of acritarchs, a sign of eutrophic condi-
tions (26). Productivity crash followed by
productivity boom is a characteristic of
oceans in which a rapid decline of circu-
lation rates produces an anoxic lower wa-
ter column (27). Modeling shows that,
initially, the productivity declines con-
comitantly with the decrease of the rate of
oceanic overturn and nutrient supply.
This effect is counterbalanced by the in-
creased availability of reactive phosphorus
(the principal biolimiting nutrient),
which is not as efficiently sequestered by
iron oxides and organic matter in an an-
oxic ocean. There is, however, a signifi-
cant lag time (of the order of tens of
thousands of years) between the onset of
oceanic anoxia and the build-up of phos-
phorus (27), a delay that is disastrous for
the marine biota.
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Nanotribology and Nanofabrication of MoO,
Structures by Atomic Force Microscopy

Paul E. Sheehan and Charles M. Lieber*

Atomic force microscopy was used to characterize the sliding of molybdenum oxide
(MoO,) nanocrystals on single-crystal molybdenum disulfide (MoS,) surfaces. Highly
anisotropic friction was observed whereby MoO, nanocrystals moved only along specific
directions of the MoS, surface lattice. The energy per unit area to move the MoO,
nanocrystals along their preferred sliding direction was an order of magnitude less than
required to slide macroscopic MoS,-bearing contacts. This extreme friction anisotropy
was exploited to fabricate multicomponent MoO, nanostructures. These reversibly in-
terlocking structures could serve as the basis for devices such as mechanical logic gates.

Thiree centuries of macroscopic studies of
friction, adhesion, and wear have contrib-
uted much to the phenomenological un-
derstanding of tribology (1, 2). However,
studies of interactions between macro-
scopic bodies are influenced by complex
factors, including surface roughness and
adsorbates, that have precluded the devel-
opment of a first-principles understanding
of friction and adhesion (2, 3). In princi-
ple, nanometer-scale measurements of
friction and adhesion forces should be in-
terpretable in terms of fundamental inter-
molecular forces, and such measurements
could thus play a central role in the de-
velopment of microscopic models of fric-
tion and the rational design of improved
lubricants. Moreover, such microscopic
information is highly relevant to the
emerging field of nanotechnology, where
noncovalent interactions are important in
the manipulation, assembly, and stability
of new structures.

Atomic force microscopy (AFM) can
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be used to measure normal (adhesive) and
lateral (friction) forces on the nanometer
scale, and thus it is a powerful technique
for probing the microscopic mechanism of
friction (3-8). Studies of friction between
probe tips and different surfaces have
yielded a number of interesting observa-
tions, including atomic scale stick-slip
motion (4, 6) and functional-group de-
pendence of friction (7, 8). These studies
have also raised the issues of whether fric-
tion depends on the crystallographic di-
rection of sliding and whether the contact
between an AFM microscope probe tip
and a surface is a single- or multiple-
asperity contact (9, 10).

These issues highlight a principal
weakness of AFM for tribology: The struc-
ture of the probe tip—sample sliding inter-
face may not be well defined, even though
the probe tip can provide nanometer-scale
resolution. Here, we eliminated this essen-
tial uncertainty by probing the friction of
MoOj; nanocrystals sliding on single-crys-
tal MoS,. This system is well suited for
nanotribology studies because the inter-
face structure and contact area are atom-
ically defined and because the MoOj,




nanocrystals can be moved controllably
with the AFM microscope tip. We found
that the measured friction is extremely
anisotropic, with MoOj; crystals sliding
along only one of the three equivalent
MoS, surface directions. We then devel-
oped an atomic model of the interface to
explain these observations. We compared
the energetics of the sliding process, as
determined from measurements of the fric-
tion as a function of nanocrystal contact
area, with macroscopic data reported for
this widely used lubricant system. Finally,
we assembled interlocking nanostructures
by exploiting the extreme anisotropy in
the sliding of the crystals.

The growth and characterization of
MoQO; nanocrystals on single-crystal MoS,
surfaces has been described (11). Briefly,
oxidation of single-crystal 2H-MoS, sur-
faces produces nanocrystals of a-MoOj,
one to five unit cells thick, oriented with
the a and ¢ axes parallel to the (0001)
MoS, surface. An AFM microscope
(Nanoscope III, Digital Instruments) im-
age of three MoO; nanocrystals, obtained
with a SisN, tip in a nitrogen-filled
Chamber equipped with a system for H,O
and O, removal (11), is shown in Fig. 1A.
The MoO; nanocrystals are immobile
when they are imaged with small loads.
However, when the applied load exceeds a
size-dependent critical value (see below),
the scanning-imaging process moves the
two smaller nanocrystals along the MoS,
surface. Images of the static positions of
these nanocrystals were recorded after
they were moved by 92 sequential high-
load (47 nN) horizontal scans (Fig. 1B)
and then moved a second time by 66
sequential high-load horizontal scans (Fig.
1C); these images show that the two
nanocrystals move downward along dis-
tinct paths. A composite of the three im-
ages (Fig- 1D) highlights these features
and provides further insight into the na-
ture of sliding in this system. First, analysis
of the relative sliding directions of the two
nanocrystals shows that they moved at a
60° angle with respect to each other. Sec-
ond, atomic periodicity images of the hex-
agonal MoS, substrate lattice recorded
during these experiments show that the
observed sliding directions coincided with
crystal lattice directions. In all cases ex-
amined to date, we have found that the
MoQ; nanocrystals only move along a sin-
gle preferred direction, and that this di-
rection always coincides with one of the
equivalent lattice directions of the MoS,
substrate; hence, we term this motion lat-
tice-directed sliding.

The friction anisotropy in the MoQO;-
MoS,; system is extreme relative to the re-
sults of previous studies (6, 9, 12—14): In-
plane forces applied perpendicular to and

Fig. 1. Images of MoO4 nanocrys-
tals on a MoS, substrate. (A) Initial
positions of two small MoO5 nano-
crystals (pink) and one larger
nanocrystal (gray). (B) Positions of
the two small nanocrystals (yellow)
after they were moved by 92 se-
quential high-load horizontal scans.
(C) Final positions of the two small
nanocrystals (blue) after they were
moved a second time by 66 addi-
tional high-load scans. (D) Com-
posite image illustrating the relative
positions of the nanocrystals in (A),
(B), and (C). The inset shows the
atomic lattice of the MoS, sub-
strate; its orientation reflects that of
the substrate in all four images.
Translation of the nanocrystals was
initiated by increasing the applied
load to 47 nN at the beginning (top)
of the scan area (512 by 512 pixels)
and was terminated by decreasing
the load to ~0 nN. The displayed
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images were acquired after the translation step with an applied load of ~0 nN. The image sizes are 420

nm by 420 nm; the inset in (D) is 2 nm by 2 nm.

an order of magnitude greater than those
required for sliding along the preferred lat-
tice direction failed to move MoO; nano-
crystals. Large perpendicular forces can,
however, lead to wear and nanomachining
of the MoO; (11). Studies of sliding be-
tween macroscopic diamond crystal surfaces
showed a maximum anisotropy between dif-
ferent crystallographic directions of ~2 at
large loads, although at smaller applied
loads there was no friction anisotropy (12).
Examination of the worn diamond surfaces
after these measurements suggested that the
observed friction anisotropy was a result of
the varying energetics of crack formation
and plastic deformation of the surface
(along different crystal directions). This
mechanism of friction anisotropy cannot
explain our results, because there is no wear
of the MoO;-MoS, interface. Studies of
friction between macroscopic mica contacts
have also exhibited friction anisotropy of up
to a factor of four between different crystal
directions (13). This friction anisotropy was
attributed to the degree of commensurabil-
ity between the contacting mica lattices
(because no surface wear was detected) and
thus may be similar to our results.

To probe the possibility that lattice com-
mensurability may cause the extreme fric-
tion anisotropy observed here, we examined
models of the MoO;-MoS, interface that
incorporate (i) the known structures of the
MoS, and MoQO; lattices, (ii) the observa-
tion from atomic periodicity images that
the MoO; a axis is rotated ~14° with re-
spect to the MoS, a axis, and (iii) the
lattice-directed sliding effect (15). The
model shown in Fig. 2 qualitatively explains
the friction anisotropy for sliding MoO;
nanocrystals on MoS,. In this model, the
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MoQ; surface atoms can slide in one direc-
tion, in channels defined by the sulfur atom
rows of the MoS, surface. In contrast, mo-
tion along the other two equivalent MoS,
lattice directions requires interfacial atoms
to pass directly over each other. This cross-
ing should lead to a more corrugated poten-
tial along these directions (14, 16), and
thus to a larger friction. Although quanti-
tative calculations have not been reported
for the MoO3-MoS, system, molecular dy-
namics simulations of friction between two
diamond surfaces have produced a similar
effect (14).

The lattice-directed sliding of MoQO;

Fig. 2. Computer model of the atomic structure of
the MoO3;-MoS, interface. The preferred sliding
direction, which enables the MoOj surface atoms
to slide between rows of sulfur atoms, is indicated
by arrows on atoms of the MoQg lattice. The lat-
tices shown correspond to those of bulk crystals.
Because our imaging studies show that the atom-
ic periodicities of these surfaces are the same as
the bulk periodicity (as expected for layered sol-
ids), we believe that these structures are a good
approximation of the contacting surfaces.

1159



nanocrystals over single-crystal MoS, pro-
vides a unique opportunity to study friction
under highly controlled conditions because
the interface between the two surfaces is
atomically defined and maintains its orien-
tation while moving (17). To study the fric-
tion in our system, we measured the mini-
mum lateral force needed to move the MoO,
nanocrystals along their preferred sliding axis
as a function of nanocrystal area (Fig. 3). In
these experiments, we scanned the tip on the
MoS, surface at the preferred sliding direc-
tion of a particular MoO3 nanocrystal (sam-
ple frame of reference), contacted the edge,
and then moved the nanocrystal. The mea-
sured lateral force is equal to the sum of the
friction between the tip-MoS, and MoO;-
MoS, interfaces; the tip-MoS, contribution,
which is measured before contact, is typically
an order of magnitude smaller than the
MoO;-MoS, value and is thus readily sub-
tracted from the measured sum. We found a
good linear correlation between the static
friction force and the nanocrystal area. This
correlation is strong evidence that the fric-
tion force is directly proportional to the
number of atomic interactions at the MoOjs-
MoS, interface. From the slope of these data,
we calculated the shear stress s (friction force
divided by area) for sliding MoO; on MoS,
and obtained a value of 1.1 MPa. Although
s is expressed in macroscopic units, in our
system it can be considered a microscopic
variable because the sliding interface struc-
ture and area are well defined (18). Indeed,
we believe that this system is an ideal one to
compare with theory, where it should be
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Fig. 3. Plot of the lateral friction force needed to
move the MoO3 nanocrystals along the preferred
sliding direction as a function of nanocrystal area.
The minimum lateral force for sliding was deter-
mined by increasing the load until the tip pushed
(rather than imaged) the MoO5 nanocrystal. The
lateral force contribution from friction of the tip on
the MoS,, surface was a small contribution to the
overall measured force and was subtracted from
the total in these measurements. The procedures
used to measure quantitatively lateral forces have
been described (7).
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possible to calculate s in the limit of a single
unit cell contact.

Because MoS, is a widely used solid lu-
bricant, we compared our well-defined val-
ue of s for the MoO;-MoS, system with
values of s determined from macroscopic
friction measurements of MoS,. Compre-
hensive friction studies of MoS, thin films
in dry air have yielded s = 24.8 = 0.5 MPa
(19). This macroscopic value of s is 20 times
our value for the preferred sliding direction
of the MoO;-MoS, system. Consideration
of the friction (and hence s) anisotropy
observed in our microscopic studies suggests
that the much larger average value of s
found in macroscopic measurements arises
in part from motion along high-energy
pathways. Indeed, if it were possible to align
atomically the sliding interface between
macroscopic objects such as bearings, fric-
tion would be markedly reduced. Alterna-
tively, it might be possible to exploit this
reduced friction in producing micro- or
nanomachines that are much more efficient

Fig. 4. Images of selected steps in the fabrication
of a nanostructure containing three interlocking
pieces. (A) Initial positions of two MoOg3 nanocrys-
tals, crystal 1 and crystal 2 (the preferred sliding
directions are indicated by two-headed arrows).
(B) A 52-nm notch was defined in crystal 2 by
nanomachining (77). (C) A 58-nm free rectangle
(latch) was machined in crystal 1, and crystal 2
was translated toward crystal 1. (D) Crystal 2 was
translated to align the notch with the latch. (E) The
latch was moved into the notch of crystal 2. (F)
The latch was broken after a force of 41 nN was
applied to the latch axis. The nanomachining
steps used to define the notch and latch were
carried out with an applied load of 95 nN, and all
images were recorded with an applied load of ~0
nN. Image sizes are 600 nm by 600 nm, except
for (F), which is 900 nm by 900 nm.
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than can be predicted from macroscopic
considerations. The value of s determined
for MoO3-MoS; can also be compared with
recent studies of Cgy islands sliding on
NaCl crystal surfaces (20). The shear stress
determined from sliding a Cgp island on
NaCl, s = 0.1 MPa, is one-tenth of our
value for MoO;-MoS,. Part of this differ-
ence may reflect differences in lattice com-
mensurability and the molecular nature of
the Cq, solid, although further experimen-
tal and theoretical studies are needed to
provide a quantitative explanation of the
large difference in s.

The large friction anisotropy in the
MoQO;-MoS, system also has important im-
plications for nanofabrication. By combin-
ing lattice-directed sliding with nanomach-
ining (11), it is possible to define, intercon-
nect, and lock nanocrystals together (Fig.
4). To illustrate this point, we used two
MoQO; nanocrystals that have different pre-
ferred sliding directions on the MoS, sub-
strate (Fig. 4A). First, we opened a 52-nm
notch in the smaller nanocrystal (crystal 2)
by nanomachining (Fig. 4B). Second, we
defined a rectangular latch in the larger
nanocrystal (crystal 1) and translated crys-
tal 2 so that its notch was almost aligned
with this latch (Fig. 4C). At this stage of
fabrication, we enlarged the notch by 11
nm so that it was wider than the 58-nm
latch, and we adjusted the position of crys-
tal 2 to be diametrically opposed to the
latch (Fig. 4D). By sliding the latch into the
notch of crystal 2 (Fig. 4E), we effectively
locked the two nanocrystals, because crystal
2 could no longer move along its preferred
sliding direction of the MoS, substrate.
Hence, we created a nanometer-scale me-
chanical lock. Such locking is reversible;
after recording the image in Fig. 4D, we
locked and unlocked crystals 1 and 2 several
times before recording the image in Fig. 4E.
We also tested the strength of the latch by
determining the force required to slide crystal
2 perpendicular to the latch axis (Fig. 4F).
The lateral force needed to break the latch, 41
nN, was large considering the small latch
contact area, which suggests that relatively
robust assemblies can be created with such
devices. Such a reversible latch could serve as
the basis for mechanical logic gates (21).
More generally, we believe that our results
represent an important step toward the cre-
ation of nanometer-scale devices, because
they demonstrate the ability to machine com-
plex shapes and to reversibly assemble these
pieces into interlocking structures.
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GS28, a 28-Kilodalton Golgi SNARE That
Participates in ER-Golgi Transport

V. Nathan Subramaniam, Frank Peter, Robin Philp,
Siew Heng Wong, Wanjin Hong*

Little is known about the integral membrane proteins that participate in the early secretory
pathway of mammalian cells. The complementary DNA encoding a 28-kilodalton protein
(p28) of the cis-Golgi was cloned and sequenced. The protein was predicted to contain
a central coiled-coil domain with a carboxyl-terminal membrane anchor. An in vitro assay
for endoplasmic reticulum-Golgi transport was used to show that p28 participates in the
docking and fusion stage of this transport event. Biochemical studies established that p28
is a core component of the Golgi SNAP receptor (SNARE) complex.

The N-ethylmaleimide—sensitive factor
(NSF) and the soluble NSF attachment
proteins (SNAPs) are required for most ves-
icle fusion events along the exocytotic and
endocytotic pathway (1). The cytosolic
NSF and SNAPs are recruited to the fusion
sites through binding to membrane
SNAREs. The specificity of vesicular trans-
port is thought to be determined by correct
pairing of vesicle-associated SNAREs (v-
SNAREs) with those on the target mem-
brane (t-SNAREs) (1). Synaptic vesicle—
associated synaptobrevins (v-SNAREs) and
presynaptic membrane—associated syntaxin
1A and 1B (complexed with SNAP-25)
(t-SNAREs) have been shown to interact
with each other to determine the specific
docking of synaptic vesicles on the presyn-
aptic membrane as well as to recruit SNAPs
and subsequently NSF, resulting in the for-
mation of a 20S fusion (or SNARE) com-
plex (I, 2). Although the 20S SNARE
complex was originally formed with Golgi
membrane extracts in the presence of NSF
and a-SNAP (3), the Golgi proteins of this
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SNARE complex have not been identified.

Syntaxin 2, 3, 4, and 5, Sed5p, Ssolp,
Sso2p, Pepl2p, cellubrevin, Sec22p (Sly2p),
Betlp (Slyl2p), Boslp, Snclp, Snc2p, and
Sftlp are other possible SNAREs that func-
tion in different vesicular transport steps (I,
4). Among these, only syntaxin 5 is impli-
cated in endoplasmic reticulum (ER)-Golgi
transport in mammalian cells (5).
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A cis-Golgi integral membrane protein,
p28, has recently been identified by a
monoclonal antibody (mAb), HFD9 (6).
The protein was immunoaffinity-purified
from a detergent extract of rat liver Golgi-
enriched membranes, and the amino acid
sequences of its proteolytic peptides were
used to isolate the full-length complemen-
tary DNA (cDNA) (7) (Fig. 1). The de-
duced amino acid sequence shows that p28
is a 250-amino acid protein. The major
portion of the polypeptide (residues 1 to
230) is predicted to be anchored to the
membrane by its 20-residue COOH-termi-
nal hydrophobic tail (residues 231 to 250).
Preceding the hydrophobic tail are several
regions (residues 67 to 94, 101 to 128, 129
to 152, and 163 to 226) that could poten-
tially form coiled-coil domains. The struc-
ture of p28 is similar to that of known
SNARE;, although the primary sequence of
p28 does not show significant similarity to
any of them (I, 4).

The structure of p28 and its cis-Golgi
localization (6) prompted us to examine
whether p28 functions in ER to cis-Golgi

Fig. 1. The cDNA and de-
duced amino acid se-
quence of p28. Peptide se-
quences obtained by mi-
crosequencing of proteo-
lytic fragments of purified
p28 are underlined. The
COOH-terminal membrane
anchor is boxed. This se-
quence has been deposit-
ed with GenBank (acces-
sion no. U49099). Abbrevi-
ations for the amino acid
residues are as follows: A,
Ala; C, Cys; D, Asp; E, Glu;
F, Phe; G, Gly; H, His; |, lle;
K, Lys; L, Leu; M, Met; N,
Asn; P, Pro; Q, Gin; R, Arg;
S, Ser; T, Thr; V, Val; W,
Trp; and Y, Tyr.
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GGCACGAGGATGGCGGCGGGAACCAGCAATTACTGGGAAGATCTTAGGAAACAAGCTCGACAGCTGGAAAATGAACTTGA
M A A G T S N Y W E D L R K

CCTGAAACTAGTTTCCTTCAGTAAACTGTGTACGAGTTACAGTCACAGCAGCGCCCGGGATGGAGGCCGCGATAGGTATA
L K L Vs F 8 K L CT S Y S H S S A RDGGR D R Y
— P

GTTCTGACACAACACCCCTATTAAATGGATCAAGCCAAGACAGGATGTTCGAGACAATGGCCATTGAAATTGAACAGCTT
$ s b T TP L L NGS S OQDRMTFETMATI E I E QL

TTGGCGAGGCTTACAGGAGTAAACGACAAAATGGCAGAGTATACTCACAGTGCAGGGGTGCCCTCCCTGAACGCAGCCCT

L AR L TGV NDIKMAE Y T H S AGV P S L N A A L

GATGCACACGCTACAGCGACACAGAGACATTCTGCAGGATTATACACATGAATTCCATAAAACCAAAGCAAACTTTATGG
M H T L QR HR D I L QDY T HETFHIKTIK ANF M

P4 P5
CAATACGGGAAAGGGAGAATCTCATGGGATCAGTACGAAAAGATATTGAGTCATATAAAAGTGGGTCTGGAGTAAACAAC
A1l R E R ENL MG S VR KD T E S Y K S G S G V NN

AGGAGAACTGAACTGTTTCTGAAAGAACATGACCACCTTCGAAACTCTGATCGTCTGATAGAAGAGACAATAAGCATTGC
R R T E L F L K E HDH L RN S DR L I EE T I S8 I A

O AR QL E N E L D

P7 P8
TATGGCAACAAAAGAGAATATGACTTCGCAGAGAGGAATGCTCAAGTCCATTCACAGCAAGATGAACACTCTGGCCAACC
M A T K E NM T S Q@R G ML K S I HS KMNT L AN

GCTTTCCCGCCGTCAACAGCCTGATACAAAGGATCAACCTTAGGAAGCGGCGCGACTCGCTCATCCTTGGAGGCGTCATT

R F P AV NS L I 0R I NLRKRWRID|S L I L GG VvV I

P9 P10
GGCATCTGCACCATCCTGTTGCTGCTGTATGCATTCCACTGAGAGGTCGGCCCCAGGACTCTGCCCACCCTCTGCGGCCT
G I C T I L L L L Y A F H
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