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A scanning tunneling microscope (STM) was used to  manipulate the bonding 
of a carbon monoxide (CO) molecule and t o  analyze the structure and vibra- 
tional properties of individual products. Individual iron (Fe) atoms were evap- 
orated and coadsorbed with CO molecules on a silver (1 10) surface at 13 kelvin. 
A CO molecule was transferred from the surface t o  the STM tip and bonded with 
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spectroscopy. Starting with a clean Ag(ll0) 
surface at 13 K, individual Fe atoms were 
first evaporated onto the surface, and then CO 
molecules were coadsorbed from the gas 
phase. We limited exposures of Fe and ~ 6 t o  
yield coverages of -0.001 monolayer to cir- 
cumvent interactions between coadsorbed 
species. With the STM, a single CO molecule 
was bonded to an Fe atom, thus making an 
Fe(C0) molecule on the surface. A second 
CO molecule could then be added to form 
Fe(CO),. The reactants and products were 
identified by their distinct STM images and 
vibrational energies. 

The controlled formation of a F d O  
bond with the STM consisted of a series of 
systematic steps (Fig. 1). The STM feedback 
remained on throughout the process. After 

The ability to control chemistry at the spatial . Here, we used a low-temperature STM in taking a topographical image of the surface at 
limit of individual atoms and molecules pro- an ultrahigh vacuum (11) to form a single 70-mV sample bias and 0.1-nA tunneling 
vides insights into the nature of the chemical bond and to characterize the reactants and current, we positioned the tip over a CO 
bond and reactivity. As a step toward the real- products with spatial imaging and vibrational molecule (Fig. 1A) adsorbed on top of a Ag 
ization of this goal, it is necessary to probe the 
properties of individual molecules and manip 
date and alter their chemical composition. 

The scanning tunneling microscope (STM) 
has been used to move and position single 
atoms (1-3) and molecules (4). The tip of the 
STM catalyzes surface reactions (5). Elec- 
trons tunneling through the electronic states 
of a molecule adsorbed on a surface also 
couple to intrinsic molecular motions such as 
rotation (4, 6) and vibration (7, 8), leading to 
the possibility of inducing chemical transfor- 
mation in the molecule. Dissociation of sin- 
gle molecules has been accomplished on both 
metal (9) and semiconductor (10) surfaces. 
Although bond cleavage is central in chemi- 
cal reactions, understanding the reverse pro- 
cess of bond formation, albeit a more difficult 
one to accomplish experimentally, is equally 
desirable. 
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Cornell Center for Materials Research, Cornell Univer- 
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Fig. 1. Schematic diagrams 
showing the different steps in A 
the formation of a single bond \ Tip / with the STM. The binding sites 
are determined by imaging the 
adsorbed species with a CO mol- 
ecule attached to the tip (Fig. 4). 

'4 - [ l i o l  
The sizes of the circles are scaled 
to the atomic covalent radii. The 

le- t[,,] r 
polycrystalline tungsten tip is 
sputtered and annealed before 
use: ohvsical contact is made r ~ , -  -. ~ .--. - 

4Ih the Ae surface to further a 

condition thYe tip. (A) The tip is 
positioned over a single CO mol- \ I \ I 
ecule to induce the detachment 
of CO from Ag and its bonding to 
the tip. Because CO forms a 
bond predominantly through the 
carbon, a 180" rotation of the 
CO occurs in the transfer. (B) 
The tip with the attached single 
CO molecule is translated (in- 
dicted by the arrow) and posi- 
tioned oier an Fe atom. (c) The 
bias voltage and the flow of electrons are reversed, inducing the transfer of CO from the tip to the 
Fe. (D) A single Fe-CO bond is formed. The interaction of the electric field with the dipole moment 
of CO may also play a role in the transfer of (A) and (C). 
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Fig. 2. A sequence of 
STM topographical im- 
ages recorded at 70- 
mV bias, 0.1-nA tun- 
neling current, and 13 K 
to show the formation 
of F 4 O  bond with 
the prescribed method 
(Fig. 1). The size of each 
image is 63 A by 63 A. 
Fe atoms image as pro- 
trusions and CO mole- 
cules as depressions. 
The white arrows indi- 
cate the pair of ad- 
sorbed species involved 
in each bond formation 
step. (A) Five Fe atoms 
and five CO molecules 
are adsorbed in this 
area of the Ag(ll0) 
surface. One CO is very 
close to  an Fe atom (in- 
dicated by the red ar- 
row). (6) A CO mole- 
cule has been manipu- 
lated and bonded to  an 
Fe atom to  form 
Fe(C0). (C) Another 
Fe(C0) is formed by 
binding CO to a second 
Fe atom. (D) An additional CO has been bonded to Fe(C0) to form Fe(CO),. A 180° flip is observed for 
the remaining Fe(C0). 

Fig. 3. Single-molecule vibra- 
tional spectra obtained by 
STM-IETS, showing the C-0 
stretch of Fe(C0) and Fe- 
(CO),. The differential change 
of the ac conductance as a 
function of the sample bias 
(dzlldVz) is displayed. For 
each scan, the dc sample bias 
was ram~ed from 180 to 280 

ima e of single-molecule I Fe(' C160). (Line C) Spectrum 
averaged with 210 scans over 
the edge of the lobe in the 

mV and back down in 2.5-mV 
steps with a 300-ms dwell 
time per step (1 meV = 8.065 
m- l ) .  Each spectrum has 
been signal averaged with re- - 
peated scans. The root-mean- N> 

image-of Fe(13C180). (Line 
B-C) Difference between spec- 
tra B and C. (Line D) Spectrum 
averaged with 100 scans over 
the left protrusion in the 
STM imaee of the sinele-mol- 

square ac modulation at 200 
Hz was 7 mV. Peak positions 20 
have an uncertainty of tl 5 
meV. (Line A) Spectrum taken 0 
over dean ~g( l10)  surface -20- 
and signal averaged with 100 - 

ecuk F$zc'~o),. (Line E) 
Corresponding spectrum aver- 

- 1 236 

- - - - . - - - - -  - - - - - . - - - -  - - - -  .- 
. - B-c 

1 224 

Sample Bias (mV) 

scans. (Line B) Spectrum aver- 
N- 

aged with 210 scans over TJ 
the edge of the lobe in the 

aged with 700 scans for 
Fe(13C1* O),. (Line D-E) Difference between spectra D and E. (Line F-G) Difference between spectra recorded 
separately over the left (lZC160, 697 scans) and right (13C180, 280 scans) protrusions in the STM image of 
the single-molecule Fe(1ZC160)(13C180). Dashed lines denote zero level in difference spectra. 

atom (the "atop" site). The bias voltage was 
then increased to 250 mV, and the tunneling 
current was ramped from 0.1 to 10 nA to 
induce the transfer of the CO molecule to the 
tip (Fig. 1, A and B) (12). The bias and 
tunneling current were then reduced to 70 
mV and 0.1 nA, and the tip was translated 
and positioned over an Fe atom (Fig. 1B) 
adsorbed on the four-fold hollow site. We 
formed the F e C O  bond by first changing the 
bias to -70 mV, increasing the tunneling 
current to 10 nA, and finally ramping the bias 
to about -4 mV (Fig. 1, C and D) (13). 

The different steps involved in the formation 
of Fe(C0) and Fe(CO), were visualized in a 
sequence of STM topographical images (Fig. 2). 
A CO molecule and an Fe atom were selected 
(Fig. 2A) to form Fe(C0) by the pmedure 
described above (Fig. 2B). The CO ligand in 
Fe(C0) appears as a side lobe, the asymmetry 
implies that the CO is not bonded with its axis 
perpendicular to the surface but is inclined to 
one side. The Fe(C0) product images as a pro- 
trusion of lesser height than a bare Fe atom. The 
formation of a second neighboring Fe(C0) dem- 
onstrates the reproducibility and precision of 
single-bond formation (Fig. 2C). The addition of 
a second CO to Fe(C0) yielded a pair of distinct 
double protrusions for the Fe(CO), product (Fig. 
2D). The positions of the two pr&sions sug- 
gest that the two CO ligands are symmetrically 
located on the Fe atom. A 180" flip was also 
observed for the remaining Fe(C0) image (Fig. 
2, C and D), which suggests a double-well 
potential with a low energy barrier separating 
the two equivalent orientations for the CO li- 
gand. Apparently, the two-fold symmetry of the 
Ag(ll0) surface makes it less favorable for the 
CO ligand to occupy the other two orientations 
90" away. The STM images also suggest the 
same constraint in orientation for Fe(CO),, 
which exhibits a stable configuration. 

Inelastic electron tunneling spectroscopy 
(IETS) with the STM (7,8,11) provides W e r  
identification and insights into the nature of 
bonding of individual products (Fig. 3). In a 
topographical image, 12C160 and '3C180 ap- 
pear identical. However, by comparing images 
of the same area after sequential adsorption, the 
locations of each isotope can be determined, 
enabling the selective formation of the products 
Fe('2C'60), Fe('3C'80), Fe('2C160)2, Fe(I3 
C180),, and Fe(12C160)(13C180). The Ag(l10) 
spectrum provides a reference for discerning 
the vibrational peaks (Fig. 3, line A). A single 
peak is observed at 236 meV (1 meV = 8.065 
cm-') for Fe(12C160) and is assigned to the 
C-O stretch (Fig. 3, line B). This peak is down- 
shifted to 224 meV for the Fe(13C'80) isotope 
(Fig. 3, line C). The corresponding energies of 
the C-O stretch for Fe('2C'60)2 and 
Fe(13C180)2 are 234 and 220 meV, respectively 
(Fig. 3, lines D and E). Although the C-O 
stretch peak is revealed in each spectrum, its 
visibility is enhanced by subtracting the spectra 
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for the isotopes (Fig. 3, lines B-C and D-E), 
thus emphasizing the vibrational contributions. 
The electronic contributions to the spectra 
should be almost identical for the correspond- 
ing isotopes. Slight inhomogeneity in the 
Ag(ll0) surface may contribute to an incom- 
plete subtraction. For the product with mixed 
isotopes, Fe('2C'60)('3C'80), STM-IETS 
spectra were recorded separately over the 
12C160 and 13C180 ligands to reveal a C-O 
stretch at 235 and 223 meV, respectively (Fig. 
3, line F-G). 

The observed C-O stretch at 236 meV for 
Fe(I2Cl60) is near that of CO adsorbed on the 
atop site of Fe(100), 234 meV (14). For the 
single-molecule product Fe('2C'60)2, the ob- 
served downshift of the C-O stretch by 2 meV 
from Fe(12C160) can be compared with a down- 
shift of 2.6 meV for Fe(CO), in the gas phase 
(1.5). The observed isotope shift of 12 meV 
between Fe(I2Cl60) and Fe(13C'80) is in good 
agreement with the calculated value of 11.5 
meV (1 6 )  and an experimental value of 1 1.2 
meV measured in hemoglobin (1 7). These vi- 
brational analyses provide convincing spectro- 
scopic support for the identification of the sin- 
gle-molecule products as Fe(C0) and Fe(CO), 
(18). 

The adsorption sites for the reactants and 
products cannot be determined if the underlying 
lattice is not resolved in the STM images (Fig. 
2). By attaching a CO molecule to the tip (19), 
however, the spatial resolution is substantially 
increased to dlow diict imaging of the Ag 
atoms, the atop sites for the CO molecules, and 
four-fold hollow sites for the Fe atoms, Fe(CO), 
and Fe(CO), (Fig. 4E). A stable "supaharp" 
tip is thereby formed. The STM image for 
Fe(C0) (Fig. 4C) rules out the geometry with 
the C-O axis perpendicular to the surface; the 
side lobe in the image requires a tilt (T), bend 
(p), or both (Fig. 4, F and G). An azimuthally 
symmetric image is expected for a perpendicu- 
lar geomev (Fig. 4, A and B). Furthermore, 
spatially resolvedvibrational spectra with STM- 
IETS show the C-O stretch intensity to be lo- 
calized over the side lobe. The STM image for 
Fe(CO), (Fig. 4D) is also consistent with a tilt 
(T'), bend (PI), or both (Fig. 4, H and I). Al- 
though our STM images and vibrational spectra 
indicate an inclined geometry for Fe(C0) and 
Fe(CO),, they do not lead to a quantitative 
determination of the angles, which requires 
comparison with theoretical calculations. 

The adsorption of CO is expected to initiate 
with the occupation of surface sites that form the 
strongest bonds. However, this may not always 
occur in the case in which there is a small 
number of adsorption sites that form strong 
bonds and a larger number that form weaker 
bonds. The bond strengths for gas phase 
(CO),Fe-CO, (CO),Fe-CO, (CO),F&O, 
(CO)Fe-CO, and F A 0  have been determined 
tobe42_'2 ,28+9,29+6,37+4,andl l  2 
4 kcal/mol, respectively (20). The activation 

energy for desorption of CO from the atop sites 
of Fe(100) is about 12.8 kcaVmol(21). In com- 
parison, the activation energy for desorption of 
CO from Ag(ll0) is 5.5 + 0.4 kcaVmol (22). 
The bond strengths for (CO)F&O and F&O 
on the Ag(l10) surface are expected to be mod- 
ified from the gas phase values because of the 
coordination of the Fe to the surface. However, 
the above energetics and the experimental evi- 
dence for a Ag-coated STM tip (19) imply that 
the CO can form stronger bonds with the Fe 
atoms compared with the Ag surface or the tip. 
Because CO does not diffuse on Ag(ll0) at 13 
K, formation of Fe(C0) during the adsorption of 
CO requires a CO molecule to impinge directly 
on an adsorbed Fe atom. Consequently, for low 

coverages of Fe and CO, the formation of such 
Fe(C0) was rare and still rarer for Fe(CO), even 
though it is thermodynamically more favorable 
for a CO molecule to bind to Fe or Fe(C0) than 
to the Ag(ll0) surface. The proximity require- 
ment for the two reactants is W e r  visualized 
in Fig. 2A, where a CO molecule (indicated by 
the red arrow) is very close to an Fe atom (-5 
A apart), but no bonding was detected with 
STM-IETS. In the process of forming Fe(C0) 
and Fe(CO), with the STM, the STM junction 
can be viewed as a reactor of atomic dimensions 
in which tunneling electrons and possibly the 
electric field are involved in overcoming the 
energetic barriers between the stable bonding 
sites of CO on the surface, the tip, and the Fe. 

Fig. 4.25 A by 25 A STM topographic images recorded at 70-mV bias and 0.1 nA without CO molecule 
attached to the tip for (A) Fe, (8) CO, (C) Fe(CO), and (D) Fe(CO),. (E) Atomically resolved STM 
topographic image recorded at 22-mV bias and 2.5-nA tunneling current with a CO molecule attached 
to the tip. The scanned area is the same as in Fig. 2D. All species, including CO, image as protrusions. The 
Fe(C0) image appears similar to that of Fe(CO), because of frequent 180" flips (Fig. 2, C and D) during 
the scan with these tunneling parameters. In this image, it is not the tip height (z) that is displayed but 
its derivative (dzlcj.), where y is the scan direction (from top to bottom). This has the effect of 
illuminating the scan area from the top side of the image and accentuating small corrugations. Therefore, 
each protrusion shows a bright illuminated side facing the top and a dark shadow facing the bottom. A 
grid is drawn through the &(I 10) surface atoms to guide the determination of the adsorption sites. (F) 
The side view and (C) top view of Fe(C0) show the CO to be tilted by angle T and bent by angk P as 
suggested by the asymmetry in the image (C). The four-fold adsorption site is determined from (E). (H) 
The side view and (I) top view of Fe(CO), show a similarly tilt-and-bent geometry with angles T' and P' 
as implied by the images (D and E). 
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Spatially controlled bond foinlation has 
been realized with the STM. The fact that the 
CO ligand exhibits an inclined configt~ation in 
the Fe-Ag(ll0) system suggests that the ob- 
seived geomehy is due to the localized elec- 
tronic properties of the Fe atom. In contrast, it 
would be interesting to determine if a single CO 
molecule would bond perpendicularly. without 
tilting or bending. with a different metal atom. 
such as Cu, on Ag(ll0) (23). 

The binding of a diatomic molecule to an 
atom constitutes one of the simplest chemical 
transfoimations involving a molecule. By 
co~nbining the present manipulation approach 
with other mechanisms such as "sliding" (1). 
"pulling." and "pushing" (3. 4), extension of 
spatially controlled bond formation to other 
atoms and n~olecules is envisioned. The abil- 
ity to control step-by-step bond fol~nation of 
adsorbed chemical species at the single-mol- 
ecule level provides a real-space understand- 
ing and direct visualization of the nature of 
the chemical bond. An important function of 
STM-IETS lies in the confirmation and iden- 
tification of the new bonds formed 
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Mechanical Rotation of the c 
Subunit Oligomer in ATP 
Synthase (F,F,): Direct 

Observation 
Yoshihiro Sambongi,' Yuko lko,' Mikio Tanabe,' 

Hiroshi Ornote,'* Atsuko Iwamoto-Kihara,' lkuo Ueda,' 
Toshio Yanagida,3 Yoh Wada,' Masamitsu ~ u t a i l . 1  

FoF,, found in mitochondria or bacterial membranes, synthesizes adenosine 5'-  
triphosphate (ATP) coupling with an electrochemical proton gradient and also 
reversibly hydrolyzes ATP to form the gradient. An actin filament connected to a 
c subunit oligomer of F, was able to rotate by using the energy of ATP hydrolysis. 
The rotary torque produced by the csubunit oligomer reached about 40 piconewton- 
nanometers, which is similar to that generated by the y subunit in the F, motor. 
These results suggest that they and c subunits rotate together during ATP hydrolysis 
and synthesis. Thus, coupled rotation may be essential for energy coupling between 
proton transport through Fo and ATP hydrolysis or synthesis in F,. 

The proton-transporting ATP synthase, F,F,. 
consists of a catalytic sector. F, or F,-adenosine 
triphosphatase (ATPase) (a3P,y,S,~,). and a 
proton pathway. F, (a,b,c,,) (1, 2). The crystal 
structure of the bovine oc,P3y complex indicates 
that the a and p subunits are arranged altemate- 
ly around the NH,- and COOH-terminal oc he- 
lices of the y subunit (3). The isolated F, hy- 
drolyzes ATP, followed by y subunit rotation. 
which is driven by conformational changes of 
the catalytic subunits (4). The y subur~it rotation 
in F, has been suggested by biochemical exper- 
iments (5 )  and has been obseived directly as 
counterclochvise rotation of an actin filament 
connected to the y subunit (6, 7). 

The y subunit rotation in F, should be trans- 
mitted to the rnernbrane sector, F,. in order to 
complete the ATP hydrolysis-dependent proton 
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transport. The detailed underlying mechanism 
of the energy transmission behveen F, and the y 
subunit remains unknown. If the c subunit oli- 
gomer rotates co~~nterclocli\?lise (the same direc- 
tion as y) in the membrane. the ATP hydsolysis- 
dependent y subun~t rotatloll could be connected 
rnechanlcally to the F, sector In t h ~ s  regard, c 
sub~u~it rotation has been proposed (2, 8). How- 
ever. to the best of our lu~ow~ledge, this possi- 
bility of e n e r a  coupling has not been studied. 

We designed several experimental systems 
to examine this possibility. The y and E complex 
1s shown to be a rotoi (6-9) and the a. P. 6. a. 
and b complex is proposed to be a stator m F,F, 
(8) Therefore. % e fixed F, a (01 P) subunits on 
a glass surface to demonstrate the rotatlon of an 
act111 filament connected to the F, c subumt. 01 

con\ersely. the c subunits %ere fixed and the 
rotatlon of a or /3 %as exarnlned ATP-depen- 
dent rotation was only successfully observed 
with the system described below f10). Esche- 
richia coli F,F, was immobilized on? coverslip 
though a His tag linked to the NH>teimi~~us of 
each oc sub~u~it (Fig. 1). A c subunit Glu2 was 
replaced by cysteine and then biotinylated to 
bind streptavidin and a fluorescently labeled 
actin filament. The y subunit cysteine residues 
were replaced with alanine (11) in order to avoid 
direct binding of the actin filament to this sub- 
unit. Thus. cyste~ne is present only 111 the c 
subunit of the presumed rotor complex of the 
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