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Modulation of the molecular spintronic properties
of adsorbed copper corroles
Fan Wu1, Jie Liu2, Puneet Mishra2, Tadahiro Komeda2,3, John Mack4, Yi Chang1, Nagao Kobayashi5 & Zhen Shen1

The ability to modulate the spin states of adsorbed molecules is in high demand for molecular

spintronics applications. Here, we demonstrate that the spin state of a corrole complex can be

tuned by expanding its fused ring as a result of the modification to the d–p interaction

between the metal and ligand. A bicyclo[2.2.2]octadiene-fused copper corrole can readily be

converted into a tetrabenzocorrole radical on an Au(111) substrate during the sublimation

process. In the scanning tunnelling spectroscopy spectrum, a sharp Kondo resonance appears

near the Fermi level on the corrole ligand of the tetrabenzocorrole molecule. In contrast,

a non-fused-ring-expanded copper corrole molecule, copper 5,10,15-triphenylcorrole, shows

no such Kondo feature. Mapping of the Kondo resonance demonstrates that the spin

distribution of the tetrabenzocorrole molecule can be further modified by the rotation of the

meso-aryl groups, in a manner that could lead to applications in molecular spintronics.
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M
olecular spintronics is an emerging research field, in
which organic molecules are placed between electrodes,
and the electron conductance is controlled by the free

circulation of the electron spin of a single molecule1–3.
The modulation of conductance through molecules in this
manner has been demonstrated by molecular-level scanning
tunnelling microscopy (STM) measurements of Kondo resonance
signals, which are associated with the exchange coupling between
the unpaired spins of the paramagnetic molecules and the
conduction band electrons of the metal substrate. For example,
these signals have been observed on metal surfaces for
several metallophthalocyanines4–6 and metalloporphyrins7–9.
The unpaired p-orbitals of metal complexes tend to play an
important role in spin-sensitive electron transfer, because
p-radical orbitals are delocalized and can be coupled more
efficiently with the conduction band10,11. Recent advances in the
rational modulation of the energies of the frontier molecular
orbitals (MOs) of the macrocycle ligands12–15 offer the prospect
of controlling charge and spin at the molecular level in a manner
that could facilitate molecular spintronics applications.

Corroles are porphyrin analogues with a direct pyrrole–pyrrole
link, which can stabilize higher oxidation states of the
coordinated transition metal ions16,17. In recent decades, there
has been extensive research on corrole complexes, since the
ligands may have a non-innocent character in which a one-
electron dianionic radical rather than the normal closed-shell
trianion binds to the central metal18. Copper corroles stand out as
the most notable in this regard18–21. It has been demonstrated
that considerable electron density can flow into the copper 3dx2–y2

orbital from the highest occupied molecular orbital (HOMO) of
the corrole ligand p-system; this specific d–p interaction can lead
to a saddling distortion that is observed in both X-ray crystal and
density functional theory (DFT)-optimized structures20. Since the
spin states of copper corroles are determined by the d–p
interaction, special attention has been paid to how the spin-
state properties can be modulated by modifying the corrole
ligand. In this study, it is demonstrated that a triplet ground state
can be switched on in a manner that may be suitable for
spintronics by introducing fused benzene rings on the corrole
periphery, and that the spin properties are further modulated
on the Au(III) substrate by a rotation of the meso-aryl
groups. A bicyclo[2.2.2]octadiene (BCOD)-fused copper corrole
(Cu-BCOD) has been prepared, which can readily be converted
into a tetrabenzocorrole (Cu-Benzo) in quantitative yield by
heating in vacuo. A copper 5,10,15-triphenylcorrole (Cu-TPC)
has also been prepared so that the effect of fused-ring-expansion
on the Kondo resonance signals can be readily analysed.

Results
Preparation and characterization of the adsorbed molecules.
The Cu-BCOD sample (Fig. 1b) was newly synthesized using
4,7-dihydro-4,7-ethano-2H-isoindole as the starting material (see
Methods), and Cu-TPC (Fig. 1a) was synthesized according to the

previously reported procedures22. The molecule was transferred
to a Au(111) substrate using a sublimation method under ultra-
high vacuum conditions, by heating the sample in a Ta boat at
B300 �C (refs 23,24). During the sublimation process, Cu-BCOD
was converted into the Cu-Benzo molecule via a retro-Diels–
Alder reaction involving the extrusion of four ethylene molecules
from the fused BCOD rings as shown in Fig. 1b. This was
confirmed by time-of-flight (TOF) secondary ion mass
spectrometry (MS) (Supplementary Fig. 1). In contrast, the
sublimation of Cu-TPC resulted in no molecular decomposition.

An STM image of an isolated Cu-Benzo molecule adsorbed on
Au(111) (Fig. 2a) exhibits three characteristic protruded areas
together with a square-like region. The STM image simulations
were calculated for a sample bias voltage of � 0.8 V (Fig. 2b),
using a Vienna Ab initio Simulation Package (VASP)-optimized
molecular structure (Fig. 2c). The simulation image contains
three protruded spots similar to those observed in Fig. 2a. The
distance between the two bright spots in Fig. 2a is B13.0 Å,
which is close to the separation of the centres of the meso-aryl
rings of 12.6 Å shown in Fig. 2c. In the rest of the molecule, a
square-like protruded area can be identified, which is similar to
that observed in the STM image. Each protruded spot has a node
in the middle. However, the node is not visible in the observed
STM image. This discrepancy may be related to a tilting of the
phenyl rings upon adsorption, which will be discussed in greater
detail below. The aryl ring marked A in Fig. 2a will be referred to
as the y-axis meso-aryl rings, while the other two will be referred
to as the x-axis meso-aryl rings.

In contrast, Cu-TPC molecules form a chain on the Au(111)
surface, similar to that reported in hydrocarbon p radicals25. In
the unit cell marked by the white square, two Cu-TPC molecules
rotated by 180� with respect to each other (see Fig. 2d). The
optimized model structure is shown in Fig. 2f together with a
simulated STM image for a bias voltage of � 0.8 V (Fig. 2e),
which indicates that three meso-aryl rings appear protruded as is
also observed for Cu-Benzo molecules.

Kondo resonance and spintronics properties. The spin states of
Cu-Benzo and Cu-TPC molecules were investigated by detecting
the Kondo resonance using STM. The Kondo effect is caused by
the interaction between the conduction band electrons and
localized spins26. Recently, it has been demonstrated that Kondo
resonance can be formed by the spin of a delocalized molecular
p-radical and the conduction electrons of the substrate27–30.
The Kondo resonance appears in the scanning tunnelling
spectroscopy (STS) spectrum near the Fermi level either as a
sharp peak or dip, which is determined by the Fano resonance
effect-type interference between the tunnelling electron31. The
STS spectra obtained for Cu-Benzo molecule at the A–D positions
(Fig. 2a) are provided in Fig. 2g. At positions A and B, on the
y-axis meso-aryl ring and the central Cu atom, no STS features are
observed. In contrast, spectra obtained at positions C and D of
the corrole ligand show signals at the Fermi level, whose narrow
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Figure 1 | Schematic illustration of Cu corroles used in our study. (a) Structure formula of Cu-TPC. The orange ball represents the central Cu(III) ion.

(b) Cu-BCOD was converted into Cu-Benzo via a retro-Diels–Alder reaction during a sublimation process with the extrusion of ethylene molecules.

The dark-green ball represents the central Cu(II) ion. The BCOD and Benzo moieties are highlighted in yellow and blue, respectively.
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width and shape are consistent with a Kondo dip feature and are
similar to those that have been reported for Cu porphyrin
molecules32.

The Kondo dip was analysed using the following functions,

which are often used for Fano shape resonance33–35: dIðVÞ=dV /
r0ðeþ qÞ2
e2 þ 1 and e ¼ eV � e0

G where q is the Fano parameter, e0 is the
peak position and G is the half-width of the peak. The peak-width
change with sample temperature (see Fig. 2i,j) was examined to
prove that the zero-bias peak originates from Kondo resonance.
The peaks are fitted with the Fano functions, the result of which is
shown as solid curves in Fig. 2j. At elevated temperatures, the
measurement of the Kondo resonance was hampered due to the
thermal diffusion of the molecule, because of weak bonding
between the Cu-Benzo molecule and the Au(111) surface. Thus,
the temperature range shown in Fig. 2i,j is narrow. Nevertheless,
an examination of the peak width shows clear variation with
sample temperatures. Nagaoka et al.35 introduced a formula for
the Kondo peak-width variation with temperature (G(T)) using

the Fermi liquid theory: 2GðTÞ ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðpkBTÞ2þ 2ðkBTKÞ2

q
where

kB is the Boltzmann constant and TK is the Kondo temperature.
The observed data (solid circles) were successfully fitted using this
formula. The fitted curve is shown in Fig. 2j as a solid line, which
gives TKB105 K. This is consistent with the assignment of the
zero-bias peak to Kondo resonance.

The STS spectrum measured for Cu-TPC exhibits no Kondo
feature at the ligand position (III of Fig. 2h). This indicates the
absence of molecular spin and provides direct spectroscopic
evidence for the singlet ground state. When electron
paramagnetic resonance (EPR) spectra were measured, Cu-TPC
and Cu-BCOD were found to be EPR silent, as would be

anticipated for a Cu(III) singlet ground state, while the EPR
spectrum of Cu-Benzo in frozen CHCl3 exhibits a highly
distinctive Cu(II) dimer signal (Supplementary Fig. 2)36,37.

Discussion
To examine electronic and spin states more precisely, geometry
optimizations and calculation of electronic states were carried out
for singlet and triplet ground states of Cu-TPC, Cu-BCOD and
Cu-Benzo using the hybrid B3LYP functional with 6–31G(d)
basis sets. As anticipated, the singlet ground state was predicted
to be more stable for Cu-TPC and Cu-BCOD (by 0.4
and 2.6 kcal mol� 1, respectively), but not for Cu-Benzo
(by 5.1 kcal mol� 1). For all three complexes, the geometry of
the singlet ground state is predicted to be significantly more
saddled than the triplet states in a manner that is consistent with
Kahn’s concept of orthogonal magnetic orbitals38. The concept of
orthogonal orbitals can be readily applied to rationalize the
magnetic coupling of metal porphyrin p–cation radical
complexes39,40. The theory is generally based on the symmetry
of the orbitals on the metal and the ligand that contain unpaired
electrons. In a planar structure, the metal orbital is strictly
orthogonal to the ligand p-radical orbital and this results in an
S¼ 1 triplet state. On the other hand, when the orbitals of the
metal and ligand are not strictly forbidden by symmetry and
hence partially overlap, as in a saddled structure, there is
antiferromagnetic coupling resulting in an S¼ 0 singlet state,
which cannot be distinguished from dative bond formation. This
concept can be applied to metallocorroles as well due to the
similar frontier p-MOs in shape18. Almost all of the crystal
structures that have been reported for copper corroles have
saddled conformations due to the d–p interaction41. For
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Figure 2 | STM image and Kondo resonance of Cu-TPC and Cu-Benzo. (a) STM topographic image, (b) simulated STM image and (c) optimized structural

model of Cu-Benzo monomer on Au(111). Corresponding tunnelling conditions of Vsample¼ �0.8 V and Itunnel¼0.3 nA. Scale bars, 10 Å and colour scales

indicate height information. In c, large (small) grey spheres represent C (H) atoms, while blue and gold spheres correspond to N and Cu atoms,

respectively. (d–f) Same as a–c but for a Cu-TPC chain on Au(111) surface. The box indicates the unit cell that appears periodically in the chain. Prominent

features are marked by dots in d, whose corresponding protrusions in the simulation are shown by arrows with the same colour. The colour scheme of

atoms in f is same as that in c. (g) dI/dV spectra obtained for Cu-Benzo monomer at positions A–D in a. (h) Comparison of the dI/dV spectra at the ligand

positions of Cu-Benzo on Au(111) (I, black), on Cu(111) (II, blue) and Cu-TPC on Au(111) (III, green). Red curve in i shows the result of the Fano fitting.

(i) Temperature dependence of the Fano dip of Cu-Benzo measured in the temperature region of 4.7–32 K. (j) Width of the dip at half maximum (2G)

versus temperature for the Kondo dip near the Fermi level. The solid curve indicates the fitted curve. The error bars were estimated by measuring the

scattering of the data in the heat cycles repeated eight times.
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Cu-Benzo, however, a planar conformation is observed in the
crystal structure (see Supplementary Fig. 3 and Supplementary
Data 1)42.

When the B3LYP-optimized structures are compared with the
crystal structures by the displacements of the 23 core ligand
atoms (see Supplementary Fig. 4, Supplementary Note 1 and
Supplementary Data 2), the saddling conformation of the
Cu-TPC macrocycle can be clearly observed in the edge-on view,
similar to the optimized structure for the singlet ground state as
shown in Fig. 3a. Interestingly, the asymmetric unit cell of
Cu-Benzo contains two molecules with different conformations.
One has a saddled structure, which also closely matches the

optimized singlet structure (Fig. 3b), whereas the other one
adopts a planar conformation that overlaps perfectly with the
optimized triplet structure. The crystal and optimized structures
of the planar conformation of Cu-Benzo are essentially identical,
including that of the three meso-aryl groups (Fig. 3e). The
meso-aryl groups of Cu-Benzo are almost perpendicular to the
mean corrole plane with an average dihedral angle of 82.9�
(Fig. 3d), while the dihedral angle for Cu-TPC is only
48.8� (Fig. 3c). The spin density plots for the planar triplet state
(Fig. 3f) demonstrate that there is ferromagnetic coupling
between the copper 3dx2–y2 orbital and the benzocorrole p-orbital.
There is almost no spin density on the meso-aryl groups, since
they lie orthogonal to the corrole plane.

Copper corroles represent an unusual exception among metallo-
corroles, because saddled structures have been a shared feature of all
of the complexes reported to date, even in the absence of steric
crowding at the ligand periphery. It has been widely accepted that
copper corroles are saddled, since there is an energetically
favourable 3dx2–y2 and ligand p–HOMO interaction. Upon fused-
ring-expansion to form Cu-Benzo, however, there are significant
changes in the relative energies of the frontier MOs in a manner
that discourage overlap between the 3dx2–y2 orbital of the metal ion
and the occupied frontier p-orbital, which has large MO coefficients
on the pyrrole nitrogens, and this favours a planar conformation.
Since only non-planar conformations have been reported previously
in the crystal structures of tetraphenyltetrabenzoporphyrins43,44, the
planar structure of Cu-Benzo is unique in this regard.

As has been reported previously, the frontier p-MOs of
corroles are very similar to the a1u, a2u and eg frontier p-MOs of
porphyrins, despite the loss of one meso-carbon atom on the
inner ligand perimeter. Thus a perimeter-model approach can be
adopted to study trends in their energies45. Michl referred to the
two frontier MOs derived from the HOMO and lowest
unoccupied molecular orbital (LUMO) of the parent perimeter
in which angular nodal planes lie on the y-axis as the a (a1u) and
� a (egy) MOs, while those which lie on antinodes are referred to
as the s (a2u) and � s (egx) MOs45–48. For Cu-TPC, saddling
enables the s MO with large MO coefficients on the pyrrole
nitrogens to mix significantly with the 3dx2–y2 orbital of the
central metal, so that the electron spins are paired. This overlap
can be seen in the angular nodal patterns of the HOMO and
LUMO of Cu-TPC in Fig. 4a. The frontier MOs of Cu-BCOD
should be similar to those of Cu-TPC (Supplementary Fig. 5)
because, as has been reported previously in the context of
BCOD-fused [14] triphyrin(2.1.1) compounds49, the presence of
the BCOD moieties has only a minor effect on the p-conjugation
system.

The electronic structure of Cu-Benzo (Fig. 4b,d) is predicted to
be markedly different from that of Cu-TPC (Fig. 4a,c), since the
triplet state is predicted to be more stable than the corresponding
singlet state. The a-spin a MO is the singly occupied molecular
orbital (SOMO), since its energy is higher than that of the a- and
b-spin s MO (Fig. 4d). This can be attributed to a destabilization
of the energy of a MO due to the effect of fused-ring-expansion
on the p-system. A significant destabilizing antibonding
interaction has been reported previously at the point of fused-
ring-attachment on the b-pyrrole carbons for other benzene-
fused porphyrinoids50–52. The b-spin a MO is unoccupied and
hence is the LUMO of Cu-Benzo (Fig. 4d). The macrocycle is
oxidized to form a corrolate p-cation radical with an unpaired
spin and a central Cu(II) ion.

The theoretical considerations disscussed above can account
for the experimental observation of the Kondo resonance. For the
Cu-TPC molecule, it is predicted that the ligand p-orbital is
paired and no Kondo resonance is formed, which agrees with the
absence of the Kondo feature for this molecule. For the Cu-Benzo
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molecule, a ground state is calculated, which is consistent with the
observation of the Kondo resonance measured at the corrole
ligand position. The SOMO level can be attributed to the spin
impurity of Kondo resonance. It could be argued that the partial
filling of the SOMO level may be due to charge transfer from the
Au(111) substrate as is the case with Cu-phthalocyanine (Pc) and
NiPc on Ag(111)6. However, as shown in plot II of Fig. 2h, the
Kondo resonance is absent when the molecule is adsorbed on a
more reactive Cu substrate where significantly more charge
transfer is expected. This possibility can, therefore, be eliminated
from consideration. It is noteworthy that the spin expected at the
Cu position for the triplet state is not detected. This may be due
to the low TK for the Kondo state formed by the Cu atom, which
is too low to be observed at B4 K. Kondo resonance has been
reported to be absent previously for a CuPc molecule for similar
reasons6.

It is possible to examine whether the distribution of the SOMO
level coincides with the positions at which the Kondo resonance is
detected by Kondo mapping (see Methods). Figure 5 contains the
Kondo mapping of the monomer and trimer Cu-Benzo molecules
together with their topographic images. The mapping is obtained
by measuring the dI/dV curve in the vicinity of the Fermi level at
the lattice points of a 64� 64-grid. In the mapping image, the
Kondo resonance is observed at the ligand position, but is missing
at the Cu position. The stronger Kondo resonance signal mainly
lies near the peripheral fused benzo rings and the two x-axis
meso-aryl rings. For the trimer case shown in Fig. 5b, molecules 1
and 2 follow the same trends as the monomer. However, there

are missing Kondo resonances at the opposite side of the y-axis
meso-aryl ring in molecule 3. There are two obvious discrepancies
between the distribution of the SOMO and the measured Kondo
mapping image. First, the Kondo resonance is observed at the two
x-axis meso-aryl rings but there is little spin density at these aryl
positions in the calculated SOMO distribution, and, secondly, the
strong Kondo resonance that appears only on the opposite side of
the central y-axis meso-aryl ring.

The obvious explanation for this is a change in the
conformation when the molecules are adsorbed on Au(111). To
gain van der Waals force, the corrole perimeter on the opposite
side of the y-axis meso-aryl ring approaches the surface. This can
best be realized through a rotation around the C–C bond, which
connects the aryl ring to the meso-position of the corrole. To
model this, the structure of Cu-Benzo was optimized by DFT on
Au(111) using the VASP code. The results are shown in Fig. 5e,f,
in which the two x-axis meso-aryls are rotated by B45� with
respect to the corrole plane, and as a result, the molecule is tilted
(see Supplementary Fig. 6 and Supplementary Note 2 for the
relation with the STM image). Figure 5g contains the isosurface of
the SOMO for the rotated meso-aryl ring conformation. Electron
density is observed at the x-axis meso-aryls in contrast with what
is predicted for conformations with perpendicular meso-aryl
rings. This would account for the distribution of the Kondo
resonance at the aryl positions and provides another clear
demonstration of spin control by tuning of the ligand conforma-
tion, since the rotation of the meso-aryls changes the distribution
of the molecular spins.
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The tilted configuration of the adsorption also accounts for the
strong Kondo resonance on the opposite side of the central y-axis
meso-aryl ring. The Kondo resonance can be modulated even
within a single SOMO by introducing variations in the height
from the surface at each point in the orbital. As can be seen in
Fig. 5e, the height of the SOMO from the substrate is higher at the
opposite side of the central aryl ring, which should cause a
variation in the interaction between the spin impurity and the
substrate. This results in a spatial variation in both the TK value
and the magnitude of the Kondo resonance. At positions closer to
the substrate, both the TK value and the magnitude increases.
A similar phenomenon has been reported previously by the
Sendai group for a double-decker TbPc2 molecule. In this context,
an unpaired p-orbital of the upper Pc ligand works as the spin
centre for the Kondo resonance28. The upper Pc ligand tends to
be tilted, which makes the height of each position of the SOMO
from the substrate unequal.

In summary, fused-ring-expansion of the corrole ligand has
been demonstrated to result in a unique spin state, in a manner
that could lead to applications in molecular spintronics. When
the Cu-BCOD molecules were sublimed onto the Au (111)
surface from a heated Ta boat, they were converted into
Cu-Benzo molecules in quantitative yield by a retro-Diels–Alder
reaction. The destabilization of the a MO of Cu-Benzo results in a
planar structure and the oxidation of the ligand leads to the
formation of an uncoupled spin and hence a triplet ground state.
The use of the sublimation method rather than a drop-cast
method to form the Cu-Benzo molecules on the metal surface
eliminates the possibility of the dimer formation that is observed
by EPR spectroscopy in solution, which would remove the scope

for molecular spintronics. This approach may prove to be useful
in building molecular circuits. When the spin state of the corrole
ligand of Cu-Benzo was characterized by STS, a Kondo resonance
peak was observed as a sharp feature in the dI/dV curve at the
Fermi level. In contrast, no Kondo features were observed for
Cu-TPC. The sensitivity of the spin behaviour to fused-ring-
expansion was analysed with DFT calculations, and the experi-
mental data were found to be consistent with the predicted trends
in the energies of the frontier MOs. Mapping of the Kondo
resonance demonstrates that the spin distribution of the
Cu-Benzo molecule can be modified by the rotation of the
meso-aryl groups, in a manner that could lead to applications in
molecular spintronics.

Methods
Synthesis of Cu corroles. Cu-TPC was synthesized according to the previously
reported procedures22. 4,7-Dihydro-4,7-ethano-2H-isoindole was synthesized
following literature procedures53. 4,7-Dihydro-4,7-ethano-2H-isoindole
(284 mg, 2 mmol) and benzaldehyde (102 ml, 1 mmol) were dissolved in 80 ml
of a 1:1 (v/v) solvent mixture of H2O and CH3OH mixture. HCl (36%, 1 ml)
was then added, and the reaction was stirred at room temperature for 3 h.
The mixture was extracted with CHCl3, washed with water twice and dried with
Na2SO4. The CHCl3 solution was diluted to 60 ml. Tetrachloro-p-benzoquinone
(246 mg, 1 mmol) and copper(II) acetate (80 mg, 0.4 mmol) were added and
the mixture was refluxed for 1 h. The reaction mixture was washed with a
saturated solution of NaHCO3 and then the organic solvent was removed under
reduced pressure. The residue was purified on silica gel chromatography using
(1:2, v/v) CH2Cl2/n-hexane as eluents, and the first yellow fraction was
collected. Subsequent recrystallization from CH2Cl2/CH3OH afforded pure
Cu-BCOD (74 mg, 19%) as a mixture of diastereomers. Cu-BCOD was heated
to 250 �C under vacuum (2 mm Hg) for 20 min to afford Cu-Benzo in
quantitative yield.
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Figure 5 | Kondo peak mapping to detect spin distribution. Kondo resonance mapping for (a) Cu-Benzo monomer and (b) trimer, where molecule

models are superimposed by white lines. Kondo mapping is obtained by measuring dI/dV curve in the vicinity of the Fermi level at the lattice points of a

64�64-grid and expressed as normalized conductance change of DG/G0, where DG and G0 correspond to the conductance change and background

conductance at the Fermi level, respectively. Colour map is shown at the bottom of b. Corresponding topographic images for the monomer and trimer are

shown in c and d, respectively, with structural model of the molecules. Scale bars, 10 Å (a–d). (e,f) Side view (e) and top view (f) of titled Cu-Benzo on

Au(111) with rotation of the two meso-aryl groups that are aligned with the x-axis followed by tilting of the molecule. Spheres of white, light-blue, dark-blue

and bronze correspond to H, C, N and Cu, respectively. Au atoms are in brown in e but large grey in f. The arrows in f illustrate the rotation of the

meso-aryls. (g) Calculated SOMO distribution for the models in e and f. Note that there is density at the x-axis meso-aryls, which is absent in the a MO of

Cu-Benzo.
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Chemical characterization. Ultraviolet–visible (Vis) absorption spectra
(Supplementary Fig. 7) was recorded with a SHIMADZU UV-2550 spectrometer.
Matrix-assisted laser desorption/ionization (MALDI)-TOF MS data
(Supplementary Figs 8 and 9) were measured on Bruker Daltonics autoflexII and
AB SCIEX 4800 Plus spectrometers. 1H NMR and 1H1H-COSY NMR spectra
(Supplementary Figs 10 and 11) were recorded on a Bruker DRX500 spectrometer.
Cu-BCOD: 1H NMR (500 MHz, CDCl3): d7.76–7.42 (m, 15H), 6.62 (br s, 2H),
6.35 (m, 2H), 6.10 (br s, 4H), 4.45 (br s, 2H), 3.06 (m, 2H), 2.51 (br s, 2H), 2.38
(br s, 2H), 1.71–0.94 (m, 16H); ultraviolet/Vis: lmax 412 nm; high-resolution-MS
(MALDI-TOF): (m/z) [M]þ calcd. for C61H47CuN4: 898.3091, found: 898.3093.
Cu-Benzo: ultraviolet/Vis: lmax 456 nm; high-resolution-MS (MALDI-TOF): (m/z)
[M]þ calcd. for C53H31CuN4: 786.1840, found: 786.1839.

TOF-SIMS analysis of Cu-Benzo. TOF secondary ion MS (TOF-SIMS)
measurements were performed using an ION-TOF GmbH (Münster, Germany)
instrument equipped with a pulsed liquid metal cluster bismuth (Bi3þ ) primary
ion gun (energy 25 kV). The instrument was used in the static mode, with a beam
of primary ions of o1,012–1,013 ions per cm2 and an ion current of B0.4 pA.
First, the Au(111)/mica substrate was prepared by annealing with a hydrogen torch
to eliminate surface contamination. The Au(111) surface was introduced into a
vacuum chamber and Cu-BCOD molecules (chemical formula C61H47CuN4, with a
molecular of B889 a.u.) were sublimated onto the Au(111) surface from a Ta boat
heated at B350 �C. The sample was transferred in the air to the TOF-SIMS
chamber. The results demonstrated that the major molecule on the surface was
Cu-Benzo (C53H31N4Cu, mass B786 a.u.), since four ethylene molecules were
detached during the sublimation process.

STM and STS spectra. Substrate cleaning, molecule deposition and low-
temperature STM observations were carried out in ultra-high vacuum chambers,
whose details are described elsewhere54,55. The sample temperature was B4.7 K for
the STM/STS experiments described in this report. STS spectra were obtained using
a lock-in amplifier with a modulation voltage of 1 mV superimposed onto the
tunnelling bias voltage.

Kondo mapping set-up. Kondo mapping was carried out by measuring the dI/dV
curve in the vicinity of the Fermi level at the lattice points of a 64� 64-grid.
To obtain the data, the STM tip scans the surface with a movement along the
x- and y directions similar to that for topography imaging. At each point of the
grid, however, the system pauses, turns off the feedback loop and obtains the STS
measurement in the vicinity of the Fermi level. Since it takes B10 s at each point,
the total time for one mapping image is ca. 10 h. During data analysis, the
amplitude of the Fano-shaped Kondo resonance is calculated at each point
and a map of DG/G0 (the normalized conduction change, DG is the decrease in
conduction at the Fano dip, while G0 is the conductance at Fermi level) is created.

Theoretical calculations. First-principle calculations for determining the
adsorption configuration and the STM simulation were performed using the VASP
code with a plane wave basis set, and projector augmented wave (PAW) potentials
to describe the behaviour of the valence electrons56,57. A generalized gradient
Perdew–Burke–Ernzerh of exchange-correlation potential58 was used. The
structures were relaxed until the forces were smaller than 0.05 eV Å� 1. Due to the
absence of dispersion forces in the local and semi-local exchange-correlation
approximations, the molecule-surface distances of weak bonds such as van der
Waals interactions remain controversial. Although this leads to ambiguity in the
predicted charge transfer from the substrate to the molecule, the calculation results
are accurate enough to enhance the understanding of the spin behaviour. The
optimized structures were also used to calculate the spin-polarized partial density
of states. The simulated STM images were formed using the Tersoff and Hamman
theory59, and were visualized using a previously reported method60. DFT geometry
optimizations were carried out for Cu-TPC, Cu-BCOD and Cu-Benzo at the
Centre for High Performance Computing in Cape Town by using the B3LYP
functional of the Gaussian 09 software package61 with 6–31G(d) basis sets. For
VASP- and B3LYP-optimized structures, see Supplementary Data 3 and 4.
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19. Bröring, M., Bregier, F., Cónsul Tejero, E., Hell, C. & Holthausen, M. C.
Revisiting the electronic ground state of copper corroles. Angew. Chem. Int. Ed.
46, 445–448 (2007).

20. Alemayehu, A. B., Gonzalez, E., Hansen, L. K. & Ghosh, A. Copper corroles are
inherently saddled. Inorg. Chem. 48, 7794–7799 (2009).

21. Pierloot, K., Zhao, H. & Vancoillie, S. Copper corroles: the question of
noninnocence. Inorg. Chem. 49, 10316–10329 (2010).

22. Wasbotten, I. H., Wondimagegn, T. & Ghosh, A. Electronic absorption,
resonance Raman, and electrochemical studies of planar and saddled copper
(III) meso-triarylcorroles. Highly substituent-sensitive Soret bands as a
distinctive feature of high-valent transition metal corroles. J. Am. Chem. Soc.
124, 8104–8116 (2002).

23. Komeda, T., Isshiki, H. & Liu, J. Metal-free phthalocyanine (H2Pc) molecule
adsorbed on the Au(111) surface: formation of a wide domain along a single
lattice direction. Sci. Technol. Adv. Mater. 11, 054602 (2010).

24. Katoh, K. et al. Direct observation of lanthanide(III)-phthalocyanine
molecules on Au(111) by using scanning tunneling microscopy and scanning
tunneling spectroscopy and thin-film field-effect transistor properties of tb(III)-
and Dy(III)-phthalocyanine molecules. J. Am. Chem. Soc. 131, 9967–9976
(2009).

25. Müllegger, S., Rashidi, M., Fattinger, M. & Koch, R. Surface-supported
hydrocarbon p radicals show Kondo behavior. J. Phys. Chem. C 117, 5718–5721
(2013).

26. Kondo, J. Effect of ordinary scattering on exchange scattering from magnetic
impurity in metals. Phys. Rev. 169, 437–440 (1968).

27. Fernández-Torrente, I., Franke, K. J. & Pascual, J. I. Vibrational Kondo
effect in pure organic charge-transfer assemblies. Phys. Rev. Lett. 101, 217203
(2008).

28. Komeda, T. et al. Observation and electric current control of a local spin in a
single-molecule magnet. Nat. Commun. 2, 217 (2011).

29. Komeda, T. et al. Variation of Kondo peak observed in the assembly of
heteroleptic 2,3-naphthalocyaninato phthalocyaninato Tb(III) double-decker
complex on Au(111). ACS Nano 7, 1092–1099 (2013).

30. Liu, J. et al. First observation of a Kondo resonance for a stable neutral pure
organic radical, 1,3,5-triphenyl-6-oxoverdazyl, adsorbed on the Au(111)
surface. J. Am. Chem. Soc. 135, 651–658 (2012).

31. Fano, U. Effects of configuration interaction on intensities and phase shifts.
Phys. Rev. 124, 1866–1878 (1961).

32. Perera, U. G. E. et al. Spatially extended Kondo state in magnetic molecules
induced by interfacial charge transfer. Phys. Rev. Lett. 105, 106601 (2010).

33. Ujsaghy, O., Kroha, J., Szunyogh, L. & Zawadowski, A. Theory of the Fano
resonance in the STM tunneling density of states due to a single Kondo
impurity. Phys. Rev. Lett. 85, 2557–2560 (2000).

34. Plihal, M. & Gadzuk, J. W. Nonequilibrium theory of scanning tunneling
spectroscopy via adsorbate resonances: nonmagnetic and Kondo impurities.
Phys. Rev. B 63, 085404 (2001).

35. Nagaoka, K., Jamneala, T., Grobis, M. & Crommie, M. Temperature
dependence of a single Kondo impurity. Phys. Rev. Lett. 88, 077205 (2002).

36. Kobayashi, N. & Lever, A. B. P. Cation or solvent-induced supermolecular
phthalocyanine formation: crown ether substituted phthalocyanines. J. Am.
Chem. Soc. 109, 7433–7441 (1987).

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms8547 ARTICLE

NATURE COMMUNICATIONS | 6:7547 | DOI: 10.1038/ncomms8547 | www.nature.com/naturecommunications 7

& 2015 Macmillan Publishers Limited. All rights reserved.

http://www.nature.com/naturecommunications


37. Kadish, K. M. et al. Electrogeneration of oxidized corrole dimers.
Electrochemistry of (OEC) M where M¼Mn, Co, Ni, or Cu and OEC is the
trianion of 2, 3, 7, 8, 12, 13, 17, 18-octaethylcorrole. J. Am. Chem. Soc. 120,
11986–11993 (1998).

38. Kahn, O. Molecular Magnetism (VCH Publishers, 1993).
39. Scholz, W. F., Reed, C. A., Lee, Y. J., Scheidt, W. R. & Lang, G. Magnetic

interactions in metalloporphyrin p-radical cations of copper and iron. J. Am.
Chem. Soc. 104, 6791–6793 (1982).

40. Erler, B. S., Scholz, W. F., Lee, Y. J., Scheidt, W. R. & Reed, C. A. Spin coupling
in metalloporphyrin p-cation radicals. J. Am. Chem. Soc. 109, 2644–2652
(1987).

41. Thomas, K. E., Alemayehu, A. B., Conradie, J., Beavers, C. M. & Ghosh, A. The
structural chemistry of metallocorroles: combined X-ray crystallography and
quantum chemistry studies afford unique insights. Acc. Chem. Res. 45,
1203–1214 (2012).

42. Pomarico, G. et al. Synthetic routes to 5, 10, 15-triaryl-tetrabenzocorroles.
J. Org. Chem. 76, 3765–3773 (2011).

43. Finikova, O. S., Cheprakov, A. V., Carroll, P. J., Dalosto, S. & Vinogradov, S. A.
Influence of nonplanarity and extended conjugation on porphyrin basicity.
Inorg. Chem. 41, 6944–6946 (2002).

44. Finikova, O. S., Cheprakov, A. V., Beletskaya, I. P., Carroll, P. J. & Vinogradov,
S. A. Novel versatile synthesis of substituted tetrabenzoporphyrins. J. Org.
Chem. 69, 522–535 (2004).

45. Michl, J. Magnetic circular dichroism of cyclic. pi.-electron systems. 2. Algebraic
solution of the perimeter model for the B terms of systems with a (4Nþ 2)-
electron [n] annulene perimeter. J. Am. Chem. Soc. 100, 6812–6818 (1978).

46. Michl, J. Magnetic circular dichroism of cyclic. pi.-electron systems. 1.
Algebraic solution of the perimeter model for the A and B terms of
high-symmetry systems with a (4Nþ 2)-electron [n] annulene perimeter.
J. Am. Chem. Soc. 100, 6801–6811 (1978).

47. Michl, J. Electronic structure of aromatic p-electron systems as reflected in their
MCD spectra. Pure. Appl. Chem. 52, 1549–1563 (1980).

48. Michl, J. Magnetic circular dichroism of aromatic molecules. Tetrahedron 40,
3845–3934 (1984).

49. Xue, Z. L. et al. A facile one-pot synthesis of meso-aryl-substituted [14]
triphyrin (2.1.1). J. Am. Chem. Soc. 130, 16478–16479 (2008).

50. Xu, H. J. et al. Synthesis and properties of fused-ring-expanded porphyrins that
were core-modified with group 16 heteroatoms. Chem. Eur. J. 18, 16844–16867
(2012).

51. Xu, H. J. et al. meso-aryl phenanthroporphyrins: synthesis and spectroscopic
properties. Chem. Eur. J. 17, 8965–8983 (2011).

52. Mack, J., Kobayashi, N. & Shen, Z. In Handbook of Porphyrin Science Vol. 23
(eds Kadish, K. et al.) Ch. 3 (World Scientific Publishing Company, 2012).

53. Jeong, S. D. et al. Method for synthesis of tetrabenzoporphyrin precursor for
use in organic electronic devices. J. Org. Chem. 77, 8329–8331 (2012).

54. Zhang, Y. F. et al. A low-temperature scanning tunneling microscope
investigation of a nonplanar dysprosium� phthalocyanine adsorption on
Au(111). J. Phys. Chem. C 113, 14407–14410 (2009).

55. Zhang, Y. F. et al. Low-temperature scanning tunneling microscopy
investigation of Bis(phthalocyaninato)yttrium growth on Au(111): from
individual molecules to two-dimensional domains. J. Phys. Chem. C 113,
9826–9830 (2009).

56. Kresse, G. & Furthmuller, J. Efficient iterative schemes for ab initio
total-energy calculations using a plane-wave basis set. Phys. Rev. B 54,
11169–11186 (1996).

57. Kresse, G. & Joubert, D. From ultrasoft pseudopotentials to the projector
augmented-wave method. Phys. Rev. B 59, 1758–1775 (1999).

58. Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient approximation
made simple. Phys. Rev. Lett. 77, 3865–3868 (1996).

59. Tersoff, J. & Hamann, D. R. Theory and application for the scanning tunneling
microscope. Phys. Rev. Lett. 50, 1998–2001 (1983).

60. Bocquet, M. L., Lesnard, H., Monturet, S. & Lorente. In Computational Methods
in Catalysis and Materials Science: an Introduction for Scientists and Engineers.
(eds van Santen, R. A. & Sautet, P.) Ch. 11 (Wiley-VCH, 2009).

61. Frisch, M. J. et al. Gaussian 09 (Gaussian, Inc., 2009, http://www.gaussian.com/).

Acknowledgements
This work was supported by the Major State Basic Research Development Program of
China (Grant Nos 2013CB922101 and 2011CB808704), the National Natural Science
Foundation of China (No. 21371090) and the Natural Science Foundation of Jiangsu
Province (BK20130054) to Z.S. and a Grant-in-Aid for Scientific Research on Innovative
Areas ‘Molecular Architectonics’ (No. 2509) from MEXT, Japan to T.K.

Author contributions
Z.S., N.K., and T.K. conceived the research project. F.W. and Y.C. designed and con-
ducted experiments. J.L., P.M. and T.K. recorded and analysed the scanning tunnelling
microscope and spectroscopy data. F.W., J.M. and T.K. conducted the theoretical cal-
culations and analyses. F.W., T.K., Z.S., N.K. and J.M. wrote the manuscript.

Additional information
Accession codes: The X-ray crystallographic coordinates for structures reported in this
Article have been deposited at the Cambridge Crystallographic Data Centre (CCDC),
under deposition number CCDC 1400932. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.

Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Wu, F. et al. Modulation of the molecular spintronic properties
of adsorbed copper corroles. Nat. Commun. 6:7547 doi: 10.1038/ncomms8547 (2015).

This work is licensed under a Creative Commons Attribution 4.0
International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated otherwise
in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material.
To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms8547

8 NATURE COMMUNICATIONS | 6:7547 | DOI: 10.1038/ncomms8547 | www.nature.com/naturecommunications

& 2015 Macmillan Publishers Limited. All rights reserved.

http://www.gaussian.com/
www.ccdc.cam.ac.uk/data_request/cif
www.ccdc.cam.ac.uk/data_request/cif
http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/naturecommunications

	title_link
	Results
	Preparation and characterization of the adsorbed molecules
	Kondo resonance and spintronics properties

	Figure™1Schematic illustration of Cu corroles used in our study.(a) Structure formula of Cu-TPC. The orange ball represents the central Cu(III) ion. (b) Cu-BCOD was converted into Cu-Benzo via a retro-Diels-Alder reaction during a sublimation process with
	Discussion
	Figure™2STM image and Kondo resonance of Cu-TPC and Cu-Benzo.(a) STM topographic image, (b) simulated STM image and (c) optimized structural model of Cu-Benzo monomer on Au(111). Corresponding tunnelling conditions of Vsample=-0.8thinspV and Itunnel=0.3th
	Figure™3Comparison and analysis of the crystal and optimized structures.(a) The distortions of Cu-TPC and (b) Cu-Benzo in the crystal and B3LYP-optimized structures are compared. The displacements from the mean plane of the 23 ligand atoms are illustrated
	Figure™4Contour plots and energy levels of the B3LYP-optimized structures.(a,b) Frontier MO contour plots and corresponding energy values of Cu-TPC (a) and Cu-Benzo (b). MichlCloseCurlyQuotes a, s, -a and -s nomenclature is used to describe the frontier p
	Methods
	Synthesis of Cu corroles

	Figure™5Kondo peak mapping to detect spin distribution.Kondo resonance mapping for (a) Cu-Benzo monomer and (b) trimer, where molecule models are superimposed by white lines. Kondo mapping is obtained by measuring dIsoldV curve in the vicinity of the Ferm
	Chemical characterization
	TOF-SIMS analysis of Cu-Benzo
	STM and STS spectra
	Kondo mapping set-up
	Theoretical calculations

	RochaA. R.Towards molecular spintronicsNat. Mater.43353392005IrieM.Photochromism: memories and switches introductionChem. Rev.100168316842000YamaseT.Photo-and electrochromism of polyoxometalates and related materialsChem. Rev.983073261998ZhaoA.Controlling
	This work was supported by the Major State Basic Research Development Program of China (Grant Nos 2013CB922101 and 2011CB808704), the National Natural Science Foundation of China (No. 21371090) and the Natural Science Foundation of Jiangsu Province (BK201
	ACKNOWLEDGEMENTS
	Author contributions
	Additional information




