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Water Structure at the Buried Silica/Aqueous Interface Studied by Heterodyne-Detected
Vibrational Sum-Frequency Generation
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"Molecular Spectroscopy Laboratory, RIKEN, Department of Applied Chemistry, Faculty of Engineering,
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Buried solid/liquid interfaces are important for many natural and industrial sciences. However, it is
difficult to characterize solid/liquid interfaces by conventional spectroscopic methods because they are
located between two bulk phases. In fact, the number of molecules at the interface is much less than in the
bulk liquid so that the weak signal from the interface is hidden by the bulk signal. Moreover, the buried
interface is not accessible by conventional surface science techniques such as electron microscopy.

Vibrational sum frequency generation (VSFG) is forbidden in centrosymmetric media, such as bulk
water, under the dipole approximation. This makes VSFG a unique tool for probing interfaces, where
symmetry is necessarily broken. Previously, we have developed multiplex heterodyne-detected VSFG
(HD-VSFG) that can directly measure the complex ¥ (4 : second order nonlinear susceptibility)
spectrum over a wide frequency range at once with high signal to noise ratio [1]. The imaginary part of the
22 (Imy*?) spectrum directly represents the vibrational spectrum at the interface and can be easily
interpreted in the same manner as bulk IR and/or Raman spectra. Furthermore, the sign of the
Imy® spectrum indicates the net orientation of the molecular species at the interface. However, application
of HD-VSFG to the buried interface has been prevented by technical difficulties, in particular the lack of a
suitable reference. We overcame this limitation, by using the nonresonant signal of the silica/air interface
as a reference. In the present study, we investigated the pH dependent water structure at silica/water as a
prototypical mineral/water interface [2].

The optical layout of a HD-VSFG spectrometer for buried solid/liquid interfaces is shown in Figure 1.
The experiment was carried out using isotopically diluted water (HOD-D,0O). In vibrational
spectroscopies, because the H,O spectrum is more
complicated due to inter- and intra-molecular
vibrational couplings, the isotopic dilution is often

CcCD
used as an aqueous phase to remove any vibrational \ S S polychromator
H - - = 'l'
couplings A )
Figure 2 shows the Imy® spectra of the
silicayHOD-D,0 interface at different bulk *“pH”. Figure 1. Schematic of the experimental HD-VSFG

setup. Broadband infrared (w;) and narrow band
visible (w,) beams are focused on gold mirror to
generate local oscillator (LO) at sum-frequency.
interface at pH=12 (blue line in Fig. 2), a broad OH The reflected m; and w, beams are refocused onto a
sample interface, which generate sum frequency
light of the sample (silica/water) interface. The SFG
the OH band corresponds to the H-up orientation of a3 L0 lights are introduced into the polychromator

interfacial water which directs their hydrogen toward to generate interference fringes and finally the
interference pattern is detected by a CCD.

Here pH refers to both hydrogen and deuterium
atoms. In the Imy® spectra of the silica/ HOD-D,0

band is observed at 3400 cm™. The positive sign of

negatively charged silica surface (Figure 3, A).



Previous studies in which H,O was used as an aqueous phase reported that the Imy® spectrum of water at
SiO, surface at high pH exhibits double band feature with peaks at 3200 and 3400 cm™ [3]. The
observations were interpreted as an indication of at least two different water structures, namely ice-like
and liquid-like water structures [3]. However, the HOD-D,O data shown in Figure 2 clearly shows that the
positive OH band observed in high pH is essentially one broad continuum and hence the double-band
feature previously observed in the H,O spectra are due to the vibrational coupling.

At pH = 2.1 (black line in Fig. 2), the OH band becomes predominantly negative, centered around
3200 cm™. This indicates that the majority of interfacial water is in H-down orientation, in which water
molecules at the interface direct their hydrogen toward bulk water side. This can be interpreted as the
effect of the neutral silanol. At this acidic pH, the surface silanol is expected to be completely neutral and
act as hydrogen bond donor. Therefore, interfacial water accepts hydrogen bonds from the surface silanol
and donates hydrogen bonds to the other water molecules in the bulk (Figure 3 C). Nevertheless, the
higher frequency side of the OH band remains positive, indicating that some portion of interfacial water
preserves H-up orientation even at very low pH. This can be attributed to the water which hydrogen bonds
to the oxygen of the surface silanol or a bridge oxygen at the surface (Figure 3 B). The negative OH band
in the HOD-D,0 spectrum is peaked at 3200 cm™, showing long tail toward lower frequency side,
suggesting the existence of a strong hydrogen bond at this interface.

At pH = 7.2 (red line in Fig. 2), the OH band is in between the spectra at pH = 2.1 and pH = 12.1,
showing small negative band and relatively large positive band. This indicates that some fraction of
interfacial water molecules is in H-down orientation and majority is in H-up orientation. At neutral pH 7.2,
all three types of water species can coexist.

0.6 T T T Si Si Si Si Si Si
— pH7.2 I I I . I ] I
— pH 2.1 B Q.

03 = -

[ arb. unit

(2)

B c? : @ \; @
Pw ) B 5 ©
~Q v =l o—j Y, - O/% >

| | | | Figure 3. Sketch of the different types of hydrogen bonds at the
03 3000 3200 3400 3600 buried silicayHOD interface that appear at different “pHs”. A:
, wavenumber / cm’’ H-up oriented water that is hydrogen-bonded to the negatively

Figure 2. Imaginary part of the »® spectra of the charged oxygen atom. B: H-up oriented water H-bonding to the

buried silica/HOD-D,O interface for different pH in ©OXygen atom of the silanol or siloxane bridge. C: H-down
phosphate buffer (I = 10 mM, ratio of H,0:HOD:D,0 Oriented water that is hydrogen-bonded to the silanol as well as

is 1:8:16). bulk water.
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o
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Ultrafast dynamics of solvatochromic guest encapsulated in an aromatic

micelle

Matthew M. Sartin,* Kei Kondo,? Satoshi Takeuchi,* Michito Yoshizawa,? Tahei Tahara®
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Fig. 1. Encapsulation of Coumarin 153
(C153) in ASM aggregate to form the
ASM>5C153 complex.
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Fig. 2. Absorption and fluorescence spectra of
C153 in various solvents and encapsulated in
ASM. For the latter, the absorption spectrum
of ASM was subtracted from that of

ASM>SC153. The region represented by the
dotted line is considered unreliable.

We employed time-resolved spectroscopy to investigate the
structure and properties of a novel anthracene-embedded
amphiphile (AEA) that forms micelle-like aggregates in
water. AEA consists of a nonpolar, anthracene moiety and a
polar ammonium salt. When AEA is dissolved in water, the
anthracene moieties minimize interaction with the solvent
by aggregating into an anthracene-shelled micelle (ASM).
ASM has a hydrophobic it to

encapsulate a hydrophobic chromophore, as depicted in Fig.

interior that allows

1.* This enables solubilization of the hydrophobic guest in
water. In order to better understand the environment
surrounding the encapsulated chromophore, we used the
solvatochromic probe molecule, Coumarin 153 (C153), as a
guest in the micelle. The absorption and fluorescence of
C153 are highly sensitive to the local polarity, and can be
used to characterize the surroundings.

The absorption and fluorescence spectra of C153 in
in Fig. 2. The

and fluorescence maxima of C153 in

various environments are presented
absorption
cyclohexane and in water illustrate the red-shift of C153 in
a highly polar (water) environment relative to a highly
nonpolar (cyclohexane) one. The absorption maximum of
encapsulated C153 (Amax = 457 nm) is red-shifted relative
to that of C153 in water (Amax = 433 nm), suggesting that,
despite being surrounded by nonpolar anthracene panels,
the local polarity around C153 is greater than that of water.
However, the fluorescence spectrum of encapsulated C153
(Amax = 541 nm) appears in a similar position to that of
C153 in water (Amax = 553 nm). Thus, in contrast to C153 in
water, C153 encapsulated in ASM shows very little shift

between its absorption and fluorescence spectra, indicating



that little reorganization of the solvent and surroundings occurs following photoexcitation of encapsulated

C153.
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Fig. 3. Fluorescence upconversion showing very

little dynamic Stokes shift for encapsulated C153.
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Fig. 4. Fluorescence anisotropy decays of the
unoccupied ASM host, excited at 400 nm, and
encapsulated C153, excited at 435 nm. The
anisotropy was obtained using the fluorescence
between 600 and 700 nm.

Since the position of the fluorescence spectrum is an
indicator of the stabilization of the excited state dipole
by the surroundings, the reorganization dynamics of the
local environment was examined using the
time-resolved fluorescence spectra of encapsulated
C153 (Fig. 3). Consistent with the small difference
between the excitation and fluorescence spectra, only a
small dynamic Stokes shift was observed at the red edge

of the spectrum, at early times. The larger shift and

intensity loss at short wavelengths are attributed to
encapsulation of multiple chromophores in some
micelles. The multiple chromophores were found to
show strong, short-lived emission at short wavelengths,
consistent with emission from an H-dimer.

In addition to examining the solvation dynamics, we
also examined the freedom of motion of the guest within
the micelle, using the fluorescence anisotropy decay, as
shown Fig. 4. Since both empty micelle and
encapsulated guest are fluorescent, the fluorescence
anisotropy of each was used to obtain their rotational

time-constants. The encapsulated guest showed a time

constant of 860 ps, which is greater than the 510 ps time-constant obtained for the empty host. Since the

guest cannot rotate more slowly than the host, the slower rotation of the encapsulated guest indicates that

the guest and host rotate together as one unit. The rotational diffusion constant can be related to the size of

the complex, using the Stokes-Einstein equation. Using this method, a diameter of 1.6 nm was obtained for

the empty ASM micelle, and a diameter of 1.9 nm was obtained for the host>guest complex. Based on the

ability of the micelle to adjust its size to accommodate one or more chromophores, we conclude that the

aromatic micelle is a soft material with a range of possible conformations, rather than a simple, enclosed

cavity.

! Kondo, K.: Suzuki, A.; Akita, M.; Yoshizawa, M. Angew. Chem. Int. Ed. 2013, 52, 2308.
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Single molecule absorption spectroscopy using a scanning tunneling microscope

Hiroshi Imada', Kuniyuki Miwa!, Miyabi Imai-Imada?, Shota Kawahara?, Kensuke Kimura?®, and Yousoo Kim'
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The electronic excitation of molecules triggers diverse phenomena, such as luminescence, photovoltaic effects,
and various chemical dynamics. Absorption spectroscopy is the primary technique to directly investigate the
excitation process, and researchers have been pursuing higher spatial resolution and sensitivity to promote
understanding and control of the molecular excited states, envisaging creation of novel functionalities with organic
materials. To date, several kinds of principles for realizing single-molecule absorption spectroscopy have been
proposed based on either far-field' or near-field®> optics. However, detailed characterization of the electronic
excitation of a single molecule remains infeasible because of the limited spatial resolution of the optical methods.

Here we demonstrate the measurement of the absorption spectra of a single isolated free-base phthalocyanine
(H2Pc) molecule using the localized plasmon as a spatially controllable point excitation source driven by the
tunneling current of a scanning tunneling microscope (STM). Figure 1(a) illustrates the design of the experiment.
The tunneling current excites the localized plasmon which then interacts with the molecule through the
plasmon-exciton coupling, and the emitted photons are detected.

A series of luminescence spectra induced by the tunneling current were obtained near an H,Pc/NaCl as a
function of the lateral distance of the STM tip from the molecular center (Fig. 1(d)). When the tip is placed far from

the molecule (r = 4 nm), the luminescence spectrum is dominated by a broadband emission, which is attributed to
a
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Figure 1 (a) A schematic illustration of the design of the experiment. The localized plasmon in the STM junction excited by the
tunneling current interacts with an isolated single molecule located close to the tip apex. u represents the transition dipole moment
of HaoPc, which is oriented in the molecular plane. (b) An STM topographic image of H2Pcs adsorbed on a 3 monolayer (ML)-thick
NaCl(100) island grown on Ag(111) (sample bias voltage V = -2.5 V, tunneling current 7 = 2 pA, 25 x 25 nm?). (c) the
measurement tip positions for the spectra shown in d and the definition of the coordinates around the molecule. An H2Pc has two
hydrogen atoms with a frans configuration at the molecular center. The column on the right is the list of the distances () measured
from the molecular center. (d, e) A series of STL spectra measured on and near an H2Pc/3ML-NaCl with different tip positions (V
=-2.3V,1=50pA, exposure time ¢ =3 min). The spectra are offset for clarity.



the radiative decay of the localized plasmon. Remarkably, a

dip structures emerge at 1.81 and 1.92 eV in the broad
spectrum when the tip is positioned close to the molecule
(r =

prominent as the tip is closer to the molecule. When the

1.4-3 nm), and the spectral features becomes

STM tip reaches at the edge of the molecule where direct
excitation of the molecule by carrier injection turns into
possible, intensive molecular luminescence is observed
(Fig. 1(e)). The luminescence peaks at 1.81 and 1.92 eV
are attributed to transitions from the first and second
singlet excited states of HoPc, so-called the Oy and the O,
states, respectively’.

Figure 2(a) shows two representative STL spectra
measured with tip positions far from and close to the
molecule. We define the STL spectrum measured with the
tip located far from the molecule as the excitation source
spectrum /o, and that measured close to the molecule as
1(r,0). As shown in Fig. 2(b), the ratio spectrum I/l
clearly reveals the change in the spectral shape resulting
from the plasmon-exciton coupling.

The origin of the dip structures is investigated based
on the theory of STL using the nonequilibrium Green’s
function method*. Figure 2(c) shows calculated STL
spectra with the plasmon-exciton coupling #g of 0 and
10 meV, and Fig. 2(d) displays the /Iy spectrum. When

hg = 10 meV, the energy of localised plasmons is
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Figure 2 (a) STL spectra measured with » = 2.2 nm (upper)
and 4 nm (lower) (0 =45° V =-25V,1=250pA,t=5
min). (b) An I(50)/1p spectrum (r = 2.2 nm, § = 45°,
generated by dividing the upper curve (/) with the lower
curve (Ip) in a. (c) Calculated luminescence spectra using the
theory of STL with plasmon-exciton coupling hg = 0
(lower) and 10 meV (upper). (d) An I/lp spectrum using the
two simulated spectra in c. (e¢) A schematic diagram
illustrating the dynamic processes arising from the
plasmon-exciton coupling. G and E stand for the ground and
excited states of the molecule, respectively. The energy of
the localised plasmon is absorbed by the molecule (upward
arrow) through the electromagnetic interaction between the
plasmon and the molecule, and then the energy is re-emitted
into plasmons (downward solid arrow) or the energy is
non-radiatively dissipated (downward dashed arrow).

absorbed by the electronic transitions of the molecule through the plasmon-exciton coupling, which leads to the dip

structures at 1.81 and 1.92 eV. The asymmetric spectral profile is explained by a quantum mechanical interference

effect. The energy of localised plasmons is absorbed by the molecule, and then the energy of the excited molecule

is re-emitted into localised plasmons (Fig. 2(e)). The I/l spectrum reproduces the features seen in the typical

absorption spectrum of HoPc?, which essentially represents the single-molecule absorption spectrum of HyPc.

In conclusion, we have developed a novel single molecule absorption spectroscopy by using a localized

plasmon at the tip of an STM to overcome the diffraction limit of light. Based on the versatility of STM, the novel

absorption spectroscopy in combination with STL establishes an absorption/emission spectroscopy, providing an

integrated platform for real-space investigation of localised excited states.

[References] 1) M. Celebrano, P. Kukura, A. Renn, and V. Sandoghdar, Nat. Photonics 5, 95 (2011).
2) I. Gerhardt, et al., Phys. Rev. Lett. 98, 033601 (2007).
3) C. Murray, et al. Phys. Chem. Chem. Phys. 13, 17543 (2011).
4) K. Miwa, M. Sakaue, and H. Kasai, J. Phys. Soc. Jpn. 82, 124707 (2013).



Seamless growth of a supramolecular carpet
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Organic thin films have received much attention for their potential in various electronic and optoelectronic
device applications, since they have outstanding advantages (i.e., low cost, low weight and mechanical
flexibility) in comparison to standard inorganic technologies [1]. In particular, it has been recognized in recent
years that organic/metal interfaces at which charge carriers are injected into organic thin films play a crucial
role in the operation and performance of organic devices [2]. Various interactions at the organic/metal
interface, such as surface-molecule and intermolecular interactions, are of great importance in the formation
of intermolecular networks and organic epitaxy, and have a strong correlation with their electronic structures
[2,3]. Although the purity and uniformity of organic thin films at the organic/metal interfaces have profound
effects on the operating characteristics of organic devices [2], the formation of organic thin films with high
interfacial uniformity on metal surfaces has suffered from the intrinsic limitation of molecular ordering
imposed by surface step edges, due to the relatively weak intermolecular interactions between organic
molecules. Thus, the creation of widely uniform organic thin films on metal surfaces that maintain structural
integrity based on non-bonding intermolecular interactions remains a challenge for further development and
enhancement of organic devices fabricated by one-step deposition of organic molecules.

In this work, we successfully demonstrate the formation of a supramolecular carpet, with a widely
uniform interfacial structure and high adaptability, on a metal surface, via a one-step deposition process. The
geometric and electronic structures of the supramolecular carpet were investigated by means of scanning
tunneling microscopy/spectroscopy and density functional theory calculations. For this work,
bis[1,2,5]thiadiazolotetracyanoquinodimethane (BTDA-TCNQ) was used as the key building block with
which to realize the supramolecular carpets [4], not only on a single crystal gold (Au) surface but also on a
pre-annealed amorphous Au surface (see Fig. 1). Tetracyanoquinodimethane (TCNQ) is one of the strongest
organic electron acceptors to have found wide use in organic devices, and forms a strongly bonded
donor-acceptor complex with tetrathiafulvalene (TTF). Thus, we employed a model system of BTDA-TCNQ,
which integrates the structural properties of both TCNQ and TTF in a single molecule, for realizing
self-organization into an ordered domain. BTDA-TCNQ is a TCNQ derivative fused with 1,2,5-thiadiazole



rings, exerting strong intermolecular interactions in a
planar fashion to form network structures in the single
crystal [4] and even in its charge-transfer crystals [5].
The structure of BTDA-TCNQ exhibits

two-fold symmetry with two mirror planes, allowing

rhombic

perpendicular alignment of two electrostatically opposite
symmetry axes consisting of electronegative and
electropositive end groups, respectively. It, therefore,
enables equivalent intermolecular interactions along the
four sides of the molecule. Such rhombic structure also
facilitates access of neighboring molecules to each other
via high electrostatic interactions in the four directions,
which leads to topographically favorable intermolecular
interactions. The strong non-bonding intermolecular
interactions, balanced with surface-molecule interfacial
interactions and site-specific rearrangements of the
BTDA-TCNQ molecules near surface step edges, enable
the “step-flow” growth mode for the supramolecular
carpet formation. This can lead to an extension of the
supramolecular carpet over step edges of the Au surface
without loss of its structural integrity, and results in a
covering with high interfacial uniformity over multiple
surface steps and terraces, even on the pre-annealed
amorphous Au surface prepared on a glass substrate. In
addition, different types and dimensionalities of the
electronic  structures are

interfacial distinctively

Figure 1. (a) The chemical structure of BTDA-TCNQ.

(b) STM image of BTDA-TCNQ/Au(111), which shows
that the molecular network of BTDA-TCNQ grows from
the step edge at the lower terrace (sample bias voltage (Vs)
= 1000 mV, tunneling current (lt) = 1.00 nA, scale bar (S)
= 10.0 nm). Height scale is indicated in color. (c) Close-up
STM image of the network structure formed by
BTDA-TCNQ (Vs = 2000 mV, It = 1.0 nA, S = 1.0 nm).
(d) The electrostatic potential map of the BTDA-TCNQ
network. Blue to red corresponds to positive to negative
charges. The distance for the S-N contacts (indicated by

grey dotted lines) is 2.80 A, and the calculated binding

energy is ~0.70 eV per molecule.

observed in the supramolecular carpet of BTDA-TCNQ on the Au(111) surface, corresponding to the energy
region and the local position of the system, implying that various types of electronic structures projected onto
the supramolecular carpet can be selectively accessible. These results suggest that the supramolecular carpet
has great potential for applications in organic electronics, and also provide important guidelines to develop

novel materials forming seamless organic thin films on various surfaces.
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Desorption of CO from individual single ruthenium porphyrin molecules on a
copper surface by inelastic tunneling process
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The formation/breakage of a metal-carbonyl bond makes it possible to control the electronic structure and physical
properties of organometallic compounds. In particular, introducing carbon monoxide (CO) onto a metal atom at the
centre of a metalloporphyrin provides additional versatility to its electronic and optical properties'. For example,
the coordination of CO onto ruthenium tetraphenyl porphyrin (RuTPP) increases its electronic excitation lifetime

1000 fold by switching the lowest excited state from (d,n*) to (r,n*) state, leading to phosphorescence?.

A scanning tunneling microscope (STM) is a versatile tool for investigating chemical reactions and motions of a
single molecule either by imaging or by manipulating individual molecules. However, in contrast to CO on metal
surfaces, only a few comparable studies have been made using tunneling electron injection to the organometallic
molecule from the tip of an STM!3#, Strozecka et al. reported electric-field effect induced CO desorption from
manganese phthalocyanine on Bi(110)*. The authors observed a sudden drop in the tunneling current (I;) in the Vs
range of 400-600 mV, which shows the threshold Vs increases linearly with the tip-sample distance. Meanwhile,
energy transfer from the tunneling electrons to the Co-NO bond through the IET process was inferred to induce the
desorption of NO from NO-CoTPP/Au(111)*. Interestingly, desorption of NO was observed as two-carrier process
at 0.8 V while it alters to one-carrier process at 1.0 V. The proposed mechanism is vibrational ladder climbing of
the Co-NO bond, where 1.0 V electrons are sufficient to lead to direct desorption, while two lower energy electrons
need to arrive within the vibrational relaxation time to cause desorption*. Here, we present a single-molecule
investigation of the desorption of CO from the CO-RuTPP on a Cu(110) using a combination of scanning tunneling
spectroscopy (STS) and reaction yield measurements. The single-molecule study revealed a novel mechanism of

CO desorption that is driven by IET with a two-carrier process.

CO-RuTPP and RuTPP molecules are indicated by solid and dotted lines in the STM images of Figs. la-b,
respectively. The desorption yield Y was calculated from Y = e/It, where e is the elementary charge, and 7 is the
average time required for desorption. The averaged values of Y(Vs) were obtained from current trace by repeating
this experiment 10 times at each Vs. The desorption yield was recorded in the range of Vs=-1.075 to -1.60 V, as
shown in Fig. 1d. No CO desorption was seen in the vibrational energy region below 400 mV at 4.7 K or 77 K.
Instead, we only observe an increase in the desorption probability at voltages below -1.1 V, followed by a plateau in
the region of Vs=-1.15 to -1.45 V and an increase for higher bias voltages. Above about -1.2 V, signal levels were
sufficiently high to measure the current dependency of the desorption yield Y (Fig.1e). The slope of the double-log
plot is the power n in the power-law dependence: Y=I", where n=2.1£+0.2, 2.3+£0.3, and 1.8£0.1 for Vs=1.25, 1.40,
and 1.60 V, respectively. This power-law dependence on the applied current represents that the desorption process

consists of a two-carrier process, regardless of the applied bias voltage, in the range of - 1.25 to -1.60 V.



We can explain the increase in the desorption yield
observed below -1 V and the subsequent plateau by
the peak observed by STS (Figl.c) around Vs=-1.1
V: while STS detects the LDOS at a specific Vs the
reaction yield reflects the integral over the same
LDOS. The IET process is enhanced by the
CO-RuTPP HOMO or the pure RuTPP HOMO. A
second threshold -1.5 V and

is observed at

corresponds again to a two electron process.

Fig.1(d) shows that CO desorption from RuTPP on
Cu(110) has been already observed to begin at
Vs=-1.075 V. In contrast, CO desorption from a
copper surface requires a bias voltage higher than
2.4 V°. This difference cannot be explained by
different desorption barriers, because the CO
desorption temperature of CO-RuTPP is 80 K
higher than that of CO/Cu(110). The desorption
mechanism of CO from a copper surface is electron
injection to the unoccupied 27t* state, which occurs

in a single-electron process’.
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Figure 1 Schematic illustrations for the isomerization pathways

and the potential energy diagrams.(a)-(b) STM images of
CO-RuTPP adsorbed on Cu(110) (Vs= 500 mV, It = 0.5 nA) before
and after injection of tunneling electrons to the rightmost
CO-RuTPP molecule as pointed by an arrow. RuTPP and
CO-RuTPP are marked by dotted and solid lines, respectively. (c)
STS spectra of CO-RuTPP and RuTPP on Cu(110) surface. The
STS spectrum of bare Cu(110) is subtracted to emphasis the change
in dI/dVs. (d) Reaction yield per electron for desorption of CO
from CO-RuTPP/Cu(110) as a function of the sample bias voltage
of the injected electrons. (¢) CO desorption rate as a function of
tunneling current for Vs=-1.25, -1.40, and -1.60 V. The solid lines
are the results of least squares fits to the data, whose slopes for the
applied bias voltages correspond to powers (n) in the nonlinear
power-law dependence. The error bars of (d) and (e) were
determined from the standard deviation. The lower side of
boundary of the error bar for -1.25 V in (e) is determined from the
maximum desorption time.

Since our reaction thresholds are in the energy range of electronic excitations, we propose that the first hole excites

CO-RuTPP to an electronically excited (positive ion) state. The second electron then leads to desorption by

injecting a further hole. A single hole in the CO-RuTPP HOMO at -0.8 V would be unlikely to result in desorption:

the HOMO of CO-metalloporphyrins is governed by the dyy orbital which has little overlap with the orbitals of CO,

while an efficient IET process would require the localization of the tunneling electrons at the target chemical bond.

However, once a hole is injected in the CO-RuTPP or RuTPP HOMO, lower occupied states might become

energetically accessible to the second hole. For example, HOMO-1 and HOMO-2 originate from the hybridization

between metal dx,/dy, and CO ©* orbitals, which contribute to the bond strength of the centre metal-CO. Since these

states contain the target chemical bond, their excitation could lead to relatively efficient desorption via vibrational

excitation in analogy to desorption induced by electronic transition (DIET) or simply withdrawing electrons from

bonding states to induce repulsive CO-Ru potential.

[References] 1) W. Auwirter et al. Nat Chem, (2015), 7, 105-120. 2).L. M. A. Levine et al. JPC (1988), 92, 714-720. 3) A.

Strozecka et al. PRL (2012), 109. 4) H. Kim et al. ACS Nano, (2015), 9, 7722-7728. 5) L. Bartels et al. PRL (1998), 80, 2004-2007.
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Dirac Quasi-Particles in Sublattice Symmetry Broken Graphene:

Quantum Cluster Approximation Approaches
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In the two-dimensional graphite sheet, i.e., graphene, the

electronic dispersion exhibits the massless Dirac dispersion
with two Dirac cones at K and K’ points, where the
electronic dispersion is proportional to the momentum. It is
well know that, in addition to time reversal symmetry and
120° rotational symmetry, the sublattice symmetry (or
equivalently the inversion symmetry) is essential for the
massless Dirac dispersions to be stable at K and K’ points.

We have also shown that the electron correlations do not

®

Binding energy (eV)

essentially affect the massless Dirac dispersion of graphene 0.5 0.0 05

Figure 2. Schematic figure of the
crystal structure for a single layer
graphene on Ni (111) surface. Top
view (upper panel) and side view

(lower panel) are shown.

as long as the system Wave vector k ||,y (1/A)

is  metallic 1,2].
[1,2] Figure 1. Angle resolved photoemission

However, against the .
spectroscopy spectrum for a single layer graphene

common  belief  that on Ni (111) surface (taken from Ref. [3]).

the massless Dirac

dispersion is unstable against the violation of the sublattice symmetry,
the recent angle resolved photoemission spectroscopy experiments have
reveal the existence of the massless Dirac dispersion in a single layer
graphene deposited onto Ni (111) surface [3], as shown in Fig. 1.

To understand the origin for this unexpected massless Dirac
dispersion observed in graphene on Ni (111) sureface, we have first
constructed the simplest possible model for graphene on Ni (111)
surface. To treat the electron correlation beyond the single-particle
approximation, here we have adopted quantum cluster approximations
which can treat the electron correlations exactly within small clusters
and approximate the inter cluster coupling within the random phase
approximation. We have found that the massless Dirac quasi-particles
are induced by the electron correlations even when the sublattice
symmetry of graphene is broken.

Figure 2 shows a schematic crystal structure of a single layer

graphene on Ni (111) surface. From the STM experiments [3], the



graphene is grown on the Ni (111) surface in the AC stacking,
where the carbon atoms in B sublattice is placed exactly on top of
the Ni atoms in the outmost layer, whereas the carbon atoms in A
sublattice is located on the Ni atoms in the third layer. Therefore,
the carbon atoms in B sublattice hybridize very strongly with the Ni
atoms but the hybridization between the carbon atoms in A
sublattice and the Ni atoms is weak, thus breaking the A-B
sublattice symmetry of graphene.

As shown in Fig.3, the 2p, orbital of the carbon atoms on B
sublattice strongly hybridizes with Ni 3d,” orbital, but not with
other 3d orbitals. Therefore, the simplest possible model to describe
the electronic structure of the graphene is a half-depleted periodic
Anderson model where the conduction band is the Dirac band of
pure graphene and the impurity sites are represented by the Ni 3d,’

orbitals where the local Coulomb interaction is included.

Figure 3. Schematic figure of graphene
(solid dots) and the first layer of Ni
atoms (orange circles). For clarity,
the Ni atoms in the second layer are

also indicated by open circles.

To examine the single-particle excitations of the half-depleted periodic Anderson model, we have

employed the cluster perturbation theory and the Hubbard-I approximation, the simplest quantum cluster

approximation. Since the results are qualitatively the same, we show only the results obtained by the

Hubbard-1 approximation in Fig. 4 [4]. When the local Coulomb interaction of the impurity sites is zero,

there exists the flat band located exactly at the Fermi energy. Once the local Coulomb interaction is

introduced, the flat band is split into the two bands and the massless Dirac quasi-particles emerges at K and

K’ points with the Dirac points located at the Fermi energy. It is also noticed that the Dirac Fermi velocity

monotonically increases with increasing the local Coulomb interaction. Our results thus demonstrate that the

massless quasi-particles are induced by the electron correlations even when the A-B sublattice symmetry is

broken in graphene.
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Figure 4. Single-particle excitation dispersions of the half-depleted periodic Anderson model obtained by the Hubbard-I

approximation [4]. The local Coulomb interaction U is increased from (a) to (e), as indicated in the figures. The energy unit is

taken as the nearest neighbor hopping t of the conduction sites. The other parameters are set so as to satisfy the particle-hole

symmetry. The Fermi energy is located atw =0.
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