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Insoluble alkanes have been observed by electrochemical scanning tunneling microscopy (STM) to form
ordered monolayers at the Au(111)/0.1 M HGI€blution interface. Hexadecane molecules self-assemble
into ordered layers that are stable over the potential range from @d&4/0.55 Vscg on both reconstructed

and unreconstructed Au(111) surfaces under electrochemical control. The hexadecane molecules appear as
2.2 nm long and 0.45 nm wide rods, suggesting an extended conformation. STM images show that a reversible
order—disorder transition can be induced by moving the electrode potential positive or negative of the stable
potential region (0.15 ¥:eto 0.55 Vscg). The hexadecane molecules aggregate immediately after lifting of

the surface reconstruction by a positive potential step to 0&% Reversible disappearance of the ordered
alkane structure is also observed when the potential is stepped below &45Tke molecules resume an
ordered lamellar structure upon return of the substrate to the stable potential region. A critical role for the
aqueous solvent in inducing the phase transition is proposed.

1. Introduction expect diminishing influence from the weakly interacting tails,
11 Role of Hvdroohobic Tails in the S ‘ the hydrophobic tails remain critical in determining the forma-
A h h'?eMo Iy rop zdlc balds N t_eth_trlfj_lcture f? tion and stability of the monolayers at electrified interfaces. For
m%. P Itlch onodayetrs% sorﬁe dorgam(i 'Itr? lims, ol enl example, increasing the length of the alkyl chains has been found
Ir:s:ellrégna_nceefi_rge O'P err?gsz,safo?raOplpcoa:t'l:)r::slersalr? T}O ef(r:(tjjrgr to improve the stability at negative potential of alkanethiol
sgnsork glnd cc|>rrgosionSu rotectiéno bri)gr#en:brane fugnlcgons monolayers.""* Hatchett et al. found that the adsorption free
. 4 prote . energies oh-alkanethiolates under aqueous solution increased
and colloidal system3? The interfacial charge may affect the . ”» - .

. L : by 1 kcal/mol with each additional methylene unit in the chain.
structure and properties of thin films. Understanding and The increased stability has been attributed to increasin
controlling the charge-dependent structures and properties ish drophobic interactior?s under agueous solution. im roveg
important for preparing and controlling the properties of organic yarop . . q soiution, Imp

screening of ions, and the increased stabilization by van der

thin films on electrode surfaces for various applicatierfs. . )
PP Waals interactions between the chdifid?It was proposed that

of E%Sth?r%ﬁgcég:ggﬂg: 2gﬁ2iz;?nedé?tﬁ rg%e?gg?cctgwspgizd for alkanethiols with chain length longer than 10 carbons, the
phip 9 yarop contribution from alkyl chains to the adsorption energy-{10

hydrophilic headgroups, whose potential-dependent structure is . .

a result of complex interactions between the hydrophobic tails, 20 kcal/mol) is comparable tc7) that from the chemisorbed sulfur
the headgroups, the electrolyte, and the substrate. Changes il};eadgroups_(Z@SO keal/mol): -

molecular orientation and packifg®desorptiorf,and formation 1.2. Studies of Alkanes at Electrified Interfaces.2D
of surface aggregates such as micé&&may occur in adsorbed ~ hydrophobic phases, such as normal alkanes confined at
amphiphilic molecules upon modulation of the surface charge. electrified interfaces, represent an interesting model system to
The competitive adsorption of electrolyte and hydrocarbon understand the role of hydrophobic tails of amphiphilic mol-
chains on electrodes is recognized as a dominant factor in theecules. Although the hydrophobic tails are frequently invoked
structure of weakly adsorbed amphiphilic molecflégear the to explain the structure and properties of amphiphilic molecules
potential of zero charge (pzc) in aqueous environments, at solid-liquid interfaces, there has been little experimental
hydrophobic repulsion orients the hydrophobic hydrocarbon effort to separately study the structure and dynamics of
chains of physisorbed amphiphilic molecules toward the metal completely hydrophobic molecules, such as alkanes, at these
surface while the hydrophilic headgroups point toward the interfaces. Wu et al. studied the penetration of ions across
aqueous electrolyte.However, at sufficiently high surface  hydrophobic phases in the presence of electric fields by
charge density, hydrophobic hydrocarbon chains on electrodedepositing hydronium ions on alkane films on Pt(1131Yhe
surfaces are displaced by the electrolyte, resulting in a changeactivation barrier for the ion penetration through 3-methylpen-
in orientation or desorptioh.Even for self-assembled mono- tane was determined to be 38 kJ/mblvosevic et al. studied
layers, formed by molecules with headgroups binding strongly the spreading of hydrocarbon droplets at the dropping mercury
to the substrate through chemisorption, in which one would electrode (DME}? It was found that various hydrocarbons could
spread on the DME within a potential range near the pzc. Longer
* Corresponding author: E-mail: borguet@pitt.edu. alkanes spread more readily than shorter ones, presumably due
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to more molecule substrate interactions. However, the existing understanding of the hydrophobic phase under electrolyte will
studies are mostly limited to the thermodynamic description of contribute to the elucidation of the structure and dynamics of
the interfaces, e.g., measurement of interfacial tension. What isamphiphilic molecules at electrified interfaces.

largely unexplored and of particular interest is the surface charge

driven microscopic structure and dynamics that correspond to 2. Experimental Section

the spreading or aggregation of alkanes on metal electrodes. In 2.1. Preparation of SamplesThe Au(111) single-crystal

this respect, STM, capable pf tracking the evolution of individual substrate, a disk 1 cm in diameter and 2 mm thick (Monocrystals
mplecules, provides a particularly powerful approach to tackle Co., Ohio), was cleaned by immersion in hot piranha solution
this complex problem. ] o (1:3 HO, (reagent grade, J. T. Baker) ang3®y, (reagent grade,
1.3. Summary of Previous Investigations of the Structure 3 T Baker)) for 1 h, and immersion in hot HY@eagent grade,
of Alkanes on Au Surfaces.To understand the largely  EMm Science) for 30 min(Caution! The piranha solution is a
unexplored alkane thin film structures at electrified interfaces, very strong oxidizing reagent and extremely dangerous to
it is instructive to review eXiSting studies of alkanes adsorbed handle. Protective equipment induding g|0ves and gogg|es
on metal surfaces in UHV or under nonpolar solvents. Such should be used at all times.)After each step the sample was
studies can elucidate the role of intermolecular and moleeule  rinsed by ultrasonication in ultrapure water8 MQ-cm). The
substrate interactions, which should be relevant in determining Crysta| was hydrogen flame annea|ed, and allowed to cool to
the structures of alkanes at electrified interfaces despite theypom temperature in air. A drop of hexadecane (Acros, 99%)
additional complexity arising from the electric field dependent \yas placed on the surface and rinsed with decane, then allowed

electrolyte-substrate and electrolytedsorbate interactions. to dry in air. The crystal was transferred to the STM electro-
The physisorption of alkanes on single-crystal metal surfaces chemical cell and immersed under potential control (0.28gV
has served as a model system. For long-chatkanes ¢ C6), in 0.1 M HCIO, (Optima grade, Fisher Scientific) solutiéhA

the physisorption energy on Au increases linearly with the chain Teflon STM cell ensured that only the (111) facet was exposed
length by 6.2+ 0.2 kJ/mol per additional methylene uhft. to electrolyte. The substrate was occasionally electropolished
Solvation force measurements, temperature programmed de-at 3 V potentialin 1 M H,SO, solution2 All electrode potentials
sorption, molecular dynamics, and Monte Carlo simulations are quoted relative to the SCE potential.
suggest the formation of alkane layered structures near solid 2.2. STM Experiment. STM images were obtained with a
surfaces due to adsorbatsubstrate interactiord$:1° Reflection PicoScan STM system (Molecular Imaging). A bipotentiostat
absorption infrared spectroscdfy?? and low energy electron  (Molecular Imaging) was used to control the sample and tip
diffraction (LEEDY? reveal that adsorbed linear alkanes adopt potential independently. The electrochemical cell was made of
an all-trans conformation in ordered layers, with the zigzag plane Teflon. A silver wire and a platinum wire were used as a quasi-
of the molecules aligning parallel to the substrate surface. reference electrode and counter electrode, respectively. All cell
Scanning tunneling microscopy (STM) studies have provided components were chemically cleaned in the same way as the
unprecedented structural details about the physisorbed alkanesSrystal. STM tips were prepared by electrochemically etching
mainly on graphite surfacéé.However, STM investigations ~ 0.25 mm diameter tungsten wires using 10 V AC3iM KOH
of alkanes adsorbed on metal surfaces have appeared onlyolution. Tips, coated with paraffin wax, yielded less than 10
recently?>-31 It was found that the structure of the 2D alkane PA Faradic current. All the STM images were obtained under
Crygta]s depends on the substrate Crys’[a”ograbﬁ%ﬂ'he |Ong constant current mode at 1.1 nA. The tlp pOtential was kept at
molecular axis of the alkane molecules was preferentially OVsce so that the tip-sample bias tracked the sample potential
oriented a|0ng the [O_:ubr [110] direction of the Substrate, i_e_, in the range from 0.05 to 0.65 V. Additional details of the STM
at 30 with respect to the stripes of the reconstruction on €xperiment can be found elsewhéfe.
Au(111)2728 Thus, a relatively complete picture of alkane
adsorption has emerged in UHV and under nonpolar solvents, 3- Results
enabling us to address the additional complexities that the 3.1 Structure of Hexadecane Monolayers on Recon-
aqueous electrolyte and electric fields can introduce. structed Au(111) Surface.STM images of hexadecane at the
1.4. Summary of the Present Work.We report a high- Au(111)/0.1M HCIQ solution interface at 0.25 §4e (Figure
resolution STM investigation of potential dependent structures 1) show a molecular row structure crossing the substrate double
of hexadecane on Au(111) under an electrochemical environ- stripes. The underlying double stripe structure, 0.1 to 0.2 A high,
ment. The experiments reported here afford a molecular level is due to the reconstruction of the Au(111) surfdé@and is
understanding of the structure of the hydrophobic phase atclearly visible even in the presence of adsorbed molecules. The
electrified interfaces. A variety of charge-dependent structures Au(111) surface has two stable phases; the unreconstructed (1
of the hydrophobic phase at the interfaces, including the surface x 1), consistent with a bulk termination, and the reconstructed
charge induced ordewdisorder phase transitions as well as the (22 x +/3), where the surface atoms are slightly compressed in
formation of nanometer-sized alkane aggregates, are demon{110] directions®* In an electrochemical environment, a transi-
strated. Consideration of the role of competitive adsorption tion between the two phases can be induced by changing the
between the hydrophobic alkane molecules and aqueous elecelectrode potentig® The reconstructed surface is stable at
trolyte enables the structures to be rationalized. The observationpotentials when the surface has a negative excess charge. It is
of rich dynamic behavior, such as the propagation of domains, now well established that the reconstructed Au({2p x +/3)
and flipping of molecular orientations offer insight into the role  surface transforms to the Au(1}1{1 x 1) phase at potentials
of intermolecular interactions in the dynamics of 2D phase above~440 mVscg and that the reverse transition occurs for
transitions. In addition, the observation of 2D hexadecane crystal potentials below~220 mVscein HCIO, solution3® The density
on unreconstructed Au(111) under electrochemical environment, of the reconstructed phase is estimated to be about 4.5% higher
which could not be observed under nonpolar sol¥éstiggests than the unreconstructed ph&8dhe periodicity of the double
that the aqueous electrolyte may promote the ordering of the stripes of the alkane-covered reconstruction is about 63 A, nearly
hydrophobic thin film. It is hoped that such molecular level identical to that observed on a bare Au(111) under electréyte.
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preferentially oriented at 30with respect to the stripes of the
gold reconstruction. This result is in agreement with the reported
STM result for hexadecane adsorbed on Au(111) under neat
hexadecane in air, where the preferential orientation of the
molecular axis is along nearest neighbor (NN) direction (the
[011] or [110] direction of the substrate), i.e., at°3@ith respect

to the stripes of gold reconstructiéh?®28 A consequence of
this arrangement is the existence of two equivalent directions
of the molecular rows, at-30° and —30° with respect to the
double stripes of the Au(111) reconstruction.

The influence of the Au(111) surface reconstruction on the
structure of the 2D alkane crystal is apparent as shown in Figure
1A and B. Noisy domain boundaries, indicated by a black arrow
in Figure 1A, are formed between molecular rows with different
molecular axis orientations. The noise suggests mobility of
molecules at the edges of the domains. Interestingly, the domain
boundaries of the molecular rows are located at the substrate
reconstruction domain boundaries, i.e., the elbows in the double
rows of the herringbone structure. Within the same domain, even
if the molecular rows change direction, the molecular axis
direction does not change (Figure 1A as indicated by a white
arrow). These results are in good agreement with those reported
by Uosaki et al. under nonpolar solveft2’

3.2. Potential-Induced Transformation of 2D Hexadecane
Crystals on Au(111).3.2.1. Order-Disorder Transitions at
Potentials Positie of the pzcTo study the effect of the substrate
potential, and the morphology of the Au(111) substrate, on the
ordered structures, the electrode potential was changed step-
by-step and STM images were recorded. The row structure and
the Au(111) reconstruction were observed as shown in Figure
1A, even as the electrode potential was stepped as high as 0.55
Vsce However, when the electrode potential was stepped to
0.65 Vscg the reconstruction was lifted. The characteristic
double stripe structure of the reconstructed Au(111) disappeared,
and characteristic monatomic high Au islands, resulting from
the lifting of the reconstruction at positive potenfidhppeared
as seen in Figure 2A and B.

At the same time as the reconstruction was lifted, the ordered
hexadecane layers disappeared, and rings, about 1 nm in
diameter, appeared on the surface. These rings are depressions
0.3-0.5 A deep. They are present on the terrace and the Au
islands. We attribute these rings to hexadecane molecules
- adopting vertical or tilted orientations. Hexadecane molecules
Figure 1. Hexadecane on reconstructed Au(111)/0.1 M HQ®erface lying flat on the surface enhance tunneling, as evidenced by
at 0.25 \ce Molecules adopt extended conformation as 2.2 nm long the imaging of the 2.2 nm long rods as protrusions in the STM
and 0.45 nm wide rods parallel to the surface. The molecular axes crossimages. The enhancement of tunneling of physisorbed insulating
the rows at about 60 The domain boundaries of the molecular rows  g1acyles has been rationalized by the weak coupling between
are pinned by the domain structure of the reconstruction stripes of the . : .
gold surface, as indicated by a black arrow. Scan area (A 42 states in the adso_rbate and states in the_substrgte near the_ Fermi
nm?; (B) 10 x 10 nnt. level 38 The coupling of these states, which obviously requires
geometric proximity, renders the adsorbate an antenna to receive

A high-resolution image, Figure 1B, shows that the molecular tunneling electron®® The flat orientation of hexadecane mol-
rows consist of rods 2.2 nm in length, separated by 8:4502 ecules allows maximum coupling to the substrate and therefore
nm, measured perpendicular to the molecular axis. The molec-enhances tunneling. However, if the hexadecane molecules adopt
ular axes cross the rows at abouf 6The 2.2 nm length is in another orientation, e.g., vertical or tilted, in which only a small
agreement with the calculated length of hexadecane in an all-part of the chain is in van der Waals contact with the substrate,
trans conformatiof’ suggesting that the rods in the STM images coupling between the molecules and the substrate may be
correspond to individual hexadecane molecules in an all-trans significantly weakened. Tunneling through the molecules may
conformation with the molecular axis parallel to the surface be suppressed to the extent that the tunneling probability through
plane. The clear observation of the double stripe substratenearby solvent molecules is greater, reversing the contrast.
structure in the present work indicates that adsorption of alkanesConsequently, the molecules may be imaged in STM as
does not lift the Au(111) reconstruction. depressions on the surface. Therefore, we speculate that the dark

The molecular layers adopt a well-defined structure with ring structures, enclosing a bright core, are Au clusters sur-
respect to the underlying substrate. The molecular axis wasrounded by hexadecane molecules. The density of the rings
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Figure 2. Hexadecane on Au(lll) in 0'1. M HCl@olution at 0.65 Figure 3. Hexadecane on Au(111) in 0.1 M HCJ@olution at 0.25
Vsce The reconstruction is lifted and Au_lslands appear. At the same sceafter potential was stepped back from 0.65¥ The dots begin
time, ordered hexadecane rows have disappeared, and dots, about §"gisapnear and the ordered molecular row structures recover on the

nm in diameter appeared on the surface and grew in number with time. |, e constructed Au(111) surface. (AY-95 s after potential step to

(A) 0—95 s after potential step to 0.65sd (B) 96—190 s after ; .
potential step. Scan area: 3232 nn?. Scan direction is indicated by 0.25 Vecs (B) 96-190 s after potential step. Scan area:>322 nnf.

black arrows at the top left side of each image. I .
P g the surface upon lifting of the reconstruction. The growth of

increased with time after the lifting of the reconstruction from Au islands is a consequence of the aggregation of the adatoms.
less than 20/100 nfrto about 50/100 nthafter 95 s. We suggest that the adsorption of alkanes hinders the surface
The Au islands grew slowly, adopting hexagonal shapes, anddiffusion of these adatoms, which is necessary for their
their edges became more well-defined, as shown in Figure 2A incorporation into islands, slowing down the growth of the
and Figure 2B, as a function of time. This result differs from islands. In pure 0.1 M HCI®solutions, the Au(111) reconstruc-
our previous studies of the growth and dissolution of nanoscale tion lifts at a significantly lower potential, 0-40.45 Vscg3436
Au islands in pure 0.1 M HCI@solutions, where the Auislands  The STM results presented here suggest that the 2D molecular
created by the lifting of the Au(111) reconstruction formed crystals stabilize the reconstructed herringbone structure of the
almost immediately and adopted a shape that was more circulareconstructed Au(111) to a higher potential than in neat HCIO
than polygonaf? Closer inspection of the images reveals that ~ When the potential was stepped back from 0.65ato 0.25
the island edges are fuzzy, suggesting that the islands are inVscg the ring structures disappeared and small clusters, imaged
the process of dynamic evolutiSh. Atoms are continuously  as protrusions, appeared. Simultaneously, the ordered 2D
attaching, detaching, or diffusing along the island edges. Clearly molecular structures recovered on the unreconstructed Au(111)
the presence of the hexadecane molecules affects the structuresurfaces as shown in Figure 3A. The correlation between the
and dynamics of the gold islands. Au adatoms are ejected ontodisappearance of the rings and the appearance of ordered
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molecular rows suggests that the rings may be composed of 3
aggregated molecules. Therefore, as the alkanes incorporate
into the molecular rows, the rings disappeared and the Au
clusters left behind are imaged as protrusions. This is consisten
with the finding that alkanes form droplets at potentials far away
from the pzc but spread out on the metal surface near thé°pzc.

The monatomic high Au islands are observed to assume a
hexagonal shape, in sharp contrast to the round shape observe
in neat 0.1 M HCIQ.32 This is presumably due to the pinning

of the island perimeter atoms by hexadecane molecules. &
Monatomic Au islands of similar shape have been reported by ¥
Lipkowski et al. in their STM study of surfactants adsorbed on
Au.12

At the potential of 0.65 ¥cg the surface is positively charged,
attracting the polar aqueous solvent that presumably displaces &
the nonpolar hexadecane molecules. Hexadecane is insolubl
in water. Hence the adsorbed hexadecane begins to aggregat §
to minimize hydrophobic interactions. In the SPM study of the 8
potential-dependent structure of dodecyl sulfate on Au(111),
Lipkowski. et al. observed that dodecyl sulfate forms hemimi-
celles near the pzc but desorbs at negative poteitlahlike
surfactant molecules, which are soluble in water, the hexadecane
molecules cannot leave the surface by desorbing into the bulk g
aqueous phase. The hexadecane aggregates are probably qui 5=
mobile as the area of interaction with the surface is reduced to E==s
allow the electrolyte access to the surface, with a concomitant §
reduction in the binding energy of hexadecane to the surface. §
However, when the potential was stepped back to 0.255V :
close to the pzc, the aggregated molecules can reassemble int: B8
ordered layers to maximize the adsorbagabstrate interaction. :
This releases the gold atoms trapped in the clusters.

It is worth noting that hexadecane molecules can form ordered
structures on an unreconstructed Au(111) surface (Figures 3 anc &
4). This is in contrast to the result reported in a nonpolar solvent g
that hexadecane molecules cannot form ordered structures or
the unreconstructed Au(111) surf@8&omparison with Figure
1 A, acquired before the lifting of reconstruction, allows the
determination of the substrate orientations. It can be concluded &
that the molecular axes are again aligned along nearest neighbo &
(NN) direction (the [01] or [110] direction of the unrecon-
structed Au(111). The similarity of the molecule orientation with g
respect to lattice on reconstructed (Figure 1A) and unrecon- 2
structed (Figure 3B) surfaces suggests that the orientation of == :
the molecular axes in determined by the hexagonal packing of Figure 4. Hexadecane on Au(111) in 0.1 M HCJ®olution. When
the Au lattice. However, the reconstruction plays a role in pining potential was stepped from 0.1%3£(A) to 0.05 Vsce (B), the ordered
molecular domain boundaries (Figure 1A). molecular rows disappeared. Scan areax332 nnt.

3.2.2. Order-Disorder Transitions Negate of the pzCA ~ qgiiive jons. As a result, the alkane molecules are displaced
reversible orderdisorder transition is also observed at potentials py the electrolyte at potentials significantly negative of the pzc
lower than the pzc. When the electrode potential was stepped(Scheme 1).
from 0.15 Vsceto 0.05 Vscg the ordered molecular structures  — The potential induced ordedisorder transitions are quite
disappeared, as shown in Figure 4, indicating that the orderedreyersible. Stepping the potentials back to 0.25 V results in
adlayer transformed into a disordered structure. However, no theappearance of ordered molecular domains that initially grew
aggregates, dots, or rings similar to the ones in Figure 2 were rapjdly as evidenced by the almost immediate appearance of
observed when the potential induced ordeisorder phase  molecular rows as shown in Figure 5B. Subsequently, the
transition was triggered. It is assumed that this is due to the ordered domain grew slowly at the expense of the disordered
lack of Au adatoms, which can only be produced during the domain. The boundary between the ordered and the disordered
lifting of the Au reconstruction at high potentials. These adatoms domains moved along the direction of the ordered molecular
may be required to form and stabilize the molecule-encapsulatedrows. It is estimated that the 2D crystal grew at a rate of about
aggregates (rings). The surface becomes more negativelyd.2 nm/sec by comparing the position of the domain boundary
charged as the potential steps from 0.1&¥to 0.05 Vsce in Figure 5C with Figure 5B.

(The pzc of unreconstructed Au(111) is about 0.2382%) The We also note that the ordedisorder transitions are reversible.
more negative the surface charge, the greater the interactionThis suggests that the molecules displaced by the electrolyte
between the substrate and the polar solvent molecules andon the charged surface remain in the vicinity of the surface
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SCHEME 1: Effect of Surface Charge on Molecular did not flip within a short period of time, the horizontal and
Adsorption? tilted molecules would coexist in a row. Due to the stress
induced by the molecules with different orientations, the

@ © © molecules in the row would not be locked in a stable config-

(Q(D@ Q P Q©§ © uration, and would not be clearly imaged by STM. Therefore,

&Q% &6% - &@% the area indicated by arrows in Figure 6A would appear noisy,
@ which it does not. Tip interactions are discounted because (1)

— = the molecules change orientation away from parallel to the fast

@Il@ @\\@@I/[ _%_Q_ﬂ_§ II@ @Il\@ @ /I scanning direction of the tip, the direction one would expect to

+ 4+t o+ [ - - ] be favored if tip induced effects were occurring as reported by

Positively charged surface aupae Negatively charged surface Stevens et al¥ to a direction that makes an angle with the scan

a Low surface charge density, hexadecane lies flat, forming an direction; (2) further transitions were not observed in subsequent
ordered domain. At high surface charge density, solvent is attracted toimages, although there is still a boundary between the molecular
the substrate, displacing hexadecane on the surface. rows with different orientations, and the tip is still interacting

with the molecules.

instead of being completely desorbed into the electrolyte and 3.2 4. Stabilization of Substrate by Moleculavédayers. It
diffusing away from the surface (Scheme 1). When the potential should be noted that there is no sign of reconstruction of the
returns to the pzc, the displaced molecules are immediately Aoy substrate from Figure 3 to Figure 6, even though the
aVallabIe to fOI’m the 2D molecular Cl’ystal Th|S |S not Surprising Substrate iS in a potential range Where the Au(lll) Surface
considering the hydrophobicity of the hexadecane molecules, should be reconstructed in the absence of adsorbed hexadecane
manifested by negligible solubility in bulk water. molecules. This indicates that the adsorption of hexadecane

3.2.3. Spontaneous Molecular Domain Flippifithere are  stabilizes the unreconstructed Au(111). This is in contrast with
two different possible molecular orientations in a row. In one the result shown in Figure 2, where the assembled hexadecane
domain, the molecules are tiltett60° with respect to the  molecules stabilize the reconstructed Au(111). The results
molecular rows. In the other they are tilted -a60°. The tilt presented here show that the adsorption of a physisorbed
angles are probably related to the symmetry of the Au(111) hexadecane stabilizes both the reconstructed structure and
SUbStrate, indicating the role of adsorbaseibstrate interactions unreconstructed structure over a wider potentia| range than in
in determining the molecular orientation. The presence of two neat 0.1 M HCIQ. In addition to slower diffusion of Au adatoms
different molecular orientations in a single row is sometimes (discussed in section 3.2.1), another possible reason for the
observed as indicated by arrows in Figure 6A. The boundary opserved stabilization is that the adsorption of insoluble alkane
between two domains is the line where the molecular 2D crystals molecules screens the polag®imolecules and electrolyte ions
show different orientations of molecules in the rows. The images from the go|d Surface, reducing the Capacitance and Charge
also reveal features that we attribute to the sudden Change Ofdensity of the double |ayer_ Therefore, in the presence of
molecular orientation that occurs while the image is being hexadecane, a more positive potential is required to lift the
acquired. The “partial” molecules observed in Figure 6A are in reconstruction and a more negative potential is required to form
fact molecules “caught” in the action of changing orientation. reconstruction. As a consequence, both the reconstructed surface

We suggest that the change of molecular orientation is causedand the unreconstructed surface are stable over a wider potential
by the merging of domains. When two domains merge (Figure yange. It is worth noting the contrasting role in substrate
6D), the rows from different domains merge to form a single reconstruction played by specifically adsorbed anions, such as
row, as can be seen in the bottom right-hand corner of Figure c|- 34 that destabilize the reconstruction, shifting thex(11)
6[?. If two rows, each containing molecules with a different —- (22 x @) phase transition potential to more negative
orientation, are to merge seamlessly, the'n the molecu|e§ IN ON&/alyes. These anions are believed to facilitate the phase transition
of the rows will have to change orientation upon merging SO pepyeen the reconstructed and unreconstructed phase of Au(111)
that the new row will contain molecules with a single orientation |, weakening the bond between the bulk and Au surface
to minimize _repulsion. This reorientation presumably ini'Fiates atoms®* The insoluble hexadecane layer on the contrary
at the domain boundary and travels down the row, a kind of ,3panly prevents interactions between the electrolyte and the

“domino effect”, resulting in the observation of “partial” g hirate, until the solvent actually displaces the alkanes.
molecules as the reorientation propagates down the row while

the STM scans upward. This occurs rapidly as the STM scans, piscussion
because only parts of the flipped molecules are imaged. '

The rows indicated by black arrows in Figure 6D have  The principal interactions that determine the structure of the
merged, i.e., the molecules in the two rows assume the samemolecular monolayer at the surface are moleeglgbstrate
orientation. The white arrows in Figure 6D indicate rows that interactions and molecutemolecule interaction$: If only
have not yet merged. The domain boundary is noisy, probably molecule-solvent interactions were important, one would not
reflecting mobile molecules attempting to find the lowest energy expect a strong effect of potential on the observed structures.
configuration. When the merging is complete, molecules in one Physisorbed alkanes interact with the Au surface through weak
of the rows must change orientation in order to minimize the dispersion forces. In electrochemical systems, one needs to
repulsion in the new merged row. When two rows containing consider the additional effect of surface charge and the
molecules with different orientations merge, a single orientation electrolyte. Due to the low polarizability of alkanes, any
ultimately prevails. This indicates the critical role of intermo- modulation of alkanesubstrate interaction by the electric field
lecular interactions for molecular self-assembly in this system. is expected to be much less than the effect of surface charge in

The upper limit of the time scale of flipping can be estimated. enhancing the adsorption of the aqueous electrolyte. When the
The clarity of the imaged partial molecules suggests that the electrode potential is at the pzc, the surface is free of charge. It
flipping of molecules in a row is concerted within the time scale is near this potential that the adsorption of alkane molecules
of a scan cycle along the fast axis@.1 s). If all the molecules  results in the long range ordered structures observed in Figure




Downloaded by TEMPLE UNIV on October 21, 2009 | http://pubs.acs.org
Publication Date (Web): October 8, 2002 | doi: 10.1021/jp021106e

11270 J. Phys. Chem. B, Vol. 106, No. 43, 2002 He et al.

Figure 5. Hexadecane on Au(111) in 0.1 M HCJ®olution (A) obtained at 0.05 4e (B) After potential step to 0.25 §&g the ordered molecular
rows reappear immediately, and (C)-9890 s after potential step, ordered molecular layers domain continue to grow. Scan are&563n7.

Figure 6. Spontaneous molecular domain flipping: hexadecane on Au(111) in 0.1 M H&lQtion at 0.25 ¥ce Two different molecular
orientations in a single row are indicated by arrows (Figure 6A). A sudden change of molecular orientation during scanning results in a single
orientation, Figure 6B. The likely cause is the merging of domains, indicated by arrows in Figure 6D. Scan area (A;8)3345nn%; (C)

obtained before (A), 65 65 nn¥; (D) zoom in of Figure 6C, 20< 20 nnt.

1. Higher or lower potentials will charge the surface with hexadecane molecules arise. The rings observed in Figure 2 can
positive or negative charge, attracting ions and water molecules.be ascribed to alkane aggregates surrounding Au nanoclusters.
This eventually results in the displacement of hexadecane So far we observed only the ring structures, which we assign
molecules, which leads to the disordering of the adlayer (Schemeto hexadecane containing aggregates, on the surface at positive
1). However, questions concerning the structure of the displacedpotential when mobile adatoms are also present due to the lifting
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of the reconstruction. It is well known that amphiphilic surfactant edges the NSF for a CAREER award (CHE-9734273) and the
molecules can form well-defined aggregates such as hemimi-Research Corporation for a Research Innovations Award.
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