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In a two-color experiment, we demonstrate how light can be used as an external control to continuously

tune the work function of a gold substrate functionalized with a dilute azobenzene-based

self-assembled monolayer (SAM). The work function is measured by two-photon photoelectron

spectroscopy. While in the ground state the azobenzene moiety adopts the trans configuration,

illumination with pulsed laser light at a wavelength of 368 nm results in a photostationary state

(PSS) mainly comprising cis isomers. An additional 450 nm continuous-wave laser with tunable

intensity serves to shift the PSS back towards the ground state. This way the work function is freely

adjustable in real time over a range of �240 meV between the two PSS extrema. We furthermore

relate the change in work function to the average change in dipole moment per azobenzene chro-

mophore. Quantum-chemical calculations that take into account available structural data of the

molecules in the SAM must consider at least two different trans and four different cis orientations.

The computed respective perpendicular trans-cis dipole-moment changes indicate that in experi-

ment the cis molecules adopt different orientations along with a very high cis azobenzene yield in

the UV PSS. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4999436]

The modification of inorganic materials with organic

layers represents an active field of research that aims at over-

coming material-class-specific drawbacks for device fabrica-

tion through the design of hybrid layered systems. Level

alignment of electronic states at inorganic/organic interfaces

is crucial in the fabrication of hybrid optoelectronic devi-

ces.1–3 One way to modify this alignment is to incorporate

dipole layers into the interface. This results in changes of the

work function at the surface.2–8 To extend the idea from a

statically modified surface to a responsive surface or inter-

face that is controllable by an external stimulus, the organic

layers can be functionalized with molecular switches like the

photochromic azobenzene.9–17 Its isomerization from the

ground-state trans into the meta-stable cis form can be trig-

gered by UV irradiation whereas illumination with blue light

leads to back-switching.18,19 While the planar inversion-

symmetric trans configuration has no static dipole moment,

the bent cis isomer is strongly polar.20 Stiller et al. used the

impact of dipole-moment changes on the work function to

prove the switching ability of different azobenzene deriva-

tives in self-assembled monolayers (SAMs).10 However,

only small changes of 20 meV on a single-crystalline gold

substrate were observed. Steric hindrance has been identified

to prevent switching in densely packed SAMs, which stimu-

lated the idea of chromophore dilution by insertion of addi-

tional alkanethiol molecules as lateral spacers.19,21,22 SAMs

from asymmetric azobenzene disulfides with a chromophore

density of 50% showed work-function changes in the order of

200 meV.12 However, significant reductions in the maximal

shift occurred for repeated UV irradiations. So far, in such

experiments commonly photon fluxes in the order of 1016

photons/s cm2 or less were used, and hence, light-induced

changes in the work function required several minutes to

attain a photostationary state (PSS).9–14,17 This would be too

slow for useful applications. To drive the system into a

desired PSS rapidly, we use the tunable interplay of laser

light of two wavelengths corresponding to the S1 and S2

absorption bands of our azobenzene chromophore.19,23 This

way we make the work function tunable in real time. A fs-

pulsed laser beam at 368 nm (UV) triggers switching of the

azobenzene units in the SAM from the trans into the cis
form and simultaneously the emission of photoelectrons

from the Au substrate via a two-photon process [see scheme

in Fig. 1(a)]. These electrons pass through the tunable dipole

field determined by the azobenzene trans-cis isomer ratio in

the SAM and thereby probe the sample work function. In

this way, we prevent beam damage to the SAM during the

measurement, commonly caused by higher-energetic probe

photons as, e.g., in ultraviolet photoelectron spectroscopy.

To control the amount of cis isomers, we illuminate the same

spot on our sample with an additional continuous-wave (cw)

laser at 450 nm (blue). Its variable intensity is far too low to

contribute to the two-photon photoemission (2PPE) signal by

which the work function is measured.24 The isomerization

cross sections r ¼ 1/(j�s) for both wavelengths are in the

order of 10�18 cm2.25 We used large photon fluxes j in the

order of 1017–1019 photons per second and cm2, i.e.,

10–1000 times more than in previous experiments, which

allows driving the system into the PSSs within a time 5s of

just 10 s down to 0.5 s.

The azobenzene-functionalized SAMs were prepared on a

2 mm thick Au(111) single crystal (MaTeck GmbH, 5N,<0.1�)
by immersion as described elsewhere.19 The crystal surface was

initially prepared by Ar ion bombardment and careful annealing.

The work function U of the clean Au(111) surface was measured

to be 5.4 eV, in agreement with the literature.26 Upon SAM for-

mation, U is lowered by �1 eV, comparable to other works.27

Between SAM preparations, the crystal was cleaned with perox-

omonosulfuric acid [H2O2(30%):H2SO4(> 95%)¼ 1:7 v/v] for
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10 min at room temperature and 20 min while heating to

60 �C. The methanolic immersion solutions contained

11-(4-(phenyldiazenyl)phenoxy)undecane-1-thiol (Az11, by

courtesy of R. Klajn) and 1-dodecanethiol (C12, Alfa Aesar

A12741), with an Az11 mole fraction of 20 6 3% (0.1 mM

total thiol concentration). Co-adsorption of the two compo-

nents yields densely packed SAMs containing 24 6 5% of

Az11 molecules on the surface.19 To avoid premature photo-

switching of the azobenzenes, preparation and experiments

were performed under yellow light (k > 500 nm, Narva

LT-T8 YELLOW special).

The ultrashort laser pulses at a wavelength of 368 nm

were produced with a 300 kHz Ti:Sa RegA-system

(Coherent) pumping an optical-parametric amplifier in the

visible regime and subsequent second-harmonic generation.

Photoelectrons emitted from the grounded sample were

detected with a time-of-flight spectrometer (SPECS Themis)

in the drift mode. The work function is determined from fit-

ting the low-energy cut-off in the 2PPE spectra with a model

function. This is based on the product of an exponential decay

with an error function centered at the energy of the vacuum

level, i.e., the work function. The latter can be determined

with a small relative uncertainty of �3 meV within a series of

measurements on the same sample spot. We used a diode

laser (Oxxius) for the continuous-wave illumination at

450 nm.

The pristine diluted Az11 SAM comprises azobenzene

in trans configuration exclusively.19,25 Illumination at the S1

or S2 absorption bands triggers interconversion between the

trans and cis isomers changing their ratio in the sample until

a new steady state is reached. In this photostationary state,

the switching rates in both directions become equal. For

irradiation with 368 nm (inducing mainly trans-to-cis
isomerization), we measure a work function of

UPSS(368 nm)¼ (4.465 6 0.003) eV [cf. fit to the magenta

data set in Fig. 1(a)]. Adding 450 nm light shifts the PSS

back into the direction of the all-trans SAM. Note that differ-

ent from the case of semiconducting substrates,28 in the case

of a metal substrate there is no contribution from the sub-

strate to the photoinduced work-function shift. Figure 1(a)

shows a series of spectra taken with different photon fluxes

of the 450 nm cw laser but a constant flux of the pulsed

368 nm laser of j(368 nm)¼ (5.4 6 0.5)�1017 s�1 cm�2. As

soon as we add the cw laser, we observe a lowering of the

work function. The work-function change can be related to

the number of the cis isomers by the Helmholtz equation

DU ¼ e

�0�

Nc

A
Dp?; (1)

where Nc

A is the number of cis-azobenzenes per unit area, Dp?
the change in the perpendicular component of the dipole

moment per chromophore, �0 the vacuum permittivity, � the

relative permittivity of the organic layer, and e the elementary

electric charge. For the Az11 densities in the diluted SAM

densities, depolarization effects can be neglected.29 Because

in the PSS there is no net change in the number of cis mole-

cules anymore, we can define the differential equation

_Nc ¼ rtc � N0 � ðrtc þ rctÞ � Nc¼! 0; (2)

with N0¼Nc þNt being the total number of Az11 molecules

and rtc and rct being the rate constants of trans-to-cis (tc) and

cis-to-trans (ct) isomerization, respectively. The rate

constants rtc ¼ jk1rk1
tc þ jk2rk2

tc and rct ¼ jk1rk1
ct þ jk2rk2

ct þ rth
ct

depend on the respective photon fluxes j and switching cross

sections r in both directions for each wavelength, k1

(368 nm, UV) and k2 (450 nm, blue), and thermal back-

switching into the trans state rth
ct . The latter can be neglected

because it occurs on a time scale two orders of magnitude

longer.25 Therefore, the work-function change,

UPSSðxÞ � Ut, can be written as

DU xð Þ ¼ e

�0�

N0

A
Dp?|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}

DUmax

rk1
tc

rk2
tc

þ x

rk1
tc þ rk1

ct

rk2
tc

þ x
rk2

tc þ rk2
ct

rk2
tc

 !
0
BBBB@

1
CCCCA; (3)

with x ¼ jk2

jk1
being the ratio of the two photon fluxes, ranging

from zero to infinity. Thereby, the maximal work-function

change between an all-cis and all-trans SAM, Uc � Ut, is

FIG. 1. (a) Select 2PPE spectra of a measurement series on a 24% Az11 SAM

under different illumination conditions. The colored markers represent the mea-

sured data; the solid lines are fits to these data. The work function is determined

from these fits as described in the text. Spectra for pure 368 nm irradiation in

magenta and black: first and last spectra of the series. All other spectra are mea-

sured with additional 450 nm illumination. During the series, the photon flux of

368 nm was kept constant at j(368 nm)¼ (5.4 6 0.5)�1017 s�1cm�2. The expo-

sure time was 120 s per spectrum, 20 min for the whole series. Focal spot sizes:

(0.33 6 0.02) mm2 at 450 nm, (0.26 6 0.02) mm2 at 368 nm. (b) Sample work

function from fits to the spectra shown in part (a) versus the ratio of the photon

fluxes at 450 and 368 nm. Inset: Switching events per second in a PSS as a

function of the actual mole fraction of molecules in the cis state at the surface.

081601-2 Bronsch et al. Appl. Phys. Lett. 111, 081601 (2017)



DUmax ¼ UPSSð365 nmÞ�Ut

vcð365 nmÞ , taking into account that the isomeri-

zation cis yield is vc (k)¼ rk
tc

rk
tcþrk

ct

. Figure 1(b) shows the

measured work function as a function of the ratio of the pho-

ton fluxes at 450 nm and 368 nm. The grey line is a fit to the

data according to

UPSSðxÞ ¼ Ut þ DUðxÞ; (4)

using Eq. (3). In accordance with Moldt et al., the isomeriza-

tion yield vc (k2) at k2¼ 450 nm has been fixed to its maxi-

mum value of 5% in the fit shown in Fig. 1(b).25 With that,

Eq. (4) describes the measured work-function change very

well. Given its derivation from first-order kinetics, assuming

that the azobenzene moieties act independent of each other,

there seems to be no large cooperative-switching effect in

the diluted SAM. The fit gives us the work function of the

all-trans SAM Ut¼ (4.22 6 0.01) eV. For large 450 nm

photon fluxes, the work function approaches a limiting

value of UPSS (450 nm)¼ (4.23 6 0.01) eV due to residual

cis isomers. Thus, the maximal work-function shift

with respect to the UV PSS (368 nm only) is

DUPSSð368 nm() 450 nmÞ � ð240610ÞmeV. With this,

we can determine the average change in dipole moment per-

pendicular to the surface per azobenzene unit. By means of

atomic force microscopy, the molecular density in a pure

Az11 SAM on Au(111) has been found to be

(4.1 6 0.3)�1014 cm�2.30 In our diluted SAM, this translates

to a density of (9.8 6 0.7)�1013 cm�2. (The 10% larger unit

mesh determined by scanning tunneling microscopy31 would

enlarge the calculated dipole-moment change by 10% as

well.) The relative permittivity of azobenzene-functionalized

alkanethiols in pure and mixed SAMs has been studied by

surface plasmon resonance (SPR) spectroscopy.13

Considering those results, we assume a relative permittivity

� ¼ 2.5 6 0.2 for our samples. Using these values, our

observed work-function change necessitates an average

dipole-moment change Dp?¼ 1.6 6 0.4 D per Az11 mole-

cule in the SAM.

According to a near edge X-ray absorption fine structure

(NEXAFS) study,25 the isomerization yield of 365 nm irradi-

ation vc (365 nm) is in the range of 67%–100% in the case of

an Az11 coverage of 24%. This corresponds to an average

difference in dipole moment perpendicular to the surface of

(2.4 6 0.6) to (1.6 6 0.4) D between cis and trans Az11. This

result seems to be in agreement with the value of 2.04 D per

azobenzene unit that Nagahiro et al.13 derived from density

functional theory (DFT) calculations for 1:1 mixed SAMs of

Az12 and C12 formed from the respective asymmetric disul-

fide. However, newer results from NEXAFS and UV/Vis

spectroscopy indicate that the average orientation of Az11

with its one-methylene-unit shorter linker chain strongly dif-

fers from the one those calculations are based on.19,32–34 The

NEXAFS polarization contrast of a pure C12 SAM indicates

that on average the alkyl chains are canted away from the

surface normal by #CC � 38� and the methylene groups by

aCH2 � 63� (cf. Fig. 2). This implies that the carbon-atom

backbone is twisted by a roll angle of cC12 � 42.5�. These

findings are in fair agreement with the orientation of alkane-

thiols on Au(111) determined by vibrational spectroscopy (#

� 27�, c � 53�).35 NEXAFS measurements on a 100% Az11

SAM give average orientations of the trans-azobenzene plane

vectors, i.e., perpendicular to the phenyl-ring planes and the

azo group, of at-azo � 72� with respect to the surface normal.

This indicates a tilt angle of the chromophore C1-C4 axis of

#t-azo � 30� from the normal (cf. Fig. 2).19,25 Furthermore, the

orientation of the N¼N double bond is rather parallel to the

surface.19 The orientation of the chromophores depends on

their surface density: Upon dilution in mixed SAMs of Az11

and C12, the azobenzene moiety tilts down towards the sur-

face plane. In the case of an Az11 surface concentration of ca.

15%, the mean orientation of the azobenzene plane vectors

assumes just at-azo ¼ (45 6 5)� from normal which translates

to #t-azo � 45�.19 The orientations of the transition dipole

moments are depicted as red arrows in Fig. 2.

Assuming that all molecules adopt an orientation with

the average angles deduced from NEXAFS, we calculated

possible orientations of Az11 and resulting dipole moments.

The matrix of the surrounding C12 spacer chains sets the

orientation of the alkyl linker chain of Az11 which implies

at-azo� 65�. We established angles at-azo ¼ 45� in the diluted

SAM by an additional intramolecular twist of ca. 25� about

the oxygen-phenyl bond. At room temperature, roll angles

FIG. 2. Top left/middle: Schematic of the NEXAFS-compatible, DFT-opti-

mized orientations of the C12 spacer and trans-Az11. Top right: dipole

moments perpendicular to the surface and total from MP2/6-311þþG(d,p)//

B3LYP/6-311þþG(d,p) calculations (B3LYP/6-311þþG(d,p) values for refer-

ence). Bottom: Schematic of the trans down and cis up and down isomer orien-

tations along with projections of their respective dipole-moment vectors on the

x-z plane. The respective mirror images (*) of the cis isomers by reflection

through the alkyl-linker chain plane are not shown. The orientations of the

NEXAFS transition-dipole moments at the methylene (CH2) groups, the alkyl

linker chain (CC), and the phenyl-ring planes are indicated by red arrows.

081601-3 Bronsch et al. Appl. Phys. Lett. 111, 081601 (2017)



on this order around the equilibrium orientation of this bond

should readily occur.34 Interactions with neighboring chro-

mophores and the surrounding SAM surface could further

facilitate this twisting. The azo group can point either away

from or towards the surface giving two possible orientations

of the trans-chromophore, denoted as trans up and trans
down. For the cis isomer, very little is known from experi-

ment about its orientation in a SAM. Our NEXAFS meas-

urements show minor polarization dependence pointing

towards various orientations of the chromophore.25 Most

likely, the lower phenyl ring takes on an equilibrium orien-

tation with respect to the attached alkyl linker chain. The

upper phenyl ring then can move either towards or away

from the surface upon switching from the trans into the cis
form. This leads to different cis orientations, again with the

azo group pointing rather down or up with respect to the sur-

face. The tilt and roll angles of the alkyl linker chain at the

surface lift the equivalence of the “down” and “up” cis-

Az11 isomers with their respective mirror images (*). That

is why we have to consider two different trans and four dif-

ferent cis orientations of the chromophores. To determine

the dipole-moment changes perpendicular to the surface

whilst taking into account the mentioned geometrical con-

straints, we carried out quantum-chemical calculations with

density functional theory (DFT, B3LYP36,37) and ab-initio
perturbation theory (MP238), both at the 6-311þþG(d,p)

level. We first optimized the four possible equilibrium

geometries of individual trans- and cis-Az11 isomers in vac-

uum by DFT with the alkyl linker chain constrained to an

overall straight zigzag arrangement. Dipole moments of all

isomers were calculated by MP2 using the DFT-optimized

structures.39 The values are given in the table in Fig. 2. For the

trans isomer, the direction of the azo group (up or down) has a

weak influence on its dipole moment, changing it by less than

6%. Also the intramolecular twist of the chromophore has a

rather negligible effect. This is reasonable because the dipole

moment of trans-Az11 is mainly determined by the angle and

orientation of the COC ether bonds bridging the linker chain

and the highly symmetrical flat chromophore. In the cis isomer

however, the bent azobenzene moiety adds a strong dipole

moment whose direction in turn depends on the orientation of

the azo group. In the diluted Az11 SAM, the tilt and roll

imposed by the alkyl linker chain determine the orientation of

the azo group which varies between nearly perpendicular (cis
up) and parallel (cis down) to the surface. Thereby, the dipole-

moment component of the cis-azobenzene unit varies between

nearly parallel and perpendicular to the surface, respectively.

This makes for very different perpendicular cis-Az11 dipole-

moment components. Therefore, the perpendicular dipole-

moment changes vary between very small for when the azo

group is perpendicular (cis up) Dp? ’ 0.18 D and very large

for when it is parallel (cis down) Dp? ’ 3.03 D to the surface.

In the experimental UV PSS, the cis up state clearly cannot be

the exclusive one and the sterically more demanding cis down

state is unlikely to be predominant. In the case of an even distri-

bution of the possible cis isomers, the average change in dipole

moment between the UV PSS and the 450 nm limit would be

Dp? ’ 1.63 D. Statistical mixing of Az11 and C12 leads to dif-

ferent local environments for the individual chromophores.

Therefore, most likely all four cis orientations should be present

at the surface.

Finally, we address the reversibility of the switching

process under the experimental conditions. Figure 1(a)

shows two spectra taken with only 368 nm on the same sam-

ple spot at the beginning and the end of the spectra series.

The number of times each Az11 molecule switched during

the series can be estimated on the basis of Eq. (2). In a PSS,

equal numbers of molecules switch in each direction. Hence,

the number of switching cycles S“ equals the number of

switching events in one direction Sct ¼ rct�Nc

N ¼
!

S“. This quan-

tity can be expressed as a function of the isomerization yield

vc ¼ Nc

N ¼
rtc

rtcþrct
of a specific wavelength or wavelength com-

bination and the sum of the rate constants which equals the

inverse rise time 1
s to reach a PSS

S“ ¼ vc � v2
c

� �
� rct þ rtcð Þ ¼ vc � v2

c

� � 1

s
: (5)

Thus, the number of switching cycles depends strongly on the

isomerization yield, as shown in the inset of Fig. 1(b). Taking

the isomerization cross sections rtc and rct for 365 nm and

455 nm determined by NEXAFS measurements25 and inter-

polating the isomerization yields that are reached for the dif-

ferent photon flux ratios by the measured work functions, we

find that each molecule can undergo more than 800 individual

switching events in our measurement series without signifi-

cant fatigue.

In conclusion, diluted azobenzene-functionalized alka-

nethiol SAMs allow fast, reversible, and continuous tuning

of the work function of gold electrodes over a range of more

than 200 meV via external stimulation by light. This range

may be significantly extended by adding polar end-groups

that enlarge the perpendicular dipole-moment change.13 The

potential of this system for future applications is not only

given by the tunable range but also by its fast response and

low fatigue. Even after several hundred switching events of

every molecule, the work function is precisely reproduced.

Our calculations clearly indicate the importance of consider-

ing molecular orientations close to experiment to get reason-

able results. In our case, this necessitates evaluating

perpendicular dipole-moment components for six different

cases—two trans and four cis orientations. The observed

maximum trans–cis dipole-moment change agrees very well

with the average of the calculated ones. This strongly hints

that there is not one defined cis orientation in the UV PSS

but that in the ensemble we obtain an average one. The

seemingly non-cooperative switching between trans and cis
might be related to the lack of one defined cis state in which

then defined intermolecular interactions could come into

play. For applications, the next step would be to not only

control the switching but also the orientation of the azoben-

zene unit in the cis form. This asks for the design of specific

photoswitches or also constraining the possible molecular

movements upon switching by modeling the SAM environ-

ment accordingly.
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