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the cell wall material no longer supported high 
CA activity. The loss of activity is not a result of 
acidification because material digested by 1 N 
HCl still supported full CA activity (Fig. 3A). 
The same experiment conducted with a synthet- 
ic amorphous silica (Aerosil-200), which has 
surface properties similar to biogenic silica (21), 
provided good buffering for CA as well. We 
conclude that it is the silica of diatom cell walls 
that is responsible for buffering rather than an 
organic component of the cell wall. 

There is currently no protocol to purify 
the external CA of diatoms, so we purified 
the major internal CA (22) of T. weissflogii to 
determine the ability of biosilica to serve as a 
proton donor for this enzyme, which has no 
homology to other known CAs (23). The 
activity of this CA was high when either 
phosphate or biosilica was used as a buffer 
(Fig. 3B). Removing the buffer or using dis- 
solved silicic acid as a buffer resulted in low 
catalytic rates. The lower rates observed in 
the SDS-cleaned frustules were a result of a 
lower biosilica concentration (about half the 
biosilica) added to the sample. The biosilica 
concentration was found to correlate well 
with CA activity (enzyme units = 0.37x 
mmol 1-1 Si + 1.8; P < 0.05, r2 = 0.87, n = 
5 CA assays). The predicted CA activity in 
the absence of biosilica (1.8 enzyme units) 
agrees well with the observed value for incu- 
bations with no buffer (2.0 enzyme units). 
These results show that polymerized bio- 
silica, unlike silicic acid, is an efficient buffer 
for diatom CA at the pH of seawater. 

Absent a thorough understanding of the car- 
bon acquisition systems of microalgae, it is 
difficult to assess the advantage that the buffer- 
ing capacity of the siliceous cell wall might 
impart to diatoms. We note, however, that the 
large buffering capacity of polymerized silica 
would add to the energetic economy that may 
come from making the cell wall out of inorgan- 
ic rather than organic material. This extracellu- 
lar buffering may be useful for enzymatic func- 
tions other than that of CA. The necessity or 
usefulness of silicon in biological systems has 
been debated for a long time (24). Besides its 
obvious structural role, biogenic silica may well 
serve as a buffer in a variety of biochemical 
processes. It is conceivable, for example, that 
the documented but unexplained importance of 
silica in bone formation (25) may be linked to 
its role as a buffer. 

In marine systems, diatoms play a major role 
in the export of organic carbon to the deep sea 
(26) and potentially influence the concentra- 
tions of CO2 in the atmosphere (27). The last 
stages of the radiation of diatoms in the oceans 
and their dominance of the oceanic silica cycle 
occurred during the Eocene, about 40 million 
years ago (28). There is evidence that this is also 
the time when atmospheric CO2 reached its low 
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is conceivable that all these phenomena are 
linked together mechanistically, not only be- 
cause diatoms are efficient at exporting fixed 
CO2 to the deep oceans but perhaps also because 
their siliceous cell wall makes them particularly 
efficient at acquiring inorganic carbon from 
solution. 
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Water Diffusion and Clustering 
on Pd(111) 

T. Mitsui,1 M. K. Rose,2 E. Fomin,z D. F. Ogletree,1 M. SalmeronT* 

The adsorption, diffusion, and clustering of water molecules on a Pd(111) surface 
were studied by scanning tunneling microscopy. At 40 kelvin, low-coverage water 
adsorbs in the form of isolated molecules, which diffuse by hopping to nearest 
neighbor sites. Upon collision, they form first dimers, then trimers, tetramers, and 
so on. The mobility of these species increased by several orders of magnitude when 
dimers, trimers, and tetramers formed, and decreased again when the cluster 
contained five or more molecules. Cyclic hexamers were found to be particularly 
stable. They grow with further exposure to form a commensurate hexagonal 
honeycomb structure relative to the Pd(111) substrate. These observations 
illustrate the change in relative strength between intermolecular hydrogen 
bonds and molecule-substrate bonds as a function of water cluster size, the key 
property that determines the wetting properties of materials. 
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Intermolecular hydrogen bonds between water 
molecules can be comparable to or stronger than 
those formed between the molecule and many 
substrates (1, 2). The relative strength of these 

'Lawrence Berkeley National Laboratory, University 
of California, Berkeley, CA, 94720 USA. ZDepartment 
of Physics, University of California, Berkeley, CA, 
94720 USA. 

*To whom correspondence should be addressed. E- 
mail: salmeron@stm.lbl.gov 

Intermolecular hydrogen bonds between water 
molecules can be comparable to or stronger than 
those formed between the molecule and many 
substrates (1, 2). The relative strength of these 

'Lawrence Berkeley National Laboratory, University 
of California, Berkeley, CA, 94720 USA. ZDepartment 
of Physics, University of California, Berkeley, CA, 
94720 USA. 

*To whom correspondence should be addressed. E- 
mail: salmeron@stm.lbl.gov 

two bonds determines the wetting properties of 
water. Fundamental questions regarding the ad- 
sorption of water on surfaces, from isolated 
molecules to clusters, complete layers, and be- 

yond, are still unanswered. Cluster formation, 
including dimers and trimers at submonolayer 
coverage, has been analyzed by several groups 
using vibrational spectroscopies such as high- 
resolution electron energy loss spectroscopy (3- 
7), infrared absorption spectroscopy (8-11), and 
helium atom scattering (12). However, it is no 
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simple task to identify clusters by purely spec- 
troscopic means, as shown by the discrepancies 
in vibrational mode assignments by the different 
groups. Because of its atomic resolution capa- 
bility, scanning tunneling microscopy (STM) 
can help resolve such discrepancies and can 
provide detailed information about the structure 
and dynamics of adsorbed water, from mono- 
mers to clusters and to complete layers. 

Water is generally believed to form ice- 
like hexagonal bilayers with a (X/3 X 

/3)R30? periodicity on close-packed hexag- 
onal metal surfaces (1, 2, 13, 14), with more 
or less flattened rings to conform to the sub- 
strate periodicity. In a widely accepted mod- 
el, this bilayer consists of H-bonded mole- 
cules, whereas a recent theoretical analysis 
proposes that for Ru(001) it consists instead 
of hexagonal rings of three water molecules 
and three OH groups (15). Low-energy elec- 
tron diffraction data show a commensurate 
(V/3 X \/3)R30? phase on Au(11) at low 
coverage and a compressed but oriented 
phase at higher coverage (16). Incommensu- 
rate hexagonal overlayers have been found on 
Pt(lll) by STM (17, 18). 

By comparison, the structure of water be- 
low one monolayer coverage has received 
much less attention despite the importance of 
clustering and diffusion processes in wetting, 
hydration, and other physical and chemical 
interactions. STM studies have identified cy- 
clic water hexamers at low coverage on 
Ag(l11) (19) and on Cu(11) (20). Here we 
focus on the adsorption, aggregation, and dif- 
fusion of water molecules on the surface of 
Pd(111). By following the process of aggre- 
gation of molecules to form clusters, we have 
discovered that the diffusivity of small clus- 
ters (dimers, trimers, and tetramers) is several 
orders of magnitude above that of monomers. 

The experiments were performed in an 
ultrahigh vacuum (UHV) chamber with a 
background pressure below 3 x 10-8 Pa, 
using a variable-temperature STM (21). The 
sample was cleaned by several cycles of no- 
ble gas bombardment at 1000 K with subse- 
quent flashing to 1100 K. This procedure 
produced a clean well-ordered surface with 
less than 0.01% surface impurities and less 
than 1% subsurface impurities (22). Milli-Q 
water was used and purified by several 
freeze-and-pump cycles. Water was intro- 
duced into the UHV chamber via a leak valve 
and a dosing tube pointing toward the sample 
from a distance of 2 cm. 

Two different techniques were used to study 
the diffusion of water. At high temperatures, 
where diffusion is fast as compared to the im- 
aging rate, we used the atom-tracking tech- 
nique, in which a feedback control in the x-y 
plane maintains the microscope tip over the 
molecule at all times, while its random walk 
motion is recorded (23-25). At lower tempera- 
tures, where diffusion is slow, we used movies: 

sequences of images acquired at -20-s inter- 
vals in the same area. This method provides 
improved statistics, because many molecules 
can be measured at the same time. 

To minimize the tip influence on the mo- 
lecular motion, large gaps, low bias voltage, 
and low currents, typically 80 mV and 80 pA, 
were used. In the movie technique, the influ- 
ence of the tip was found to be negligible, 
because during most of the image acquisition 
time, the tip is not over the molecule (26). In 
the atom-tracking method, the tip influence is 
harder to avoid because the tip is always over 
the molecule. Therefore, even if the interac- 
tion cross section is very small, after pro- 
longed time in tunneling range a perturbation 
can occur. The tracking method was therefore 
used mostly in the high-temperature range, 
where the hopping rate is overwhelmingly 
determined by thermal excitation. 

After adsorption at 40 K, mostly isolated 
water molecules were observed at low coverage. 
In the images they appear as maxima with a 
height of -60 pm and -0.9 nm full width at 
half-maximum (FWHM). The adsorption site of 
a molecule was determined to be on top of a Pd 
atom; this determination was made by compar- 
ing images acquired at high gap, which show the 
isolated water molecule, with images at low gap 
at exactly the same location, which show the 
Pd(l11) lattice. 

Fig. 1. Sequence of STM images showing water 
molecules (bright dots) adsorbed on Pd(111) at 
40 K. Two monomers in (A) join to form a 
dimer in (B). The dimer diffuses rapidly so that 
the tip only scans over it for one line before 
moving to a nearest neighbor site, thus produc- 
ing a streak in (C). The dimer encounters a third 
monomer and forms a trimer (D), which diffus- 
es in (E), approaching a pair of nearby mono- 
mers. The arrow in (F) points to the pentamer 
formed by the collision. The scanning parame- 
ters used were as follows: 150 pA, -100 mV. 
Size: 180 A x 180 A. 

Snapshots from a movie acquired at 40.0 
K show several individual molecules in the 
form of bright dots (Fig. 1). When two nearby 
molecules (arrow in Fig. 1A) bind to each 
other (arrow in Fig. 1B), the resulting dimer 
diffuses very quickly, so that it only remains 
on site for the duration of one scan line 
(-120 ms) and therefore produces a streak in 
the image (arrow in Fig. 1C). When the dimer 
joins another molecule (arrow in Fig. ID), the 
resulting trimer still moves faster than the 
monomer but slower than the dimer (arrow in 
Fig. 1E). The trimer comes close to two 
nearby monomers (Fig. 1E) and eventually 
merges with them to form an immobile pen- 
tamer (arrow in Fig. 1F). The clusters, in 
many similar sequences, were identified by 
observing their formation, but no internal 
structure could be resolved (27). 

By measuring jump distances and directions 
in the movie images, diffusion was observed to 
proceed by random walk over nearest neighbor 
sites of the Pd(l11) substrate. The trace of the 
tip in an atom-tracking experiment confirms this 
observation (Fig. 2). At low temperature, the 
rates measured by atom tracking are larger than 
those obtained from the movies (Fig. 3). This is 
due to tip influence, which is greatly enhanced 
by the long interaction time with the molecule 
during tracking (25). At temperatures above 
52 K, however, thermal activation becomes 
dominant and the atom-tracking points fall on 
the same line as the lower temperature points 
acquired from movies. The activation energy 
barrier for water diffusion measured from this 
Arrhenius plot is 126 + 7 meV, with a pre- 
factor equal to 1012 -00 6 Hz. This value of the 
energy falls between theoretical values calcu- 
lated for Al(100) (28) (280 meV) and Pt(l 11) 
(29) (30 meV). 

Diffusion coefficients (Dn) were obtained 
for several n-molecule clusters from STM 

dom walk on Pd(111) at 52.4 K. A model of the 

orientation of the Pd lattice are known from1 

X)) .9 OOo 

atomic-resolution images acquired at low gap. 

The molecule sits on top of Pd atoms, as de- 
termined from images acquired at high and low 

Pd lattice is shown for reference. The size and 

gap, which image the molecule and the atomic 
lattice, respectively. 
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Fig. 3. Arrhenius plot of the hopping rate of a 
water molecule measured from STM movies 
(squares) and by atom tracking (circles). Below 52 
K, the data from atom-tracking measurements 
are influenced by tip interactions and deviate 
from the straight line fitting the low-temperature 
data from movies. Above 52 K, the tip influence 
during tracking is negligible as compared to ther- 
mal activation. Error bars smaller than the graphic 
symbols are not shown. 

movies at 40.0 K. Because of their rapid 
motion, only a lower limit of D2 50 A2 S-1 

was obtained for dimers. For trimers, we 
found D3 = 1.02 A2/s, and we obtained an 
almost identical value for tetramers. The tet- 
ramers were often observed to split into two 
dimers. The value for monomers at this tem- 
perature is D1 = 2.30 X 10-3 A 2 S-1, which 
is more than four orders of magnitude smaller 
than for dimers and 500 times smaller than 
for trimers and tetramers. 

The large mobility of the small water clus- 
ters is presumably due to the combination of 
strong H bonding between molecules and the 
misfit between the 0-0 distance in the dimer, 
which is 2.96 ? 0.05 A in the gas phase (30- 
32), and the 2.75 A lattice constant of Pd( 111). 
The misfit would prevent both molecules from 
forming bonds to the substrate in optimal geom- 
etries, thus reducing the diffusion barrier of the 
pair. A much smaller increase in the mobility of 
dimers (by a factor of two to five) has also been 
observed for some metal adatoms by field ion 
microscopy (33, 34). The atoms in these metal 
dimers remained on similar lattice sites, howev- 
er, and the observed increase was explained as 
the result of adatom-adatom interaction (35) or 
of exchange processes with substrate atoms 
(34). Assuming the same pre-exponential factor 
as for monomer diffusion, we calculate a reduc- 
tion in the diffusion barrier of 27% for water 
dimers and 17% for trimers and tetramers. In 
clusters with more than four molecules, the mol- 
ecules can be arranged in such a way that only 
alterating molecules bind directly to the sub- 
strate, whereas the rest bind to other molecules 
by H bonds, as in the icelike bilayers of the 
standard (\/3 x /3)R30? model. This arrange- 
ment should have more structural flexibility for 
the optimization of the molecule-surface bonds, 
thus reducing cluster mobility below that of 
isolated water molecules. An enhancement of 

Fig. 4. Images showing clusters of various sizes 
and shapes on Pd(111) formed by accretion of 
water molecules. Changes take place as a func- 
tion of time and also because of interaction with 
the tip. The cluster indicated by the arrow is made 
of three smaller clusters separated by approxi- 
mately 10 A. This cluster has rotated by 180? 
between (A) and (B) and is later rearranged into a 
set of connected hexagons in (C). A second clus- 
ter in (A), near the center and above the arrow, is 
also made of three smaller clusters. It captures 
more molecules and forms a four-member cluster 
in (B) and continues to evolve in (C). Hexagonal 
clusters are stable and grow into the honeycomb 
island structures shown in (D). They are made of 
side-sharing hexagons forming a commensurate 
(V/3 x V3)R30? structure. The brighter spots 
at the edges are water molecules presumably 
not yet in their final configuration. The scan- 
ning parameters used were as follows: For (A) 
to (C), 100 pA, 120 mV; for (D), 100 pA, 80 mV. 
Image size: 90 A x 90 A. 

diffusivity in small clusters due to loss of com- 
mensurability with the substrate has been pre- 
dicted theoretically (36, 37) in connection with 
the enhanced diffusion of large metallic clusters. 
It has also been argued that the lack of commen- 
surability between the lattice structures of the 
two contacting bodies could lead to vanishing 
friction or superlubricity (38, 39). 

Clusters of various shapes and sizes form 
with increasing water coverage at 40 K (Fig. 4). 
Large clusters formed by the aggregation of 
smaller ones are also formed. They evolve with 
time, changing shape, size, and configuration 
until finally stable hexagonal rings are formed 
(Fig. 4D) (40). Upon further addition of water, 
the hexagonal rings grow into ordered honey- 
comb structures with (\/3 x V3)R30? peri- 
odicity relative to the Pd substrate (Fig. 4D). 

Our experiments provide direct evidence of 
single molecular adsorption and cluster forma- 
tion by successive addition of water molecules. 
The results demonstrate the importance of 
atomic-level studies in understanding the pro- 
cess of diffusion and growth and the enor- 
mous importance of lateral interactions. 
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