobenzene, the strong π-π*
(LUMO) transition (T2) at 3.5 eV, and a broad absorption line

at ∼5 eV corresponding to higher π-π* transitions (T3), where
three sub-bands, marked by the vertical lines, can be discerned.
The CF3 marker group leads to a small overall red shift of the
TF-Az6 spectrum by ∼0.1 eV. The absorption spectra change
gradually when an increasing amount of water is added to the
ethanolic solution.41 The T2 transition at 3.5 eV fades, and an
additional blue-shifted absorption maximum appears at 4.1 eV.
Furthermore a slight red shift and splitting of the T3 transitions
occurs. These changes are attributed to aggregate formation in
watery solution. The UV/vis absorption spectrum in the center
part of Figure 5 was recorded for a 4 to 1 mixture of water to
ethanol where aggregate formation is completed.

Corresponding to the absorbance (A) of the transmission
spectra, the reflection spectra of the SAMs on Au/mica are
plotted as log(Rref) - log (RSAM), where R is the particular
reflectivity. The background of the reflection spectra increases
toward higher photon energies. This stems from the modification
of the reflectivity of the gold substrate by the thin molecular
overlayer. As shown by the dashed line in Figure 5 the
background can be qualitatively reproduced describing the SAM
as a thin dielectric layer.42,43 Here a layer with a thickness of
2.0 nm and a dielectric constant of ε ) 2.5 has been assumed,
while the optical constants of gold are taken from ref 44. In
regions where the reflectivity of the gold substrate varies
strongly with the wavelength, additional peaks arise. This occurs
at 2.6 eV (the onset of the d -bands) and at 3.5 eV, accidentally
coinciding with the π-π* (LUMO) absorption line. These
substrate features, although rather weak, contribute significantly
to the difference spectra, since the reflectivity changes only by
0.1-1% due to absorption of the azobenzene chromophores in
the SAM. Considering this background the UV/vis spectrum
of the SAM strongly resembles the absorption spectrum of the
aggregates in watery solution. As for the latter the π-π*
(LUMO) transition in the SAM is broadened and shows an
additional contribution, blue-shifted by 0.6 eV relative to the
T2 absorption maximum in solution. Note that the absolute shift
is comparable for TF-Az6 and Az6. The T3 transition at ∼5 eV
shows in contrast a minor red shift of ∼0.1 eV. Additionally
the underlying peaks (marked by the vertical lines) are much
better resolved. Compared to the T3 absorption peak the T2

transition is much weaker than in solution. The well-ordered
SAMs on Au/mica showed no sizable signatures of photo-
isomerization upon irradiation at various photon energies in the
UV range with photon doses of ∼5 × 1020 photons/cm2. In
contrast for Az6-SAMs on semitransparent (nonwetting) gold
films on quartz, we observed absorption changes in transmission
in the order of 0.002 A,41 comparable to those reported in refs
13 and 14.

Discussion

Structural Model of the SAM. Obviously the interaction
between chromophores depends on the SAM architecture.
Although NEXAFS spectroscopy probes the average orientation
of all molecules with respect to the surface normal, it can
provide insight into the intermolecular interaction for systems

(41) Freyer, W.; Brete, D.; Carley, R.; Schmidt, R.; Gahl, C.; Weinelt, M.
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Figure 4. Total energy contour plots for Az6 with the azobenzene
chromophore in the trans configuration for (a) an oxygen bridge and (b) a
carbon bridge between alkanethiol chain and azobenzene chromophore. The
stiffness of the bridge is explored by varying the C-O-C bond angle �
and internal azimuthal angle �. Identical results have been obtained for
TF-Az6.

Figure 5. UV/vis absorption spectra of TF-Az6 (black lines) and Az6 (gray
lines). The spectra of the SAM (upper lines) have been measured in
reflection and are difference spectra of the SAM-covered and clean gold
substrate. The dashed line is a dielectric continuum-model (DCM) calcula-
tion of the background of the gold substrate (see text). The spectra in solution
(lower lines) are recorded in transmission. In ethanol the molecules are
solvated as monomers, while in a water/ethanol mixture of 4:1 they form
aggregates.41 The cis Az6 isomer was isolated via thin layer chromatography,
and the corresponding spectrum is additionally shown as a gray dotted line.
All spectra are taken from pristine samples handled only in amber safe
light before measuring.
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with a high degree of orientation. This is the case for many
SAMs of aromatic/aliphatic molecules linked via a sulfur
headgroup to a gold surface.

For Az6 the 1s to LUMO transition dipole moment, which
is perpendicular to the plane of the azobenzene chromophore
in its trans configuration, is tilted by R ) 76 ( 3° with respect
to the surface normal. This mean tilt angle R is very close to
the value of R ) 78° reported for biphenyls BPn adsorbed on
gold with odd alkanethiol chain length n ) 1, 3, 5.45 Note that
due to the phenoxy bridge Az6 has an odd chain length of n )
7. Even chain lengths result in somewhat smaller tilt angles of
R = 70°.45 It is, moreover, found that the tilt angles vary by a
few degrees with the end group and the film structure.9,46 For
CN-BP1 and CN-BP2 smaller tilt angles of R = 67° and 64°
have been reported.47 In a recent study molecular switches
consisting of two biphenyl subunits linked by an azo group have
been functionalized by a terminal sulfur group,14 in the following
referenced as BPA. These molecules also form well-ordered
densely packed SAMs. The average tilt angles R of the π*
TDMs have been determined by NEXAFS to 73° and 68° for
the biphenyl and azo moieties, respectively. As in the case of
Az6 the similar tilt angles suggest the formation of a SAM with
molecules preferentially in the trans configuration.

For fixed R the azobenzene moiety can still be rotated around
the axis of the transition dipole moment perpendicular to the
molecular plane. To further constrain the adsorption geometry
either the tilt angle ϑ or the twist angle γ needs to be determined.
From the σ*(C-CF3) resonance we have deduced a tilt of the
corresponding C-C axis with respect to the surface normal of
ϑ ) 30 ( 6° and thus are able to derive also the twist angle γ
) 61 ( 10° of the chromophore. There are only a few studies
of aromatic SAMs where the molecular orientation has been
determined to this extent. Fourier transform infrared spectra
(FTIR) of X-BP0 yield tilt angles ϑ of 12°-20° depending on
the end group X.46 From a combination of FTIR and NEXAFS
measurements a twist of γ ) 61 ( 10° was determined for BPn
) 1, 3, 5 resulting in a tilt of ϑ ) 23 ( 7°.45 The data evaluation
and concomitant assumptions are rather involved in the FTIR
experiments. In contrast, NEXAFS gives direct access to the
orientation of the core to valence transition dipole moments.
Most recently in a study of CN-BP1 the π* resonances of the
nitrile end group served as a marker to determine the twist angle
γ to 50 ( 3° resulting in a tilt of ϑ ) 36°.47 The tilt and twist
angles of Az6 and BPn molecules in SAMs are very similar.
This suggests that the aromatic moieties arrange in an analog
manner to optimize the interaction of their π electron systems.

Having examined in detail the average orientation of the
adsorbed molecules, we now turn to their mutual arrangement
and the resulting interaction among the chromophores within
the SAM. AFM and STM measurements of Az6 on Au/mica
show that the SAM forms a well ordered nearly rectangular
lattice with two molecules per unit cell. Domains of different
structures have been found with the two molecules either close
together or evenly spaced. The respective unit cells, although,
have the same dimensions. For the basis vectors, values of a )
6.05 Å, b ) 7.8 Å16 and a ) 6.3 Å, b ) 8.2 Å17 are reported,
slightly smaller than those for the two biphenyls linked by an

azo group (a ) 6.5 Å, b ) 8.9 Å).13 For the two phases of Az6
a sandwich herringbone and a herringbone structure have been
suggested.16 Similar structures have been proposed for SAMs
of Az1048 and Az11.19 However, none of these studies
determined details of the molecular orientation.

The structure model used for the calculations is depicted in
Figure 6. For simplicity our model assumes equal orientation
of the two azobenzene chromophores in the unit cell. We note
that the two angles R and ϑ fix the orientation of the
chromophore with respect to the surface normal, but the
molecule may still be moved on a cone. For two molecules per
unit cell this allows for different herringbone-like arrangements
of the chromophores in the SAM as will be taken care of in the
modeling of excitonic coupling.

Excitonic Coupling among the Chromophores. The azoben-
zene end group attached to the alkyl chain is efficiently
decoupled from the metal substrate. This has been established
by measurements of charge transfer dynamics in SAMs carrying
a nitrile end group,49 and we also verified this by recent
autoionization measurements of TF-Az3, TF-Az6, and TF-Az10.
Therefore the optical properties of the chromophores in the SAM
will be little influenced by the substrate but can be altered by
lateral interactions among the chromophores. This is in contrast
to the recently investigated azobenzene and tetra-tert-butyl-
azobenzene molecules on Au(111), where adsorbate-substrate
interaction dominates over intermolecular coupling and is even
made responsible for optical induced switching.12,50,51

To describe the interaction between the chromophores and
simulate the influence of excitonic coupling on the UV/vis
spectrum of the azobenzene-alkanethiol in the densely packed
and well-ordered SAM, we follow the concept of exciton band
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Figure 6. Structural model of the SAM of the azobenzene-functionalized
alkanethiols. The molecules are located at the corners and in the center of
the rectangular unit cell with lattice vectors a ) 6.05 Å and b ) 7.80 Å.
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formation.52 Since the extent of the chromophores is of the same
size as the intermolecular distance, we describe the excitonic
coupling within the SAM in the framework of the extended
dipole model (EDM), which has been applied successfully to
various aggregate systems.23,53 The transition dipole moment
is approximated by a pair of charges separated by a certain
distance l. For equal molecules, the matrix element describing
the interaction between transition dipole moments at molecules
m and n is then approximated by53

Herein µ denotes the transition dipole moment of the respective
absorption line. ε0 and ε are the dielectric permeability and the
dielectric constant. Rmn stands for the distance between the
charges constituting the extended dipoles as sketched in
Figure 7a.

For a two-dimensional ordered lattice of equivalent molecules
and in the limit of large aggregates only the excitonic mode
with all transition dipoles in-phase contributes to the optical
absorption spectrum. For a herringbone structure an additional
mode with smaller but finite total transition dipole moment
exists, where the molecules of the two species are excited out-
of-phase. To calculate the energy shift of the absorption lines
for the two lowest optical transitions of TF-Az6 and Az6 SAMs,

we take as input the structure with the tilt and twist angles
determined from NEXAFS spectroscopy together with the lattice
parameters determined by Wolf, Jaschke et al.16 The transition
dipole moments µ(T2) ) 8.94 D and µ(T3) ) 3.03 D of the T2

and T3 optical bands and their orientation with respect to the
C-CF3 axis are taken from our TD-DFT calculations. Guided
by the extent of the π-electron system along the respective
directions, the lengths of the dipoles l of the T2 and T3 transitions
are taken to be 10 Å and 4 Å, respectively. The calculations
include the interaction with all neighbors in a lattice consisting
of 50 × 50 unit cells.

To investigate the interaction between neighboring transition
dipoles we varied their azimuthal angles, φ1 and φ2, in Figure
7b, independently. In Figure 7c the angular dependence of the
spectral shift is presented for the T2 transition with a dipole
length of l ) 10 Å in a false color plot. Corresponding to ϑ )
30° the tilt angle of the optical transition dipole moment is taken
as θ ) 38°. The areas of large spectral shifts (white) correspond
to angle combinations where the partial charges of the extended
dipoles approach each other closely. Hence these orientations
are forbidden for steric reasons. As seen from the dark diagonal
stripes, all combinations of equal azimuthal orientation for both
molecules in the unit cell represent configurations, where the
intermolecular coupling, especially the excitonic coupling, is
small (φ1 ) φ2). The same holds along the path where the
molecules rotate exactly counterclockwise (φ1 ) 180° - φ2).
In these configurations the excitonic band shift for large
aggregates amounts to ∼0.55 eV. This is of the same order of
magnitude as the experimentally observed value of 0.6-0.65
eV for the blue-shifted absorption maximum and strongly

(52) Davydov, A. S. Theory of Molecular Excitons; Mc Graw-Hill: New
York, 1962.

(53) Kato, N.; Yuasa, K.; Araki, T.; Hirosawa, I.; Sato, M.; Ikeda, N.;
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Figure 7. Extended dipole model (EDM): (a) Transition dipoles m and n of length l and charge separation Rmn. (b) Top view showing the orientation of
optical transition dipole moment µ relative to the lattice. The angles φ1 and φ2 define the azimuthal orientation of the two transition dipole moments in the
unit cell. (c) False color plot of the calculated spectral shift of the T2 dipole transition with respect to the azimuthal orientation φ1 and φ2 for fixed tilt angle
θ ) 38°. (d) Calculated spectral shifts ∆E for the T2 (solid line) and T3 transition (dashed line) as a function of the tilt angle θ of the corresponding optical
transition dipole moment. The gray horizontal bars mark the expected coordinates of the dipole moments µ(T2) and µ(T3): The energy shift of the transition
dipole moments is taken from UV/vis spectroscopy, and the angle θ is determined by combining the orientation deduced from the NEXAFS measurements
and the orientation of the optical dipole moment calculated via TD-DFT. The extension of the bars represents the experimental errors.
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supports that the interaction among the transition dipoles can
very well describe the spectral shift of the T2 transition in the
UV/vis spectra. The calculated spectral shift remains >0.5 eV,
even if we vary the position of the second transition dipole
moment within the unit cell and if we allow for differing
orientations of the two molecules in the range compatible with
the experimentally determined average orientation. Therefore
we expect similar energetic shifts for the different phases
reported for Az6 SAMs.

To evaluate the spectral shifts as a function of the tilt angle
of the dipole moments θ with respect to the surface normal we
assume φ1 ) φ2, where the influence of steric hindering and
repulsive dipole-dipole interactions is small. The respective
shifts of the dipole moments µ(T2) and µ(T3) of transitions T2

and T3 are depicted in Figure 7d.54 Overall the energy shift of
the T3 transition is much smaller because its smaller transition
dipole moment enters eq 3 quadratically. The gray horizontal
bars mark the measured energy shift of the dipole transitions
T2 and T3 and the angular ranges for θ which are consistent
with the molecular structure determined from NEXAFS, i.e. the
angles R and ϑ. Given the rather simple extended dipole model
and the complex structure of the SAM, experimental and
calculated shifts agree well. Small corrections may stem from
the additional static dipole interactions resulting from a change
of the charge distribution in the excited state which have been
neglected here.53 However, even the present level of the
modeling unambiguously establishes that the shift of the optical
transitions is a clear signature of the interaction between the
transition dipoles. The T2 and T3 transitions are blue- and red-
shifted and form accordingly H and J aggregates, respectively,
in both the watery solution and the SAM. For the T2 transition
the model reproduces only the position of the blue-shifted
maximum, since it does not include the effect of defects and
the coupling to nuclear motion.

For BPA-SAMs on gold with lattice parameters and a
molecular orientation comparable to Az6, high switching yields
have been reported.13,14 Taking the given SAM structure and
assuming the same transition dipole moment as that for Az6,
the extended dipole model predicts a blue shift of ∼0.5 eV for
large well-ordered SAM areas of BPA.

Concerning the photoisomerization within a well-ordered
SAM, the question arises if the optical excitation resides long
enough at one molecule that the photoisomerization process is
triggered and the chromophore is decoupled from its neighbors.
Eisfeld et al. calculated absorption spectra for H-aggregates
corresponding to the T2 absorption line taking explicitly into
account coupling to vibrational degrees of freedom.55 They came
to the conclusion that if the energetic shift of the H-band exceeds
the width of the monomer spectrum, energy transfer to vibrations
is suppressed since the excitation energy is delocalized faster
than it can be transferred to the nuclear coordinate. An energy
change of 0.65 eV corresponds to a delocalization time on the
order of 1 fs and exceeds the width of the monomer spectrum
of 0.5 eV. As optical excitation of this π to π* transition triggers

the trans to cis isomerization of the azobenzene in solution,
photoswitching in the SAM is ineffective. Since the isomer-
ization reaction takes ∼1 ps,56,57 we believe that in addition to
steric hindrance this delocalization of the excitation on the
femtosecond time scale constitutes a strong constraint to
photoswitching within well-ordered SAMs. In the vicinity of
structural defects, e.g. also cis isomers, where the excitonic
coupling is weakened, the isomerization probability might
increase again. Although not observed in the present case, this
cooperative effect could promote the formation of switched
domains13,14 and explain the data obtained from rough gold
surfaces.

Conclusions

On the basis of NEXAFS measurements, UV/vis spectros-
copy, and DFT calculations, we have developed a consistent
picture of the geometric structure and optical properties of the
photoswitch azobenzene attached as an end group in a hex-
anethiol SAM. The orientation of the molecules in the SAM
follows the self-assembly principles of aliphatic-aromatic SAMs
and is quite similar to that of the recently investigated
biphenyls.9,47 Attaching a trifluoro-methyl marker to the azoben-
zene end group, we can determine the molecular orientation to
a large extent and deduce the tilt and twist angles as 30 ( 6°
and 61 ( 10°. On the basis of the geometric structure the
0.6-0.65 eV blue shift of the T2 (π to π* (LUMO)) and 0.05
eV red shift of the T3 (π to π* (LUMO+n)) transitions is
qualitatively described by an extended dipole model.23 This
demonstrates formation of H and J aggregates and the impor-
tance of excitonic coupling among the azobenzene π systems.
We conclude that strong delocalization in the densely packed
layer quenches the optical excitation on an ultrafast time scale
and thereby impedes molecular switching in the SAM.

This detailed insight into the intermolecular coupling will help
to design structures with proper functionality. While dilution
of the switch has been recently shown to restore functionality,21

many applications ask for switching a larger fraction of
molecules.13 Here excitonic coupling may open a new perspec-
tive in imitating light harvesting complexes and controlling
excitation flow in a SAM by tuning the optical properties of
the chromophores.
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