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The influence of conformational and electrical properties of
azobenzene molecules on the electron transfer barrier properties
of their SAMs was studied by SECM and ellipsometry.

Molecular wires are an important field of research as poten-
tial components in molecular electronics circuits and the under-
standing of electron transfer through them plays an important
role in nano-scale research. Controlling the electrical properties
of molecular wires is essential when designing devices at the
molecular level. Several types of molecular switches, including
those based on changes in conformation or conductance,'
have been recently described. Azobenzene compounds have
gained much attention because of the ability to control both
conformation®* and conductance® of the molecule by photo-
isomerisation. Light energy is transformed to mechanical work
in the photoisomerisation process of the azobenzene group.®

Spontaneous formation of self-assembled monolayers (SAM)
has been utilised in the determination of molecular conductance
of thiol terminated molecules. SAMs have been studied widely
with both conventional electrochemistry’™ and scanning elec-
trochemical microscopy (SECM).!% 12 Previous studies have
considered the conductance of both saturated and unsaturated
thiolates, but thiols containing redox centers have also been
investigated.!*!31° Studies of molecular conductance rely on
assumptions regarding molecular conformation. In the present
work, by contrast, the real effective thicknesses of SAMs, i.e., the
electron tunnelling distance, has been measured by ellipsometry.

SECM has been previously employed for studying electron'®
and ion'” transfer in thin polymer films. In this work, the barrier
properties of a SAM constructed from an azobenzene thiol
(AZO) and 2-phenylethylthiol (PET) as a spacer (Fig. 1)
were studied by SECM. The effect of the conformation of
AZO in the SAM was analysed by determining the decay
constant f§ (f = —d In kgp/dr, where kgt = the apparent
heterogeneous rate constant of electron transfer and r = the

“ Laboratory of Physical Chemistry and Electrochemistry, Helsinki
University of Technology, P.O. Box 6100, FIN-02015 HUT, Finland.
E-mail: kontturi@cc.fi; Fax: +358 9 451 2580, Tel: +358 9 451
2572

b Division of Pharmaceutical Technology, Faculty of Pharmacy,
University of Helsinki, P.O. Box 56, FIN-00014 Finland. E-mail:
timo.laaksonen@helsinki fi; Fax: + 358 9 191 59144, Tel: +358 9
191 59161

¢ Centre for Nanoscale Science, Chemistry Department, University of
Liverpool, United Kingdom L69 7ZD. E-mail: schiffrn@liv.ac.uk,
Fax: +44 151 794 3588, Tel: +44 151 794 3574

+ Electronic supplementary information (ESI) available: Details of the

sample preparation and an example of determination of kgt. See

DOI: 10.1039/b709025k

thickness of the layer) for monolayers constructed with both
AZO isomers and PET in different molar ratios. 5 was deter-
mined by measuring kgt through the layer as a function of layer
thickness. This work shows the ability of SECM to probe
changes at a molecular level through measurement of macro-
scopic properties.

Thiols were assembled on a Au(111) surface by immersing the
substrates into toluene solutions while varying the AZO/PET
concentration ratio so that the AZO content of the solution was
100, 80, 60, 40, 20 and 0% (pure PET). During immersion, the
solutions were kept in the dark and, therefore, AZO was present
in the SAM in the more stable ¢rans conformation.

The rate of electron transfer through the SAMs and the
changes brought about by photoisomerisation were measured
by SECM.'™'"" To maintain AZO as a particular isomer, the
measurements were carried out under constant irradiation of
light. A wavelength of 436 nm was used to keep the AZO
molecule as the frans isomer and at 366 nm as the cis isomer.
The SECM measurements were carried out using a 10 pm Pt tip
(CH Instruments) and a Ag/AgCl wire as a quasi reference
electrode. Approach curves were measured in aqueous solution
using 1 mM ferrocenemethanol (FcMeOH) as the mediator and
0.1 M LiCl as the supporting electrolyte. The RG value of the
tipwas ~5 (RG = rg/a; ry = radius of the tip and @ = radius of
the Pt-wire). Using a tip potential of 0.25 V, 15-25 approach
curves were recorded at an approach rate of 1 pm s~! for each
sample. The position of the tip on the surface was changed after
each measurement to ensure a representative set of data. For
each measurement, a Gaussian function was fitted to the set of
data and the resulting expectation value was used as the final
result with the standard deviation as the error estimate (see ESI
for details¥).

The effective apparent rate constant kg '° for the electron
transfer reaction between the mediator and the substrate was
determined by fitting the normalised measured data to the
combination of theoretical approach curves for pure positive

;
% %

AZO PET

Fig. 1 Thiols used in the experiments.
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and negative feedback. Non-linear regression analysis was used
to fit the experimental results to the dimensionless kinetic
parameter A (A = kexd/D, where D = the diffusion coefficient
of the mediator, 7.0 x 107® cm? s™! and ¢ = the tip-substrate
separation). The normalised tip current (/%) as a function of the
dimensionless tip-substrate separation (L = d/a) within the

range 0.1 < L < 1, is given by:'®

i 078377 068 +0.3315exp(=17)
T +p) 1+ F(L,A)
Iins .
X (1 —}r—c) +Ii~m (1)
T

where the dimensionless tip current for an ideal insulator, IiT"S
and an ideal conductor, I, for an electrode having RG = 5
119,20
are:
1

Iins _ )
T 7 (0.48678 + L1706 | (51241 exp (-205%3)) 2

and

7512 —1.62091
IS = 0.72035 + 0 75L i 0.26651 exp (%09) 3)

where
F(L,A) = (114+7.3A)/(A(110 —40L)) 4)

The measured current was made dimensionless by dividing it by
the theoretical steady-state current far away from the surface,
L, (lim = 4nFDCa, where n = the number of electrons
transferred per electroactive molecule, F = the Faraday con-
stant and C® = the bulk concentration of the mediator).
Typical approach curves are given in Fig. S2af and the
corresponding distribution of A values and the Gaussian func-
tion fitted to them is shown in Fig. S2b. The measured currents
showed a clear positive feedback and the values for the appar-
ent effective rate constant, kg, varied between 0.11 and 0.39 cm
s~ 1. Since the monolayer does not include any electrochemically
active sites, the measured apparent rate constant kg corre-
sponds to the rate constant of electron transfer (kgt) across the
SAMs.'? The values for kgt reported above are larger than
those measured for monolayers of alkanethiols.'® The main
reason for the larger rates of electron transfer is the high degree
of conjugation of the AZO and PET thiols. The possible
formation of separate thiol phases in the mixed monolayers
and the penetration of the redox mediator into the SAM may
also affect the values of kgt (see Fig. 2 and discussion below).
Heterogeneous rate constants measured for both isomers are
shown in Fig. 2a. A clear decrease of kgt with increasing surface
mol fraction of AZO is observed implying that the electron
tunnelling distance increases with the amount of AZO in the
SAM. The differences between the rate constants of the trans
and cis SAMs are presented in Fig. 2b. The general trend is that
the electron transfer rate is higher for the thinner cis SAMs than
for the thicker trans SAMs. The free space in the SAM increases
as the relative concentration of the spacer molecules is in-
creased. Increasing the molar fraction of PET makes the effect
of isomerisation in thickness more pronounced. This is
observed in Fig. 2b as an increased difference in the electron
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Fig. 2 (a): Electron transfer rate constants measured through the trans
SAM (black dots), the cis SAM (circles) and PET (black triangle). The
error bars represent the standard deviation of the apparent rate
constants. (b): Differences between the rate constants for trans and
cis SAMs.

transfer barrier of the different isomers as the fraction of PET is
increased.

The resulting kgt of samples containing pure AZO (100%)
and pure PET (0%) give an insight to the structure of the
monolayers (Fig. 2). Although being shorter, PET hinders
electron transfer rate more effectively than AZO indicating a
tighter molecular packing in the PET monolayer. The lower
density of the AZO layer may enable the redox carrier em-
ployed, ferrocenemethanol, to permeate into the SAM thus
resulting in an increased rate of electron transfer across the
SAM.

The standard deviation of kgt is nearly constant throughout
the whole series of SAMs apart from the samples containing 20
and 40% AZO. These samples clearly show higher deviation in
kg, compared to the other mixed monolayers. This indicates a
low ordered packing or more likely the formation of separate
thiol phases in these SAMs, which is not as apparent for the
other concentrations studied. Permeation of ferrocenemethanol
into these layers can also be considered more likely.

Variable angle ellipsometry (Picometer Ellipsometer, Beagle-
hole Instruments) was used to determine the thicknesses of both
the trans and the cis SAMs. Before the measurements of the
cis SAMs, the samples were photoisomerised with 366 nm UV
light. Trans samples were not irradiated prior to measurements.
To gain the highest sensitivity, the measurement angles were
chosen around the Brewster angle of gold (~ 74°).

The thickness of the SAMs was determined by fitting the
ellipsometry data to a two-layer model. The optical constants
for a bare gold substrate were measured and used as the
substrate properties. The SAM was modelled as a dielectric
material with a refractive index of 1.6. This was selected near
the values for the bulk compounds, 1.604 for AZO and 1.554
for PET, estimated using a chemistry modelling software.>! The
resulting thicknesses calculated were ~6 A, higher than those
predicted by molecular modelling.?! This may be due to the
presence of a thin water layer adsorbed from air during the
irradiation of the sample or most likely, to changes of the
dielectric function of the gold film on chemical functionalisa-
tion. The assumptions within the model used may cause some
uncertainties in the results, but on the other hand, a more
complex model involving, for instance, changes in the dielectric
function for the gold surface, would have an unrealistic large
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Table 1 Effective thicknesses of the SAMs measured by ellipsometry

% AZO trans Thickness/A cis Thickness/A
0 125+12 125+12
20 145+29 121 35
40 142+ 1.5 10.6 + 1.1
60 16.5 + 0.5 128 £ 1.5
80 232+ 0.6 162 +02
100 213404 18.8 + 2.1

number of adjustable parameters. It has been shown in the
literature that there is a measurable difference in the refractive
index of the different isomers of azobenzene compounds.>?
However, this difference was neglected in this study since the
effect of photoisomerisation was more pronounced in the
thicknesses of the SAMs than in the refractive index and the
separation of these two variables is not possible when using
angle resolved ellipsometry.

The results of the ellipsometry measurements are presented in
Table 1. The errors obtained from the fitting of the measured
data are used as the error estimates of the thicknesses. The
thicknesses of the samples containing AZO are shown in
Fig. 3a. The sample containing pure PET has been left out
from this analysis because of the above mentioned different
packing density of the molecules, which is likely to have an
effect on the whole character of the monolayer. The difference
in the length between the trans and cis isomer SAMs for the
100% AZO film is 2.5 A, in agreement with the value of 2.5 A
determined by Monti er al.** Thus, differences in thickness can
be measured with good accuracy by ellipsometry for these
SAMs, allowing a good estimate of the decay constant for
electron transfer (f3).

The dependence of the logarithm of k. across the SAMs on
effective layer thickness is shown in Fig. 3b. The thickness was
calculated using the result of linear regression from Fig. 3a.
From the slopes in Fig. 3b, f was 0.12 A~ for the trans SAM
and 0.17 A™' for the cis SAM. The lower value of p for
trans SAM implies a higher conductance through the mono-
layer. The values of f§ are typically 1 A~ for the alkanes'? and
lower for unsaturated molecules.'*'>?*2%> One possible reason
for the observed increase of the decay constant is the decrease of
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Fig. 3 (a) The measured thicknesses of the SAMs as a function of the
molar fraction of AZO. The lines are linear fits to the measured data.
(b) Dependence of the logarithm of the rate constant for electron
transfer on the thickness of the SAM for the trans (black dots) and
cis (white dots) conformers of AZO. The thickness scale has been
calculated from the linear regression of the results in Fig. 3a.

conductance of the azobenzene group due to isomerisation, as
predicted and measured by Zhang ef al.>> This observation can
be rationalised in terms of the molecular electronic structure of
the isomers. The conductance of cis AZO is lower due to the
loss of molecular orbital symmetry on isomerisation.>* Another
explanation for the differing barrier properties of the two
isomers is the difference in the permeation rates of the redox
mediator through the monolayers discussed by Walter et al.*
In addition, the decay constant obtained is measured for a
mixed monolayer and with a lateral resolution lower than the
dimensions of the surface domains supporting the SAMs (the
diameter of the Pt-tip 10 um compared with that of the Au(111)
domains of less than 2 pm, see Fig. S3 in the ESIY). Thus, the
decay constant measured is a value averaged over the whole
array of molecules in the SAM. The permeation of FcMeOH
into the SAMs could additionally lower the value of f but in
spite of these uncertainties, the effect of isomerisation is clearly
visible from the results presented.

The importance of this work is to demonstrate that photo-
isomerisation leads to measurable changes in the barrier proper-
ties of AZO-PET mixed monolayers. The composition of the
SAM determines both the effective thickness and the extent of
isomerisation of the SAM. It is shown that the electron transfer
rate constant decreases exponentially as a function of the
effective thickness for both trans and cis SAMs and from this
dependence, the decay constants f§ of the SAMs have been
determined. It is shown that it is possible to measure the effect
of photoisomerisation on the conductance of a SAM containing
azobenzene-terminated thiols employing SECM. Combining
SECM with ellipsometry allows the estimation of the influence
of both the layer thickness and conformation of the molecules
on the barrier properties of their SAMs.
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