
dichloromaleic acid from the PCP oxidation 
was observed by HPLC to be degraded after 
12 hours, using Lilc and H202 at pH 7 and 
25?C. Formation of oxalate was again ob- 
served. In short, three successive treatments 
under ambient conditions of 5 mM TCP with 
[Et4N]la or Li21lb and Lilc, along with 
H202, converted virtually all of the starting 
TCP to a mixture of small biodegradable 
organic acids and CO, CO2, and HC1. Two 
treatments of 5 mM PCP with Li21b and Lilc 
led, within experimental error, completely to 
a mixture of small biodegradable organic ac- 
ids and CO, CO2, and HC1. 

Complete polychlorinated dibenzodioxin 
and furan (210 congeners) analyses were per- 
formed on the final PCP and TCP reaction 
mixtures as well as the commercial starting 
chlorophenols. Detection limits ranged from 
120 fg for 2,3,7,8-TCDD to 240 fg for 
1,2,3,4,6,7,8-HpCDD. Trace quantities of di- 
oxins and furans already present in the start- 
ing commercial PCP and TCP were not in- 
creased by the TAML-activated H202 de- 
struction process (5, 8). 

The aquatic toxicities of all three Fe-TAML 
activators used in this study were assayed with 
a luminescent bacteria test (24). The median 
effective concentration (EC5^) values for each 
activator, determined with 1 mM stock solu- 
tions, were 238 mg/liter for Li21b, whereas 
those for [Et4N]la and Lilc were too low to be 
determined with 1 mM stock solutions. The 
LONEC values (the highest observed concen- 
trations of activator that show no bacterial 
death) for [Et4N]la, Li21lb, and Lilc were 
found to be 80, 30, and 58 mg/liter, respective- 
ly; the total catalyst concentrations used in this 
study were approximately 3 mg/liter. The EC50 
and LONEC values of toxic compounds are 
much lower than those observed for the three 
Fe-TAML activators (24, 25). During the 
course of the reaction, the Fe-TAML activators 
are themselves oxidatively degraded where we 
have suggested ideas concerning the mecha- 
nism of action of the Fe-TAML activator/H202 
system (14, 15). The EC50 for the oxidation 
products of Li21lb was lower than that of Li2lb 
(26), and the LONEC value was higher, at 140 
mg/liter (30 mg/liter for activator Li21b). 

Because of the importance of PCP as a 
recalcitrant pollutant in ground water, its ox- 
idation was also examined in pure water at 
pH 7 to approximate conditions in contami- 
nated bodies of water in the environment. In 
this case, a -75% saturated solution of PCP 
in water (1.5 mg/25 ml at 25?C) was prepared 
for treatment (pH adjusted to 7.0) (21), but 
full analysis was limited by the relatively low 
solubility of PCP in neutral water (4 mg/50 
ml at 20?C compared with the 67 mg/50 ml 
used above). We found that 2 FJLM of Lilc in 
the presence of 5 mM H202 at 25?C was 
required to completely degrade the PCP from 
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chloride showed that about 94% of the PCP 
chlorine was liberated as mineral chloride. 

The Fe-TAML/H202 system efficiently ox- 
idizes the recalcitrant micropollutants PCP and 
TCP into small biodegradable organic products 
with substantial mineralization and does so 
more rapidly than the biological and chemical 
systems that have been previously reported. 
The robust nature of the Fe-TAML activators 
under oxidizing conditions, together with their 
high inherent reactivity, lead to high catalytic 
turnover numbers in deep oxidations of chloro- 
phenols over the pH range of 7 to 10.5. Dioxins 
are not produced by the treatments. With cur- 
rent concerns regarding the proliferation of en- 
vironmental toxins, a green process for degrad- 
ing pollutants is greatly needed; this is especial- 
ly true for chlorinated pollutants. The Fe- 
TAML/H202 system shows considerable 
promise for providing such a technology, sub- 
ject to favorable full ecotoxicological and tox- 
icological examinations, including persistence 
and bioaccumulation. Fe-TAML activators are 
currently undergoing industrial scale-up synthe- 
ses in preparation for commercial applications. 
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noncovalent binding forces and molecule- 
substrate interactions (5, 6). It has been in- 
ferred that complex molecules such as hexa- 
tert-butyl decacyclene (7, 8), C60 (9, 10), and 
phthalocyanine (11) can induce restructuring 
of metal surfaces accompanied by long-range 
mass transport. The restructuring is often 
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driven by cooperative molecule-substrate in- 
teractions involving many molecules, and is 
not directly related to the shape of individual 
molecules. 

In this context, the scanning tunneling 
microscope (STM) has become a powerful 
tool for resolving the atomic-scale realm of 
surfaces. The STM tip can also be employed 
to manipulate single atoms and molecules in 
a bottom-up fashion, collectively (12) or one 
at a time (13-16). In this way, molecule- 
induced surface restructuring was revealed 
directly (7, 8) and nanostructures were engi- 
neered with atomic precision to study funda- 
mentally interesting surface quantum phe- 
nomena (14, 16). Assembling functional mo- 
lecular nanoelectronic devices with this serial 
manipulation approach is, however, extreme- 
ly slow and thus technologically unattractive. 

Self-assembly of molecules on surfaces, 
on the other hand, is a parallel and therefore 
technologically more promising process (17). 
For this reason, the interaction between com- 
plex organic molecules and crystal surfaces 
has recently been the subject of many studies, 
with the aim of developing applications in 
nanoelectronics and nanomechanical devices 
(18-23). Presently, however, it is still not 
possible to control self-assembly processes 
with atomic-scale precision. Ideally, to create 
functional mono-molecular or hybrid-molec- 
ular devices, it is necessary to develop an 
architecture for the interconnection of indi- 
vidual molecules, molecular devices, and 
wires in a planar conformation and with 
atomic precision to one end of nanoscale 
metallic contacts (2). In spite of the latest 
developments in the field of nanolithography 
(24), it has not yet been possible to create 
appropriate nanocontacts in an ultraclean en- 
vironment more structured than a step edge 
(25, 26). 

We studied the adsorption of a CoH9g8 
molecule, known as the Lander (25), on a 
clean Cu(110) surface (27). At room temper- 
ature (RT), Cu kink atoms are highly mobile, 
as evidenced from the frizzy appearance of 
step edges in STM images (28). At low tem- 
peratures (LT), on the other hand, this mobil- 
ity is frozen out, resulting in static step edges. 

The Lander molecule consists of a con- 
ducting board (xr-system) and four spacer 
legs that elevate the board from the substrate, 
with the aim of electronically isolating it 
from the surface (Fig. 1A). The conformation 
and anchoring of the molecules on the 
Cu(110) surface are studied on the atomic 
scale by variable temperature STM (27, 29). 

1Institute of Physics and Astronomy and CAMP, Uni- 
versity of Aarhus, 8000 Aarhus C, Denmark. 2CEMES - 
CNRS, 29 rue J. Marvig, Post Office Box 4347, 
F-31055 Toulouse Cedex, France. 
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mail: fbe@ifa.au.dk 

By manipulating individual molecules at LT, 
surprisingly, we find that a single Lander 
molecule can act as a template, self-fabricat- 
ing metallic nanostructures at step edges. 
This restructuring process can be described in 
terms of the structure of the molecule, which 
reshapes a portion of the step edge, leading to 
the formation of a nanostructure two Cu at- 
oms wide and eight Cu atoms long. 

In Fig. 1, D and E, we present a LT (100 
K), high-resolution STM image of a single 
Lander molecule deposited on the Cu(ll10) 
surface and a corresponding height profile 
(Fig. 1B) across the molecule. The STM im- 
ages a Lander as four lobes arranged in either 
a rhomboidal or rectangular geometry. From 
the structure of the molecule and elastic scat- 
tering quantum chemistry (ESQC) calcula- 
tions (30), we infer that the four lobes in the 
images correspond to tunneling through the 
spacer legs of the molecule. The two different 
molecular shapes found in the STM images in 
turn correspond to the two possible geomet- 
rical conformations of the molecule on the 
surface, one with the four legs arranged par- 
allel and the other with its legs antiparallel to 
each other (Fig. 1). 

Upon submonolayer deposition of the 
Lander at RT, the molecules adsorb on the 
surface and diffuse toward step edges, as shown 
in Fig. 2A. To investigate in detail the anchoring 
of the molecules on the surface, STM manipu- 
lation experiments were performed at tempera- 
tures ranging from 100 to 200 K on isolated 
molecules adsorbed on step edges, that had been 
deposited at RT. We used the STM tip as a tool 
to push the molecules away from the step edge 

in a gentle manner. The manipulation is ob- 
tained by reducing the resistance in the STM 
tunneling junction by about two orders of mag- 
nitude, from 5 gigaohms to about 0.05 gigaohms 
(by either increasing the tunneling current or 
reducing the tunneling voltage, or both), corre- 
sponding to a tip/surface approach of about 0.2 
nm. By controlling the precise tip position, we 
are able to manipulate individual molecules one 
at a time along a predefined path, leaving the 
rest of the scan area unperturbed. 

Surprisingly, such manipulation of indi- 
vidual molecules reveals an underlying re- 
structuring of the monoatomic Cu steps 
induced by the docked molecules. A manip- 
ulation sequence is shown in Fig. 2, A 
through D, in which two neighboring mole- 
cules are removed from the step edge [neigh- 
bors in (A) and (C)]. A "tooth-like" metal 
nanostructure appears at the site where the 
molecules were previously attached [attach- 
ment sites in (B) and (D)]; a zoom-in with 
atomic resolution is shown in Fig. 2E. We 
can rule out that the tooth-like structures are 
induced by the STM tip, because no such 
structures are formed when we perform ex- 
actly the same manipulation at a step region 
where no molecules were present initially 
(31). A statistical analysis of the tooth-like 
nanostructure's width and length (performed 
on about 100 structures) yields 0.75 ?+ 0.05 
nm (this corresponds approximately to the 
distance between opposite legs within a 
Lander) and 1.85 ?+ 0.35 nm (whereas the 
Lander is 1.7 nm long), respectively. This 
corresponds to a width of two atomic Cu 
rows aligned along the close-packed [110] 

Fig. 1. (A) Molecular 
structure and ball 
model of the Lander r R S 
molecule. The Lander , , 
is 1.4 nm long and 1.2 ?J|JJ. ', 
nm wide. It consists of 0.5 ; ."T.". Is. 
a central polyaroma- ~'r r E - ,:.' 
tic board (molecular c ' . 
"wire"), which is ter- j 0.3 
minated by a fluoran- . - -. * theory. 
thene group, and has h O . . ..P 
four 3,5-di-tert-butyl- 0.1- - ::I,. experiment ........ *- 
phenyl "spacer legs" 

, 

, 

, 

I 
that elevate the cen- 1 2 3 4 
tral board of the mol- _ t A distance [nm] B 
ecule by a nominal dis- 
tance of 0.5 nm above 
the substrate. The 
molecules are deposit- 
ed on the surface by af _ 
means of organic mo- _ i 
lecular beam epitaxy 
from a glass crucible 
under ultra-high vac- 1 
uum conditions. (B) Li- i 
nescan height profile 
taken across the lobes on the image reported in (D), and the corresponding calculated image in (C). 
(C) Calculated constant current STM image of the Lander molecule on Cu(110). (D) High-resolution 
STM image of a single Lander molecule in rhomboidal conformation on Cu(110) at LT (100 K). 
Image dimensions are 2 nm by 2 nm. (E) STM image of a single Lander molecule in rectangular 
conformation on Cu(110) at LT (100 K). 
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direction, with a length of seven Cu atoms 
along the same direction. 

Height profiles measured across the 
Lander molecules just before and after the 
manipulation sequences show that the mole- 
cules undergo a conformational change dur- 
ing the manipulation. Remarkably, the dis- 
tances between the four lobes across the 
nanotooth decrease from 0.85 ? 0.25 nm in 
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the initial configuration, in which the mole- 
cule is attached to the step edge, to 0.60 ? 
0.25 in the final one, in which the molecules 
are moved to a flat Cu(l10) terrace. In the 
same way, the apparent height of the mole- 
cules in the STM images decreases from 
0.58 ? 0.02 to 0.45 ? 0.02 nm. 

To obtain further insight into the confor- 
mational changes of the molecules, we first 

Fig. 2. (A to D) Manipulation sequence of the Lander molecules from a step edge on Cu(110). The 
arrows show which molecule is being pushed aside; the circles mark the tooth-like structures that 
are visible on the step where the molecule was docked. All image dimensions are 13 nm by 13 nm. 
Tunneling parameters for imaging are: /t = -0.47 nA; Vt = -1.77 V; tunneling parameters for 
manipulation are: t = -1.05 nA; Vt = -55 mV. (E) Zoom-in smooth-filtered STM image showing 
the characteristic two-row width of the tooth-like structure (right corner) after removal of a single 
Lander molecule from the step edge. The Cu rows are also visible. The arrows show the directions 
on the surface. I/ = -0.75 nA; Vt = -1.77 V. Image dimensions are 5.5 nm by 2.5 nm. 
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Fig. 3. Details of the conformation of the Lander molecule on the tooth. (A) Molecular structure, 
extracted from a comparison between experimental and calculated STM scans, shows that the 
board is parallel to the tooth. (B) Calculated constant-current 3D STM image. (C) Cross section of 
the tooth. (D) Cross section on a terrace. Tunneling parameters are: /t = -0.47 nA; Vt = -1.77 V. 

address how the different conformations of 
the molecules on the flat terrace are imaged 
by the STM. For the calculations, the ESQC 
routine was used together with a standard 
MM2 routine (30, 32) to optimize the struc- 
tural rigidity and conformations of the Lander 
molecules on the Cu(110) terraces and on the 
step edges. The calculations include electron- 
ic coupling with the substrate as well as the 
leakage current through the four spacer legs. 

In Fig. 1, we present a calculated STM 
image of an isolated molecule on the flat 
Cu(l10) terrace (Fig. 1C) as well as a line 
scan across the molecule (Fig. 1B), using 
tunneling parameters identical to the experi- 
mental ones. The agreement between theory 
and experiment is very good, allowing for the 
fact that the tip used in the simulations was 
atomically sharp, thereby avoiding tip convo- 
lution effects. The contrast in the STM im- 
ages is mainly associated with the tunnel 
channels through the four spacer legs, and the 
molecular orbitals of the wire do not contrib- 
ute to this contrast (33). The molecular cen- 
tral board is strongly attracted to the surface 
because of the large r-system facing the 
metal surface (34). This introduces a severe 
constraint on the legs, which leads to an 
out-of-plane distortion of each leg-board sig- 
ma bond. In turn, this has the effect of low- 
ering the height of the legs relative to the 
surface. 

We now focus on the molecules anchored 
to the tooth-like nanostructure at the step 
edge. From the theoretical calculations, the 
conformation with the Lander wire parallel to 
the Cu rows on the tooth is found to be more 
stable by 19 kcal/mol, as opposed to the 
conformation with the board oriented perpen- 
dicular to the nanostructure. We present in 
Fig. 3A the lowest energy conformation of 
the molecule adsorbed at the step edge on a 
tooth-like nanostructure consisting of two Cu 
rows along the [110] direction, together with 
the calculated STM image (Fig. 3B). Com- 
paring the calculated scans across the Lander 
on a flat terrace (Fig. 3D) and on the tooth 
(Fig. 3C) with experimental results, we con- 
clude that the molecule restores a more ver- 
tical conformation of the legs when adsorbed 
on the tooth compared to its conformation on 
the flat terrace. The leg-board sigma bond 
almost restores its planarity relative to the 
board, because when the Lander is on the 
tooth, its central board is lifted up by more 
than 0.1 nm relative to the surface. This 
reduces the steric constraint existing on the 
leg-board sigma bond, leading to an in- 
creased width (0.83 versus 0.63 nm) and 
height (0.50 versus 0.45 nm) of the Lander in 
the STM image, in good agreement with the 
experimental findings (34). 

The overall process for anchoring a 
Lander molecule to the Cu nanostructure can 
therefore be described as follows: When the 
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molecule diffuses toward the step edges at 
RT, it reshapes the fluctuating Cu step ada- 
toms into the tooth-like nanostructures re- 
ported above. It is favorable for the Lander to 
anchor to the nanostructure at the step edge, 
because the gain in energy by adsorbing the 
molecule on the "tooth" relative to the flat 
terrace is higher than the energy required for 
creating the tooth (35). The dimension of the 
board and leg fits such that two atomic rows 
can be accommodated between the legs under 
the board. This leads to a favorable interac- 
tion between the 7r-system and the Cu atoms 
underneath. The dimensions and shape of the 
molecule form a perfect template for the dou- 
ble row of Cu atoms. The nanostructure can 
often extend further than the length of the 
molecule. This action takes place in the di- 
rection perpendicular to the steps (i.e., the 
close-packed direction), which is the favored 
direction for diffusion on Cu(110). 

Upon adsorption of the molecules at LT 
(150 K), no restructuring of the Cu step edges 
is observed, and the molecules simply anchor 
to a step edge. At LT, the mobility of Cu kink 
atoms at the step edge is not high enough for 
the template to be effective. We can thus 
conclude that the process of step restructuring 
is thermally activated. 

In conclusion, we have shown by STM 
manipulation that the Lander molecule local- 
ly restructures monoatomic steps, acting as a 
pinning center for step edge fluctuations on 
the Cu(110) surface. The Lander acts as a 
molecular template, reshaping portions of 
step edges into metallic nanostructures that 
are two atomic rows wide. Using appropri- 
ately designed molecules, this points to a new 
self-fabrication process at the nanoscale for 
integrated nanoelectronics. 
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space away from the tip apex end atom. The molec- 
ular mechanics routine used to optimize the Lander's 
geometry in the tunnel junction is a standard MM2 
routine with a generalized potential for surface metal 
atoms. 

33. A detailed analysis of the STM images reveals an 
asymmetry in the relative apparent height of the four 
lobes, i.e., the lobes R, R' are imaged 0.03 nm higher 
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that the two smaller lobes (S, S' in Fig. 1, B and C) are 
due each to a tunneling path through one leg only, 
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are due to a more complete tunneling path which 
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The Effect of Algal Symbionts 
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Paleotemperatures from Coral 
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The strontium-to-calcium ratio (Sr/Ca) of reef coral skeleton is commonly used as 
a paleothermometer to estimate sea surface temperatures (SSTs) at crucial times 
in Earth's climate history. However, these estimates are disputed, because uptake 
of Sr into coral skeleton is thought to be affected by algal symbionts (zooxan- 
thellae) living in the host tissue. Here, we show that significant distortion of the 
Sr/Ca temperature record in coral skeleton occurs in the presence of algal sym- 
bionts. Seasonally resolved Sr/Ca in coral without symbionts reflects local SSTs 
with a temperature sensitivity equivalent to that of laboratory aragonite pre- 
cipitated at equilibrium and the nighttime skeletal deposits of symbiotic reef 
corals. However, up to 65% of the Sr/Ca variability in symbiotic skeleton is 
related to symbiont activity and does not reflect water temperature. 
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Accurate estimates of past ocean temperature 
are key to establishing the sensitivity of the 
tropics to global climate change (1-4). One 
of the principal techniques used to derive past 
SSTs is the measurement of Sr/Ca ratios in 
the aragonite skeleton of massive reef corals 
(5-8). The technique is based on an inverse 
correlation between temperature and Sr/Ca in 
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living corals that is applied to ancient speci- 
mens to reconstruct surface temperatures of 
past oceans. High measurement precision (8) 
and rapid sample throughput (9) afforded by 
recent technological advances have increased 
the appeal and utility of the Sr/Ca thermom- 
eter. Despite its wide application, paleotem- 
perature estimates derived from coral Sr/Ca 
remain controversial (10, 11). At least nine 
different Sr/Ca paleotemperature equations 
have been published for the massive reef 
coral Porites. Among them, a Sr/Ca value of 
9 mmol/mol yields a range of SSTs from 
22.5?C through 28?C (8, 12-19). There are 
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