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Photoswitching activation of a ferrocenyl-stilbene
analogue by its covalent grafting to gold†

Francesc Bejarano,a Diego Gutiérrez,ab José Catalán-Toledo, a

Daniel Roca-Sanjuán, c Johannes Gierschner, *d Jaume Veciana, a

Marta Mas-Torrent, a Concepció Rovira a and Núria Crivillers *a

Until now, surface-deposited stilbenes have been much less studied than other photochromic systems.

Here, an asymmetrically substituted styrene incorporating a redox-active ferrocene moiety and a

terminal alkyne group has been synthesised to investigate its photoisomerization in solution, and upon

the formation of chemisorbed self-assembled monolayers through a carbon–gold bond formation.

Charge transport measurements across the monolayers reveal that upon chemical linkage to the gold

substrate there is an alteration of the isomerization pathway, which favours the trans to cis conversion,

which is not observed in solution. The experimental observations are interpreted based on quantum

chemistry calculations.

1. Introduction

In the field of molecular electronics,1–3 there is a continuous
search to attain stable, reproducible and efficient metal
adsorbed functional molecules displaying amplification, recti-
fication or information storage functions.4 With this aim, sur-
face confined molecular switches5 have been extensively
explored,6–8 and with their implementation into molecular-
based devices have been applied as memories,9,10 conductance
switches11–13 and, to tune surface properties such as the metal
work function,14,15 surface wettability16–18 and the substrate
optical and magnetic properties.19 Among the possible external
stimuli required to induce the switching process, the remote,
selective control and spatial and temporal precision, that light
irradiation provides, being additionally non-invasive and clean,
makes it a very appealing toggling source for devices fabrica-
tion.20–27 Stilbenes, azobenzenes, diarylethenes and spiropyranes
have been widely studied photochromic systems.28–31 It is well
known that the surface grafting of a molecular switch can strongly
influence the switching function.32–34 The photoisomerization of

stilbenes on surfaces has been much less exploited than that of
azobenzenes and diarylethenes.35–38 The reason for this may lie in
the possibility of subsequent photochemical reactions, i.e., phenan-
threne formation and cyclodimerization reactions, which can lower
the cis-trans photoisomerization yield.

The herein reported work aims to fill this gap of research by
studying the light response of an asymmetrically substituted
styrene SAM incorporating an electrochemically active moiety,
i.e. a photo- and redox-active system (compound 1 in Fig. 1).39,40

1 was chosen as the target system for two main reasons: (i) to
employ a terminal alkyne anchoring group which sponta-
neously reacts with the electrode through a C–Au bond estab-
lishing a robust and electronically effective contact with the
metal substrate and, (ii) to incorporate as a styrene substituent
a 5-membered ring which could prevent possible phenanthrene
generation upon illumination of the SAM. For this, a ferrocenyl
moiety was selected since additionally its redox-ability allows
its electrochemical identification. In this work, it is shown that
in solution, trans to cis isomerization is inefficient, but becomes
favoured upon covalently anchoring 1 on the Au surface. This
effect was revealed by charge transport measurements across the

Fig. 1 Synthesis of the ferrocenyl-stilbene analogue 1.
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SAMs and was supported by a theoretically determined barrier
energy interconversion between the trans and cis forms for the
1-Au.

2. Experimental and
computational details
2.1. SAM preparation

All the glassware used for the preparation of SAMs was first
cleaned following standard procedures and then further
washed by overnight immersion in a 2% v/v Hellmanex II
solution in MilliQ water, thoroughly rinsed with MilliQ water
and dried in an oven at 80 1C overnight. When Teflon material
was used, it was cleaned with piranha solution at 100 1C and
carefully rinsed with MilliQ water as well. Ultra-smooth
template-stripped gold and silver substrates (AuTS) were pre-
pared following a reported procedure.41 The thickness of the
gold layer was 200 nm. A 1.2 mM solution of compound trans-1
or cis-1 in freshly distilled toluene were dissolved under argon
atmosphere in a flat-bottom flask. Then, the AuTS substrates
were immersed in the solution and the flask was closed and
sealed. Three vacuum/Ar cycles were carried out to remove the
residual atmospheric air. After 24 hours at room temperature
and in dark, the substrates were removed from the flask and
thoroughly rinsed with toluene and dried in a nitrogen stream.

2.2. Charge transport measurements

The Gallium–Indium eutectic (EGaIn) was used as the top-
electrode. An electrometer Keithley 2604B was used to perform
the electrical measurements. The current density versus
potential curves (JV) were obtained with an integration time
settle between 50 ms to 250 ms depending on the current value
and a waiting time between two consecutive potential values of
typically 100 ms (100 mV/100 ms). The EGaIn was purchased
from Sigma-Aldrich (Z99.99% trace metals basis). The top-
electrode was biased and the bottom electrode was grounded.
EGaIn/Ga2O3/ferrocenyl-stilbene/substrate junctions were fab-
ricated by placing in contact a EGaIn/Ga2O3 drop hanging from
a Hamilton syringe. Different junctions were prepared and
several traces for each junction were registered in the form of
J/V curves. For each set of measurements (i.e. each junction) at a
given point of the sample, the freshly prepared EGaIn/GaOx

cone-shaped was placed in contact with the SAM/Au surface,
with a geometrical contact diameter of around 20 mm.42,43 In
order to obtain representative values from the J/V curves, the
data was treated statistically to determine the mean, the
standard deviation and the 95% confidence intervals. For each
potential value (voltage steps of 0.1 V) the data were plotted in
histograms in log 10|J| and a Gaussian fit was applied.

2.3. Calculations

(Time-dependent) density functional calculations, (TD-)DFT,
were employed using the B3LYP as well as the long-range
corrected CAM-B3LYP functional and the 6-311G* basis set
(LANL2DZ for Fe, Au) as defined in the Gaussian program

package.44 Static dipole moments were extracted from the
ground state DFT calculations. Vertical energies were obtained
as single point TD-DFT calculations on the DFT-optimized
ground state geometries of the trans and cis isomers. Adiabatic
energies were obtained from TD-DFT geometry optimizations
of the respective first singlet and triplet excited states (S1, T1).

3. Results and discussion
3.1. Synthesis and SAM preparation and characterization

The synthesis of compound 1 was achieved following the
synthetic route shown in Fig. 1. An isomeric mixture was
obtained from a Wittig reaction between the triphenylpho-
sphonium bromide derivative and the ferrocene carboxalde-
hyde. Small fractions of pure trans-1 and cis-1 were isolated,
along with a large fraction of the diastereomeric mixture that
was quantitatively converted to the trans form in the presence
of catalytic iodine upon toluene reflux (see ESI† for details on
the synthesis and characterization).

The cyclic voltammetry (CV) of both isomers gave very
similar redox potential, E1/2 = 0.44 V and E1/2 = 0.46 V (vs.
Ag/AgCl) for the trans-1 and cis-1, respectively. UV-Vis absorp-
tion spectroscopy showed two clearly different spectra for both
isomers (Fig. 2) with a significant absorption enhancement
(hyperchromic effect) and a bathochromic (red) shift for the
main absorption band A3 of trans-1 vs. cis-1. Both effects are
ascribed to enlarged p-conjugation for the trans form compared
to the sterically restricted non coplanar cis configuration. This
is indeed shown by DFT geometry optimization (Fig. S7, ESI†),
giving a dihedral angle in the vinylene unit of 1801 for trans-1,
and 61 for cis-1. Furthermore, our TD-DFT based natural
transition orbital (NTO) analysis in Fig. S11 (ESI†) indeed
ascribe A3 to an extended locally excited (LE) pp*-type state
(mainly S9); the extension of the p-system by the acetylene
moiety is also responsible for a considerable bathochromic
shift of A3 vs. trans-stilbene.

Fig. 2 Absorption spectra of trans-1 and cis-1 in acetonitrile. Straight
lines correspond to the irradiation wavelengths used in assayed
isomerizations. Indicated transitions: LE = locally excited state;
LL = ligand-to-ligand; ML = metal-to-ligand, CT = charge transfer.
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The two weak absorption bands A1,2 in Fig. 2 are assigned by
the NTO analysis to a number of mixed ligand/metal-to-ligand
charge-transfer (CT) transitions, formed within the ferrocene
moiety with some participation of the adjunct styryl unit; for
the NTOs of the first excited state (S1) in trans-1, see Fig. 3. The
weak red-shift of A1,2 for trans-1 vs. cis-1 is again attributed to
enlarged conjugation for the trans form; the shift is however
not as pronounced as for the LE state (A3).

The photoisomerization studies were first carried out in
solution. The cis-1 - trans-1 conversion was demonstrated to
happen by the intensity increasing and red-shifting of the band
at 305 nm. This process was induced by irradiating an acetoni-
trile solution (0.05 mM) of cis-1 at l = 254 nm for 100 min
(see ESI,† Fig. S1), achieving approximately 76% of isomeriza-
tion. On the contrary, the trans-1 - cis-1 process was not
accomplished by irradiating at l = 366 and 340 nm at several
concentrations and solvents (see ESI,† Fig. S2). The observed
one-way isomerization was previously reported for the parent
styryl ferrocene systems (StFc, i.e. without the acetylene
moiety).45 It was suggested that the presence of ferrocene gives
rise to an energetically accessible triplet state, which permits a
one-way triplet state isomerization pathway.45 Our NTO analy-
sis of trans-1 in Fig. 3 indeed indicates significant participation
of Fe d-orbitals in the S1 state to promote inter-system crossing
(ISC) to the triplet manifold by effective spin–orbit coupling (SOC).

Bearing in mind the known influence of the surface on the
isomerization pathway of photochromic molecules adsorbed
on surfaces,33 the study of the irradiation response of the SAMs
based on cis-1 and trans-1 was pursued. First, SAMs of com-
pound cis-1 and trans-1 were separately prepared from solution
on gold template-stripped (AuTS)41 by the spontaneous for-
mation of the C-Au bond46–50 (see ESI† for details on the SAM
formation). Both SAMs were successfully characterized by CV
and X-Ray photoelectron spectroscopy (XPS) (see ESI,† Fig. S3
and S4, respectively). In the CV, the ratio between the max-
imum intensity of both reduction and oxidation peaks gave
values of 1.25 (trans-1-SAM) and 1.19 (cis-1-SAM) that are very

close to 1, indicating a high reversibility of the redox processes.
The peak splitting (DE = Eox � Ered) at 100 mV s�1 was 40 mV for
trans-1-SAM and 30 mV for cis-1-SAM. These differences
between both SAMs could be attributed to certain different
packing structures of the two isomers within the layer. Such
small DE value is also in agreement with an adsorbed redox
reversible system, in which diffusion does not play a role.
Furthermore, from the integration of the redox peak is
possible to determine the molecular surface coverage (see
ESI†), which shows similar values, 1.8 � 0.2�� 10�10 and
1.6 � 0.2� 10�10 mol cm�2 for trans-1-SAM and cis-1-SAM,
respectively. In the XPS spectra (Fig. S4, ESI†), the presence of
iron on the surface was confirmed by the two peaks at
707.5 (2p3/2) and 720.3 (2p1/2) eV with the expected intensity
ratio (1.8). An insignificant peak in the C1s spectrum around
288.6 eV (attributable to CQO) pointed to a negligible molecule
oxidation during the grafting process.

3.2. Charge transport measurements

For the isomerization study of the SAMs, charge transport
measurements across the layers were performed using a eutec-
tic gallium–indium alloy (EGaIn) tip as the top electrode to
contact the SAM/Au substrate forming the desired molecular
junction. The liquid metal permits to assess the charge trans-
port properties across molecular monolayers, by electrically
contacting them without damaging the organic layer.43 In
contrast to the extensive literature related to non-functional
(e.g. alkanethiolated SAMs51) or redox-based SAMs,52–55 the use
of the EGaIn technique to study photochromic monolayers is
scarce.56,57 First, trans- and cis-1-SAMs were independently
investigated. In these measurements, the surface was grounded
and the applied voltage was swept in a potential window of
�0.5 V. To obtain significant statistics, the current density vs.
voltage (JV) curves were acquired at different points on the
sample, and this process was done for several SAMs (a detailed
statistic and measurement protocol is described in the ESI†).
Fig. 4a shows a scheme of the EGaIn/Ga2O3/trans-1-SAM/Au
junction. The yield of successful junctions formed was around
80% for both SAMs. Interestingly, the current density at +0.5 V
was about 1.3 orders of magnitude higher for the cis-based SAM

Fig. 3 Natural transition orbitals (NTOs; with h = hole, e = electron) for
the S1 and T1 states of trans-1 and trans-1-Au5, as well as the CTAu state, as
calculated by TD-DFT (B3LYP); numbers in brackets indicate the vertical
transition energies.

Fig. 4 (a) Scheme of the EGaIn/Ga2O3/trans-1-SAM/Au. (b) JVs plots
acquired for trans-1-SAM and cis-1-SAM. Dots (circles and squares)
indicate mean values while the bars stand for the standard deviation.
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than for the trans one (Fig. 4b, see heatmaps in Fig. S5a and
S6a, ESI†). The cause for this difference could be attributed to
two factors: (i) the length difference between the two config-
urations (cis and trans). In tunnelling regime, the measured
current through the monolayer decreases exponentially with
distance. The shorter length of the cis isomer results in shorter
molecular junctions that might exhibit smaller tunnelling
barriers51,58 as observed for cis/trans azobenzene-based
SAMs20,59 and, (ii) certain contribution of a different molecular
dipole. In large molecular junctions, the influence of the
molecular dipole on the measured current is not easy to
correlate due the complexity of the system (i.e. depolarization
effects, monolayer disorder, etc.) but, it has been observed that
the dipole magnitude and orientation towards the surface
normal can alter relevant parameters such as the molecule-
electrode coupling strength and/or surface work function,
which may directly impact on the resulting rate of charge
transport.60 From the DFT-optimized geometries of the isolated
systems, a small molecular length difference was calculated for
both isomers (1.1 Å measuring the longest distance possible,
i.e. from the acetylene-H to the terminal of the non-
functionalized cyclopendadiene-unit of the ferrocene, Fig. S7,
ESI†). Additionally, different magnitude and orientation of the
molecular dipole was calculated, being 1.00 D and 1.59 D for
the trans and cis configurations, respectively (Fig. S8, ESI†).
These given values can vary upon the adsorption of the mole-
cules on the surface together with additional dipole-induced
effects60–62 but, it is clearly expected that both parameters are
important in determining the different current responses
observed.

These results undoubtedly demonstrated that the electrical
response could be used as a reading output to differentiate the
two grafted isomers. Hence, the ‘‘EGaIn technique’’ was
employed to investigate the impact of the molecule–gold bond
formation on the light-driven cis-trans olefin isomerization in
SAMs composed of 1. For that, SAMs of pure trans and cis
isomers were illuminated at appropriate wavelengths. First, the
trans-1 - cis-1 was studied once the molecules were covalently
linked to the Au surface. For doing that, a trans-1-SAM was
ex situ irradiated at l = 340 nm for 40 minutes (see ESI† for
more details). The JV curves were acquired before and after the
irradiation. Fig. 5 depicts the histograms showing the density
distribution of log J at +0.5V, before (Fig. 5a) and after the SAM
illumination (Fig. 4b) (see the corresponding heatmaps in the
ESI† Fig. S5a and b). Strikingly, while data before irradiation
can be fitted to a Gaussian distribution with a maximum
corresponding to a pure trans-1-SAM (log|J| E 2.1), after the
irradiation, a larger population around log|J| E 1.2 appears,
which is attributed to the cis isomer since the maximum is very
close to the one shown by the SAM prepared from pure cis-1
(Fig. 5c). In the histograms, counts for each log|J| were divided
by its bar area in order to roughly approximate the Gaussian
distribution areas to the trans-1/cis-1 isomer ratio. By analysing
the Gaussian areas, the conversion was estimated to occur in a
c.a. 82% yield. To support the molecular configuration change,
as the reason of the different observed J values, the same

experiment was carried out irradiating at l = 365 nm. In this
case only a partial isomerization was observed (Fig. S9, ESI†)
which, based on the results in solution, is in accordance with a
lower absorption of compound trans-1 and importantly, a
smaller difference between trans and cis absorption at this
wave length. It may, however, also point to a need for excess
energy to promote effective isomerization (vide infra). The
resulting SAM was further irradiated with the 240 nm lamp to
induce the back isomerization (i.e. trans - cis - trans) and,
although the reversibility yield is low, the heatmap plots
show that the population assigned to the cis isomer diminishes
(Fig. S9, ESI†).

The cis-1-SAM - trans-1-SAM conversion was also investi-
gated starting from a prepared cis-1-SAM. The tunnelling junc-
tions were measured before and after ex situ illumination at
l = 254 nm and, histograms of the log|J| for both measure-
ments, before and after illumination, were compared (Fig. 5c
and d). Initially, the data acquired for the pure cis-1-SAM can be
fitted to a Gaussian distribution with a maximum at log|J| E 1
and the histogram corresponding to the illuminated sample
shows two populations that can be separately adjusted to two
Gaussian distributions, showing maximums around �0.8 and
�2.3. These values are very close to those measured in dark for
pure cis-1 and trans-1-SAMs, respectively, thus pointing to a
partial isomerization, which is also very clear in the corres-
ponding heatmpas (Fig. S6, ESI†). Under irradiation, the
higher-conductance population diminishes and the lower-
conductance population appears. An approximated value of
56% of conversion yield can be deduced upon area integration
under both Gaussian curves. A plausible explanation for this
partial switching could be the fact of having an inhomogeneous
SAM organization, (i.e. islands with different packing motives),
some offering major geometrical constrain for the isomeriza-
tion to take place. Hence, our observations do not correspond

Fig. 5 Histogram showing the density distribution of log|J| at +0.5 V for
(a) trans-1-SAM before and (b) after irradiation for 40 minutes at
l = 340 nm; (c) cis-1-SAM before and (b) after irradiation for 40 minutes
at l = 254 nm.
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to single-molecule effects. Therefore, intermolecular interac-
tions and defect boundaries may be playing a role on the
isomerization rate.63 These different factors may promote to
an uneven spatial distribution of the two isomers on the surface
upon irradiation.

Control experiments were also performed with a ferrocene-
based SAM but without incorporating the photoactive unit. For
that, 6-(ferrocenyl)hexanethiol (FcC6SH) was employed to pre-
pare SAMs on AuTS (Fig. S10, ESI†). The measured current for
the EGaIn/Ga2O3/FcC6S/AuTS junctions before and after the
irradiation at different wavelengths showed insignificant
changes. These results evidence that the measured current
changes upon the irradiation of trans- and cis-1-SAMs are
attributable to the carbon–carbon double bond isomerization.
That is, by contrast with the experiments in solution, the trans-
1 isomerization seems to take place in the SAM.

3.3. Theoretical analysis

To interpret the experimentally observed activation of two-way
isomerization on the Au surface vs. one-way isomerization in
solution, we investigated the isomerization by theoretical
means. The current state-of-the-art understanding of photoi-
somerization in stilbenoid compounds and polyene molecules
involves a crossing between electronic states, either by a conical
intersection (CI) and/or a singlet/triplet crossing (STC),64–68

depending on the molecular structure.
For the parent styryl-ferrocene (StFc) compound in solution,

an (inefficient) one-way cis-photo-isomerization path via the T1

state was proposed, i.e. 3c*-1t through a STC.43 This is
adapted for compound 1 in solution (Fig. 6) due to the
pronounced structural similarity, and the similar isomerization
behaviour in solution. In fact, the TD-DFT calculations give very
similar T1 and S1 energies for 1 and StFc in both isomers, see
Table S1 (ESI†). Furthermore, the vinyl double bond length dDB

does not change upon introduction of the acetylene unit; and
remains essentially unaltered (1.347 � 0.002 Å) when going
from S0 to T1 and S1 (Table S1, ESI†). We emphasize that this is
fundamentally different to stilbene, where dDB is strongly

labilized in S1,69 which opens the singlet isomerization path
for the trans and cis excited states (1t*, 1c*).68 On the other
hand, in 1 and StFc, the singlet path is ineffective for this
reason. Instead, the (one-way) triplet path via 3c* becomes
operative by ISC (see the blue arrows in the deactivation
scheme of Fig. 6). The T1 path is however not very effective
despite the long T1 lifetime, due to the negligible labilization of
dDB in T1; the STC can therefore only be reached from 3c*,
but not from 3t* which is found B0.2 eV below 3c* (see
Table S1, ESI†).

Upon grafting to Au, the geometry in the S0 and T1 states of
1-Au remains unchanged vs. 1, see dDB in Table S1 (ESI†); this
gives little evidence for a change to a two-way triplet path
isomerization on gold. A different scenario is therefore
proposed for the Au-grafted species. In fact, TD-DFT predicts
the appearance of a low-lying CT singlet state, where the
electron (e), corresponding to the unoccupied NTO, is localized
in the Au moiety; this CTAu state is associated with the high
electron affinity (EA) of Au. Using the B3LYP functional, CTAu

becomes S1 in 1-Au, and S3 in 1-Au5, see Fig. 3; a similar result
is obtained by CAM-B3LYP (giving S5).69–71 The CTAu state is
characterized by a very significant elongation of dDB; in fact,
dDB = 1.372 Å is calculated for trans-1-Au (1.376 Å for cis-1-Au),
being much longer than in 1 (1.349 Å). Such double bond
labilization is expected to effectively open a path to a CI;72 we
infer that the CI can be effectively accessed from a higher
excited singlet state by providing sufficient excess energy.

The stabilizing effect of the substituent’s EA on the CI has
been shown in distinct theoretical studies for asymmetrically
substituted ethylenes; in fact, substituents with large EA differ-
ences (and in particular with opposite sign) at each side of the
ethylene bond stabilize a zwitterionic structure which in all
lead to an energetic lowering of the CI.72–75 As the size of the
system is too large to perform multi-reference quantum-
chemical calculations to explore the non-radiative decay path
and to characterize the crossing, we propose to utilize a
qualitative picture, estimating the deactivation path from the
S1 energies and the relative EA of the substituents;76 data,
which are accessible by simple and affordable (TD)DFT calcula-
tions. Such modelling approach has been shown to be valid in
stilbenoids.72

In 1 (as well as in StFc), the EA is negative like in ferrocene
(Fc) and of similar size, giving rise to a high-lying CI on the S1

potential energy surface,76 so that ISC is the dominant path.
From here, the STC can only be effectively reached from the
higher lying 3c*, while there is a substantial barrier from the
low energetic 3t*. On the contrary, Au-substitution dramatically
increases the EA from �0.65 eV to 1.49 eV (Au1; 1.86 eV for Au5),
due to the good electron acceptor property of Au, which should
strongly stabilize the CI. Therefore, an essentially barrierless
path to the CI is now accessible in 1-Aun both from 1t* and 1c*,
successfully competing with the ISC path to the triplet mani-
fold. This semi-quantitative TD-DFT-based scenario gives thus
a reasonable, but nevertheless preliminary interpretation of the
experimentally observed two-way isomerization for 1-Aun vs. the
one-way isomerization of 1; further assessment of the current

Fig. 6 Potential energy surface of 1 (blue) and 1-Au (red) for the electro-
nic ground state (1c, 1t) and singlet and triplet excited state (1c*, 1t* and 3c*,
3t*, respectively) along the main isomerization coordinate (double bond
twist), depicting the deactivation pathways (blue and red arrows). The
sketch depicts the zwitterionic structure at the state crossing point (STC).
Electron affinities (EA) of the different substituents are given in the table.
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hypothesis by a closer inspection of the CI/STC region will be
subject of future investigations.

4. Conclusions

An asymmetrically substituted styrene incorporating an electro-
chemically active ferrocene moiety has been synthesized. The
photoisomerization studies performed in solution and on sur-
face have revealed a high influence of the presence of Au on the
efficiency of the isomerization. While the trans to cis isomeriza-
tion is inefficient in solution, it is experimentally demonstrated
and theoretically interpreted that this becomes favoured upon
the anchoring of the photoactive molecule onto the Au surface.
Charge transport measurements across EGaIn/Ga2O3/SAM/AuTS

junctions have been employed to demonstrate this effect. The
combined experimental and theoretical data suggest a change
of the photo-isomerization pathway from a one-way triplet path
in solution to a two-way singlet path upon grafting on gold due
to Au’s high electronegativity. Hence, the modulation of the
electronic structure of the less exploited photochromic styr-
enes, which a priori have poor photoresponse, by means of their
anchor to a metal can be a synthetic strategy to increase their
isomerization efficiency and thus, their applicability.
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