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ABSTRACT: Cyclo[6]- and cyclo[8]pyrrole, two aromatic
expanded porphyrins, were studied in a single-molecule transis-
tor (SMT) setup. The analyses of these compounds allowed us
to observe an uncommon absence of an even—odd effect in the
Kondo resonance in discrete, metal-free organic macrocyclic
compounds. The findings from the SMT measurements of these

cyclopyrroles were in accord with those from cyclic voltammetry

(CV) studies and theoretical analyses. These findings provide
support for the notion that SMT measurements could be useful
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as a tool for the characterization of similar types of aromatic macrocyclic compounds.

B INTRODUCTION

Efforts to explore the behavior of individual single molecules,
rather than an ensemble average of molecules, have prompted an
increasing focus on so-called single-molecule spectroscopy (SMS).
Recently, SMS has been applied to diverse fields of science, especially
to material science’ and biology.2 SMS studies of polymers,3 Ceo)t
linear oli omers,s’6 or§anic molecules,”® metal coordinated com-
plexes, '’ proteins,""'* and nudleic acids'*'* have been reported.
Because SMS refers to a variety of spectroscopic methods for the
study of single molecules, a wide range of approaches have been
exploited. For example, fluorescence—voltage measurements, ~ con-
focal microscopy,® atomic force microscopy,'® fluorescence reso-
nance energy transfer,'® fluorescence correlation spectroscopy,'”
single-molecule transistor (SMT) measurements,'® scanning tunnel-
ing microscopy,'® near-field scanning optical microscopy,”® and
Raman spectroscopy”" have all been utilized for SMS. Among these
techniques, SMT measurements are attractive for several reasons.
First, the number of electrons can be easily controlled to investigate a
redox state of a single molecule; second, the exchange coupling
between the localized spin in an island (single-molecule) and the
delocalized electrons in electrodes can be tuned by changing the gate
voltage (Figure 1).

The Kondo effect™ results from the entanglement between a
localized spin and delocalized conduction electrons in a reservoir,
for example, metal electrodes in a transistor, and leads to enhance-
ment in conductance at zero-bias in single-electron transistors
(SETs). Using recently developed SMT methods, it proved
possible to observe the Kondo effect in carbon nanotubes,”**
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metal complexes, 526 Ceo’” and in a conjugated linear oligomeric

system.” However, as yet observations of the Kondo effect in
discrete metal-free organic systems have been limited. Moreover,
the metal-free carbon-containing systems studied to date have
been endowed with special characteristics. Cgj, for instance, lacks
the C—H bonds typically found in organic compounds. In the case
of the conjugated linear oligomeric molecule where the Kondo
effect was observed,”*® the nature of the lowest unoccupied
molecular orbital (LUMO) allows for the formation of an excited
diradical state, which puts an unpaired electron at each end of the
molecule and provides a clear path for electron flow.”” We thus
sought to explore whether the Kondo effect could be observed in
simple, redox active aromatic macrocycles. As detailed below, this
goal has now been achieved using two different expanded por-
phyrins, cyclo[6]pyrrole 1 and cyclo[8]pyrrole 2 (Figure 2).
Cyclo[6]pyrrole 1 ([22]hexaphyrin (0.0.0.0.0.0))*° has a 22
sr-electron aromatic periphery, whereas cyclo[8]pyrrole 2
([30]octaphyrin(0.0.0.0.0.0.0.0))*" has a 30 77-electron aromatic
periphery. These cyclo[n]pyrroles may be considered as larger
analogues of porphyrins, in that they are flat, symmetrical, and
aromatic. However, relative to typical metal-free porphyrins,
cyclo[n]pyrroles possess several more readily accessible oxida-
tion states. Electrochemical studies of 1 and 2 have been carried
out using cyclic voltammetry (CV). They revealed that the
energy gap between the highest occupied molecular orbital
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Figure 1. Schematic diagram of an SMT device. After spin-depositing
cyclo[6]pyrrole or cyclo[8]pyrrole dissolved in dichromethane, the
device is fabricated in situ using electromigration with a gold nanowire
at 4.2 K. The charge state of a molecule is controlled by the aluminum
gate, which has a strong capacitance coupling through a thin natural
oxide layer.
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Figure 2. Cyclo[6]pyrrole 1 and cyclo[8]pyrrole 2 studied as single-
molecule transistors.

(HOMO) and the LUMO is smaller than that of porphyrins, and
that as the size of the expanded porphyrin increases, the
HOMO—LUMO separation decreases.”® Both 1 and 2 undergo
atwo-electron reduction event at room temperature. However, at
low temperature (—70 °C), the two-electron reduction process
can be resolved into two successive one-electron steps in the case
of 1 (Figure 3).

Theoretical calculation predicts that both 1 and 2 have a
degenerate HOMO and a strongly split LUMO pair, which has
been confirmed by magnetic circular dichroism studies.*” Re-
cently, cyclo[6]- and cyclo[8]pyrroles were used for field-effect
transistors based on Langmuir—Blogdett films; they showed high
hole mobilities and high on/off ratios.>>** Because of these
unique characteristics, we envisioned that cyclo[n]pyrroles 1 and
2 might be good candidates with which to investigate redox
chemistry effects at the single-molecule level. In addition, it was
considered that comparisons between CV data and SMT data
could reveal differences and similarities between the two mea-
surement methods. A close examination of the findings obtained
from these disparate techniques could also reveal whether SMT
is a viable characterization method for expanded porphyrins and
by inference other conjugated organic species.

B EXPERIMENTAL SECTION

Single-Molecule Transistor (SMT) Measurement. A sche-
matic representation of the SMT setup used is shown in Figure 1. The
devices themselves were fabricated on oxidized silicon substrates. Thin
gold nanowires with narrow constrictions of approximately 100 nm and
thicknesses of approximately 1S nm were patterned by electron-beam
lithography on top of aluminum gates that have a thin aluminum oxide

Potential (V vs. SCE)

Figure 3. Cyclic voltammograms of cyclo[6]pyrrole 1in CH,Cl,, 0.1 M
TBAP at (a) room temperature, (b) —70 °C, and (c) —70 °C with
TBACI added. As seen in the figure and noted in the text, two-electron
reductions occur readily for cyclo[6]pyrrole at room temperature, but
when cyclo[6]pyrrole was reduced at —70 °C in the presence of TBAC],
two successive one-electron reduction waves could be resolved. For
cyclic voltammetry experimental details, see the Supporting Informa-
tion, section S1. SCE = saturated calomel electrode.

layer. After the nanowires were cleaned in oxygen plasma, a dilute
cyclo[n]pyrroles in dichloromethane was spin-deposited on the sub-
strates. The samples were then cooled to 4.2 K, and the Au nanowires
were broken using the electromigration technique to create nanometer-
sized gaps;>® this was done by increasing the dc voltage across the wires
while monitoring the resistance. The breaking process was generally
terminated when the resistance across the wires increases above approxi-
mately 100 k€. Most of the devices produced in this way displayed a
series of discrete resistance steps during the electromigration process and
showed simple tunneling current with either no gate dependence or no
measurable current. Such observations could be rationalized in terms of
no discrete molecules bridging the gaps in these devices or the gaps
being too large. A few devices showed tunneling through a multigrain
system, a finding ascribable to a few cyclo-[n]pyrroles being connected
via a tunneling link.>**” Several of the devices were characterized by
saturating resistance plateaus with respect to the applied voltage (for
details, see the Supporting Information, section S2); these devices
generally exhibited voltage gaps in the current—voltage (I—V) curves
that could be modulated with a gate voltage. The ability to effect such
modulation is attributed to the presence of molecules in the nanogaps.
For these devices, which were considered useful for probing the Kondo
effect, conductance was measured in detail as a function of bias and gate
voltages by numerically differentiating dc I—V curves at different gate
voltages. Among those devices, about 25% (7 of 28) exhibit an anomalous
Kondo resonance as detailed below.

B RESULTS AND DISCUSSION

We have found that Kondo resonance peaks appear on both
even and odd charge states in transistors made up from single
cyclo[n]pyrrole molecules. The observation of zero-bias Kondo
resonance appearing in both even and odd (adg'acent) charge
states of a SMT has been observed previously.”® However, it
cannot be well described by the conventional spin 1/2 Kondo
effect based on the Anderson impurity model.*” Therefore, to
provide a framework for our own findings, we considered a
simple operational model: When exchange interaction within a
molecule is comparable to the energy level spacing in the
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Figure 4. Differential conductance plotted on alogarithmic scale versus
the bias and gate voltages measured at 4.2 K in SMTs incorporating
cyclo[6]pyrrole 1. (a) Conductance mapping of device A. Note that
zero-bias conducting peaks (yellow arrows) appear in two Coulomb
diamonds consecutively. (b) Conductance mapping of device B. The
comparable peaks (yellow arrows) at zero-bias appear in the middle and
right Coulomb diamonds. On the other hand, the zero-bias peak
disappears in the left Coulomb diamond. We assign the number of
electrons N, N + 1, and N + 2 from left to right, respectively. The two
green dashed lines are drawn to help illustrate the boundary between the
Coulomb blockaded regions and the conductance regions. The charging
energy determined by the size of the blockaded region is about 100 meV.

molecule, two successive electrons of the same spin may be
added instead of in the form of an alternating spin-up and spin-
down configuration in a pair. To the extent this model is valid, it
leads to the prediction that Kondo resonances will be observed in
two consecutive Coulomb diamonds. This is in fact what is seen
in the case of devices constructed using macrocycle 1 (Figure 4).

Figure 4a shows a color plot of the differential conductance on
a logarithmic scale as a function of bias and gate voltages for a
device incorporating cyclo[6]pyrrole 1 (device A). Dark blue
regions are Coulomb blockade regions (nonconducting areas),
and red colors correspond to high conductance regions. A key
feature of this device is that through capacitance coupling
between the gate and the molecule, we can add or subtract
electrons one by one to/from an individual molecule of cyclo[6]-
pyrrole 1 connected to the source and drain gold electrodes by
tunnel barriers. In Figure 4a, there exists a degeneracy point
between what are two distinct charge states; these differ by the
charge of a single electron, as is typically observed in an SET. The
number of electrons present in the molecule increases (or
decreases) one by one whenever the gate voltage passes by a
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Figure 5. Two-dimensional differential conductance plot of a cyclo-
[8]pyrrole 2 device as a function of bias and gate voltages measured at
4.2 K. Similar zero-bias conducting peaks (yellow arrows) are observed.
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Figure 6. (a) Temperature dependence of zero-bias resonance. (b)
Zero-bias conductance as a function of temperature. The zero-bias
conductance decreases as the temperature increases. A logarithmic
temperature dependence for the zero-bias peak is observed. The experi-
mental points (H) were taken at a gate voltage of —0.5 V using device A
presented in Figure 4a based on cyclo[6]pyrrole 1. The red and blue lines
represent fits to an empirical formula used by Parks et al.*®® for the spin 1/
2 Kondo model (blue trace) and the spin 1 Kondo model (red trace).

degeneracy point in the positive (or negative) direction. How-
ever, the initial neutral charge state, and hence the charge on the
molecule at any given gate voltage, cannot be determined
independently because it depends on the local electrostatic
environment. Remarkably, zero-bias resonances (ZBRs, yellow
arrows) appear on both sides in two adjacent Coulomb
blockaded regions. It was clearly observed that the suppression
of conductance due to the Coulomb blockade effect is overcome
at zero-bias. In addition, the ZBRs display strong gate depen-
dence, because the features fade out as the gate voltage moves
farther away from the degeneracy point.

Figure 4b shows the conductance mapping of another device
derived from cyclo[6]pyrrole 1 (device B). In this case, three
charged (redox) states are accessible within the gate range. If we
assign N as the number of electrons in the molecule in the
Coulomb diamond on the left of this plot, the middle and right
Coulomb diamonds correspond to N + 1 and N + 2 charged
states, respectively. While the N charged states show the conven-
tional Coulomb blockade effect, ZBRs (yellow arrows) are
observed in the middle (N + 1 charged state) and right (N + 2
charged state) Coulomb diamonds. Similar ZBRs were also
observed in a device derived from cyclo[8]pyrrole 2, as shown
in Figure 5. The features are qualitatively similar to those of device
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Figure 7. Schematic diagrams of state filling involving two added
electrons. Two possible processes are available depending on the
relationship between several energy factors, the exchange energy J, the
extra Coulomb energy OU required to put two electrons in a single
quantum state, and the energy level spacing, A, between molecular
orbitals. When ] + OU > A, the second electron fills the next level to
produce a spin-triplet state (a— b), a result that can explain the absence
of even—odd parity effect. In contrast, a spin-up and spin-down paired
electron state results when J + OU < A (a — c); this represents the case
for the simplest Kondo effect due to spin 1/2.

A. Tt is believed that the redox states observed in device A
correspond to the N + 1 and N + 2 charged states seen in device
B. We note that none of 60 control devices prepared without any
molecules being deposited displays the observed zero-bias fea-
tures (for details, see the Supporting Information, section S3).

The temperature dependence of the ZBR for a device containing
cyclo[6]pyrrole 1 that displays zero-bias conducting peaks across a
degeneracy point has been measured (Figure 6). These data are
obtained at gate voltage of —0.5 V for the device A presented in
Figure 4a. In this case, logarithmic temperature dependence for the
zero-bias peak is observed. This is a hallmark of a Kondo resonance
feature and provides support for the notion that this feature results
from a Kondo effect. The strong gate dependence of the ZBR is also
consistent with the Kondo resonance.

To estimate the Kondo temperature at the given gate voltage,
the temperature dependence was fitted to an empirical formula
used by Parks et al.**” for the spin 1/2 Kondo model (blue trace)
and the spin 1 Kondo model (red trace).*" The observed
nonsaturating behavior of conductance with decreasing tempera-
ture is consistent with an even charge Kondo effect with a spin =
1.334% The resultant Kondo temperature is about 130 K.

In systems with a simple spin 1/2 Kondo effect, the Kondo
resonance disappears as the number of electrons is changed from
odd to even. Obviously, this is not the case for the devices
produced from 1 and 2. Previous electrochemical studies have
served to show that two-electron reductions occur readily for both
1 and 2.>° However, when 1 was electrochemically reduced at low
temperature (—70 °C), two successive one-electron reduction
processes could be resolved (Figure 3c). Such a finding leads us to
suggest that there are very closely spaced LUMOs in 1 and,
perhaps, 2. Theoretical analyses based on DFT calculations also
reveal the presence of two split LUMOs.>” Thus, a key feature of
the cyclo[n]pyrroles used in this study is that they provide a well-

defined framework wherein device-scale Kondo effects can be
related to bulk measurement features (e.g,, electrochemistry), as
well as molecular orbital theory. On the basis of a combination of
theory and electrochemical experiment, it is believed that the
closely spaced cyclo[n]pyrrole (n =6 or 8) LUMOs are populated
one by one during these SMT experiments.

Given the above, a model is suggested to account for our
observations. Figure 7a displays the lower LUMO occupied by a
first electron added from the electrode. This situation satisfies the
condition of the Kondo resonance due to the spin 1/2. For the
next reduced state, a significant charging energy is required to
add one more electron to the molecule.

Electron—electron interactions play an important role in
mediating Kondo effects in the single electron tunneling regime.
Previous experimental evidence, involving the study of quantum
dots based on two-dimensional electron gases,42 as well as carbon
nanotube transistors,”> served to reveal that when exchange
interactions dominate in systems with closely spaced energy
levels, Kondo resonances can be observed for states with an even
number of electrons. Such observations are not consistent with
the constant interaction model, wherein electron—electron
interactions are thought to be independent of the number of
electrons.* Rather, these systems appear to follow Hund’s rule as
applied to atomic and molecular ensembles.

In addition, consideration must be made of several other
energetic factors that determine how states are filled with extra
electrons. For instance, one must account for (1) the exchange
energy ] that reflects the fact that the parallel spin configuration has
a lower energy than an antiparallel one, (2) the energy level
spacing, A, between the molecular orbitals, and (3) the extra
Coulomb energy, OU, needed to put two electrons into a single
quantum state. There are two possible scenarios, when ]+ U > A,
and when ] + OU < A. Under the first of these, the second electron
occupies the next level with a spin-triplet state (Figure 7a—b). By
contrast, when ] + OU < A, electrons enter into the lower level
consecutively in a spin-up and spin-down manner (Figure 7a— c).

To a first approximation, if the exchange interaction is
significant as compared to the spacing between levels, the spin
state is a triplet. Thus, a Kondo effect is still possible in a system
with an even number of electrons because the net spin is 1. On
the other hand, if the exchange interaction is negligible as
compared to the level spacing, the total spin is zero. Therefore,
no Kondo effect is expected. While the conventional spin 1/2
Kondo effect follows the second scenario (Figure 7a — c), the
ZBRs seen in two adjacent Coulomb diamonds in our SMT's are
best explained by the first scenario (Figure 7a — b).

The qualitative model given in Figure 7 provides a reasonable
explanation for the data sets obtained during the present SMT
studies. On the basis of the first scenario (Figure 7a — b), the
observed ZBRs of cyclo[6]pyrrole 1 and those of cyclo[8]pyrrole
2 are easily rationalized. Disappearance of the ZBR in device B in
the N charged state shown in Figure 4b can also be interpreted
reasonably as follows: Previous theoretical studies based on
symmetry arguments revealed that the HOMOs are degenerate
in the neutral charged state.>? Thus, these degenerate HOMOs
should be filled with paired electrons with zero net spin. That is,
no Kondo resonance is expected. Addition of a first electron then
leads to a spin 1/2 state in a LUMO, resulting in the appearance
of the Kondo resonance. Upon further reduction, the next
electron occupies a different, albeit closely spaced, LUMO. This
gives rise to a spin-triplet state, wherein a Kondo resonance still
occurs, despite the fact that there are even numbers of electrons.
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As a result, the ground spin state of device B can be described by
the sequence of § = 0 — 1/2 — 1. This simple process can
account for the observed features in Figure 3b. However, the
suggested model and the given data are not enough to determine
all of the underlying energy values, such as the exchange energy J,
the excess Coulomb energy OU, and the energy level spacing A.

B CONCLUSIONS

In summary, an unconventional Kondo effect, the appearance
of Kondo resonances at zero-bias for the states containing both
odd and even numbers of electrons in the SMTs of cyclo-
[n]pyrroles, has been observed. The present findings are readily
explained by invoking a model wherein a strong exchange inter-
action within the molecule leads to Hund’s rule behavior with the
formation of a spin-triplet, which is energetically more favorable
than the production of a singlet spin state. While qualitatively
correct, this explanation and the underlying experimental data do
not suffice for a detailed quantitative description. Further theore-
tical and experimental studies are needed if a more detailed
understanding is to be obtained. Nevertheless, this study is highly
informative in terms of confirming the accessibility of multiple
electronic states within a set of well-defined aromatic species.

As confirmed by electrochemical analysis, the cyclo[n]pyrroles
used in the present study are redox active. In particular, electrons
can be added to or removed stepwise from these systems, with the
energy difference between the first oxidation and first reduction
processes (the HOMO—LUMO gaps) being relatively small for
both cyclo[6]pyrrole 1 and cyclo[8]pyrrole 2 (as compared, e.g,,
to porphyrins). As a consequence, we were able to make working
devices with both 1 and 2. Importantly, the SMT studies proved to
be in good agreement with the CV measurements and with
theoretical analyses involving the frontier orbitals. We thus
propose that SMT analysis of small organic molecules could prove
complementary to other techniques, such as CV, in terms of
analyzing structure-related features, and could do so free of bulk
effects. This technique provides unique information, particularly
with regard to accessible oxidations states and intrinsic electronic
features. This leads us to suggest that SMT analyses of other
expanded porphyrins and other conjugated systems are warranted.
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