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The self-assembly mechanism of alkanethiol monolayers on the (1 11) surface of gold was 
discovered with the use of an ultrahigh-vacuum scanning tunneling microscope. Mono- 
layer formation follows a two-step process that begins with condensation of low-density 
crystalline islands, characterized by surface-aligned molecular axes, from a lower density 
lattice-gas phase. At saturation coverage of this phase, the monolayer undergoes a phase 
transition to a denser phase by realignment of the molecular axes with the surface normal. 
These studies reveal the important role of molecule-substrate and molecule-molecule 
interactions in the self-assembly of these technologically important material systems. 

Self-assembly of amyhiyhilic molecules 
into highly ordered nlonolayer films o n  
metal surfaces has potential applications in 
hiosensing (1 ), biornimetics (S) ,  and corro- 
sion inhibition (3) .  A specific amphiphile/ 
substrate system that has receiveii consicier- 
able attention recently 1s f~~nctionalizeci al- 
kanethiols (HS(CH,), ,X)(C,,X) self-as- 
seml~lecl o n  A u ( l l 1 )  ( 4 ,  5) .  T h e  interest 
in  alkanethiol self-assembled nlonolayers 
(SAMs)  stems it-om their stahilitv and ease 
of  preparation. Many studies 'have ad- 
dressed their saturation-coverage equilih- 
r i u n  structure (5,  6 ) ,  hut relatively f e n  
have exarnlnecl the  meclhanism of self- 
assembly. 

T h e  grovlrth kinetics of SAMs have been 
studied using ellipsometry, contact a~lgle  
lneasurelnents (3, surface acoustlc m1.e 
devices (8 ) ,  second-harmonic generation 
(9 ) ,  near-edge x-ray absorption fine struc- 
ture (IG), and quart: crystal microbalances 
(1 1 ). These studies found that the  growth 
rate is proportional to the numl~er  of unoc- 
cupleci adsorption sites, in agreement with 
slnlple first-order Lanrgmuir acisorptlon ki- 
netics (8, 9 ,  11) 

where 8 1s the  fraction of occ~~piecl  sites, t 
is t lme, and k is a rate constant that 
contains the  flus of thiol m o l e c ~ ~ l e s  to the  
surface and the  sticking coefficient. All of 
the  t e c h n ~ c l ~ ~ e s  ~ised were spatially averag- 
111g and therefore left questions ahout the  
nlicroscopic aspects of self-assembly unan- 
swered. These questions include whether 
the  lnonolayer asselllbles by nucleation 
and growth of islands or by a statistical 
"filling-in" mechanism, how the  growing 
monolayer and the  ALI surface reconstruc- 
t ion interact, and what is the  orientation 
of the  alkyl chains 'luring growth. 
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T h e  goal of this report is to  provide a 
iletalled molecular-scale picture of the  
nlechanisnl of self-assembly of alkanethi- 
01s on to  A u ( l l 1 ) .  W e  accompl~sh  this by 
using gas-phase transport of alkanethiols 
on to  clean A u ( l l 1 )  s ~ n g l e  crystals in  iun 
ultrahigh-vacu~ scailnltlg t~unnel l~lg  mi- 
croscope ( S T M )  (12) .  W e  have studied 
grolvth of the  methyl-termlnated lho- 
lllologs 71 = 5 and 9 and the  six-methl-lene 
unit  lhomoloes X = O H  and C O O H .  Our  - 
results highlight the  illlportance of thiol- 
surface and thiol-thiol interactions in  
thebe self-asseinl~ling amphiphiles and 
[nay he generalizal~le to insoluble amphi- 
~ h i l e s  a t  t he  liauicl-a~r interface. 

T h e  herringbone reconstructed surface 
of hare Au(  11 1 )  (Fie. 1 A )  is characterized 

u 

1.y a 4.3?h uniaxial lateral contraction rela- 
tive to the  bulk layers (13).  This contrac- 
tion causes variat~ons in repistrv between , , 

the  surface and bubsurface atonlic layers 
such that the stacking arrangement alter- 
nates I~et\veen norrnal A B C  stacking and 
faulted ABA stacki~lg \\,it11 faulted and LIII- 

faulteci regions delineated by rows of hridg- 
i rg  Au atorns (14).  These bridging ro\vs are 
manifest in S T M  topograplhs as elevated 
riiiges aligned with substrate (121)-clirec- 
tions (15).  Pans of ridges form a ( \ / 3 x 2 3 )  
surface unit cell that can a d o ~ t  one of three 
or~entat ional  registries. T o  further reduce 
surface enerrgy, the pairs for111 hyperdornains 
characterized Py a l t e rna t~~ lg  60" bends rem- 
iniscent of a herringhone pattern. Certain 
bend apices (arrows, Fig. lA,  inset) are 
tnore reactive than other sites because thev 
contain surface-confined dislocations (15).  

A t  very low surface coverage, the thiols 
adopt a lattice-gas phase that is clharacter- 
ized hv a lo\\- areal dens it^ of ranidly iiiff~us- 
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i ~ l g  surface-confined thiols. W e  cannot i n -  
age the  lattice gas iiirectly I~ecause of the  
elisparity between the time scales of molec- 
ular diffusion and S T M  data acquisition. 
R'lhen this lattlce pas reaches a critical sur- 
face coverage, stal~le alkanethiol islands nu- 
cleate (circles, Fig l A ,  inset) (16) .  These 
islands grow in equilibri~un with the la t t~ce-  

gas phase as inferred from three olxerva- 
tions: there 1s a time-delay between initia- 
tion of dosing and appearance of stable 
islands, the  herringl~one reconstruct~on is 
altered before island nucleation, and the 
island boundaries fluctuate. Ass~un~ing a 
first-order phase transition, the  lateral pres- 
sure of the  lattlce gas remains constant 
during the gas-solid coexistence. 

Growth of Ni  or Fe o n  ALI( 11 1 ) occurs 
1.y lheterogeneous nucleation a t  the defect- 
ed herringbone elbows (arrows, Fig. l A ,  
inset), where a larger energy gain 1s realized 
(15 ,  17) .  In  contrast, C,OH S A M  islands 
nucleate preferentially In reglolls of un- 
faulted ALI stacki~lg (c~rcles,  Flg. lA,  inset). 
If we assLunle a ~ n u l t i m o l e c ~ ~ l e  critical lsland 
size and site-specific thiol binding ( I t i ) ,  
then ~t follows that there is a n  areal require- 
ment  for island nucleation on this perioiii- 
callv faulted surface (1 6) .  Because the  
ABC-stackeii regions betv,,een alternate 
herl-inghone elbow> present the largest LIII- 

broken area of unfia~~lted threefold hollow 
sites (15) ,  they are the most likely place for 
critical lsland nucleation. Thus, the ob- 
served nucleation reflects dynamical rather 
than energetic aspects of self-assembly. 

Exposing the  surface to 200 Langnlulrs 
(L)  ( 1  L = 10-%orr.s = 1.33 x lo-' Paas) 
of C,OH (Fig. 1B) results in the growth of 
islands exhibiting a striped pattern. Expo- 
sure to a n  additional 150 L results in forma- 
tion and growth of additional stripecl-phase 
islands (Fig. 1C) .  T h e  strlpes are aligned 
~vitlh substrate (1 21)0 directions with a corru- 
gation period of 5 A a l ~ n g  the  rows and a n  
interrow spacing of 22 A (Fig. 2). This co11- 
figuration is not consistent w,gh the ~ ( 4 x 2 )  
superlattice of a (V'TXV 3)R30 lattice 
known to describe saturation coverage al- 
kanethiols o n  A u ( l l 1 )  ( 6 ,  19).  Instead, 
from the  obser\~ed stripe orlentation, corru- 
gation period, and interrow spacing, we 
propose that  the  striped dolnalns are corn- 
posed of alkanethiolates with the  sulf~ur 
atorns hound in next-nearest-neigllbor 
threefolii-hollow sites (18)  and the  molec- 
ular axes aligned v,,ith the  surface plane 
(overlays, Fig. 2 A ) .  K'e refer to  this pro- 
posed structure as solid, .  T h e  S T M  topo- 
graplls do  not constitute imamPiguous 
proof; however, helium diffraction mea- 
surements that  sholv a correlation between 
interrow strlpe period and alkanethiol 
chain  length (22)  support thls model. Fig- 
ure 2 A  does not  allow us to  assign a head- 
to-head or  head-to-tail packing arrallge- 
ment;  however, if we assume the  fyrmer, 
then the  packing denslt\- is 60 A' per 
molecule, whereas the  latter inlplies 120 A' per molecule. I n  either case, the  sur- 
face molecular density of solid, is Jower 
than  the  saturation density of 21.5 A' per 
molecule ( 6 ,  19).  These stripe-phase do- 
mains were not  unique to gas-dosed C60H 

SCIENCE * \'OL. 2i2 ' 21 hi,-iY 1996 



but also occurred, with subtle variations, for 
low-coverage liquid-phase-dosed molecules 
with other end groups (Fig. 2B). 

Solid, island growth is accompanied by 
changes in the herringbone reconstruc- 
tion. The natural herringbone elbow peri- 
od of bare Au(1 l l )  is about 250 A (Fig. 
lA) ,  whcreas a compressed elbow period 
of 130 A is observed for the partially 
covered surface (Fig. 1B). We attribute 
this  heno omen on to lateral ex~ulsion of 
elbows from regions of nascent island 
growth and compression of the elbows into 
denuded regions. Annihilation of the sur- 
face dislocation at the herringbone elbows 
apparently has a higher activation barrier 
than does lateral sliding of the entire dis- 
location across the surface. This comnres- 
sion of elbow defects persists until the 
com~ressed-elbow strain field exceeds the 
activation barrier for elbow annihilation. 

The islands are elongated parallel to hy- 

perdomain ridges and the island boundaries 
conform to the herringbone turns (Fig. 1, C 
and D). Although island growth parallel to 
hyperdomain ridges proceeds by lateral ex- 
pulsion and compression of the herringbone 
elbows, growth perpendicular to the ridges 
must occur bv annihilation or com~ression 
of the herringbone ridges. Apparently, the 
herringbone ridges are less compressible 
than the elbows, and this leads to the ob- 
served shape anisotropy and the conformal 
island boundaries. 

Besides the shape anisotropy, solid, also 
has an orientational preference. Although 
solid, may adopt one of three symmetry- 
equivalent (1 2 1) orientations, comparison 
of Fig. 1A with 1D and 1E reveals a domi- 
nance of strined-nhase domains oriented 

L L 

~erpendicular to the preexisting hyperdo- 
main ridges. This orientational preference is 
evident even for islands at the critical nu- 
cleation size (Fig. lA, inset). We attribute 

this preference to a break in the nucleation- 
site symmetry by the herringbone ridges. 

Fieures 1 and 2 establish that the SAM - 
islands nucleate preferentially on unfaulted 
Au stackine domains at certain turns of the - 
herringbone reconstruction, that the recon- 
struction is lifted by the self-assembly pro- 
cess, and that this lifting occurs locally with 
lateral expulsion of herringbone elbows. 
The appearance of one discrete crystalline 
phase is suggestive of a first-order, lattice- 
gas-to-solid, phase transition. 

Lateral growth of solid, islands results 
in concomitant appearance of depressions 
(dark featyres, Fig. 1, C and D). The fea- 
tures, 2.5 A in depth, are islands of Au atom 
vacancies (3,  21). In STM topograph se- 
quences, we directly observed their forma- 
tion in real time. In contrast to the SAM 
islands, the vacancy islands nucleate pref- 
erentially at elbows of the herringbone re- 
construction, sites that also act as the locus 

Fig. 1. Constant-current STM topographs showing the evolution of the recon- 
structed Au(l11) surface during gas-phase transport of mercaptohexanol. Each 
frame was acquired in nominally the same surface region with a frame-to-frame 
lateral image drift of less than 100 A. (A) Bare surface (0 L) exhibits hemngbone 
reconstruction. Parallel lines highlight native elbow periodicity; the small island in 
the lower left is residual contamination. (Inset) Surface exposed to 3 L. Three stable 
islands (circled) nucleate between herringbone double rows at certain bends in the 
reconstructed surface but do not nucleate at the surface dislocation site of the 
heningbone reconstruction (arrows). (B) Growth ofstriped-phase islands (pointing 

finger) after 200 L. Parallel lines highlight compressed hemngbone periodicity. (C) 
Continued striped-phase island growth displaces herringbone elbows after 350 L. 
(D) Au vacancy islands one atom deep (pointing finger) nucleate preferentially at 
elbows of herringbone hyperdomains after 600 L. (E) The second solid phase 
(pointing finger) nucleates after 1000 L, just above saturation coverage of the 
striped phase. Arrows indicate doubled striped-phase periodicity (upper) and 
antiphase boundaries (lower). A higher resolution topograph was acquired from 
the region indicated by the rectangle (Fig. 3). (F) Above 2500 L, the second phase 
grows at the expense of the striped phase until saturation. 
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of nucleation in Ni and Fe heteroepitaxy 
(15, 17). 

Continued exnosure of the surface to 
C60H vapor results in saturation of solid,. 
Just above saturation of solid,, elevated, 
corrugated islands appear (Figs. 1E and 3A). 
If each bright feature in these corrugated, 
commensurate, elevated islands is attribut- 
ed to an individual thiolate, then the2e 
is1.ands have a packing density of 21.5 AZ 
per molecule (22). This packing density is 
identical to that of saturation-coverage 
SAMs of methyl-terminated alkanethiols 
(6. 19) and can onlv be achieved if the . .  , 

alkyl chains are oriented upright. There- 
fore. we attribute these features to islands of 

Distance 

Fig. 2. Molecular-resolution, constant-current 
STM topographs of striped-phase alkanethiols on 
Au(ll1). (A) Low-coverage surface prepared by 
exposing substrate to 1000 L of mercaptohexanol 
vapor. Head-to-tail (left) and head-to-head (right) 
packing geometriei are suggested by o v e ; ~ ~ ~ s ~  
(B) Low-coverage surface prepared by incubating 
crystal in a 4.5 i~ solution of decanethiol in eth- 
anol for 50 s. (C through F) Cross-sectional pro- 
files from corresponding traces in (A) and (B). Pe- 
riodicities parallel and perpendicular to corrugated 
rows are consistent with a binding geometry in 
which molecular axes are aligned with the surface 
plane. 

the densest packed thiolate, in which the 
molecular axes are directed along the sur- 
face normal. We refer to this denser phase 
as solid,. 

Solid, islands appear only after satura- 
tion of solid,, and they nucleate preferen- 
tiallv at solid, domain boundaries. This sue- " 
gests that solid, nucleation is not limited by 
the adsorption kinetics but rather arises 
from lateral interactions in solid,; that is, it 
is a phase transition driven by lateral pres- 
sure. Simultaneous with the nucleation of 
solid* islands, antiphase boundaries and re- 
gions with a larger stripe period form (ar- 
rows, Fig. 1E). Nevertheless, at the cover- 
aee indicated in Fie. 1E. discrete surface- " " ,  

aligned and surface-normal-aligned phases 
coexist. 

According to the cross-sectional profile 
(Fig. 3B), solid, islands exhibit an appar- 
ent height of 0.8 A relative to soli!,, which 
itself has an apparent height of 1 A relative 
to the Au surface. Thus, the apparent 
height of solid, is significantly less than tbe 
C60H van der Waals length of =10 A, 
suggesting that the alkyl chains contribute 
minimally to the tunneling current, if at all. 
This is not unexpected, because the hydro- 
carbon chains have no electronic state den- 
sity close to the Fermi level (23). 

Figure 4 schematically summarizes the 
proposed self-assembly mechanism. With 
increasing coverage, the thiol molecules se- 
quentially adopt a lattice-gas phase, a low- 

-2L, 
0 100 260 360 aool 
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Fig. 3. (A) Molecular-resolution, constant-current 
STM topograph corresponding to the rectangle in 
Fig. 1 E. The bright feature shows corrugation con- 
sistent with saturation-density molecular packing. 
(6) Cross-sectional profile corresponding to high- 
lighted line in (A) showing an apparent height of 
0.8 A for the bright feature with respect to the 
striped-phase and a depth of 2.5 A for the Au 
vacancy island. 

density solid phase, and a higher density 
solid phase. Both solid phases are commen- 
surate, differing mainly in the orientation of 
the chains. This same growth scheme was 
observed, with minor variations, for gas- 
phase-dosed C6COOH, C,CH3, and 
C9CH, and for solution-phase-dosed 
C9CH3; thus, the mechanism appears to be a 
general model. The principal variation that 
we observe is that thiols with less intermo- 
lecular interaction, such as short-chain, 
methyl-terminated alkanethiols, exhibit a 
lattice-gas phase that persists to higher lat- 
eral Dressure before nucleation of solid, is- 
lands and the phase transition from solid, to 
solid, occurs bv wav of several intermediate- , , 
density surface-aligned phases. 

Similar two-step growth mechanisms 
have been seen for Langmuir-Blodgett am- 
phiphile monolayers confined to the air- 
liquid interface in Langmuir-Blodgett 
troughs (24). In these systems, the phase 
transitions are manifest as discontinuities in 
lateral-pressure versus molecular-area iso- 
therms. Since the early work by Adam (25), 
the precise order of the transitions-first- 
order or continuous-and the physical state 
of the phases-two-dimensional gas, liquid, 
or solid-have been controversial (26). 
This is due in part to the difficulty of direct 
determinations on liquid-confined phases. 
In our study, we examined amphiphile 
monolayer growth at a vacuum-crystal in- 
terface. Although growth on a liquid phase 
is expected to deviate fundamentally from 
that on a crystalline phase, the two-step 
growth mode presented here may be useful 

Fig. 4. Schematic of self-assembly mechanism 
for alkanethiols on Au(ll1). (A) Thiols adopt the 
highly mobile lattice-gas phase at very low cover- 
age. (B) Above a critical value of surface coverage, 
striped-phase islands, characterized by surface- 
aligned molecular axes, nucleate heterogeneously 
and grow in equilibrium with a constant-pressure 
lattice gas. (C) Surface reaches saturation cover- 
age of striped phase. (D) Surface undergoes lat- 
eral-pressureinduced solid-solid phase transi- 
tion by nucleation of high-density islands at 
striped-phase domain boundaries. (E) High-den- 
sity islands grow at the expense of the striped 
phase until the surface reaches saturation. 
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as a general guide to amphiphile monolayer 
assembly. In addition to improving our ba- 
sic knowledge of molecular self-assembly, 
these results may be useful in guiding efforts 
to grow more highly ordered films and self- 
assembled supramolecular architectures. 
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Dynamic Ocean-Atmosphere Coupling: 
A Thermostat for the Tropics 

De-Zheng Sun* and Zhengyu Liu 

The ocean currents connecting the western tropical Pacific Ocean with the eastern 
tropical Pacific Ocean are driven by surface winds. The surface winds are in turn driven 
by the sea-surface temperature (SST) differences between these two regions. This dy- 
namic coupling between the atmosphere and ocean may limit the SST in the tropical 
Pacific Ocean to below 305 kelvin even in the absence of cloud feedbacks. 

Records of past climates and observations 
of the interannual fluctuations about the 
present climate suggest that the maximum 
tropical SST is somehow limited to below 
305 K ( 1 , 2) .  Ramanathan and Collins (3) 
hypothesized that the tropical Pacific SST 
is mainly regulated by a negative feedback 
from cirrus clouds, a controversial (4, 5) 
proposal they referred to as the "thermostat 
hypothesis." In this report, we propose an 
alternative thermostat for the SST in the 
tropical Pacific Ocean: the dynamic cou- 
pling between the atmosphere and ocean. 
The ocean currents that connect the west- 
ern Pacific Ocean with the eastern Pacific 
Ocean are driven by surface winds. Surface 
winds are in turn driven by the SST differ- 
ences between these two regions (6). This 
dynamic coupling plays a central role in the 
El Nifi-Southern Oscillation ~henomena 
(2, 7), but its importance for the mean 
tro~ical  climate has been less clear. 

To illustrate the mechanism by which 
the dynamic ocean-atmosphere coupling 
regulates the tropical SST, we consider a 
three-box model for the tropical Pacific 
Ocean coupled with a simple atmosphere 
(Fig. 1). The surface Pacific Ocean over the 
equatorial region is represented by two box- 
es with temperatures T, and T2. The two 
boxes are assumed to have the same vol- 
ume. The subsurface ocean is represented by 
another box with temperature T,. The 
ocean currents are driven by surface winds. 
Using Te to represent the radiative-convec- 
tive equilibrium temperature, the tempera- 
ture that the surface ocean would attain in 
the absence of the ocean currents. and c to 
represent the reciprocal of the time scale for 

the radiative-convective processes, we can 
write the heat budget of the two surface 
boxes over time t as 

with q given by 

q = 4-1 - Tz) (3) 

where a is a constant related to the eddy- 
damping time scale in the atmospheric 
boundary layer and in the mixed layer of 
the ocean. The first term on the right side 
of Eqs. 1 and 2 is the local heat exchange 
with the atmosphere, and the second term 
is the advection of heat by the ocean 
currents. In deriving Eq. 3, we have as- 
sumed that the strength of the ocean cur- 

- ~ ~ ~ ~ ~ ~ h ~ ~ ~  + -- Surface winds 

m Surface ocean Ocean currents 

-1 Subsurface t t Local heating 
ocean 

Fig. 1. A schematic diagram for the coupled 
model. The east-west surface current is the fric- 
tional flow driven bv the east-west surface winds. 
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