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ABSTRACT: We investigated spin states of stable neutral
pure-organic radical molecules of 1,3,5-triphenyl-6-oxoverdazyl
(TOV) and 1,3,5-triphenyl-6-thioxoverdazly (TTV) adsorbed
on an Au(111) surface, which appears as a Kondo resonance
because of spin-electron interaction. By using scanning
tunneling spectroscopy (STS), a clear Kondo resonance was
detected for the TOV molecule. However, no Kondo
resonance was detected for TOV molecules with protrusions
in the occupied state image and for TTV molecules. Spin-
resolved DFT calculations showed that an unpaired π electron was delocalized over the adsorbed TOV molecule, which was the
origin of the Kondo resonance. For the TOV molecules with protrusions, we proposed a model in which an additional H atom
was attached to the TOV molecule. Calculations showed that, upon transfer of an electron to the verdazyl ring, the unpaired π
electron disappeared, accounting for the absence of a Kondo resonance in the STS spectra. The absence of a Kondo resonance
for the TTV molecule can be explained in a similar manner. In other words, electron transfer to the verdazyl ring occurs because
of Au−S bond formation.

1. INTRODUCTION

Application of the freedom of spin and charge of an electron to
the quantum process of information is called “spintronics”.1

Molecular spintronics is an emerging field that combines
molecular electronics and spintronics.2,3 Various types of spin
blocks, including organic radicals, have been proposed.
The origin of the magnetism in the organic radicals is an

unpaired π electron. These radical molecules are composed of
light elements, such as C, N, O, and S. These elements have
smaller spin−orbit coupling and hyperfine interactions, and
provide longer spin coherent length than that of heavier
elements used in inorganic electronic materials.4 This is one of
the reasons why organic molecules attract attentions as spin
transport material. Moreover, by combining with photo-
chromism and electrochromism,5,6 the spin switching should
be possible since there is a strong correlation between the
structure and electronic properties. Applied researches were
covered by a book by Hicks7 and more recent review by
Ratera.8

There have been intensive studies on stable organic
radicals,9,10 which include triarylmethyl (such as triphenyl-
methyl radical),11 hydrazyl (such as DPPH = N,N-diphenyl-N’-
picrylhydrazyl),12 nitroxide (such as TEMPO = 2,2,6,6-
tetramethylpiperidine-N-oxyl),13 phenalenyl (such as TBPLY

= 2,5,8-tritert-butylphenalenyl),14 and thiazyl groups (such as
1,2,3,5-trithiadiazolyl radical).15 In addition, the use of organic
radicals in batteries,16 oxidation catalysis,17 living radical
polymerization,18 and spin labeling19 have been studied.
The verdazyl radical of 1,3,5-triphenylverdazyl (TPV), which

is a hydrazyl radical, was discovered in the 1960s by Kuhn and
Trischmann (Scheme 1).20 Several years after the first synthesis
of TPV, Neugebauer synthesized 1,3,5-triphenyl-6-oxoverdazyl
(TOV) and 1,3,5-triphenyl-6-thioxoverdazyl (TTV), which
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contain a carbonyl group and a thiocarbonyl group at the C(6)
position, respectively.21

The electronic structures of TOV and TTV have been
examined by using X-ray crystallography, electronic absorption,
EPR, ENDOR, and 2H NMR spectroscopies,21 and computa-
tional studies.22 Although the crystal structure of TTV has not
been obtained,20,21 the amount of spin delocalization in TTV
can be estimated by comparing it with that of 3-t-butyl-1,5-
diphenyl-6-thioxoverdazyl.20

The spin delocalization can be seen in a series of 6-oxo- and
6-thioxoverdazyl molecules. In the verdazyl radical, the
unpaired π electron, part of a 7π-electron system, is delocalized
over the N(1)−N(2)−C(3)−N(4)−N(5) portion of the
heterocycle. Thus, the singly occupied molecular orbital
(SOMO) is mainly distributed over the four nitrogen atoms
[(N(1)−N(2)−N(4)-N(5)] of the verdazyl ring.22 C(6) is not
formally conjugated because it is either saturated (sp3), as it is
in TPV or part of an exocyclic double bond, as it is in TOV and
TTV.21

Switching of the magnetic character of verdazyl radicals been
demonstrated using reversible one-electron oxidation (6π-
cation) and one-electron reduction(8π-anion) processes.23,24

The electrochemical properties are strongly influenced by the
verdazyl structure and substituents, which makes this molecule
a good building block for a construction of magnetic material.
The magnetochemistry of verdazyl radical-based materials have
been recently reviewed by Hicks25 and Mukai.26 Various
verdazyl derivatives have been found to exhibit ferro-, weak
ferro-, and antiferromagnetic intermolecular interactions
between the S = 1/2 units in their crystals, which have
exchange coupling energies (±2J/kB) on the order of a few to
several tens of Kelvin.7

For actual applications, the formation of a film of the
molecule is required. It has been demonstrated that a good
quality films can be formed by a sublimation method. However,
typical organic radicals cannot be sublimed in a vacuum due to
their relatively low thermal stability. Therefore, the drop-cast
methods have been used to form a film of the radical
molecules.27,28 Verdazyl radicals have a delocalized π-electron
system compared with that of a nitroxide type radical, which
makes the verdazyl radical molecules thermally stable (melting
points are ∼200 °C).21 Combined with the relatively small
molecular weight (TOV = 327 g/mol and TTV = 343 g/mol),
verdazyl radicals can be easily sublimated and deposited on
substrates to form a film of good quality.
In this paper, we report the detection of a spin of a stable

neutral pure-organic radical molecule adsorbed on a surface by
observing a Kondo resonance, which is caused by the
interaction between an isolated spin and a conduction
electron,29 using scanning tunneling spectroscopy (STS).
Detection of a Kondo resonance using STS has been studied
mainly for metal atoms adsorbed on a surface30−35 or caged
molecules.36−40 Recently, it has been demonstrated that an
unpaired π electron causes a Kondo resonance for double-
decker phthalocyanato-Y(III) complexes (YPc2)

41 and TCNQ
molecules.42 However, there are no reports of a Kondo
resonance for pure organic radicals that are stable and neutral.
In this study, we examined whether the spins of stable radicals,
1,3,5-triphenyl-6-oxoverdazyl (TOV) and 1,3,5-triphenyl-6-
thioxoverdazly (TTV), adsorbed on the Au(111) surface
could be detected as a Kondo resonance in STS spectra.

2. EXPERIMENTAL DETAILS AND CALCULATIONS
We synthesized TOV following a reported procedure.43−49 We
transferred the molecule to a substrate by using a sublimation method
in an ultra high vacuum (UHV). Substrate cleaning, molecule
deposition, and low-temperature STM observations were carried out
in UHV chambers, whose details are described elsewhere.50,51 The
sample temperature was ∼4.7 K for the scanning tunneling microscopy
(STM)/STS experiments described in this report. STS spectra were
obtained by using a lock-in amplifier with a modulation voltage of 1
mV superimposed onto the tunneling bias voltage.

First-principle calculations were performed by using VASP code,
employing a plane wave basis set and PAW potentials in order to
describe the behavior of the valence electrons.52,53 A generalized
gradient Perdew−Burke−Ernzerhof (PBE) exchange-correlation po-
tential54 was used. Because of the absence of dispersion forces in the
local and semilocal exchange-correlation approximations, the mole-
cule-surface distance of a weak bonding case such as van der Waals
interaction is overestimated, which is followed by an ambiguity of the
charge transfer from the substrate to the molecule. Though many
types of dispersion corrections methods have been developed
including the one using semiempirical force-field,55,56 the accuracy
and the applicable target of each method is still not clear. Thus, they
were not included in the current study. Nevertheless the calculation
results for the adsorbed molecule can give a robust estimation for the
understanding of STM images and spin behavior, if compared with the
result calculated for the molecules placed in the vacuum. The
structures were relaxed until the forces were smaller than 0.05 eV/Å.
The gold surface was modeled as a 5-atom thick slab.

3. RESULTS AND DISCUSSION

The structures of TOV and TTV molecules placed in a vacuum
were optimized by using the VASP calculation and are shown in
Figure 1a. The TOV molecule is almost flat with the four six-
member rings contained in a single plane. On the other hand,
in the case of the TTV molecule, the S atom is bent out of the
molecular plane. (See the Supporting Information) This is due
to a larger radius of the S atom compared to that of the O atom,
and the S atom was pushed away from the molecular plane to
reduce the steric repulsion from the neighboring phenyls. For
both molecules, the center ring has four N atoms, which is
where the unpaired π electron is located.47,57−61

Figure 1b shows an STM image of TOV molecules adsorbed
on a Au(111) surface. The clean Au(111) surface has a (22 ×
√3) reconstruction, in which 23 atoms in a row along the
close-packed direction occupy 22 bulk like positions. Some of
the Au atoms were displaced from the usual fcc sites toward the
hcp sites. In the process, some Au atoms are forced to occupy
the high energy bridge sites, and, thus, were elevated above the
surface. As a result, the surface had ridges between fcc and hcp
valleys.62−65 In enlarged image, chevron-shaped bends in the
ridges were clearly observed.
The molecules adsorbed on both the fcc and hcp domains,

but no molecules are found in the ridge region at this coverage.
In addition to isolated and small clusters of molecules, we
observed some circular molecule-assemblies at the elbow of the
chevron which is known as an active site for adsorption of
molecules.62,65

A magnified STM image is shown in Figure 1c. The molecule
showed a triangle shape, which is consistent with the TOV
molecule lying flat on the Au(111) surface. Dimers of TOV
molecules, in which two TOV molecules were rotated 180°
with respect to each other, were observed. In addition, we
observed two different types of molecules: one had a protrusion
in the center (type A), and the other did not (type B) in
occupied state images. The dimers of both types of molecules
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are marked with A−B in the figure. Although we observed A−A
dimers, we did not observe any B−B dimers. The circular
assembly is a hexamer of the molecules. For the hexamer, which
is marked H in the figure, protrusions were located at the
perimeter of the six triangles, and no type B molecules were
found in the hexamers.
High resolution images of the molecule, shown in Figure 2,

were obtained to examine internal structures of the molecules.
In the occupied state image of the type B molecule shown in
Figure 2a, two of the three spots were slightly protruded than
the other and there was a node in the middle of the triangle. In
Figure 2b, an occupied state image of the A−B dimer is shown.
The protrusion in the type A molecule was located in the lower
part of the triangle and had a higher contrast than the three
spots of the type B molecule did. The positions of the node and
the protrusion of the type A molecules are shown in Figure 2c,
where the protrusion is located on the symmetry line and next
to a node
The change in the STM image with the bias polarity is shown

for two pairs of A−A dimers in Figures 2d and e, which
correspond to unoccupied and occupied state images,
respectively. A homogeneous distribution of the image contrast
was observed for the unoccupied state image, whereas the
occupied state image showed a protruded spot in the middle.
On the other hand, the occupied and unoccupied state images
of type B molecules were basically the same.

Next we examined the occupied state image of TTV
molecules, which is shown in Figure 3. The shape of an

individual TTV molecule is similar to that of the TOV
molecule. However, in surfaces with similar coverages, the ratio
of the type A molecules to the type B was much smaller for the
TTV molecule than that for the TOV molecules. From Figure
3, the type B molecules, whose three spots were clearer than
those of the TOV molecule, were more prevalent. Note that the
protrusions in the molecules near the center are different from
those of the type A molecules, since they are located at different
sites. In addition, dimers and hexamers of the TTV molecules
were scarcely observed.
STS spectra were acquired by using a lock-in amplifier.

Figure 4a shows STS spectra around the Fermi level. Two
spectra for the type A and B molecules in a single dimer are
shown. The STS spectra obtained for the type B molecule
clearly showed a sharp zero-bias peak (ZBP). We fitted the
peak by using a Lorentzian function. The center of ZBP was
determined to be at the Fermi level, and the full width half

Figure 1. (a) Optimized model of a TOV and TTV molecules in a
vacuum (gray, green, white, red, and purple balls represent C, N, H, O,
and S, respectively). (b) Large area image of TOV molecules on
Au(111). Scale bar = 200 Å, Vs = −0.8 V, It = 0.1 nA. (c) TOV dimers
and hexamers. A, B, and H represent type A, type B TOV molecules
and hexamers, respectively. Scale bar = 20 Å, Vs = −0.8 V, It = 0.1 nA.

Figure 2. (a) Monomer and (b) dimer of TOV observed in occupied
state. Scale bar = 10 Å, Vs = −0.8 V, It = 0.1 nA. (c) Sketch of dimer
image. (d) Unoccupied state (Vs = 0.8 V) and (e) occupied state (Vs =
−0.8 V) image of two pairs of A−A dimer. Scale bar =20 Å.

Figure 3. STM images of TTV on Au(111). Scale bar = 20 Å, Vs =
−0.8 V, It = 0.1 nA.
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maxima (fwhm) of the dominant peak was ∼9 meV. When the
STM tip was placed over the protrusion and the surrounding
triangle part of a type A molecule, the STS spectra near the
Fermi level was featureless (Figure 4a).
To prove that ZBP originates from Kondo resonance, we

examined the change in the peak-width in relation to the
sample temperature (see Figure 4b). The peaks were fitted
using Lorentzian functions, and the fitted curves are plotted in
the figure. FWHMs of the fitted curves are plotted in Figure 4c
as solid circles. At elevated temperatures, it was difficult to
observe a Kondo resonance due to thermal diffusion of the
molecules owing to weak bonding between the TOV molecules
and the Au(111) surface. Thus, a narrow temperature range
was used.
Nagaoka et al. have introduced a function relating the

changes in the Kondo-peak width to temperature (Γ(T)) using
Fermi-liquid theory:66 Γ(T) = 2((πkBT)

2 + 2(kBTK)
2)1/2, where

kB is the Boltzmann constant and TK is the Kondo temperature.
The observed data (solid circles) could be fitted using this
formula, supporting the assignment of the ZBP as a Kondo
resonance. The fitted curve is shown in Figure 4c as a solid line,
and TK was determined to be ∼37 K. The reported TK values
for adsorbed molecules vary widely: 150−550 K for CoPc on
Au(111), which depend on the bonding configurations,37 357
and 589 K for FePc on Au(111) at two specific bonding sites,67

170 K for TBrPP-Co on Cu(111),38 26 K for TTF-TCNQ on
Au(111),42 and 30 K for TbPc2 on Au(111).41 The Kondo

resonances in the last two cases originate solely from organic
moieties.
The fact that the TK value for the TOV radical (∼37 K) is

similar to those for the TbPc2 and TCNQ suggests that a
common mechanism determines TK for pure organic molecules.
However, several things must be clarified to understand the TK
behavior. For example, it has been discussed that TK is sensitive
to the spin-substrate distance due to the change of hybrid-
ization between the molecule and the substrate.37 Although the
values of TK for TbPc2 and TOV are similar, the heights of the
π orbitals responsible for the unpaired π electron (∼6 Å for the
TbPc2,

41 and ∼3.5 Å for TOV) are significantly different, as
shown below. Further theoretical studies for Kondo resonance
mechanism are required.
Site-dependent variation of the ZBP spectrum provides

information about the nature of this peak. We examined the
type B molecule in an A−B dimer, as shown in Figure 5a. The

arrangement of the molecules is shown in Figure 5b. Changes
in the ZBPs are shown in Figure 5c, for which the tip was
positioned at the sites marked 1−8 in both Figures 5a and b. At
position 8, which was over the bare Au(111) surface, the
spectrum was featureless. At positions 1−7, Kondo resonances
near the Fermi level were observed, and the strongest
resonance was observed when the tip was over position 5.
In addition, we studied the ZBP for the TTV molecules with

a surface coverage similar to that shown in Figure 3. However
most of the spectra were featureless at the Fermi level. These
results are clearly different from those for the TOV molecules.
Before comparing the experimental results with the

simulations, we will discuss the effect of the electrons injected
into the molecules. Photoinduced intramolecular spin align-
ment in complexes of anthracene-verdazyl radicals has
previously been reported.47,57−61 Photoexcitation occurs in
the anthracene moiety, inducing an excited triplet state.
Although the injected electron can cause such an excitation,
in this case, the TOV molecules are isolated, meaning that
intramolecular spin interaction is less likely to occur. In
addition, the energy of the injected electron for the STS
measurement is less than ∼50 meV, which is not strong enough
to cause major electronic excitations.
We simulated STM images and calculated the spin-resolved

density of states (DOS) using models, in which the TOV and

Figure 4. (a) STS spectra near the Fermi level observed of type A
(plot A) and type B (plot B) TOV molecules. Background curves were
subtracted. (b) Temperature dependence of the peaks measured in the
region of 4.7−21 K. (c) Peak width changes vs temperature for the
peak near the Fermi level. The solid curve indicates the fitted curve.

Figure 5. (a) STS detection positions on type B molecule in A−B
dimer. (b) Illustration of a. (c) Changes of the Kondo resonance of the
TOV molecule with the detection positions. Numbers for the positions
in all panels are synchronized.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja303510g | J. Am. Chem. Soc. 2013, 135, 651−658654



TTV molecules were either adsorbed on an Au(111) surface or
suspended in a vacuum. An Au slab with five layers was used as
the substrate. An optimized structure of a TOV molecule on an
Au(111) surface shown in Figure 6(a). It was nearly flat like

that in Figure 1a (see the Supporting Information). The plane
was ∼3.5 Å higher than the topmost Au layer. This suggests
that there is no direct bonding between O and Au atoms and
that the height of the molecule is that of the molecule adsorbed
on the surface via van der Waals interaction.68

A simulated STM image of the TOV molecule on an
Au(111) surface is shown in Figure 6d, which was calculated for
an energy range between 0 eV (Fermi level) and −0.5 eV in the
occupied state. In this energy region, a dominant contribution
from the SOMO state of the molecule is expected. As
mentioned above, the SOMO level is the origin of the
molecular spin, from which the Kondo resonance arises.
In the simulated image, most of protruded areas were located

over the two N atoms of the upper part of the verdazyl ring.
This coincides with the previous reports on the distribution of
the SOMO level.21,22 In addition, the lower two phenyl rings
were more protruded than the top one was. The simulation
reproduced the observed STM image of the type B molecule

shown in Figure 2a, in which two of the three phenyl rings were
more protruded than the others were.
The difference in the Kondo peak intensity at different tip

positions shown in Figure 5 is related to the distribution of the
SOMO level. In other words, position 5 in Figure 5, where the
strongest Kondo resonance was observed, corresponds to the
upper half of the verdazyl ring. Although there is a node along
the vertical symmetry line of the molecule, the precision of our
tip positioning was not good enough to pinpoint the node, and
the SOMO state was detected on the upper N atoms.
Although other bonding configurations of the molecules

were examined, we could not find a model that reproduced the
protrusion of the type A molecule shown in Figure 2. However,
we found that the images of the type A molecules could be
reproduced by attaching an H atom to the oxygen atom of the
TOV molecules. Figure 6b shows an optimized structure of the
TOV-H molecule on an Au(111) surface (see the Supporting
Information). Simulated STM images for the occupied and
unoccupied states are shown in Figures 6e and 6f, respectively.
An intense protrusion was observed at one of the four N

atoms in the occupied state in Figure 6e. This is due to transfer
of an electron to the verdazyl ring with addition of an H atom.
We believe that the asymmetric distribution of the molecular
orbital is determined by the orientation of the H atom added
on the O atom, which breaks the symmetry of both the
electronic and physical structure. In the unoccupied state image
(Figure 6f), on the other hand, the image contrast was rather
uniformly distributed. The carbon atom next to O atom is
slightly protruded, but the height difference is not significant
and might not be detected in the STM image. Simulations of
the occupied and unoccupied states reproduced the bias-
polarity dependent images in Figure 2d and e.
The ratio of type-A molecules to the total TOV molecules

was estimated to be ∼47% by counting the molecules in the
STM image. To investigate the origin of the H atom, we
acquired a mass spectrum of the TOV molecule before
deposition (see the Supporting Information). Peaks for a
TOV and for hydrogenated TOV (TOV-H) were observed.
From the spectrum, we estimated that ∼25% of the TOV
molecules were hydrogenated. In other words, some of the
type-A molecules are the hydrogenated molecules before
deposition. However, this does not fully account for the
amount of the observed type-A molecules.
To investigate the possibility of hydrogen attachment in the

UHV chamber, we exposed the TOV deposited surface to
hydrogen atoms. We formed atomic hydrogen from molecular
hydrogen with using a 1450 °C W filament placed 5 cm away
from the sample surface. During this procedure, the UHV
chamber was backfilled with 1 × 10−4 Pa H2 for 600 s and the
sample temperature was kept at RT.
As shown in the image in the Supporting Information, the

portion of the type A molecule increased to be ∼90% of the
total molecules. This indicates that the hydrogenation and
formation of the type-A molecule also occurs in UHV
condition. There are several possible origins for the H atom.
For instance, the H atom could come directly from the vacuum
or diffuse from the surface. Even under UHV conditions, H2
remains. Metal surfaces as well as metal substrates can catalyze
the dissociation of H2, affording H atoms.
An optimized adsorption configuration of the TTV molecule

on the Au(111) surface is shown in Figure 6c (See the
Supporting Information). We should note that the S atom
makes a chemical bond with the Au atom. The distance

Figure 6. (a)−(c) Optimized adsorption structures for TOV (a), H-
attached TOV (b), and TTV (c) molecules on Au(111) surface. (d)−
(g) Simulated STM images of occupied-state TOV (d), occupied H-
attached TOV (e), unoccupied H-attached TOV (f), and occupied
TTV (g).
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between the S atom and the nearest neighbor Au atom was
determined to be ∼2.7 Å, which is in the range of the Au−S
bond lengths calculated for alkanethiols with different alkane
chain lengths on an Au(111) surface.69 The stronger interaction
between the molecule and the Au substrate enhances the
exchange of charges between them. The S atom is located close
to the 3-fold hollow site of the Au(111) surface.
The lack of type A molecules in the STM image and the

chemical bond between S and Au atoms support the model, in
which type A molecules of TOV are due to the addition of an H
atom on the O atom of the TOV molecule. It is less likely that
an additional H atom is attached to the TTV molecule once the
Au−S bond is formed.
A simulated STM image for a TTV molecule in the occupied

state is shown in Figure 6g, in which the height of the
protrusion is distributed uniformly. The simulated image
reproduced the observed image of TTV shown in Figure 3.
In Figure 7, we show partial density of states (PDOS) of the

molecules discussed above determined from DFT calculations

on the N atom in the upper part of the verdazyl ring (marked
by an arrow in Figure 6a). Figure 7a shows the PDOSs of a
TOV molecule in a vacuum, the effect of the addition of an H
atom, and a TTV molecule in a vacuum. The plot of the TOV
molecule showed a clear split between the spin-up and down
components. In the state marked “SOMO”, only the spin-up
component was occupied. This is consistent with the discussion
of the radical TOV molecule above. Addition of an H atom
caused the SOMO state to disappear, and no unpaired state was
observed in the vacuum. This is due to a transfer of an
additional electron to the verdazyl ring upon addition of the H
atom, causing the electrons to pair. The TTV molecule shows a
SOMO feature similar to that of the TOV molecule, which
originates from the unpaired π electron.
The PDOSs for the three molecules adsorbed on the

Au(111) surface were shown in Figure 7b. The SOMO state
survived for the TOV molecule upon adsorption on the
Au(111) surface. The disappearance of the SOMO state for
TOV-H is same as that in Figure 7a.

In the case of TTV, the SOMO state disappeared after it was
adsorbed on an Au(111) surface. As already mentioned, an
Au−S bond forms upon adsorption, and thus, transfer of an
additional electron to the verdazyl ring occurs through a similar
pathway as that when an H atom adds to the TOV molecule.
Finally, the SOMO state disappeared, and no Kondo resonance
was observed in the STS spectrum, which is similar to the TOV
case.
To understand the preferential formation of A−A and A−B

dimers over that of B−B dimers for the TOV molecules, we
calculated the distribution of the charge by integrating all of the
valence bands of the TOV and TOV-H in a vacuum (see Figure
8). In the case of TOV-H, the charge density on the N atom

was greater than that on the O atom, whereas in the case TOV,
it was uniform, which is similar to the distribution of the
SOMO level shown in Figure 6. This indicates that a dipole
moment is formed between the N and O atoms of TOV-H.
It has been discussed that the dipole moment of organic

molecules plays an important role in determining the ordered
structure of organic films.69 Figure 8c shows an illustration of
an A-A dimer, in which the locations of the protrusions (N
atoms) are marked by open circles. The positions of the O
atoms are marked by solid circles, following the discussion in
the previous section. The dipole moments of the two molecules
align in opposite directions, which are indicated with the arrows
in Figure 8c. The dipole−dipole interaction stabilizes the
energy of the A−A dimer. In the A−B dimer, an induced-dipole
interaction can occur. In other words, the A−A and A−B
dimers of the TOV molecule preferentially form over B−B
dimer. We think the hexamer of the type A molecules form for
the same reason. However, further analysis of the dipole−
dipole interaction is needed.

4. CONCLUSIONS
We investigated spin states of stable radical molecules of 1,3,5-
triphenyl-6-oxoverdazyl (TOV) and 1,3,5-triphenyl-6-thioxo-
verdazly (TTV) adsorbed on the Au(111) surface. In STS
spectra, a clear Kondo resonance was detected for the TOV
molecule. However for the TOV molecules with a protrusion in
the occupied state image and for the TTV molecule, no Kondo
resonance was detected. Spin-resolved DFT calculations
showed that an unpaired π electron was delocalized over the
adsorbed TOV molecule, which we believe to be the origin of
the Kondo resonance. For the TOV molecule with a
protrusion, we proposed a model in which an H atom attached
to the TOV molecule (TOV-H). Calculation showed that, after
an electron from the H atom was transferred to the verdazyl
ring, the unpaired π electron disappeared, which accounts for
the absence of a Kondo resonance in the STS spectra. The

Figure 7. (a) Calculated spin-resolved partial density of state (PDOS)
on the N atoms for the TOV, TOV-H, and TTV molecules placed in
the vacuum. Red- and black-plots represent spin-up and -down
components, respectively. (b) Same as a but the molecules were placed
on the Au(111) surface.

Figure 8. Distribution of the integrated charge of the valence bands of
(a) TOV and (b) H-added TOV molecules in a vacuum. (c)
Schematic of the protrusion (open circle) and O atom (solid circle) of
the A−A dimer shown in Figure 2e. The arrow is the direction of the
dipole.
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disappearance of the Kondo peak for the TTV molecule was
due to electron transfer to the verdazyl ring upon formation of
an Au−S bond.
Our study showed that spin state of stable neutral pure

organic radicals can be examined by the detection of the Kondo
state using STM. By using this technique, submolecular spatial
resolution and simultaneous characterization of both the
adsorption configuration and spin state can be achieved.
Moreover, we confirmed that the spin state of the molecule was
sensitive to the bonding configuration. We believe this
technique will become extensively used for investigating
molecular magnetism.
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