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llected pores] or nailorelief (3D coimected stnrt 
neh~orks), de~endmg solelv on the volume - 
fraction of the hydrocarbo11 block relative to the 
silico11-containing block in the block copolymer 
precursor. 

The foilnation of porous and rellef nano- 
suuckres a-as accomplished by using hvo 

Assembling Polymer Precursors triblock tions chosen copolj~ner to exhibit precursors the double with ,gyroid comnposi- 17) -. 
Vanessa Z.-H. Chan,' James Hoffman,' Victor Y. Lee,3 and illverse double gyroid inolyhologies (space 

group 1034 (Fig. 1). This inolyhology was 
Hermis l a t r ~ u , ~  Apostolos Avgeropoulo~,~ Nikos Hadji~hristidis,~ chosen because it allowed the production of 

Robert D. Miller,3 Edwin L. Thomas1" intricate ceramic nanoshnctures with peliodici- 

Three-dimensional ceramic nanostructured films were produced from silicon- 
containing triblock copolymer films exhibiting the double gyroid and inverse 
double gyroid morphologies (space group la3d).  A one-step room-temperature 
oxidation process that used ozonolysis and ultraviolet irradiation effected both 
the selective removal of the hydrocarbon block and the conversion of the 
silicon-containing block to a silicon oxycarbide ceramic stable to 400°C. De- 
pending on the relative volume fraction of the hydrocarbon block to the silicon- 
containing block, either nanoporous or nanorelief structures were fabricated 
with calculated interfacial areas of -40 square meters per gram and pore or 
strut sizes of -20 nanometers. 

The controlled fabrication of rnesoporous inor- 
ganic ~natelials is an area of burgeoning interest 

,because of their important applicatio~ls as se- 
lective membranes, next-generation catalysts, 
and photonic materials. In 1993; Monnier et rrl. 
(I) reported the formation of Inesoporous silica 
by using surfactant te~nplates (MCM matei-ials). 
This approach has allowed access to various 
rnesoporous structures but generally iil~lolves 
multistep processes and does not allow simple 
production of large-area continuous films (2). 
I<onsurfactant templates, such as block copoly- 
mers or complex sugars, have also bee11 used, 
but these processes again either involve multi- 
step preparations (3),  long processing times 

'Department of Materials Science and Engineering, 
Massachusetts Institute of Technology, Cambridge, 
MA 02139, USA. ,Mathematical Science Research In- 
stitute, Berkeley, CA, 94720, USA. 31BM Almaden Re- 
search Center, San Jose, CA 95120, USA. 4Department 
of Chemistry, University of Athens, Athens, Greece. 

such as dlying for 15 to 20 days (4), high 
calciilatioll temperah~res (between 400" to 
800°C) (5);  or soine combination of the above. 

\Ve have produced porous and relief ceram- 
ic nanostruchlres from self-assembling (tem- 
plate-kee) block copolyiner precursors, with a 
one-step, low-temperature tech~lique. By care- 
ful selection of the relative voluine f~action and 
phases, block copolymers can be used to pro- 
duce precursor ~nateiials with a vast range of 
different symmetries and shxchrres that allow 
 lan no structures with highly ordered and coin- 
plex pore or shut structures to be prepared (6). 
I11 addition, pore sizes, feature sizes, and spac- 
ings are also readily tailored either through 
blending of one or inore hoinopoly~ners with 
the block copolymer or through control of mo- 
lecular a-eight. A bifunctional oxidation pro- 
cess was used to both selectively remove a 
hydrocarbon block and convert a re~nainlllg 
silicon-containing block to a silicon oxycarbide 

* T ~  whom correspondence should be addressed, E-  ceramic. The resulting cerainic materials are 
mail: ellt@mit.edu either nanoporous [three-dimensional (3D) con- 

ties in three di~neilsiolls that are not obtainable 
by conveiltional lithographic techniques be- 
cause of the sinall size and complexity of the 
patteius folmed. The materials are h-iblock co- 
polymers of the tyye .4,B4,; where A is poly- 
isoprene (PI) and B is poly(pentamethyldisilyl- 
styrene) [P(PMDSS)] (8,  9). One material has a 
cornpositioll of 24 100i26 (kg/inol) and fornls a 
double gyroid ~nolyhology of PI nehvorks [vol- 
ume fractioil of PI (+,,) = 33%] in a mahjx of 
P(Ph1DSS) [referred to as the P(PM3SS)-DG] 
and is a precursor for the nanoporous structure. 
The other matei-ial has a co~npositio~l of 4411681 
112 (kg,'mol) and fonns the inverse double 
gyroid mo~yhology of P(PMDSS) networks 
[+p,pMDSS, = 51%] in a matrix of PI [desig- 
nated PI-DG] and can be converted into a 
nallorelief structure. 

Samples of the hiblock copolynlers (1 min 
th~ck) a-ere cast from toluene and clyo- 
m~croto~ned at -90°C. The approxlrnately 50- 
to 100-im-thick sections a-ere then picked up 
either onto 600-mesh CLI grids or onto ultrathin 
ainoiphous carbon films on 100-mesh copper 
grids, and the PI blocks were preferentially 
stained in vapors of a 4'36 os~nium tetroxide- 
a ate1 solut~oll fol 2 hours These sectlons were 
then charactenzed In the bnght-field mode w~th  
a JEOL 2000 FX hansm~ss~on electron mlclo- 
scope (TEM), opelat~ng at 200 keV Ilnaglng of 
the unannealed, as-cast matella1 revealed that 
highly ordered microphase separation occurs in 
this system even without almealing. Annealing 
the 1-im-thick samples for 1 week at 120°C 
resulted in single grains that were several tens of 
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square micrometers in area. Unstained sections 
of P(PMDSS)-DG supported on the carbon- 
coated Cu grids were exposed to a flowing 2% 
ozone atmosphere for 1 hour at room ternpera- 
ture. The PI-oxidized fragments were then re- - 
moved by soaking the samples in deionized 
water overnight and the samples were examined 
by TEM. 

Experimental TEM images of the double 
gyroid morphology for the P(PMDSS)-DG sam- 
ple are oriented such that the viewing direction 
is approximately [110]. In Fig. 2A, the PI net- 
works are preferentially stained with OsO, and 
appear darker than the surrounding P(PMDSS) 
matrix, whereas in Fig. 2B, thk PI networks 
have been removed and appear lighter than the 
matrix, resulting in an inversion of the image 
contrast (lo). The image periodicity of the 
ozone-treated sample is approximately the same 
as that of the unetched sample. The program 
TEMsim (1 1) was used to simulate a projection 

Fig. 1. Schematic of the 
crystallographic unit cell 
of the double gyroid mor- 
phology. The structure 
consists of two interpen- 
etrating three-dimension- 
ally continuous networks 
of the minority compo- 
nent, which are shown in 
green and blue to  help in 
visualization. The net- 
works are composed of 
cylinder-like connectors 
aligned along (1 10) direc- 
tions joining in threes at 
nodes. There are 16 triple 
junction nodes per unit 
cell. For the P(PMDSS)- 
DG morphology, the net- 
works are composed of PI 
and the matrix P(PMDSS), 
whereas for the inverse 
double gyroid morpholo- 
gy, PI-DG, the reverse is 
true. The figure was gen- 
erated by surface rending 
with a visual program- 
ming system (VPS). 

of the morphology shown in Fig. 2C by assum- 
ing that the intermaterial dividing surface (the 
locus of largest gradient in sample composition), 
which defines the microdomain structure, can be 
approximated by a member of the gyroid level- 
set family of surfaces with Za3d symmetry and 
appropriate (34%) network volume fraction 
(12). The good correspondence of the TEM 
image (Fig. 2A) and simulation (Fig. 2C) is 
evident and allows the PI network strut diameter 
to be estimated as 20 nm. The specific surface 
can be estimated by using a level-set surface 
structure with 34 volume percent network com- 
ponent by computing the area per crystallo- 
graphic unit cell using TEMsim and then scaling 
the dimensionless area S N  213 to the actual size 
of the block copolymer unit cell. Small-angle 
x-ray scattering gave a d,,, spacing of 49 nm, 
which yields the unit cell parameter as 120 nm. 
The interfacial area per gram of the nanoporous 
P(PMDSS)-DG material can thus be estimated 

'a- 

Fig. 2. Views along the [I 101 direction of the P(PMDSS)-DC sample. (A and B) Bright-field TEM 
images of P(PMDSS)-DC. (A) Os0,-stained PI networks appear dark. (0) PI networks have been 
removed with ozone; as a result, the contrast has inverted and the networks appear light. (C) A TEM 
simulation of a projection down the [I 101 exhibiting twofold symmetry. The networks are assigned 
a density of 1 and the P(PMDSS) matrix a density of 0. Section thickness is 40% of the repeat in 
the [I 101 direction. 

as 40 m2/g, which is an order of magnitude less 
than that of common zeolites but quite high for 
a mesoscopic structure with a much larger in- 
terco~ected pore size. Similarly, we can esti- 
mate the interfacial area per gram of the inverse 
double gyroid to be 36 m2/g based on the d,,, 
of -62 nm (from small-angle x-ray scattering) 
and the network volume fraction of 0.48. 

Large-area nanoporous or nanorelief ceram- 
ic thin film samples (700 nm thick) were pro- 
duced by spin-coating polymer solutions (4 to 6 
weight %) in toluene at 4000 rpm onto Si(100) 
wafers coated with native oxide. Because these 
films have thichesses much greater than the 
unit cell of the polymer, the bulk polygranular 
DG morphology was obtained for each co- 
polymer. The spin-cast films were annealed for 
2 days at 120°C and exposed to a stronger 
oxidation condition, which consisted of expo- 
sure. to flowing 2% ozone atmosphere and 254- 
nm ultraviolet 0 light (13) simultaneously 
for 1 hour (ozone + UV) and then soaked in 
deionized water overnight. Upon exposure. to an 
oxidizing environment [either ozone and UV 
light or to an oxygen plasma (1411, the PI was 
removed and the silicon in the P(PMDSS) was 
converted to silicon oxycarbide. 

The moporous and nanorelief morpholo- 
gies of the spin-coated block copolymers sub- 
jected to ozone + UV were studied by atomic 
force microscopy (AFM) in an intermittent con- 
tact mode. Two types of structures were re- 
vealed. For the P(PMDSS)-DG, the PI net- 
.works have been selectively removed and the 
P(PMDSS) matrix converted to silicon oxycar- 
bide to give an interconnected tortuous air net- 
work (Fig. 3) in a ceramic matrix that corre- 
sponds well to the feature sizes in the TEM 
micrographs of Fig. 2. Conversely, in the PI- 
DG sample, the PI matrix has been selectively 

Fig. 3. An AFM image of surface topography of 
P(PMDSS)-ffi after ozonolysis and UV exposure. 
The PI networks have been removed, resulting in 
the formation of ordered tortuous pathways 
within a silicon oxycarbide matrix Bright regions 
are highest. Dark regions are empty. The maxi- 
mum height on the image is 10 nm. (Inset) [012] 
view at zero height of a volume-rendered surface 
of the double gyroid structure with empty strut 
networks, which appear dark 
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removed to leave ceramic network struts to be 
imaged (Fig. 4A). This results in an inversion in 
the height contrast as compared with Fig. 3 
because the networks rather than the matrix 
remain. Computer simulations of both porous 
and relief double gyroids were made using the 
hybrid volumelsurface rendering component of 
TEMsim. The porous ceramic structure has a 
morphology similar to that of the double gyroid 
morphology viewed along the [012] direction at 
zero height (Fig. 3). Various areas of the relief 
double gyroid ceramic networks correlate well 
with simulated surface regions that have slight- 
ly different levels within the unit cell (Fig. 4B). 

Ellipsometry, x-ray photoelectron spectros- 
copy (XPS), and Rutherford backscattering 
(RBS) studies on the P(PMDSS) homopolymer 
system (38 kgtmol) show that these oxidation 
conditions promote the conversion of the sili- 
con-containing block to an oxycarbide (15). 
After exposing the P(F'MDSS) homopolymer to 
ozone + UV for 1 hour, the refractive index 
changes from 1.56 to 1.42 (equal to that of 
SiO,). The Si2p peak in XPS of the homopoly- 
mer shifts from 100.7 eV, which is the binding 
energy of Si in a hydrocarbon environment, 
to 103 eV, the binding energy of Si in SiO, 
(16). RBS conikned that the stoichiometry of 
the film changed from that of P(PMDSS), 
Si,00,7C7,7Hl,,, to a silicon oxycarbide with a 
stoichiometry of SilO,,Co~$,,. 

The ceramic that forms after oxidation 
should preferably exhibit high-temperature 
chemical and dimensional stability. After hold- 
ing the ceramic film at 400°C for 1 hour in a 
nitrogen atmosphere, the film appears un- 
changed with only a slight decrease (< 1%) in 
the refractive index and film thickness as deter- 

mined by ellipsometry. In order to determine 
whether or not annealing changed the chemistry 
of the film, chemical analysis was performed by 
Auger election spectroscopy. The atomic con- 
centration and kinetic energy profiles for 
P(PMDSS) after exposure to ozone + UV and 
after annealiig to 400°C for 1 hour in nitrogen 
are nearly indistinguishable. Indeed, after the 
400°C anneal, the time to sputter to the interface 
remains the same (-2.2 min). In contrast, the 
untreated homopolymer film cracks and de- 
grades at -300°C to create a nonuniform and 
mottled surface (1 7). Thus, the low-temperature 
ozone + UV process produced an inorganic 
oxide with thermal stability properties far supe- 
rior to those of the parent homopolymer (18). 
Because P(PMDSS) has been converted to a 
stable ceramic, the network struts in the nanore- 
lief structures and matrix in the nanoporous 
structures will be stronger mechanically com- 
pared with the nonceramic struts that are left 
behind by ozonolysis alone, as in the case re- 
ported by Hashimoto ef al. (19) and Lee et al. 
(20) for a nanoporous polymer structure. 

In the search for routes to nanostructured 
materials, the process reported here is signifi- 
cant not only because of the type of materials 
that are attainable but because of the simplicity 
and versatility of the method: Large area, con- 
formable, and continuous films and coatings 
can be produced, the precursor is an easily 
processible polymer; the nanostructures form 
by self-assembly without the need for a tem- 
plate; and the oxidation is done at room tem- 
perature with inexpensive equipment (21). The 
resulting class of materials could be used for 
applications where high-temperature stability, 
solvent resistance, or both are required. For 

Fig. A (A) An AFM image of surface topography of PI-DC after ozonolysis and UV exposure. The PI 
matrix has been removed, leaving behind silicon oxycarbide networks. The highest regions are white and 
the lowest dark The maximum z height in this image is 10 nm. (B) Enlargements of selected regions 
within (A). At the right are volume-rendered surfaces of the double gyroid morphology with silicon 
oxycarbide strut networks. The uppermost features are white. All simulations are [I 121 views of the DC 
silicon oxycarbide network structure with the surface at various heights within the unit cell (where the 
periodic repeat along [112], h = *). The matrix is made transparent to enable viewing of the 
networks. 

example, the P(PMDSS)-DG could be used as 
high-temperature nanoporous membranes with 
tailorable monodisperse interconnected pores 
with the added advantage that the redundancy 
of the interconnected pathways characteristic of 
the double gyroid structure substantially de- 
creases the likelihood of the membrane being 
clogged by the filtrate (22). By varying the 
molecular weight, a range of pore sizes and 
specific areas can be obtained, presenting o p  
portunities for separation and catalysis applica- 
tions where larger component molecules are 
involved. Moreover, the ability to form contin- 
uous conformal coatings with high specific sur- 
face area presents opportunities for novel high- 
temperature catalytic applications. The ceramic 
network structure derived from the PI-DG co- 
polymer has potential use iri interconnects be- 
cause of its low dielectric constant, high-tem- 
pemture stability, and the inherent etch selec- 
tivity of this material to photoresist (23). These 
periodic and interconnected high dielectricflow 
dielectric ceramidair structures also have po- 
tential as photonic band gap materials (24). 

References and Notes 
1. A. Monnier et al.. Science 261, 1299 (1993). 
2. L Sierra, B. Lopez, H. Cil, J.-L Cuth. Adv. Mater. 11.4 

(1999): M. J. Kim and R Ryoo, Chem. Mater. 11,487 
(1999); M. 5. Morey, A. Davidson, C. D. Stucky, J. Por. 
Mater. 5, 195 (1998). 

3. M. Templin et al., Science 278, 1795 (1997). 
4. Y. Wei et al.. Adv. Mater. 3, 313 (1998). 
5. 5. Johnson, P. J. Ollivier, T. E. Mallouk, Science 283, 

963, (1999); D. Zhao et al., Science, 279, 548 (1998). 
6. For example, a linear ABC tercopolymer exhibits a 

"knitting pattern" structure with c2mm symmetry [U. 
Breiner, U. Krappe. E. L Thomas. R. Stadler, Macm- 
molecules 31, 135 (1998)l and a star ABC tercopoly- 
mer displays a 2D structure with an intricate tessel- 
lation of p6mm symmetry defined by triangles, rec- 
tangles, and circles [S. Sioula, N. Hadjichristidis, E. L 
Thomas, Macromolecules 31. 8429 (1998)l. 

7. D. A. Hajduk et al., Macromolecules 27.4063 (1994). 
8. The anionic synthesis and characterization of the 

polymers are reported in A. Avgeropoulos et al., 
Chem. Mater. 10, 2109 (1998). 

9. The monomer (PMDSS) contains 24 weight % Si. which 
is much higher than the critical 10 weight % needed to 
form a coherent oxide when exposed to an o a e n  
plasma [E. Reichmanis and C. Sdinksy, SPIE 469, 38 
(1984)l. Because the silicon is intrinsically present in the 
monomer, the etch selectivity is also intrinsic in the 
blodc copdymer, so no postpolymerization chemistry is 
necessary, unlike hydmcahn materialr used previously 
by other groups [A H. Cabor and C. K. Ober, Microelec- 
tronics Technolw: Polymers for Advanced Imaging and 
Packaging, E. Reichmanis, Ed. (ACS Symposium Series 
614, American Chemical Society, Washington, DC. 
1995). chap. 19; M. Pait C Hamson. P. M. Chaikin. R A 
Register, D. H. Adarnson, Science 276, 1401 (1997)l. 

10. For the PI-DC sample, unstained ozone-etched mi- 
cmtomed sections could not be imaged because upon 
soaking in deionized water, the thin section broke 
apart because of the fragility of the P(PMDSS) net- 
works. However, if thicker, coherent films supported 
on silicon wafers are etched, the struts remain intact 
after removal of the matrix (15). 

11. Available at www.msri.orglpeople/staffIjim. 
12. C. A. Lambert. L H. Radzilowski, E. L Thomas, Philos. 

Trans. R. Soc. London Ser. A 354, 2009 (19%). 
13. UVP Pen-ray PCQ Lamp. Part number 90-0049-03. 

Lamp emits 8 mWlcm2 1.9 cm away from the light 
source. 

14. Although oxidation by a plasma is also possible, 
the focus of this report is on the oxidation of this 
3D block copolymer system using a room-temper- 

26 NOVEMBER 1999 VOL 286 SCIENCE www.sciencemag.org 



R E P O R T S  

ature ozonolysis and UV process. Exposure to an 
oxygen plasma converts the P(PMDSS) to SiO, but 
the directionality of the plasma etch is problematic 
for the 3D double gyroid structure. A plasma asher 
that does not contain a forward bias or the use of 
higher gas pressures in the oxygen reactive ion 
etcher are ways t o  reduce the directionality of the 
plasma process. 

15. P(PMDSS) homopolymer was spincast from a 5 
wt% solution in toluene onto Si(100) wafers. The 
solution was directly filtered onto the wafers by 
using a syringe equipped with a 0.2-ym filter. The 
samples were then annealed in a vacuum oven at 
60°C to drive off excess toluene. The resulting 
thickness of these samples was 200 nm as mea- 
sured by profilometry. The samples were then ex- 
posed to the same ozone + UV process (see 
above). 

16. J. H. Greiner, I. Appl. Phys. 42, 5151 (1971). 

17. The uneven surface prevented the measurement of 
refractive index or thickness because measured val- 
ues varied greatly depending on where the measure- 
ment was taken. 

18. In the current production of high-temperature 
coatings, silicon-containing homopolymers are py- 
rolyzed at high temperatures (T > 600°C) in order 
t o  produce silicon oxycarbide [V. Belot, R. J. P. 
Corriu, D. Leclercq, P. H. Mutin, A. Vioux, j. Non- 
Cryst. Solids 176, 33 (1994)l. The oxidized 
P(PMDS5) homopolymer itself could have util ity as 
high-temperature coatings for materials such as 
fibers. 

19. T. Hashimoto, K. Tsutsumi, Y. Funaki, Langmuir 13, 
6869 (1997). 

20. J. 5. Lee, A. Hirao, 5. Nakahama, Macromolecules 22, 
2602 (1989). 

21. V. Z.-H Chan et dl., U.S. and PCT patent PCT/US99/ 
15068. 

Single-Bond Formation and 
Characterization with a 

22. D. j. Kinning E. L. Thomas, J. M. Ottino, Macromole- 
cules 20, 1129 (1987). 

23. www.itrs.net/ntrs/publntrs.nsf 
24. J. joannopoulos, Photonic Crystals: Molding the Flow 

of tight (Princeton Univ. Press, Princeton, NJ, 1995); 
A. Urbas, Y. Fink, E. L. Thomas, Macromolecules 32, 
4748 (1999). 

25. We thank R. j. Composto and H. Wang for help 
with RBS experiments and P. Derege for helpful 
discussions. The NSF MRSEC shared experimental 
facilities at MIT were used. Funding was provided 
by Air Force Office of Scientific Research-ASSERT 
No. F49 620-94-1-0357, by the NSF Center for 
Polymer Interfaces and Macromolecular Assem- 
blies (CPIMA) at IBM, and by NSF and IBM through 
graduate research fellowships for V.Z.-H.C., who 
also thanks 5. Adams for inspiration. 

4 August 1999; accepted 19 October 1999 

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 CO to 

Scanning Tunneling Microscope yield coverages of -0.001 monolayer to cir- 
cumvent interactions between coadsorbed 

H. J. Lee and W. Ho* species. With the STM, a single CO molecule 
was bonded to an Fe atom, thus making an 

A scanning tunneling microscope (STM) was used to  manipulate the bonding Fe(C0) molecule on the surface. A second 
of a carbon monoxide (CO) molecule and to  analyze the structure and vibra- CO molecule could then be added to form 
tional properties of individual products. Individual iron (Fe) atoms were evap- Fe(CO),. The reactants and products were 
orated and coadsorbed with CO molecules on a silver (1 10) surface at 13 kelvin. identified by their distinct STM images and 
A CO molecule was transferred from the surface to  the STM tip and bonded with vibrational energies. 
an Fe atom to  form Fe(C0). A second CO molecule was similarly transferred The controlled formation of a Fe-CO 
and bonded with Fe(C0) to  form Fe(CO),. Controlled bond formation and bond with the STM consisted of a series of 
characterization at the single-bond level probe chemistry at the spatial limit. 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 
lzation of this goal, it is necessq  to probe the 
properhes of individual molecules and manip- 
ulate and alter their chemical composition. Fig. 1. Schematic diagrams 

me scanning tunneling m~croscope (STM) showing the different steps in 
the formation of a single bond has been used to move and position single with the The binding sites 

atoms (1-3) and molecules (4). The tip of the are determined by imaging the 
STM catalyzes surface reactions (5). Elec- adsorbed specieswith a CO mol- 
trons tunneling through the electronic states ecule attached to the tip (Fig. 4). 
of a molecule adsorbed on a surface also The sizes of the circles are scaled 
couple to intrinsic molecular motions such as the radii. The 

polycrystalline tungsten tip is rotation (4, 6) and vibration (7, 8), leading to sputtered and annealed before 
the possibility of inducing chemical transfor- physical contact is made 
mation in the molecule. Dissociation of sin- with the ~g surface to further 
gle molecules has been accomplished on both condition the tip. (A) The tip is C 
metal (9) and semiconductor (10) surfaces. positioned over a single CO mol- 
Although bond cleavage is central in chemi- ecule to induce the detachment 

of CO from Ag and its bonding to cal reactions, understanding the reverse pro- the tip. Because CO forms a 
cess of bond formation, albeit a more difficult bond predominantly through the 
one to accomplish experimentally, is equally carbon, a 180° rotation of the 
desirable. CO occurs in the transfer. (B) 

The tip with the attached single 
CO molecule is translated (in- 

Laboratory of Atomic and Solid State Physics and dicted by the arrow) and 
Cornell Center for Materials Research, Cornell Univer- tioned over an F~ atom. (c) ~h~ 
sity, Ithaca, NY 14853-2501, USA. bias voltage and the flow of electrons are reversed, inducing the transfer of CO from the  ti^ to the 
*To whom correspondence should be addressed. E- Fe. (D) A Gngle Fe-CO bond is formed. The interaction of t i e  electric field with the dipole moment 
mail: wilsonho@ccmr.cornell.edu of CO may also play a role in the transfer of (A) and (C). 
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