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The I-V behavior of self-assembled monolayers of a 1,3-alternate bis(dipyridyl)calix[4]arene
derivative and its Cu®>" complex have been studied by conducting-atomic force microscopy;
theoretical calculations have been carried out to simulate /~V curves. The experimental data show
that the two systems have different conductive properties, the Cu** complex monolayer having a
lower resistance. Theoretical calculations demonstrate that the difference between the two

simulated systems results from the different position of their Fermi level. Such a different response
to charge transfer may be of interest for the fabrication of molecular electronics devices based on

calixarenes.

Introduction

It is commonly believed that the dawn of molecular electronics
dates back to the publication of a paper by Aviram and
Ratner.! This paper described a molecular rectifier based on
a molecular tunnelling junction and paved the way to using
molecules as electronic components. Over the past couple of
decades a sizable body of both experimental and theoretical
data has accumulated in the area of molecular electronics®®
and the experience thus gained has demonstrated that the
ability to switch a molecular property is of paramount rele-
vance for the design and development of new nanodevices.’
Metal complexes have also been proposed as switches, which
can be operated through external inputs (e.g. voltage or
light).®

To the best of our knowledge, very few synthetic systems
that change their oxidation state easily have actually been
incorporated in metal-molecule-metal types of junctions, in
addition to phthalocyanines and porphyrins.’

We have studied in detail the Cu?* complexes of 25,27-
bis(1-propyloxy)-26,28-bis(2,2’-dipyridyl-6-methoxy)calix[4]-
arene in the 1,3-alternate conformation (CBP, Scheme 1).!%!!
This system meets the four criteria (i.e. size, assembly and
recognition, dynamic stereochemistry and synthetic tailorabil-
ity) that make molecules ideal for electronics applications.®
ESR and UV-Vis data in the liquid phase clearly indicate that
in the [Cu(CBP)]** species the nitrogen atoms of the dipyridyl
substituents are tetrahedrally arranged around the Cu®* ion.
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This peculiar arrangement accounts for the easy reversible
reduction of [Cu(CBP)*" to [Cu(CBP)]*, which makes these
systems also good candidates for nanoswitches. Dialkyl sulfide
pendants were then introduced into the CBP structure; the
resulting ligand (25,27-bis[12-(thiododecyl)undecyloxy]-26,28-
bis(2,2’-dipyridyl-6-methoxy)calix[4]arene 1,3-alternate, CBPS,
Scheme 1) easily self-assembled onto Au(l111) surfaces. A
coupled PM-IRRAS and FT-SPR study showed that CBPS
forms well ordered SAMs and is able to complex Cu?*, when
exposed to Cu®" solutions.?

However, it is widely recognized that a key challenge in
molecular electronics is to translate the solution-phase proper-
ties into solid-state device settings.® In addition, until a
common analytical tool that can be used to correlate the
structure and dynamics of molecules in the solution-phase
with the characteristics of solid-state molecular electronic
devices is developed, investigating how the performance of a
device may be modified through molecular structure variations
seems to be the only way to contribute to the understanding of
the way junctions work.”'?

We have now sandwiched both the bare ligand (CBPS) and
its Cu®" complex ([Cu(CBPS)I*") in a metal-molecule—metal
junction made by contacting Au-supported self assembled
monolayers of either CBPS or [Cu(CBPS)]** with a conduct-
ing AFM tip. AFM-based measurements have the advantage
of being relatively simple; they also are a good way to over-
come the synthetic steps that can damage or unpredictably
modify the molecular system.'*!> The characterization and
properties of these two junctions are described here. The
widely recognized need”!'®!” to interpret the experimentally
determined properties of the junction has prompted us to
model the I-V curve of the two junctions through theoretical
semi-empirical methods. These methods have the advantage of
being fairly flexible, simple and computationally inexpensive,
while at the same time quantitatively accurate, especially for
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cases in which a proper parameterization of independent
variables cannot be solely attained via the theoretical approach
(e.g. applying ab initio methods).

Results and discussion

Monolayer properties and current—voltage behaviour

Some of the properties of CBPS and [Cu(CBPS)*" mono-
layers have been presented elsewhere.'? In particular, it was
demonstrated that CBPS forms well-ordered monolayers on
Au(111) surfaces and that Cu?* can be complexed by the
anchored receptor. Moreover, it was shown that an appro-
priate Cu®" analytical concentration is needed to guarantee
the formation of a 1 : 1 metal-receptor complex.'!

Fig. 1 shows a set of 16 different curves representing the
typical forward and reverse current—voltage (I~} curve ob-
tained when an Au coated SizNy tip was brought in contact
with the CBPS monolayer. The curves shown in Fig. I refer to
the I~V curves obtained by probing 16 different positions
within a 4 x 4 matrix with 200 nm steps. The applied load
was 20 nN. Fig. 1 shows that I~} dependence is sigmoidal over
the +3 V range while it is linear over the £0.3 V interval (inset
A). The forward and reverse curves resulting from the average
of the 16 experimental curves are shown in inset B. An average
junction resistance of about 1.7 x 10'' Q was calculated by
considering the inverse of the slope of the linear region of the
-V plot."* Replicates and independent experiments showed
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Fig. 1 -V curves for CBPS monolayers; 16 different positions of a
4 x 4 matrix with 200 nm steps were probed. The forward and reverse
curves resulting from the average of the 16 experimental curves are
shown in inset B. The £0.3 V interval where the /-V relation is linear is
shown in inset A.

the fundamental role played by Au(111) surface reconstruc-
tion. I-V curves were hardly reproducible when CBPS mono-
layers anchored onto unreconstructed Au(111) surfaces were
used. Moreover, correct settings for both voltage sweep ranges
and tip loads were required to ensure the monolayer conduct-
ing properties. Typically, voltage excursions beyond 3 V
together with tip loads over 20 nN caused an irreversible
junction breakdown, which produced a dramatic increase in
the measured current.

It is noteworthy that the monolayer surface coverage (0.55
molecules nm~?), estimated by FT-SPR experiments, rules out
a contact between the tip probe and the metallic layer of the
Au(111) substrate. Such a coverage value, together with an
estimated tip contact area,'® of about 6 nm? indicates that the
junction involves approximately 3 molecules.

Fig. 2 shows a set of 16 different curves representing the
typical forward and reverse I~V curves obtained when the Au
coated tip was brought in contact with 16 different positions of
the [Cu(CBPS)]>" monolayer. Similarly to CBPS, 16 different
positions were explored (a 4 x 4 matrix with 200 nm steps).
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Fig. 2 -V curves for [Cu(CBPS)** monolayers; 16 different posi-
tions of a 4 x 4 matrix with 200 nm steps were probed. The £0.3 V
interval where the I-V relation is linear and the average I-V curves are
shown in insets A and B, respectively.
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Also in this case a tip load of 20 nN was applied as it was
experimentally verified that junction breakdown occurred with
higher tip loadings. The curves obtained for the [Cu(CBPS)]**
differ markedly from those obtained for CBPS and indicate a
more resistive behaviour in the latter case. The +0.3 V region,
where the I~V curve is linear (inset A), was used to estimate the
junction resistance for the [Cu(CBPS)>* monolayer which
turned out to be approximately 2.9 x 10'° Q.

Theoretical calculations

Molecular modeling optimized structures of both CBPS and
[Cu(CBPS)I*" were used to set up the ‘two-terminal’ system
used for the theoretical electronic transport calculations.' A
non-equilibrium Green’s functional formalism with an ex-
tended Hiuckel Hamiltonian was used to model the metal—
molecule-metal experimental system (see Experimental section).
In particular, the two molecular structures were ‘sandwiched’
between two semi-infinite Au(l111) contacts, one of which
represents the Au(111) substrate onto which the molecular
system was immobilized through its dialkyl sulfide moieties,
while the other one represents the gold coated AFM tip. The
distance between the molecular system and the metallic pads
was set at 0.2 nm. Having fixed the contact-molecule distance,
a further investigation of the relative positioning between
interface molecular and metallic atoms was not carried out,
since a variation of the latter could only marginally affect the
transport characteristics of the studied system.

The theoretical simulation was focused on the system
transmission functions as well as on the calculated /-V trend.
Fig. 3 shows the transmission functions calculated for both the
CBPS and [Cu(CBPS)]**. The results reveal a low transmis-
sion probability in the Fermi energy region (Er(Au) = —9.5
eV) of the gold contacts. The transmission properties of the
studied systems are strongly influenced by the transport
properties of the two dialkyl sulfide moieties present in the
structure (Fig. 3). Indeed, the two sides of the wide transmis-
sion gap correspond to the two energy regions near the
HOMO and LUMO levels of the dialkyl sulfide chains. The
set of localized states due to the CBPS structure that fall in
this energy range do not contribute significantly to the trans-
mission of the systems. However, the overall trend of the
transmission spectrum does not change substantially following
Cu?" complexation as indicated by both the overall trend of
the two spectra and the similarity of both the gaps between
two spectral regions with high transmission (~ 14 eV). Thus, a
more detailed analysis was therefore needed to theoretically
interpret the difference between the /-7 curves experimentally
obtained for CBPS and [Cu(CBPS)I*" monolayers.

Indeed, the inclusion of an impurity may modify the trans-
port features of a molecular system due to two possible (and
sometimes concurrent) effects: (a) a change in the transmission
spectrum related to a different distribution of the eigenvalues
of the system (this effect is weak in our case), (b) a change in
the Fermi energy level Er of the composite system (pads +
device) due to ion-induced charging. Varying Ef results in a
change of the system resistance since it moves the effective
integration interval (namely, where flE.u;) — f(E.ug) # 0)
from the low to the high transmission region of the spectrum
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Fig. 3 Transmission as a function of the energy for CBPS,
[Cu(CBPS)]*" and dialkyl sulfide.

or vice versa, as easily shown by Landauer’s equation (eqn (2),
see later). Since the transmission spectra for CBPS and
[Cu(CBPS)]*" are similar, the effect of the Ep change has to
be significant in our case and this likely accounts for the
modification of the /~V characteristics observed in the pre-
sence of copper, as discussed below.

As we stated above, the conducting behavior of a system
(pads + device) is highly dependent on the value of its
equilibrium electrochemical potential (i.e. the Fermi energy
level), which is situated within the HOMO-LUMO levels.?!
The extended Hiickel model used in this study does not
calculate self-consistently the Fermi energy level of the system
investigated, in agreement with other semi empirical ap-
proaches. Errors for systems with large conduction gaps may
show up even if more sophisticated ab initio approaches are
used. In this context, the Fermi level energy is set as an
adjustable parameter in the extended Hiickel model and it is
allowed to vary in order to obtain the best overlap with the
experimental curves.'” Such a procedure is commonly adopted
for Si-based transistors; adjusting the Fermi level in the
transport simulations makes it possible to take into account
uncertainties arising from unexpected interface reconstruction,
presence of surface impurities, efc. Fig. 4 and 5 show both the
experimental (gray lines) as well as the theoretical (black and
dotted lines) I~V curves for the CBPS and [Cu(CBPS)]*"
system, respectively. The different theoretical curves were
obtained by setting the Fermi level position as the only
variable parameter. The theoretical /-7 curves, obtained by
setting the Fermi level energy at the known value for gold
(Er(Au) = —9.5 eV), are also shown in Fig. 4 and 5. Interest-
ingly, a better agreement between the theoretical and experi-
mental curves is obtained by fixing the Fermi level energy at
values which are different not only from the Er = —9.5 eV
value expected for pure gold contacts but also from one
another. In fact Eg values of —8.5 eV and —10.85 eV are
required for an optimal overlap of the I~} curves obtained for
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Fig. 4 Theoretical I-V curves obtained for CBPS with three different
values of the Fermi level energy. Theoretical -V curves overlap with
experimental /- curves optimally when the Fermi level is set at Ep =
—8.5 eV. A theoretical I~V curve, obtained by setting the Fermi level
at the well known value for gold (Eg = —9.5 eV), is also shown for
comparison.

the CBPS and [Cu(CBPS)]** monolayers, respectively. The
significant difference in the theoretical Fermi level position (Eg
= —8.50 eV for the CBPS and Er = —10.85 eV [Cu(CBPS)I*")
results from the actual change of the local electrochemical
potential of the two molecules which causes a different charge
transfer from and to the gold contacts.

Conclusions

The practical use of molecular systems for the fabrication of
solid-state devices requires a deep knowledge of the funda-
mental properties of the molecular system in the same condi-
tions where it is planned to be used. CBPS and its Cu?"
complex immobilized onto Au(111) surfaces form monolayers,
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Fig. 5 Theoretical I~V curves obtained for [Cu(CBPS)]2+ with two
different values of the Fermi level energy were considered. Theoretical
-V curves overlap with experimental /-V curves optimally when the
Fermi level is set at Ex = —10.85 eV.

the conducting behaviour of which has been studied by
conducting-AFM. The monolayer conductivity is strongly
influenced by the properties of the dialkyl sulfide moieties
present in the structures of the molecular receptors. At a first
glance both systems show capacitive properties and might be
classified as insulators. However, significant differences be-
tween CBPS and [Cu(CBPS)** monolayers are detected
which result from the lower resistance of the latter. Theoretical
calculations have shown that the different conductive beha-
viour of the two monolayers results from the presence of the
Cu?* that causes a different response of the molecular system
to the charge transfer from and to the gold contacts. In
conclusion, CBPS forms monolayers which can hold the
electric charge and the presence of its Cu®>* complex yields a
molecular device with different electrical properties. Thus, in
principle, the metal ion complexation can be considered a way
to address different information to the monolayer surface.

Experimental
Monolayer preparation

CBPS was synthesized by following procedures described else-
where.'?> CBPS monolayers were prepared by immersing flame
annealed Au(111) substrates (Arrandee, Germany) ina 3 x 1073
mol dm™> ethanol-chloroform (1 1, v/v) solution of the
receptor for 24 hours at room temperature under an inert
atmosphere. The samples were then removed from the solution
and rinsed with large amounts of ethanol and chloroform.
[Cu(CBPS)** monolayers were obtained by following a similar
procedure except that a [Cu(CBPS)]** solution was used; this
was obtained by mixing Cu(ClOy), with the above mentioned
CBPS solution. The analytical concentration of Cu* in the final
solution (1072 mol dm™>) was chosen as to allow the 1 : 1
complex formation.!" All glassware used in monolayer prepara-
tion was cleaned in piranha solutions (concentrated H,SO,4 and
33% H,0,ina 3 : 1 v/vratio) and rinsed with copious amounts
of high-purity water (Milli-Q Element Ultrapure Water) before
use. Warning: piranha solutions should be handled with caution
as they can detonate unexpectedly.

Conducting AFM (C-AFM) measurements

All measurements were carried out using a Digital Instruments
Dimension 3100 system (Santa Barbara, CA, USA) equipped
with a Tunneling AFM (TUNA) module. Commercially avail-
able V-shaped Siz;N, cantilevers (nominal force constant 0.12
N m~") were used for the conductive measurements. Tips were
coated by sputter deposition of gold until a 10 nm thick layer
was obtained and were immediately used for the C-AFM
measurements. Tips were never used for more than one day.
Junctions were formed by placing the conducting tips in
stationary point contact, under controlled load, with the
SAM surface. The mechanical load was held constant using
standard AFM feedback. Voltages were applied to the
Au/SAM substrate; the metallic coated tip was grounded.
The tips were not scanned over the surface to avoid damaging
the gold coating. Typically, 16 -V curves (scan rate 0.1933
Hz) were obtained from separate areas defined by a 4 x 4
matrix of points with 200 nm steps.
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Fourier transform-surface plasmon resonance (FT-SPR) and
surface coverage calculation

FT-SPR experiments were carried out by using an FT-SPR
100 (GWC Instruments, WI, USA) apparatus. The light beam
from an external port of a Nexus 870 FT-IR spectrometer
(Nicolet, WI, USA), equipped with a quartz—halogen source
and a XT-KBr beam splitter, was used as the near-IR source
for the FT-SPR. Gold substrates (GWC Instruments, WI,
USA) were obtained by thermally evaporating a gold layer (45
nm) on to SF-10 glass slides. Chromium (5 nm) was used as
the adhesion layer. Gold substrates were brought into optical
contact with the SF-10 equilateral prism present in the
FT-SPR by using a refractive index matching fluid (Cargille
Laboratories, USA). FT-SPR experiments were carried out by
using a 60 pl flow cell (GWC Technologies, MD, USA) and an
IPC-N (Ismatec, Switzerland) peristaltic pump.

The FT-SPR sensor signal was converted into refractive
index changes by using independent sucrose aqueous calibrat-
ing solutions (> = 0.999). The refractive indexes of the sucrose
solutions were obtained from the literature.*

FT-SPR was used to estimate the monolayer surface cover-
age by following a method described in the literature.?
According to this method, the adlayer thickness (d) is obtained
from the measured FT-SPR signal, that is, the shift in wave-
number of the FT-SPR minimum in reflected light intensity
associated with changes in the index of refraction of the
medium in contact with the metal surface of the FT-SPR
device. To have more reliable FT-SPR experiments the use of
volatile solvents such as chloroform was avoided. For this
reason monolayer surface coverage calculations were based on
FT-SPR signals obtained by using an ethanol soluble calix[4]-
arene-based adsorbate®® closely resembling CBPS. Conclu-
sions drawn from such experiments were considered a
reasonable estimate of the CBPS monolayer surface coverage.
The value of the refractive index of the adsorbate was 1.45,%°
while the value of 1.359 was considered for the refractive index
of the pure ethanol.?

A 1 x 1073 M ethanol solution of the adsorbate was eluted
in the FT-SPR flow cell at a flow-rate of 10 pl min~" in order
to allow its anchoring on the sensor chip surface. Pure ethanol
was then introduced into the flow cell after about 16 hours.
The FT-SPR shift due to the adsorbate anchoring was deter-
mined (Fig. 6) and this led to an adlayer thickness value of d =
1.04. The adlayer thickness may be then easily converted into
the surface concentration, 6, (molecules cm™2) using eqn (1):

0 (molecules cm™2) = d (cm) x N (molecules cm™) (1)

where N is the bulk number density of the adsorbate. N can be
calculated by dividing the bulk density of the adsorbate (p/g
cm ) by the molecular weight and multiplying the result by
Avogadro’s number. Introducing in eqn (1) the value for p
(1.30 g cm ™) reported in the literature®® leads to a 0 value of
5.5 x 10" molecules cm 2 (i.e. 0.55 molecules nm™>).

Computational details

Molecular Mechanics (MM) calculations were performed with
the Forcite program of the Materials Studio package (Accelrys
Inc., San Diego, CA, USA). Molecular structures of both

250

200

150

100

FT-SPR Shifticm™

ethanol

50

ethanol

0 4 Eli 1I2 1l6
Time/h

Fig. 6 Change of the FT-SPR minimum with time obtained when the
dialkyl sulfide bearing calix[4]arene-based system flows in contact with
the Au(111) surface. The change of the FT-SPR signal position before
and after flowing the molecular receptor containing solution is used to
determine the surface coverage. In the present case a surface coverage
of 0.55 molecules nm~2 was obtained.

CBPS and its Cu®>" complex were optimized with the Uni-
versal force field by using the default settings of the program
“Smart optimization algorithm” (a cascade of steepest des-
cent, ABNR and quasi-Newton methods) with a convergence
threshold set at 0.001 kcal mol™! for the energy and 0.5 kcal
mol~" A~ for the force, respectively; an atom based summa-
tion method for the non-bond interactions with cut-off dis-
tance of 5 nm and cubic spline truncation was used. Atomic
charges were obtained via the charge equilibration method.

Theoretical determination of the molecular conductance

The transport properties of both CBPS and [Cu(CBPS)]**
monolayers were theoretically studied in a ‘two-terminal’
regime, by means of the non-equilibrium Green’s functional
formalism with an extended Hiickel Hamiltonian.?! The ap-
proach was based on the single particle retarded Green’s
function matrix G = [ES — H — ¥ — Zg]~', where H is the
‘device’ Hamiltonian in an appropriate basis set, S is the
overlap matrix in that basis set and X g is the self energy
which includes the effect of scattering due to the left (L) and
right (R) metallic electrodes. The contact self-energy can be
expressed as £ = 1g,7" where g, is the Green’s function of the
contact restricted to the surface zone and 7 is the Hamiltonian
relative to the mutual interaction between the molecule and
the contact. In the case of coherent transport, the current can
be calculated directly using a Landauer-type expression

(eqn (2)):

e +00

1
h

dET(E)[f(E, ) —f(E, pg)] )

—00

where the transmission is T(E) = Tr[[LGI'RG'] with I't g =
ZLr — ZLR]. In eqn (2) f(E,uLr) is the Fermi-Dirac
distribution of electrons in the contact at chemical potential
uLr = Ep £ 0.5 V172! where Er is the Fermi energy of the
system and V' the applied potential.
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The device and contact electronic behavior is described by
the extended Hiickel Hamiltonian, which uses all valence
electrons as the basis set functions (approximated by Slater-
type non-orthogonal orbital functions). The single particle
Hamiltonian matrix elements are

I { Vi ifi=j
ij = 3 Si e .
T+ V) ifi#

where i and j run over all valence orbitals. The overlap matrix
Sj; and the diagonal elements V; can be calculated, given the
system’s geometry, using the appropriate parameterization.?’
The choice of the Hamiltonian matrix was made by consider-
ing the good descriptive capability of the extended Hiickel
method compared to other semi empirical approaches (e.g.
single-electron Tight Binding Hamiltonians) in terms of topo-
logical and bond strength characteristics of the chemical
interactions between intra-molecular as well as interface atoms
on the contact region.?’
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