
hartnonicity. Note  that this is a conserva- 
tive statetnent, because our energy differ- 
ence between the  bridged and the Y-shaped 
structures is somewhat smaller than the best 
theoretical estimate (6) .  

T h e  qualitative features of the 
distribution a t  3000 K (Fig. 2F) resetnble 
those obtained for the ground state (Fig. 
2D). However, the  magnitude of the  out- 
of-plane trans distortion has increase4 con- 
siderably a t  3000 K to hy * 1-0.23 A and 
A0 - 23". This is consistent with the qual- 
itative change of the El-E2 projection with 
increasing temperature: T h e  maximum at 
(S, E l ,  E,) -- (0,  0, a) IS shifted to about 
(0 ,  0,  1.33) at 3000 K (Fig. 2E). This cor- 
responds neither to the bridged nor to the  
Y-shaped structure, but rather to a distorted 
one with (€I1 ,  02 ,  0,) * (90°, 20°, 160"). 
Ignoring the important differences between 
our real space and the velocity space of CEI, 
which is smeared by multiple scattering, 
this is very close to  the  values (90°, 30°, 
150") inferred from CEI (2) .  In addition, 
the  features of Fig. 2E, with the  six peaks 
connected by saddle points at about half the  
peak height and the  (S, El ,  E,) peaks shift- 
ed away frotn (0,  0, ?fi), resemble those 
obtained from CEI (2).  Thus, we observe 
only at quite high temperatures the behavior 
attributed to the ground state of C2H3+ by 
CEI (2) .  Again, note that for a quantitative 
cornparison of our real space distributions 
with CEI data reported only in  velocity 
space, a sitnulation (1 1 ,  13) of the Coulotnb 
scattering process itself has to be carried out. 

W e  sumlnarize our main points pictorially 
by superimposing in Fig. 3 representative 
configurations obtained from the trajectolies 
of C2H3+.  T h e  resulting smearing is induced 
either by thermal or by quantum fluctuations 
of the tnolecular structure. As expected, the 
classical distribution at 5 K (Fig. 3 A )  is 
nearly indistinguishable from the planar 
bridged minimum structure. In the quantum 
ground state (Fig. 3B) the protons are main- 
ly localized around the bridged configura- 
tion in  Fig. 3 A  and exchange sites through 
tunneling. Thus, the quantutn ground-state 
structure of C2H3+ is best described as a 
quasi-planar bridged structure broadened 
significantly by anisotropic delocalization of 
the protons due to zero point motion. Ro- 
vibrational excitations at higher tempera- 
tures lead only to a broad distribution of 
nonplanar structures, including bridged and 
Y-shaped ones (Fig. 3C) .  

How does the scenario predicted by ab 
initio simulations cotnpare with the  CEI 
data? As demonstrated, the  quantutn 
ground-state structure is clearly different 
from what was deduced from CEI (2) .  W e  
obtain, however, good agreement with the 
CEI data a t  high temperatures. This strong- 
ly suggests that CEI (2)  did not probe the 
quantum ground state of the  floppy tnole- 

cule c , H ~ + ,  bLlt an ensemble of ro-vibra- 14, R, Car and MM. Parrinello. Phys. Rev. Lett. 55. 2471 
(1 985). tionally excited molecules. This aspect calls 15, For reviews, see R.  O.  ones and 0. Gunnarsson, 

for further clarifications in view of the  ex- Rev. Mod. Phvs. 61,689 (1 9891: D. K. Remer and P. 
traordinary prospects of CEI to probe non- 
rigid molecular structures ( 1 1 ). 
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Controlled Room-Temperature Positioning 
of l ndividual Molecules: Molecular 

Flexure and Motion 
T. A. Jung, R. R. Schlittler, J. K. Gimzewski, 

H. Tang, C. Joachim 

Two-dimensional positioning of intact individual molecules was achieved at room tem- 
perature by a controlled lateral "pushing" action of the tip of a scanning tunneling 
microscope. To facilitate this process, four bulky hydrocarbon groups were attached to 
a rigid molecule. These groups maintained sufficiently strong interactions with the surface 
to prevent thermally activated diffusional motion, but nevertheless allowed controllable 
translation. Simulations demonstrated the crucial role of flexure during the positioning 
process. These results outline the key role of molecular mechanics in the engineering of 
predefined properties on a molecular scale. 

Nanofabrication combines nhvsical and 
L ,  

chemical processes to assemble structures on 
the molecular scale. Important eletnents of 
engineering at this level, such as the con- 

T. A. Jung, R. R. Schitter, J. K. Gimzewsk~, B M  Re- 
search Division. Zurich Research Laboratory, CH-8803 
Ruschlikon, Switzerland. 
H. Tang and C. Joachim, Centre d'Eaboration de Mate- 
riaux et d'Etudes Structuraes-Centre National de a Re- 
cherche Scientifique, 29 rue J. Marvig, Post Office Box 
4347. F-31055 Tououse Cedex, France. 

trolled assembly of molecular arrays (su- 
pramolecular chemistry), require the posi- 
tioning and interlocking of intact molecules 
without disruption of their internal atomic 
structure. Scanned probe microscopy (SPM) 
( 1  ) combines the capability for manipulation 
of individual atoms and molecules with 
high-resolution imaging for determination of 
structure and orientation. Typically, manip- 
ulation has involved the breaking of atomic 
bonds through the use of voltage pulses, 
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electric fields, or mechanical contact ( I  ). CO been demonstrated (2) without breaking 
Only at low temperatures has the precise intramolecular bonds. The use of low tem- 
repositioning of individual molecules such as peratures permits weakly bonded molecules 

Fig. 1. (A) Structure and (B) conformation of 
Cu-TBP-porphyrin. The DTP substituents are 
oriented perpendicular to the porphyrin plane. 
Steric repulsion of hydrogen atoms with the por- 
phyrin and phenyl groups hinders rotation of the 
DTP substituent. Consequently, the porphyrin- 
phenyl bond of TBP-porphyrin is a single (a) 
bond that does not participate in the conjugated 
electron system, owing to the weak overlap of 
the a levels. This is confirmed by the variation of 
bond angles reported in x-ray data (10) and by 
our STM data resolving different molecular con- 
formations, depending on substrate and ad- 
sorption site. 

to be repositioned with the scanning tunnel- 
ing microscope (STM) tip while limiting 
thermal motion. However, at room temper- 
ature, the level of thermal energy [kT (k, 
Boltzmann's constant, T, temperature)] ne- 
cessitates strong bonding of an isolated mol- 
ecule to the substrate to prevent uncon- 
trolled diffusion. This bonding must not be 
so strone that it hinders controlled move- - 
ment of the molecule by the tip. The choice 
o f  the molecule is therefore crucial for the 
sim~~ltaneous realization of molecular stabil- 
ity and ease of positioning. 

Here we demonstrate room-tempera- 
ture positioning of porphyrin-based mole- 
cules into stable predefined patterns with- 
out disruption of internal molecular 

bonds. Molecular mechanic simulations 
reveal the role of molecular flexure in the 
translation process. By evaluating a range 
of different molecular systems, we have 
found that a specific copper porphyrin 
molecule meets the criteria for positioning 
as outlined above. The molecule is Cu- 
tetra-(3,5 di-tertiary-butyl-pheny1)-por- 
phyrin (Cu-TBP-porphyrin) (Fig. 1A) 
with four di-tertiary hutyl phenyl (DTP) 
substituents (legs). These four legs are ro- 
tated out of the plane of the porphyrin 
ring because of a steric repulsion effect 
(Fig. 1B). Consequently, the saturated t- 
butyl groups attached to the legs dominate 
the interactions between the molecule and 
the surface. A degree of rotation of the 
phenyl group with respect to the porphy- 
rin as well as rotation of the t-butyl groups 
is possible. The t-butyl groups interact 

I 
Fig. 2. STM topograph of Cu-TBP-porphyrin sub- 
limated at a base pressure below mbar onto 
Cu(100) samples previously prepared by cycles of 
Ne+ sputtering and annealing at -700 K. After 
further annealing for 3 min at 550 K, islands with a 
V% X V% superstructure nucleate. Under im- 
aging conditions (U - 2200 V and I - 80 PA), each 
individual molecule is imaged as four bright lobes 
corresponding to the four DTP substituents. Image 
area: 21 nm by 21 nm. 

Fig. 3. (A) Movement of one individual molecule. In the left panel, the tip is positioned at point A, tunneling 
parameters are changed for movement, and the tip is moved to point B across the position of the 
previously imaged molecule. After a switch back to imaging mode, the scan shown in the right panel 
reveals a displacement of the molecule. The positions of all other molecules remain unaffected. (B) Six 
stages in the construction of a hexameric ring. First an as-grown array of six CU-TBP molecules is 
disassembled. In the subsequent frames, each molecule is individually repositioned to form a hexag~nal 
ring. The three clustered molecules at the top of the imaged frame (26 nm by 26 nm in size) remain 
unchanged during the entire series. 
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with the surface through a van der Waals 
interaction. For these studies, we selected 
a Cu(100) substrate, which offers the op- 
timum adsorption characteristics of labile 
bonding with the t-butyl groups. 

We used an ultrahigh-vacuum STM op- 
erating at room temperature (3) to charac- 
terize the orientation and internal molecu- 
lar structure of the molecular overlayers. 
Atomically clean Cu(100) surfaces were ex- 
posed to 10 to 15% of a monolayer coverage 
of Cu-TBP-porphyrin followed by an an- 
nealing at 550 K. Subsequent STM charac- 
terization revealed nucleation of well-or- 
dered islands (Fig. 2). Calculated STM im- 
ages made with the STM electron-scatter- 
ing quantum chemistry (STM-ESQC) 
technique (4) indicate that each of the four 
bright symmetric lobes seen in Fig. 2 corre- 
sponds to a DTP side group, which is in 
agreement with the calibrated dimensions 
of the image. This permits interpretation of 
the images in terms of orientation and the 
position of molecular "units." 

A detailed analysis (5) of STM time- 
lapsed imaging sequences (6) under differ- 
ent imaging conditions allows two sets of 

tunneling parameters to be identified (de- 
fined by tip voltage V, and set current I,) 
for either imaging or moving of individual 
molecules with the STM tip. The imaging 
mode occurred at high gap resistance (R = 
27.5 gigohm), with V, - ? 2200 mV and I, - 80 PA, whereas displacement was ob- 
served at low gap resistances (R = 10 to 15 
megohm; V, - 2 3 0  mV and I, = 2 to 3 
nA). Manipulation software (7) allowed 

ment mode. Then the molecules were indi- 
vidually rearranged to form a hexagonal 
ring. Such rings do not naturally form upon 
annealing of the molecule on the square 
lattice of Cu(100). 

Analysis of the molecular displacement 
after lateral approach and retraction shows 
that repulsion between the tip and the mol- 
ecule is responsible for the translation. The 
low resistance used, typically 10 megohm, 

mouse-controllable, two-dimensional trans- 
lations of the  ti^ across the surface as well 

suggests a "pushing" mechanism as pro- 
posed in preliminary manipulation experi- 
ments of C,, (8). 

To  understand the crucial role of the 
DTP side groups (legs) that contact the 
surface, we performed molecular mechan- 
ics simulations. The molecular geometry 
was optimized for molecules adsorbed on 
the Cu(100) surface in the presence of a 

as switching between moving and imaging 
parameters. 

Before a positioning sequence was start- 
ed, a selected area of the sample was repeat- 
edly imaged to ensure that no molecular 
motion occurred under the prevalent imag- 
ine conditions and that thermal drift was u 

minimal. One molecule was then selected 
and displaced in a predefined direction (Fig. 
3A). Such sequences can be combined so as 
to move a number of molecules to build up 
more complex patterns. To illustrate the 
principle (Fig. 3B), an island consisting of a 
two by three array was first disrupted by 
dragging the STM tip across it in the move- 

tip. An adiabatic approximation was cho- 
sen to represent the long (-10 ms) time 
scales of the tip motion. Stages of the 
simulated positioning process are present- 
ed in Fig. 4A. When the tip laterally 
approached the TBP-porphyrin molecule 
(top), its molecular structure initially dis- 
torted as a result of the increase in repul- 
sive force. This force increased until the 
potential well for lateral displacement was 
overcome (bottom). 

The conditions for either scanning 
over a molecule in imaging mode or push- 
ing it sideways depend on both the poten- 
tial barrier for lateral displacement of the 
contacting t-butyl groups and the internal 
flexibility of the molecule, which reduces 
the effective molecular height in the iunc- 4 720 . . . . . . . . . . . . . . . . . . . . .  

Tip position (A) " 
tion. The force exerted on the molecule 
was calculated as a function of the relative 
positions of the Cu-TBP molecule and the 
tip at various tip-sample separations z (Fig. 
4B). The molecule experienced only p 
slight increase in attractive force at 11 A 
< z < 13 A. As y e  decreased the separa- 
tion to z = 9 A, this force increased 
significantly, with attractive and repulsive 
components peaking at -1 and -0.8 nN, 
res~ectivelv. as the  ti^ was translated across 

-10-8  - 6 - 4  -2 0 2 4 6 s 10 

Tip position (A) 

, . 
the surface. The increase in force is associ- 
ated with the interaction of the TBP side 
groups (height of -10 A) and the tip. Scan- 
ning at yet lower separations rapidly in- 
creased the calculated force and concomi- 
tantly increased the resistance to further mo- 
lecular flexure. The crossover to lateral dis- 
placement occurred at z < 8 A, which 
corresponds to a junction resistance of R < 
40 megohm. This is in agreement with the 
experimental value of R = 10 megohm. For 
larger values, z > 11 A, corresponding to the 
imaging mode resistance at R > 2.6 gigohm, 
the t-butyl groups were only slightly per- 
turbed by the tip. 

The forces exerted by the tip produce a 
substantial adjustment of the molecular 
conformation. This occurs primarily by ro- 

Fig. 4. (A) Selected snapshots of simulated movement with the use of the STM-ESQC molecular 
mechanics technique. Initially, the molecule lies relaxed next to the approaching tip (top). A s  the tip is 
moved laterally, the front legs open asymmetrically (center). After additional lateral steps, the molecule 
assumes a more relaxed conformation after moving (bottom). (B) Visualization of the crossover from 
squeezing of the molecule to lateral displacement. The force interaction (F,) is plotted versus the tip 
displacement for different gap separationsz. At 9 A, repulsive interaction between the TBP substituents 
and the tip sets in, which is in good agreement with experimental findings. (C) Lower panel: Displacement 
of the porphyrin molecule's Cu center atom (solid line) and rotation (dihedral) angle 0 of one of the front 
TBP substituents (dashed line) as a function of tip displacement. The dihedral rotations of the two front 
legs are uncorrelated. Upper panel: Opening angle between the two front TBP substituents in the plane 
of the molecule. The out-of-phase discontinuity of the torsion angle results in the discontinuous displace- 
ment of the molecule. 
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tation of the  TBP groups arounci the  phe- 
nyl-porphyrin a bond. In  terms of the  
mechanics of motion, rotation of the  rear 
TBP side groups is blocked by the  tip, 
whereas the  front T B P  side groups show 
uncorrelated oscillatory lateral alnd tor- 
sional motions. T h e  foriller effect arociuces 
a n  opening of the  angle between the  two 
front TBP groups from 90" to  - 115" (Fig. 
4C, top) .  T h e  resulting tralnslational mo- 
t ion resembles a "slip-stickn-type action 
of the  individual TBP side groups with the  
surface (Fig. 4C ,  bot tom).  This uncorre- 
lated slip-stick action of the  individual 
legs effectively lowers the  barrier for lat- 
eral displacement as conlpared with that  
of a rigid molecule-a crucial aspect of the  
nanotnechanics of movement for this mol- 
ecule. This lnechanisnl is characteristical- 
ly different fro111 sliding processes used for 
low-temperature ~nanipulat ion (9 ) .  

T h e  control of internal m o l e c ~ ~ l a r  me- 
chanics and of interactions betlveen the  
molecule and the  surface is a prerequisite 
for selective positioning and assembly. W e  
have deilnonstrated tha t  f ~ ~ n c t i o n a l  groups 
attached to a rigid planar rnolecule can 

maintain thermally stable honding, while 
being sufficiently labile to  facilitate tip- 
i~nduced translation without rupturing in- 
ternal molecular bonds. W e  propose this 
colnceptual approach of specific function- 
alization to  separate substrate-molecular 
interactions as a step that  goes beyond 
current approaches of engineering o n  the  
molecular scale. 
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The Shape of Mars and the Topographic 
Signature of the Hemispheric Dichotomy 

David E. Smith and Maria T. Zuber 

Reanalysis of occultation data from the Mariner 9 and Viking Orbiter spacecraft to de- 
termine the shape of Mars indicated that the hemispheric dichotomy is not a fundamental 
feature of the shape of the planet. It is a consequence of an approximately 3-kilometer 
offset between Mars's center of mass and center of figure, and the boundary, along most 
of its length, consists of broad, gradual surface slopes over distances of thousands of 
kilometers. This result was supported by analysis of high spatial resolution Earth-based 
radar topographic profiles. Any successful model for the origin of the dichotomy must 
explain a planet with an ellipsoidal shape and a long wavelength gradual topographic 
transition between the northern and southern hemispheres. 

T h e  surface of Mars is distinctly different 
in the  northern and southern he;nispheres. 
T h e  south is old and heav~ lv  cratered, 
whereas the  lnorth is younger and lightly 
cratered and was probably volcanically re- 
surfaced earlv in Mars's historv 11 . 2) .  This , , ,  , 
hemispheric 'dichotomy is characterized by 
a geologic boundary between the  hemi- 
spheres that is expressed as knobby and 
fretted terrains and detached plateaus (2-4) 
distributed over a relatively limited width of 
-700 km (5). Alo~ng the  boundary, eleva- 
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tions have been interpreted to decrease 
from south to  north by -1 to 3 km (1 ,  6 ,  
7), and the  change in topography has been 
correlated ~ v i t h  geologic features (8). 

T h e  formation of the  dichotomy has 
been attributed to  internal urocesses, such 
as postaccretional core formation (9 ) ,  and 
to crustal delamination ( in  the  nor thern 
hemisphere) and underplating ( in  the  
southern hemisphere) by vigorous mantle 
convection (10) .  It has also been proposed 
that  the  low nor thern hemisphere was the  
result of a nnassive impact (5, 11)  or im- 
pacts (1 2 ) ,  and this region may have been 
the  site of a n  early ilnartian ocean (13) .  
T h e  lack of gravity anomalies along the  
boundary (14)  may indicate thick crust be- 
neath the southern highlands and thinner 
crust beneath the  northern lowlands (1 ,  1.5). 
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In addition, the boundary region has been 
proposed as the  site of relic plate boundaries 
(16). Consequently, understanding the ori- 
gin of the hemispheric difference has impli- 
cations for the  evolution and internal struc- 
ture of Mars. 

Most analvses of the  oriein of the  di- 
0 

chotomy have been based o n  global topo- 
graphic models (8) ~ v i t h  poor long-wave- 
length accuracy (1 7 ) .  T h e  topography has 
also been studied by means of higher spa- 
tial resolution tneasurernents derived from 
photoclinometry, stereo imaging, and ul- 
traviolet spectra ( 7 ,  18) .  Al though these 
tnethods yield information o n  relative 
heights ~ v i t h i n  a n  individual image frame 
or mosaic, t he  heights cannot  be placed in 
a global reference frame and are of litnited 
utility in  relating local structure to  global 
structure. 

Radio occultation measurements (19- 
22) provide estimates of the  radius of the  
planet a t  t he  t ime (and location) when 
the  radio signal from a spacecraft is lost 
(occulted) behind the  planet or emerges 
from behind the  planet in  its orbit (23) .  
Occultation data formed the  basis of sev- 
eral early determinations of Mars'a topog- 
raahv 121. 22. 24)  and mere Included in L , ,  

more recent ' U.S. Geological Survey 
( U S G S )  digital elevation tnodels (DEMs) 
18). but the  data have not  been analyzed , , 

since the  1970s. Here,  we reanalyzed these 
data by using improved spacecraft orbital 
information (2.5), t he  latest planetary eph- 
emerides a~nd dynamical information (26) ,  
and revised atmospheric refraction correc- 
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