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ABSTRACT: Stable organic radicals have potential applications for building organic
spintronic devices. To fulfill this potential, the interface between organic radicals and
metal electrodes must be well characterized. Here, through a combined effort that
includes synthesis, scanning tunneling microscopy, X-ray spectroscopy, and single-
molecule conductance measurements, we comprehensively probe the electronic
interaction between gold metal electrodes and a benchtop stable radicalthe Blatter
radical. We find that despite its open-shell character and having a half-filled orbital close
to the Fermi level, the radical is stable on a gold substrate under ultrahigh vacuum. We
observe a Kondo resonance arising from the radical and spectroscopic signatures of its
half-filled orbitals. By contrast, in solution-based single-molecule conductance
measurements, the radical character is lost through oxidation with charge transfer
occurring from the molecule to metal. Our experiments show that the stability of radical
states can be very sensitive to the environment around the molecule.
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Organic radicals are open-shell systems that contain one
unpaired electron, making them ideal organic materials

for spintronics applications.1−8 This class of materials can
potentially be incorporated into the next generation of memory
devices that will consume less power, or even serve as qubits in
quantum computing devices.5−8 Typically, organic radicals are
transient species and must be stabilized either by protecting
the reactive site sterically or through electronic delocalization
of the lone electron.9−11 However, less is known about the
stability of radicals when interfaced with conducting electrodes
and metal substrates. The rich variety of radicals and substrates
available ensures that there is much interfacial physics and
chemistry to explore. Several groups have already demon-
strated that these types of molecules can be imaged by
scanning tunneling microscopy (STM).12−16 Some of these
studies included observations of a Kondo resonance, arising
from the scattering of conduction electrons interacting with the
unpaired spin of the radical.12−14 Furthermore, stable radicals
are also amenable to various other spectroscopic studies to
probe their electronic structure on different substrates. For
example, the sterically protected perchlorinated triphenylmeth-

yl (PTM) radicals retain their radical character on a variety of
configurations and surfaces,2,17 and the radical states can be
probed by X-ray spectroscopy.18 Even electronically stabilized
(2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO)19 and ni-
tronyl-nitroxide-based20−22 radicals are stable to X-ray
irradiation. These three classes of radicals have therefore
been exploited for performing single-molecule transport
measurements. Molecular junctions formed with PTM radicals
can also show Kondo resonances23 and enhanced conduc-
tance,24 while TEMPO and nitronyl-nitroxide-based junctions
have demonstrated positive25 and negative26 magnetoresist-
ance respectively. In these systems, the singly occupied
molecular orbitals (SOMOs) of the radicals are all localized
at specific sites of the molecule. These orbitals are therefore
not strongly coupled to the electrodes.
One class of radicals with large, delocalized SOMOs are

1,2,4-benzotriazin-4-yl radicals (Figure 1A). The first example
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of a benzotriazinyl radical was synthesized by Blatter in 1968,27

and now bears his name. The lone electron is not confined to
one nitrogen atom as depicted in Figure 1A but delocalizes
across both the triazinyl ring and the fused benzene. This
radical is extraordinarily stable and can be stored in ambient
conditions for months; some derivatives can persist for even
longer.28 Much credit must go to Koutentis and Constanti-
nides for developing a rich variety of methods to synthesize a
library of related compounds as well as studying some of their
electronic and magnetic properties, paving the way for this
radical to be used in organic electronics.28−33 Indeed, one of
the earliest reports of the Blatter radical was its use as a
pressure sensitive semiconductor in a charge transfer complex
with tetrathiafulvalene.34 More recently, Ciccullo et al.
explored the possibility of using a Blatter derivative as an
organic magnet, showing that it is feasible to create thin films
that retain their radical properties because the molecule is only
weakly physisorbed on the insulating SiO2 substrate.35

Crucially, their report demonstrated that the triazinyl radical
moiety can also be probed by X-ray spectroscopy without
being severely damaged.
Here, we explore the electronic characteristics of the Blatter

radical bound to gold by characterizing the metal−molecule
interface and measuring its single-molecule transport proper-
ties. We present the first images taken of a Blatter radical
derivative by scanning tunneling microscopy (STM). Con-
currently, scanning tunneling spectroscopy (STS) revealed the
presence of a Kondo resonance that arises due to conducting
electrons scattering off the unpaired radical electron. We
further probe the electronic structure of the molecule through
X-ray photoelectron spectroscopy (XPS) and near edge X-ray

absorption fine structure (NEXAFS) measurements. This
series of experiments performed under ultrahigh vacuum
(UHV) conditions all confirm that the Blatter radical retains its
open-shell radical character upon adsorption onto the Au(111)
substrate (Figure 1C). By contrast, in solution-based single
metal−molecule−metal junction conductance measurements
performed using the scanning tunneling microscope break
junction (STM-BJ) method,36,37 electron transfer occurs from
molecule to metal and the radical is oxidized (Figure 1D).
These results highlight the importance of the environment on
the stability of an open-shell system interacting with a metal
electrode.

Results and Discussion. We synthesized a novel
derivative of the Blatter radical with two gold-binding
thiomethyl groups (Figure 1A) according to a reported
procedure as detailed in the Supporting Information (SI).29

The electron paramagnetic resonance (EPR) spectrum of the
molecule in toluene solution shows the expected seven line
splitting pattern (Figure 1B) due to the unpaired electron
coupling to the three nitrogen nuclei which each have spin I =
1.28 STM and STS measurements were carried out under UHV
conditions (pressure ≈ 5 × 10−11 mbar) at 6.1 K (details in
SI). A submonolayer coverage of molecules was deposited onto
the Au(111) sample kept at about 7 K. For the X-ray
spectroscopic measurements, films of the radical were created
by evaporating the molecule onto a pristine Au(111) surface in
UHV (see SI for details). By controlling the evaporation time
and substrate temperature, either a monolayer or a multilayer
could be obtained. The terminal thiomethyl groups allow the
molecule to bind to the gold electrodes for the STM-BJ
measurements performed in solution. Density functional
theory (DFT) calculations (details in SI) were used to support
our experimental observations.
Figure 2A shows a STM image of an individual Blatter

molecule at low coverage. The molecule adsorbs with the
benzotriazinyl core (bright part in the center in Figure 2A)

Figure 1. (A) The structure of the Blatter radical studied in this work.
(B) Electron paramagnetic resonance spectrum of the Blatter radical
in toluene solution. (C) Illustration of the radical deposited on gold in
ultrahigh vacuum. (D) Illustration of a single-molecule junction where
the molecule is positively charged.

Figure 2. (A) STM image of a single Blatter molecule [V = 5 mV; I =
1.9 pA]. (B) Molecular model oriented as in (A). (C) dI/dV
spectrum taken at the point marked by a red cross on (A), with a
superimposed Fano fit.

2

http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b00275/suppl_file/nl9b00275_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b00275/suppl_file/nl9b00275_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b00275/suppl_file/nl9b00275_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b00275/suppl_file/nl9b00275_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.9b00275


lying parallel to the surface. A comparison with the
corresponding model in Figure 2B shows that other key
features such as the two pendant phenyl rings and thiomethyl
groups are visible. A dI/dV spectrum at the point marked by
the cross in Figure 2A reveals a clear zero bias peak, resembling
a Kondo resonance. By fitting this data with a Fano curve, we
determine a coupling strength Γ of 16.8 meV. Following the
widely used approach introduced by Nagaoka et al.,38 the
Kondo temperature (TK) can be estimated to be 43 K. An
improved expression of TK for strongly correlated metal−
molecule junctions has been recently proposed by Appelt et
al.,39 which in our case provides a TK of 83 K. The values
obtained with the two different approaches are both close to
the ones reported for other organic radicals (e.g., 37 K for
nitrogen-based verdazyl radicals12 and 54 K for triarylmethyl
radicals13). The Kondo resonance arises from the presence of
an unpaired electron in the molecule; below the Kondo
temperature, this unpaired spin interacts with the substrate’s
continuum of states at the Fermi level, resulting in a sharp
Fano-shaped peak at 0 eV.40 This peak thus provides direct
evidence of the retained radical character of the Blatter
molecule upon adsorption on gold.
To further investigate the electronic structure of the

deposited radical molecules, we turned to X-ray spectroscopy.
First, we performed XPS measurements that are sensitive to
the electronic and chemical environment around the atoms
present in the radical. The wide energy range XPS (Figure S1)
shows the expected peaks in the nitrogen 1s (N 1s), carbon 1s
(C 1s), and sulfur 2p (S 2p) binding energy regions with the
peak shapes shown in Figure S2. Figure 3A shows the high-
resolution signal around the N 1s region of both the monolayer
and multilayer films. These can be fit to three main peaks with
a 1:1:1 ratio, corresponding to the three distinct nitrogen
atoms as assigned by Ciccullo et al., and also corroborated with
our DFT calculations (Figure S3). The peaks in the monolayer
are shifted toward slightly lower binding energies due to
stronger screening from the gold substrate. The presence of the
lowest binding energy peak at 398.7 eV in the multilayer
indicates that the radical nitrogen (N4, Figure 3A inset) is
intact and this derivative of the Blatter radical retains its

unpaired electron when deposited through thermal desorption;
this peak diminishes when the radical suffers beam damage
(vide infra and in the SI). The other two peaks that occur
shifted higher by 1.0 and 2.8 eV in the multilayer and are
assigned to N2 and N1 respectively, as indicated in Figure 3A.
The XPS of the multilayer also has additional features: a small
peak at the high binding energy side of the spectrum (dashed
line) which is assigned to shakeup transitions,35 as well as a
secondary doublet that consists of peaks in a 2:1 ratio
(indicated in light gray). We ascribe the secondary doublet to a
species that arises from beam damage to the pristine molecules,
as detailed in the SI (and Figure S4). The monolayer spectrum
has also been fit with additional peaks (in light gray) which
could be due to impurities or beam damage.
Next, we examine the N 1s (K-edge) NEXAFS spectra

which probes the electronic structure of the unoccupied states
and can therefore elucidate the existence of a singly
unoccupied molecular orbital (SUMO) which should be
present if the open-shell structure is unperturbed. Figure 3B
shows the N 1s NEXAFS spectrum of the multilayer sample in
black with the monolayer in blue. In both spectra, there are
three peaks in this region, two smaller peaks and a taller one,
which arise from electronic transitions from the N 1s core to
the lowest unoccupied states in the radical. To assign these
peaks, we turn to DFT calculations of the NEXAFS spectrum
as detailed in the SI (and Figure S5). The peaks at 396.8,
397.8, and 399.7 eV indicated by the green arrows on the
multilayer NEXAFS follow the same energy spacing as the 3
N 1s XPS peaks. These peaks correspond to transitions from
three different atoms (N4, N2, and N1 respectively) into the
π* SUMO, since this orbital has significant electron density on
all three nitrogen atoms. A schematic of these transitions, along
with the calculated molecular orbitals are shown in Figure
3C,D. The 399.7 eV peak has a higher intensity because it
overlaps with a second peak, visible as a shoulder and indicated
by the orange arrow on the spectrum of the multilayer. This
shoulder peak can be assigned to a transition from the 1s level
of one N atom to the next unoccupied π* orbital (the first
doubly unoccupied LUMO). There is only a single peak
because this orbital has significant electron density only on the

Figure 3. (A) Nitrogen 1s XPS spectra of the multilayer (top, black) and monolayer (bottom, blue) along with the fits. For the multilayer, peaks are
assigned to the nitrogen atoms as indicated and a partial structure of the Blatter radical with the nitrogen atoms labeled is shown in the inset. The
shaded light gray peaks in the multilayer spectrum are due to a second, damaged species present in the sample (details in main text and SI). (B)
Nitrogen 1s NEXAFS spectra of a multilayer (black) and monolayer (blue) of the Blatter radical derivative. The peaks are labeled by the individual
nitrogen atoms that cause the absorption features. (C) Schematic of the electronic transitions associated with the NEXAFS peaks. The green and
orange arrows show the transitions corresponding to the peaks indicated in (B). (D) The frontier unoccupied orbitals involved in the transitions
described in (C), obtained from gas-phase DFT calculations. Note that in the DFT of the radical, the α and β spin orbitals are treated separately
and only the α orbitals are shown in here. The β orbitals are qualitatively similar and can be found in Figure S7.
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N2 atom (Figure 3D). The peaks in the monolayer NEXAFS
can be assigned to the same transitions. Although the shoulder
peak is not as well-resolved in the monolayer spectrum, it still
adds intensity to the N1 peak. Another key feature of the
monolayer NEXAFS is that changing the photon linear
polarization from perpendicular to the surface (p-pol) to
almost parallel to the surface (s-pol) attenuates the three peaks
in the 396−400 eV range (Figure S6), confirming that the
molecule lies mostly flat on gold in both the X-ray and STM
setups while retaining its radical character.41

The similarity of the XPS and NEXAFS spectra in both films
shows that whether the radical is in direct contact with the
gold substrate (as when in a monolayer) or is only interacting
with layers of other molecules below it (as in the multilayer),
the radical character is not lost. This result dovetails nicely
with the observation of the Kondo resonance from STS
measurements, corroborating that the Kondo peak observed
arises from the unpaired electron.
We now turn to solution-based single-molecule conductance

measurements carried out using the STM-BJ method.36,37 In
this method, a gold STM tip is driven into contact with a gold
substrate and slowly retracted while in a solution of molecules
with gold binding groups. A small bias is applied between the
tip and substrate, and the conductance is recorded as a
function of relative tip/substrate displacement. As the tip is
withdrawn, a gold−gold point contact with a conductance
around 1 G0 (= 2e2/h = 77.48 μS) is formed. Further
retraction of the tip breaks the gold point contact and a
molecule can bind between the electrodes, creating plateaus
below the 1 G0 feature in the conductance versus displacement
graphs. These plateaus are the conductance signatures of
individual molecular junctions. The data from thousands of
individual traces can be collected and compiled into
logarithmically binned one-dimensional (1D) conductance
histograms to identify the conductance peaks (Figure 4A). No
data selection is performed.

The 1D histogram of the Blatter radical is shown as the
brown trace in Figure 4A. Two clear conductance features are
visible: a sharp, high conductance peak at around 3.2 × 10−3

G0, and a broad peak near 3.2 × 10−5 G0 which is ∼100 times
lower in conductance. In the 2D conductance histogram which
is created by overlaying the individual conductance versus
displacement traces (Figure 4B), the lower conductance peak
is slightly offset to longer displacements than the high
conductance peak, indicating that this low conductance feature

appears only after the tip is retracted further and the high
conductance plateau ruptures. We attribute the higher
conductance peak to a molecular junction with both
thiomethyl linkers bound to the gold electrodes, while the
lower conductance peak is a dimer junction where only one
end of each molecule binds to the gold electrode and
conduction occurs through the interaction of the two π-
systems.42−44 The nature of the two peaks was established by
analyzing conductance noise according to a previously
reported method and detailed in the SI (Figures S8−10).
Surprisingly, the high conductance peak of the radical is very

similar in magnitude to that of 4,4′-di(methylthio)stilbene
(Figure S11). Both these molecules have 11 bonds along the
conductance pathway. This result is contrary to the expectation
that the conductance of an open-shell radical should be high
due to the availability of a low-lying orbital for electron
transfer.45 Since the Blatter derivative has a conductance
similar to that of a closed-shell stilbene, we hypothesized that
the radical loses its open-shell character in a single-molecule
junction. We therefore tested the redox stability of the radical
in solution by performing cyclic voltammetry (CV) in the
STM-BJ setup (details in SI). Figure S12 shows that with gold
electrodes, the molecule is oxidized at very low potentials. The
reduction wave, although visible in the platinum electrode CV
(Figure S13), is never observed in the voltammogram recorded
on gold. This led us to investigate the conductance of a
chemically oxidized Blatter radical derivative.
We performed the STM-BJ measurement with a solution of

the chemically oxidized Blatter derivative (details in the SI).
The solution of the radical turns from brown to purple upon
oxidation (Figure 4C), and it can be characterized by UV−vis
and NMR spectroscopy as it is a closed-shell species (Figures
S14 and S15). The conductance histogram of the oxidized
species is the purple trace in Figure 4A, which is nearly
identical to the histogram of the neutral radical. This strongly
suggests that the neutral radical gets oxidized spontaneously
when bound in a junction, and the conductance traces
generated are that of the closed-shell oxidized species. We
stress that the oxidation only occurs in the junction at the
metal−molecule interface, since the color of the solution of
neutral molecules is the same before and after the experiment.
Clearly, the chemical behavior of the Blatter radical in the

STM-BJ measurements is very different from what was
observed in the STS, XPS, and NEXAFS. Under UHV
conditions, the molecule unambiguously retains its radical
character. On the other hand, in a junction with the molecule
bound to two electrodes, the radical is spontaneously oxidized
instead, readily losing the electron in its SOMO. To reconcile
the different behavior of the radical on gold in two different
environments, we consider two key differences between the
UHV and STM-BJ measurements. First, the level alignment at
the interface is likely to be very sensitive to the environment;
the SOMO could thus be slightly higher than the Fermi energy
of gold in a molecular junction in solution, allowing for facile
molecule-to-metal charge transfer. Second, undercoordinated
gold adatoms which the molecules bind to in the STM-BJ
(Figure 1D) are slightly electron deficient;46,47 this could also
facilitate the oxidation of a low-lying SOMO.
In conclusion, we have investigated how the Blatter radical

interacts with gold electrodes. STS, XPS, and NEXAFS
measurements show that the radical character is not affected
upon adsorption on the Au(111) surface in UHV, such that
the molecule retains its open shell configuration. In single-

Figure 4. (A) The 1D conductance histogram of the neutral radical
(brown) and chemically oxidized radical (purple) measured at 200
mV and compiled from 3000 traces. (B) The 2D conductance
histogram of the neutral radical created from the same traces used for
the 1D histogram shown in (A). (C) Photos of the different colored
solutions of the neutral and oxidized species.
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molecule conductance measurements performed in solution,
we demonstrate that the conductance signature arises from an
oxidized radical. We propose that this behavior stems from the
proximity of the SOMO to the Fermi level of gold because in
such cases, small changes in the surrounding conditions can
shift the alignment of the molecular orbitals. Our work shows
that radicals with their half-filled orbitals close to the Fermi
level can behave very differently even with the same substrate
under different environments, thereby illustrating the im-
portance of metal−molecule coupling to the stability of
radicals on metal surfaces.
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