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Real-space imaging of molecular
structure and chemical bonding by
single-molecule inelastic tunneling probe
Chi-lun Chiang,1* Chen Xu,1* Zhumin Han,1* W. Ho1,2†

The arrangement of atoms and bonds in a molecule influences its physical and
chemical properties. The scanning tunneling microscope can provide electronic and
vibrational signatures of single molecules. However, these signatures do not relate
simply to the molecular structure and bonding. We constructed an inelastic
tunneling probe based on the scanning tunneling microscope to sense the local
potential energy landscape of an adsorbed molecule with a carbon monoxide
(CO)–terminated tip. The skeletal structure and bonding of the molecule are revealed
from imaging the spatial variations of a CO vibration as the CO-terminated tip
probes the core of the interactions between adjacent atoms. An application of the
inelastic tunneling probe reveals the sharing of hydrogen atoms among multiple centers
in intramolecular and extramolecular bonding.

T
he achievement of a mechanistic under-
standing of chemical and biological func-
tions depends on knowing the geometric
structure and the nature of the bonds in
the molecules. Consequently, a number of

techniques have been extensively developed to
attain this knowledge, including x-ray diffrac-
tion, electron diffraction, and nuclear magnetic
resonance. These techniques, however, do not
provide a direct view of the molecules in real
space. Nonetheless, they have yielded three-
dimensional structures of many complex mol-
ecules that enabled the elucidation of their
chemical and biological properties. Only recently
has the atomic force microscope (AFM) been

used to obtain real-space images of themolecular
structures of mostly planar molecules (1, 2). The
AFM approach allows structural imaging that
can discriminate a reactant and its different pro-
ducts (3) or reveal hydrogen bonding between
molecules (4).
The high spatial resolution of the AFM was

obtained by functionalizing the tip with a CO
molecule (5, 6) and measuring the shift in the
resonance frequency of the quartz tuning fork
above the adsorbed molecule (7). The spatial reso-
lution arises from variations of the force gradient
sensed by the CO-tip as it scans over different
parts of the molecule. The observed contrast re-
vealing the molecular structure implies that the
frequency shift is different over the atoms and
the bonds between them, relative to elsewhere.
The range of frequency shift is few Hz from the
resonance of 20 to 30 kHz.
In comparison, the scanning tunneling mi-

croscope (STM) has been shown to reveal the

electronic properties of the sample. Good agree-
ments have been obtained between theory and
experiment for the molecular orbitals in describ-
ing the spatial distributions for the electron den-
sity (8–10) and spin excitation (11). These images
reflect the electron wave functions that are re-
lated to (but do not directly display) the mo-
lecular structures. By trapping a hydrogenmolecule
in the STM junction or transferring a Xe, CO,
or CH4 molecule to the tip, molecular structure
could be resolved from the topographic and dif-
ferential conductance images, and intermolec-
ular bonds were revealed (12–14).
Here, we demonstrate an approach based on

the STM to image the skeletal structure and
bonding in an adsorbed molecule by single-
molecule inelastic tunneling probe (itProbe). A
CO molecule is transferred to the tip, and a vi-
brational mode of the tip CO senses the bonding
between two atoms in an adsorbed molecule.
As the CO-terminated tip is scanned over the
molecule during imaging, changes in the en-
ergy and intensity of the hindered translation-
al vibration of CO are measured by inelastic
electron tunneling spectroscopy (IETS) with
the STM (15). This low-energy CO vibration
senses the spatially varying potential energy
landscape of the molecule and its surroundings.
The range of energy shift is on the order of the
vibrational energy of ~3 meV, or equivalently
~0.7 THz.
All of the experiments were performed in

ultrahigh vacuum (5 × 10−11 torr); the spectra
reported were taken at a sample and STM tem-
perature of 600 mK (16). A topographic image
takenwith a bare Ag tip of cobalt phthalocyanine
(CoPc) coadsorbed with CO on Ag(110) is shown
in Fig. 1A. Adsorption configurations, labeled
CoPc(×) and CoPc(+), are possible on the surface.
Each CO molecule is identified by its hindered
translational (2.8 meV) and rotational (18.3 and
20.3 meV) modes in the vibrational spectra by
STM-IETS (Fig. 1B). The nondegenerate hin-
dered rotation in the two orthogonal directions
parallel to the Ag(110) surface is resolved as a
peak splitting. The same area imaged after
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transferring a CO molecule (marked by arrow
in Fig. 1A) to the tip is shown in Fig. 1C. The
presence of CO on the tip is confirmed by STM-
IETS taken at any location over the clean Ag
surface (Fig. 1D). The energies of the hindered

translational (2.1 meV) and rotational (18.2 meV)
modes are close to those of CO on the Ag surface
as recorded by the bare tip.
Vibrational spectra can be recorded by STM-

IETS with high spatial resolution at a chosen

position (point spectroscopy) over an adsorbed
molecule (15, 17) and with bare, CO-terminated,
and ethylene-terminated tips (18). In the scanned
energy range, vibrational modes are resolved for
CO but not for CoPc. As the CO-terminated tip

Fig. 2. Point spectroscopy revealing variation of CO-hindered transla-
tional vibration over different parts of themolecule. (A) Spatially resolved
d2I/dV2 vibrational spectra taken at locations indicated in the schematic of
the right side of CoPc. Spectra are vertically displaced for clarity of
presentation; bias RMS voltage modulation: 1.0 mV at 471 Hz; set point: V =
100 mVand I = 0.1 nA on Co atom and gap reduced by 1.7 Å after turning off
the feedback. Note the different multiplicative factors for the four spectra.
Number on the right side of each spectrum denotes the peak position. The
dot-dashed line is drawn at V = 1.7 mV to show the variations in intensity that
give rise to the contrast in molecular structural imaging. (B) Peak position of
the hindered translation of CO with CO-terminated tip over locations of CoPc

molecule indicated on the x axis:Co (cobalt atom), NI (imine nitrogen), LP (lone pair on imine nitrogen),Co-N (cobalt-pyrrole nitrogen bond),C (carbon atom),C-C
bond, C-N bond, NP (pyrrole nitrogen), BKG (Ag substrate), P (pyrrole ring), CoNC (CoNCNCN ring), CR (six-member carbon ring). Inset shows a schematic
diagram of CoPc.There are only two data points for Co, LP, and BKG, hence no error bars.

RESEARCH | REPORTS

Fig. 1. The creation and characterization of a CO-terminated tip.
(A) Constant-current topography of CO coadsorbed with CoPc(×) and
CoPc(+) on Ag(110) at 600 mK (121.1 Å × 121.1 Å). Tunneling gap set
point: V = 0.1 Vand I = 0.1 nA. (B) Vibrational STM-IETS d2I/dV2 spectra
taken with a bare tip over the Ag surface (a), CO molecule (b), and the
background-subtracted spectrum (c). Bias root mean square (RMS)
voltage modulation: 0.6 mVat 471 Hz. Set point: V = 10.0 mVand I = 1.0
nA. (C) Constant-current topography of the same area as in (A) after
transferring a CO [the one indicated by the arrow in (A)] to the tip. CO is
imaged as a protrusion instead of a depression. (D) Vibrational
STM-IETS d2I/dV2 spectrum of CO-terminated tip taken over the Ag
surface. Bias RMS voltage modulation: 0.6 mVat 471 Hz. Set point: V =
10.0 mVand I = 1.0 nA.
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is scanned over the CoPc, the percent change
in the vibrational energy is larger for the hindered
translation relative to the hindered rotation.
Furthermore, the noise in the current decreases
as the bias voltage is lowered. Both factors favor
the hindered translational vibration for sensing
the CoPc.
The sensitivity of the hindered translational

mode of CO to its position over a CoPc molecule
is shown by vibrational point spectroscopy in
Fig. 2A. A clear vibrational energy upshift by
~2.0 meV is measured as the spectrum is re-
corded over the central Co atom (point 1; 1.2meV)
instead of over the center of the five-member
pyrrole ring (point 4; 3.1 meV), the six-member
carbon ring (point 6; 3.2 meV), and the inner six-
member CoNC ring (point 8; 3.0 meV). The vi-
brational energy is <2.5 meV for spectra taken
over other points of the molecule. The intensity
over the Ag background is weaker than over the
molecule. Figure 2A shows the spectra taken
over 10 selected points of the molecule and the
Ag background (a more comprehensive set of
spectra is given in fig. S1; 57 locations over the

molecule are labeled in fig. S2E). The bias voltage
at the peak of each spectrum in fig. S1 is plotted
in Fig. 2B; the error bars show the spread in the
peak energy centered over the average value. Pos-
sible sources for this spread include (i) incom-
mensurability between molecule and substrate,
(ii) atomic unevenness of molecule and sub-
strate, (iii) spatial variation in the tip-CO tilt,
and (iv) imprecise positioning of the tip over the
molecule.
The CO-terminated tip can be used for energy-

resolved spatial imaging of the molecule. When
the energy is chosen within the CO-hindered
translational vibration and <2.5 meV, the image
reveals the skeletal structure of CoPc using either
the constant-height or constant-current mode
(16), as shown in Fig. 3, A and B, for CoPc(+). A
structural image for CoPc(×) is shown in Fig. 3C;
the arrows point to the four lone pairs of the
imine nitrogen, each forming intramolecular hy-
drogen bonds with the two nearest C-H bonds.
The CoPc(+) in Fig. 3B is shown schematically in
Fig. 3D; the dashed lines indicate the intramo-
lecular hydrogen bonds. Such bonding has been

tentatively discussed in structural images taken
with the AFM (19). In contrast, these intramo-
lecular hydrogen bonds appear to be absent
when the CoPc is adsorbed on the Au(110)2×1
reconstructed surface (Fig. 3E) where every other
row of Au atoms is missing. The C-H bonds of
CoPc on the Au(110)2×1 project outward, as
shown by dashed lines in Fig. 3F. The sche-
matic of CoPc is superimposed and compared
to the structural images in fig. S3. The mo-
lecular structure and bonds are imaged with
different resolutions using constant-height ver-
sus constant-current modes, as shown in Fig. 3
and further supported in figs. S4 and S5. Evi-
dently, images of the skeletal structure and spec-
troscopic sensitivity to different atoms, bonds,
and regions in the molecule are achieved by the
itProbe. Bonds, rather than densities of states
and molecular orbitals, are imaged by itProbe
and reflect localized interactions or bonds be-
tween adjacent atoms.
Some C-H bonds of CoPc on the Au(110)2×1

surface are imaged as “V” shapes in Fig. 3E and
marked in Fig. 3F, exhibiting bifurcation of

Fig. 3. Skeletal images of CoPc obtained by inelastic tunneling probe (itProbe).The imaging pro-
cedures are described in (16). (A) Constant-height image over CoPc(+) on Ag(110). (B) Constant-current
image of CoPc(+) on Ag(110). (C) Constant-height image over CoPc(×) on Ag(110). (D) Schematic diagram

showing the skeletal structure of CoPc(+) and the intramolecular hydrogen bonds highlighted in dashed ellipses in (B). The underlying Ag(110) surface and the
adsorption geometry of CoPc(+) are determined from atomically resolved topographic images takenwith a CO-terminated tip andwith eachCObonded on top of
an Ag surface atom. Area in (A) to (C) is 128 × 128 pixels and 20.2 Å × 20.2 Å. (E) Constant-current image over CoPc(+) on Au(110)2×1 surface (96 × 96 pixels and
21.2 Å × 21.2 Å). A rectangular boundary is resolved and is attributed to the range of electronic influence of adsorbed CoPc. A similar boundary is present on the
Ag(110) surface but is less prominent than that on the Au(110) surface. (F) Schematic diagram showing skeletal structure of CoPc(+) on Au(110)2×1 surface.
Themissing surface atom rows are along the dark rows.The Co atom is over themissing row but is displaced to one side.The depicted adsorption geometry is
obtained from an atomically resolved topographic image obtained with a CO-terminated tip.
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hydrogen bonds (20, 21). This striking feature
suggests that the C-H bonds can be aligned in
two directions induced by interactions with the
underlying Au substrate. Evidently, a hydrogen
atom can be involved in a multicenter bonding.
In contrast, the structural images for CoPc on
Ag(110) reveal internal bonding between each of
the four lone pairs of the imine nitrogen with its
two nearest-neighbor C-H bonds, forming three-
center two-hydrogen bonds. These intramolecular
hydrogen bonds are supposedly disfavored be-
cause of the nonlinear geometry of the C-H bond
and the imine nitrogen lone pair (21). The images
show curved bonds due presumably to this non-
linear geometry.
The multicenter hydrogen bonding is also evi-

dent in intermolecular interactions. Two CoPc
molecules can be found to be adjacent to each
other, such as in Fig. 4A on Ag(110). The hydro-
gen bonding driven by the lone pair electrons of
the imine nitrogen and nearby C-H bonds is

imaged by itProbe in Fig. 4B. A close-up image in
Fig. 4C reveals the intramolecular and inter-
molecular hydrogen bonds at high spatial reso-
lution. In Fig. 4D, the interactions among the
imine nitrogen and four nearby carbon atoms
are mediated by four hydrogen atoms in a five-
center four-hydrogen bonding. The structural im-
ages obtained by itProbe reflect the time-averaged
density of the hydrogen bonds.
The structural images were obtained by scan-

ning in the horizontal (x) and vertical (y) direc-
tions. No noticeable differences were seen (figs.
S7 and S8). The CO on the tip, however, is in-
duced to tilt as it is brought close to the surface
during imaging (22). This tilt gives rise to a
constant offset between the structural image and
the topography taken with the tip farther away
from the surface where the induced tilt is ab-
sent. The amount of tilt varies for different CO-
terminated tips; this offset is 1.96 Å for the
specific CO-terminated tip shown in fig. S9.

The contrast revealing the skeletal structure of
the molecule (fig. S10) depends on the sample
bias used in the imaging. The hindered trans-
lational mode of CO is low in energy (soft) and
particularly sensitive to its environment, relative
to the hindered rotational mode at higher ener-
gy. High-energy resolution is required for the
STMtomeasure low-energymodes and is achieved
by lowering the temperature to 600mK (0.28meV
temperature broadening) and the modulation to
1 mV and below (11, 23).
The capability of the STM to image molecular

structure and chemical bonds broadens its pre-
vious applications to determine the electronic
and vibrational properties of single molecules.
This added capability provides much-needed
knowledge to understand the relation between
the structure and function of molecules. In ad-
dition to the electronic and vibrational prop-
erties, it may be possible to observe changes in
geometric structure when the molecule’s envi-
ronment is altered by intermolecular interac-
tions, such as in the formation of self-assembled
nanostructures or in reactions on surfaces. Real-
space spectroscopy and imaging by the itProbe
could lead to a deeper understanding of the
nature of different types of chemical bonds and
related chemistry.
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Fig. 4. Imaging the chemical bonding between a pair of CoPc on Ag(110) surface. (A) Constant-
current topographic image (128 × 128 pixels or 60.6 Å × 60.6 Å) with sample bias V = 0.1 V and
tunneling current I = 0.1 nA. (B) Constant-current itProbe image (100 × 100 pixels or 12.6 Å × 12.6 Å) at
1.5 mVover the white square area shown in (A). (C) Constant-current itProbe image (128 × 128 pixels or
8.1 Å × 8.1 Å) at 1.5 mVover the white square area shown in (B). (D) Schematic diagram of the image in
(B), showing in dashed lines the intermolecular and intramolecular bonds involving hydrogen, and in
yellow the lone pairs of imine nitrogen. Four hydrogen atoms are shared among five centers [four carbon
atoms (indicated by asterisk) and one imine nitrogen (indicated by arrow)] in the five-center four-
hydrogen bonds.
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out the internal bonding of the molecules, as well as hydrogen bonding between molecules.
tunneling spectroscopy reveals variations in the vibration excitation of the CO molecule that can map
the bonding within cobalt phthalocyanine molecules absorbed on silver or gold surfaces. Inelastic 

 now show that the adsorbed CO tip can revealet al.sharper probe: an adsorbed CO molecule. Chiang 
Greater resolution has been achieved in atomic force microscopy by terminating the tip with a

Probing bonding profiles with a CO tip
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