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Self-Assembly of Normal Alkanes on the Au (111) Surfaces

Hai-Ming Zhang, Zhao-Xiong Xie,* Bing-Wei Mao, and Xin Xu**!

Abstract: The self-assembled monolay-
ers (SAMs) of normal alkanes
(n—C,H,,,,) with different carbon
chain lengths (n=14-38) in the interfa-
ces between alkane solutions (or lig-
uids), and the reconstructed Au (111)
surfaces have been systematically stud-
ied by means of scanning tunneling mi-
croscopy (STM). In contrast to previ-
ous studies, which concluded that some
n-alkanes (n=18-26) can not form
well-ordered structures on Au (111)
surfaces, we observed SAM formations
for all these n-alkanes without any ex-

tion plays a critical role in the SAM
formation. The alkane monolayers
adopt a lamellar structure in which the
alkane molecules are packed side-by-
side, to form commensurate structures
with respect to the reconstructed Au
(111) surfaces. The carbon skeletons
are found to lie flat on the surfaces,
which is consistent with the infrared
spectroscopic studies. Interestingly, we
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find that two-dimensional chiral lamel-
lar structures form for alkanes with an
even carbon number due to the specific
packing of alkane molecules in a tilted
lamella. Furthermore, we find that the
orientation of alkane molecules devi-
ates from the exact [011] direction, be-
cause of the intermolecular interactions
among the terminal methyl groups of
neighboring lamellae; this results in
differences of molecular orientation
between mirror structures of adjacent
zigzag alkane lamellae. Structural
models have been proposed, that shed

ceptions. We find that gold reconstruc-

Introduction

Self-assembled monolayers (SAMs) at the interfaces be-
tween a metal and an organic solution have attracted wide-
spread interest, because of the importance for potential ap-
plications in many fields such as lubrication, sensors, corro-
sion protection, and chemical reactions. Although a well-or-
dered molecular layer on a single-crystal surface can provide
a template in molecular level engineering,!! fundamental
problems such as the origin of the self-assembly phenomena
should be understood before this technique can be applied
in the fields of nanotechnology.

As a representative class of physisorbed systems, self-as-
sembly of normal alkanes (n-alkanes, C,H,,,,) on solid sur-
faces has been studied intensively by means of low energy
electron diffraction (LEED), infrared spectroscopy (IR),
scanning tunneling microscopy (STM), and molecular dy-
namics simulation.”¥ STM studies have provided unprece-
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new light on monolayer formation.

dented structural details about physisorbed alkanes. Earlier
studies are mainly focused on the self-assembly of alkanes
on highly oriented pyrolytic graphite (HOPG) surfaces."!
STM studies of alkanes self-assembly on metal surfaces
have appeared only recently.'"**?! Uosaki et al. first reported
the formation of self-organized n-alkanes on Au (111) surfa-
ces in neat liquid by in situ STM.!4 It was further under-
stood that gold reconstruction plays a critical role in the for-
mation of well-ordered structures, as reported in our previ-
ous paper.'® Very recently it was reported by He et al., that
the electrochemical potential induced self-assembly of hexa-
decane on Au(111) in the aqueous solution, by using elec-
trochemical scanning tunneling microscopy.” Although the
self-assembly of n-alkanes on Au (111) surfaces has been ex-
plored by several groups, so far, there is no systematic inter-
pretation on this phenomenon; this might be due to insuffi-
cient experimental data, especially for the structures of alka-
nes with different chain lengths.

In this paper, we present systematic studies of the self-as-
sembly of n-alkanes, C,H,,,,, n from 14 to 38. Despite earli-
er studies, which concluded some n-alkanes (n from 18 to
26) can not form well-ordered structures on Au (111) surfa-
ces,”"222l we have successfully observed SAM formations of
these alkanes. Based on our systematic high-resolution STM
images, the self-assembly phenomena of rn-alkanes on the
Au(111) surfaces are discussed, and shed new light on mono-
layer formation.
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Experimental Section

Reconstructed Au (111) surfaces of a single-crystalline bead fixed on a
Au sheet were prepared by the Clavilier’s method,” followed by careful
annealing in a hydrogen flame. Saturated solutions of n-alkanes from n-
eicosane (nCyH,) to n-octacosane (nCyHsg), and n-triacontane
(nCyHg,), n-tritriacontane (nCs3Hgg), n-hexatriacontane (nCssHz,). Also,
n-octatriacontane (nCssHyg) in n-tetradecane (nCy,Hyy) (99 %, Alfa) were
used, while for n-tetradecane (nCHj,), n-hexadecane (nCsHsy, 98 %
Sigma) we used neat liquids, and for n-octadecane (nC;3Hj) we used a
50% solution from the solvent of n-tetradecane (nC,;Hs,). After putting
an alkane solution or an alkane neat liquid on the freshly annealed Au
(111) surface, a mechanically sharpened Pt/Ir tip was immersed in for
STM observation (Nanoscope IIla, Digital Instrument) at room tempera-
ture (25°C). To obtain good images for n-tetradecane (nC,4Hj,), the
STM observations were carried out at 20°C. Typical imaging conditions
included a bias voltage of 100 mV, and a tunneling current of 1.5 nA.

Results and Discussion

Self-assembly of n-alkanes at the interfaces between alkane
liquids/solutions, and reconstructed Au (111) surfaces from
nCH;, to nCy;Hy: The STM studies for the self-assembly
phenomena of n-alkanes (nC,H,,,,) at the interfaces be-
tween alkane solution and reconstructed Au(111) surfaces
have been reported by several groups.'*?? Both alkanes
with odd n and even n (hereafter, odd alkanes and even al-
kanes, respectively) have been studied.!'*??! Some earlier
studies concluded that no ordered monolayer can be formed
with n from 18 to 26.017-21-22]

Figure 1 shows typical STM images of n-alkane monolay-
ers on the reconstructed Au(111) surfaces. Figure 1b, c, e, f,
and h show images for the even alkanes from n=18 to 26.
The STM images of nCH;, (Figure 1a and nC,H,,,, (n=
28, 30, 38 in i, j, and 1), respectively) are shown as represen-
tative images for n <18 and n>26 for the even alkanes. For
the odd alkanes, the STM images for the self-assembled
monolayers of nC, Hy;, nC,sHs,, and nCy;;Hgg are presented
as examples (see Figure 1d, g, and k. As can be clearly seen
from Figure 1, superimposed lamellar structures are formed
on the reconstructed Au(111) surfaces, in which the typical
reconstruction ridges can be well identified. Every lamella is
composed of close-packed rods. The length of each rod is
very consistent to the length of an alkane molecule. Each
rod in the lamellae is then considered as an individual
alkane molecule. Furthermore, no ordered alkane monolay-
er can be observed on the unreconstructed Au(111) surfaces
at the same condition, as pointed out in our previous
paper.l'®! Thus we conclude that self-assembly of n-alkanes
(nC,H,,,,, n=14-38) can be formed on the reconstructed
Au(111) surfaces with no exception.

Marchenko and Cousty proposed a model, in which the
carbon skeleton plane of an alkane was assumed to be per-
pendicular to Au(111)."” They deduced that the geometric
mismatch between the periodicity of gold (interatomic dis-
tance 0.288 nm neglecting the reconstruction of gold), and
the two-neighboring CH, groups (0.251 nm) causes oscilla-
tion of adsorption energy with an increase in carbon chain
number. They then concluded that no ordered molecular
structure could be detected from nC,gHyg to nCycHs, 17212
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We believe that alkanes adsorb on the Au(111) surfaces
with their skeleton planes being parallel to Au(111). The
structures of the monolayers are determined by the competi-
tion between the adsorbate-substrate interaction, and the
adsorbate—adsorbate interaction. The gold reconstruction
plays a critical role in the formation of the well-ordered
structures. A detailed discussion follows below.

Influence of gold reconstruction ridges on the packing of
alkane molecules: Models for the reconstructed Au(111)
surfaces are schematically illustrated in Figure 2. Figure 2a
shows a uniaxial (straight) reconstructed surface, in which
the lattice shortening occurs along the [110] direction, such
that 23 Au atoms are packed in the space of 22 original Au
atoms. Notice that the contraction of the surface atoms is
anisotropic. Thus the periodicity of the reconstructed Au lat-
tice remains the same value of 0.5 nm as that in the unrec-
onstructed Au(111) along the direction of [112], and the pe-
riodicity is reduced to 0.48 nm along the direction of [211]
or [121]. In this model, the gold reconstruction ridges are
along the [112] direction. The reconstructed Au(111) surfa-
ces may exhibit a herringbond arrangement of (or V-
shaped) ridges, as shown in Figure 2b. In this herringbond-
like reconstructed surface, there exist two kinds of straight
reconstructed domains that differ by 120°.

The well-identified gold reconstruction ridges in each
STM image can be used to locate the arrangements of the
alkane molecules. The long axes of alkane molecules are
always measured to be around 30° with respect to the
Au(111) reconstruction ridges. Here, we did not find the
long axes of alkane molecules to be perpendicular to the
Au(111) reconstruction ridges at room temperature (25°C).
Therefore, we deduce that the long axes of alkane molecules
are along the [011] or [101] direction of the Au (111) sub-
strate, and the long axes of alkane molecules will not locate
along the [110] direction; although the [110] direction is
equivalent to the [011] or [101] direction if the reconstruc-
tion is neglected (c.f. Figure 2). By measuring the intermo-
lecular distances of alkane molecules along the [112] direc-
tion, we find that all the distances are close to the value of
0.48 nm. One must recall that alkane molecules adopt the
intermolecular distance of 0.48 nm in their bulk crystals, and
the periodicity of the reconstructed Au(111) along the direc-
tion of [211] or [121] is again 0.48 nm, therefore we infer
that the self-assembled alkane monolayers are commensu-
rate with the reconstructed Au(111) surfaces, such that both
adsorbate—adsorbate interactions, and adsorbate-substrate
interactions are optimized.

On the unreconstructed Au(111) surfaces or along the di-
rection perpendicular to the gold reconstructed ridges, that
is, along the [110] direction in our model, the optimized ad-
sorbate—adsorbate interactions and adsorbate-substrate in-
teractions can not be reached. This is consistent with the
fact that no well-ordered structure on the unreconstructed
Au (111) surfaces can be observed, and alkane molecules do
not preferentially orientate along the direction perpendicu-
lar to the gold reconstructed ridges at room temperature.
However, in a very recent paper,””™ well-organized struc-
tures of alkanes on the unreconstructed Au (111) surfaces
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Figure 1. STM images of self-assembled n-alkanes (from nC;,H;, to nCsHy,) on the reconstructed Au (111) surfaces. Images from b) to h) exhibit the
well-ordered structures of n-alkanes for n from 18 to 26, which were previously concluded as ‘absence of structure’.'”” Images a), i), j), and 1) are from
nCHs, nCyHs, nCsHg, and nCsgHyg, respectively, and show the representative alkanes for n <18 and n>26 with even n. Images d), g), and k) are rep-
resentative for odd n with n=21, 25, 33, respectively. Arrows on images label the [011] direction on Au(111) surfaces (c.f. Figure 2). All images are of

20 nm x20 nm at the tunneling condition of V;,=0.1V, [,=1.5 nA.

have been successfully obtained in aqueous solution under
potential control by using electrochemical STM. Therefore,
assisted by an external force, such as the electric field, such
an unstable monolayer structure can be stabilized.

Surface corrugation further reduces the possibility for al-
kanes to adsorb along the [110] direction. Woll et al.
showed that the fcc (face cubic center) and hep (hexagonal
closed packing) stacking regions are connected by partial
Shockley dislocations with Burgers vector +(1,1,—2).%°) The
displacement of the atoms from the straight line drawn

Chem. Eur. J. 2004, 10, 1415-1422 www.chemeurj.org

along the [110] direction can be up to 0.7 A, which makes it
unfeasible for alkanes to adsorb along this direction.

In our pervious paper,'®? it was found that there is a
slight difference in the orientation of the molecular axis be-
tween two sides of the elbow position of the herringbone re-
construction ridges. By checking all available STM images,
we conclude that such slightly different orientations of
alkane molecules in different sides of the herringbone elbow
position exist in all alkane monolayers. Figure 3 shows ex-
amples of such phenomena for different alkanes, in which
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Figure 2. The schematic models of the reconstructed Au (111) surfaces.
a) The uniaxial reconstructed surface. The lattice shortening occurs along
the [011] direction where 23 Au atoms are packed in a space of the
22 original Au atoms. b) The reconstruction with herringbond-like (V-
shape) ridges. The solid and dashed lines show the slight difference of
the gold troughs between the different sides of the V-shape ridges along
the about [011] direction.

the orientation of alkane molecules are marked on the fig-
ures with dashed and solid lines in the different sides of the
elbow position of the herringbone reconstruction ridges. The
deviation angles are measured around 2°-3°.

As pointed out in our previous paper,'*?! the structures
of the alkane monolayers are perturbed by the herringbone
reconstruction ridges underneath them. The model in Fig-
ure 2b clearly shows that there is a slightly different orienta-
tion of the gold troughs along the approximate [011] direc-
tion on both sides of the reconstructed ridges. This deviation
results from the different transition structures from the fcc
position to the hcp position, and from hcp to fcc positions.
The theoretical average deviation angle is about 2.6°. By
considering the structures of the Au (111) reconstructed sur-
faces, it is reasonable to deduce that the alkane molecules
adsorb along the gold troughs, in which each alkane mole-
cule interacts with two neighboring rows of gold atoms

along the [011] direction, such that a commensurate struc-
ture is developed between an alkane monolayer and the
gold reconstructed surface. Therefore, the small deviation in
gold rows results in a small orientation difference of the ad-
sorbed alkane molecules.

Two kinds of lamellar structures can be identified from
the STM images of the self-assembled alkane monolayers
(Figure 1). The long axes of the alkane molecules can be
either perpendicular or tilted to the lamellar boundaries. To
simplify the description of these two kinds of lamellar struc-
tures, we will call the former perpendicular lamellae, and
the latter tilted lamellae. For the monolayers of odd alkanes,
only perpendicular lamellae are observed, while for the
monolayers of even alkanes, both perpendicular and tilted
lamellae can be observed (See Figure 1). The lamellar struc-
tures are found to be sensitive to the length of the carbon
chain for the even alkanes. At room temperature (25°C),
the long axes of alkane molecules are always found to be
tilted to the lamellar boundary if n <22. Perpendicular la-
mellae appear in the self-assembled monolayer of n-doco-
sane (nCyH,s) at room temperature, although tilted lamel-
lae dominate as shown in Figure 4a. Tilted and perpendicu-
lar lamellae coexist in the monolayers even for alkane n>
22, while the percentage of the perpendicular lamellae in-
crease as n increases. In fact, in the monolayer of n-octatria-
contane (nCyHyg), very few tilted lamellae can be found on
the herringbone-like gold surfaces, as shown in Figure 4b.

We emphasize that the observed lamellar structures
should be attributed to a combined effect of the adsorbate—

Figure 4. a) STM image of nC,,H,s at room temperature, showing the co-
existence of tilted lamellae and perpendicular lamellae. b) STM image of
nCyHyg at room temperature, in which few tilted lamellae can be found.

Figure 3. STM images of the self-assembled monolayers formed by a) nC,,;Hs,, b) nC,H,, and ¢) nCyHs,. The solid and dash lines show the slight differ-
ence in the orientation of the molecular axes between two sides of the elbow position of the herringbone reconstruction ridges. The deviation angles are

around 2°-3°.
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adsorbate interactions and the adsorbate-substrate interac-
tions. Based on the adsorbate—adsorbate interactions, to
form a close packed structure, Uosaki and co-workers
showed that odd alkanes adopt the perpendicular lamellar
structure regardless of the carbon number, while both per-
pendicular and tilted lamellae are possible for even alka-
nes."” They concluded that this odd/even effect arises from
the difference in the symmetry of the molecule, which is de-
termined by the direction of the terminal methyl groups. For
odd alkanes, Uosaki et al. inferred that the stability of the
alkane monolayer is enhanced by the adsorbate-substrate
interaction when a perpendicular lamellar structure is adopt-
ed, in this way; the alkane monolayer possesses a common
symmetric axis with the gold substrate.'”) For even alkanes,
our previous calculations based on the molecular mechanism
suggested that tilted lamellae (with the neighboring alkane
molecule shifting in one repeated unit of methylene group)
have a slight energetic preference if the adsorbate—substrate
interactions are neglected.!'”)

We postulate that the adsorbate—substrate interactions
strongly influence the lamellar structures of the even alka-
nes. A strong adsorbate-substrate interaction favors the per-
pendicular lamellae, while a tilted lamella is preferable if
the adsorbate—substrate interaction is weak. This hypothesis
is supported by the fact that perpendicular lamellae were
always observed on HOPG,""! and only tilted lamellae were
detected on the basal plane of MoS, plane,'*!?l while the
heat of adsorption for n-dotriacontane (nC;,Hg) on MoS,
was measured to be approximately '/; of the value obtained
on graphite.”® We deduce that the alkane—gold interaction
is in between the alkane—-HOPG, and the alkane-MoS, in-
teractions is such that both perpendicular and tilted lamellae
are observed for 38>n>22 at room temperature. The
alkane—gold interaction increases with an increase in carbon
chain length, hence the perpendicular lamellae dominate for
n>38, whereas the tilted lamellae prevail for n <22.

Helium atom reflectivity has been used to study the ad-
sorption of a series of n-alkanes on Au(111) surfaces.” For
n-alkanes up to C,,H,,, it was found that the adsorption
energy increases linearly with the chain length by
6.2kImol™! per additional methylene unit (n=6), while
there is a 19.0 kJmol™ zero offset arising in part from differ-
ences between the methyl and methylene subunits.”” Based
on the bond additive model,” we deduce that the adsorp-
tion energy is around 155.4 kImol ™ for C,,H,s on Au(111).
This may be compared to the measured desorption barrier
of 166.2 kImol™" for C,H,s adsorbed on HOPG,* which
lends support to the idea that the alkane-gold interaction
would be weaker than the alkane-HOPG interaction.

Molecular packing in the lamellae of alkane monolayer:
Vacuum-deposited films of nCyHy on a Au(111) surface
have been investigated by infrared reflection absorption
spectroscopy. A flat-on structure was found to be formed by
molecules in an all-frans conformation with the carbon skel-
eton parallel to the surface for the first monolayer physisor-
bed on the surface.”! Early LEED studies of light alkanes
(C5-Cg) on Pt(111) and Ag(111) surfaces advocate the same
flat-on structure. High-resolution STM images may not

Chem. Eur. J. 2004, 10, 1415-1422 www.chemeurj.org
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show every methylene group of an alkane molecule. For ex-
ample, Cousty and Marchenko showed that the STM image
of a nC;sHs, molecule corresponds to 8 bumps when adsor-
bed on gold, and thus concluded that carbon skeletons of
the adsorbed alkanes are perpendicular to Au(111).

To resolve this controversy, various kinds of tunneling
conditions are applied. Figure 5 shows the STM images of
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Figure 5. STM images of nCyHsg recorded in the same area with tip di-
rection from right to left (retrace a) and left to right (trace b). Scanning
size: 10 nm x 7 nm; constant height mode.

nCyHsg, in which bright spots with half of the carbon
number were observed. With the constant height mode, we
recorded both ‘retrace’ (tip scanning from right to left) and
‘trace’ (tip scanning from left to right) images at the same
area, as shown in Figure 5a and b, respectively. Interestingly,
we find that brighter spots appear in the left side of the
alkane molecules when the STM tip is scanned from left to
right, while the right side of the molecules become brighter
when the tip is scanned from right to left. These results
strongly suggest that these STM images do not directly re-
flect the surface relief, since such bright spots with n/2 do
not correspond to a vertical adsorption mode of C,H,,,, on
the surfaces. Instead, the observation that left or right
carbon atoms light up in‘trace’ or‘retrace’ images implies
that the alkanes adopt a parallel adsorption mode on the
surfaces. Figure 6a shows the STM image of nCyHss with
constant current mode. Again, bright spots with half the
number of carbon atoms were imaged. However, by only ad-
justing the long axes of the alkane molecules to be vertical
to the STM tip scanning direction, the atomic resolution
zigzag methylene groups on the alkane molecules were ob-
served, as shown in Figure 6b. In other words, we find that
full carbon atoms can be imaged only when the STM tip
scanning direction is perpendicular to the long axes of the
alkane molecules,otherwise only half of carbon atoms can
be imaged. The scanning-direction dependence of the STM
images is very reproducible, and appears on all the alkanes.
Figure 6¢ shows another example, in which the zigzag meth-
ylene groups for nC,,H,s all show up by adjusting the mole-
cules perpendicular to the scanning direction. Therefore, we
conclude that alkanes adopt a flat-on structure when adsor-
bed on gold surfaces; this is in agreement with the infrared
spectroscopy results,”* and the LEED results.*?!

Marchenko and Cousty emphasized the importance of the
geometric mismatch between the periodicity of gold (intera-
tomic distance 0.288 nm neglecting the reconstruction of
gold), and the two neighboring CH, groups (0.251 nm).['")
They concluded that it is this mismatch that causes the oscil-
lation of the adsorption energy with carbon chain number,
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Figure 6. Tip scanning direction dependence of STM images, showing the different appearance of two atomic resolution images with different scanning
direction. a) STM image of C,gHss acquired with the tip scanning direction nonperpendicular to the molecular axes of alkanes (scan size: 5 nm x5 nm).
b) STM image of C,sHsg with the tip scanning direction perpendicular to the molecular axes of alkanes (scan size: 6 nm x6 nm). ¢c) STM image of C,,Hy,
with the tip scanning direction perpendicular to the molecular axes of alkanes (scan size: 6 nm x 6 nm).

such that, no ordered molecular-structure could be detected
from nCgHy to nCyHs, 2% The experimental results
from helium atom indicate that this mismatch is not so im-
portant as it would be expected. Otherwise, no linear de-
pendence of the adsorption energy on the carbon chain
length could be observed. In fact, this linear dependence is
a clear indication that alkanes adsorb on the Au(111) surfa-
ces with their skeleton planes being parallel to Au(111),
since a perpendicular adsorption geometry would lead to an
odd/even chain length effect with the methylene group
being arranged in the high and low positions above the sur-
face.®

Since alkanes bind to the surfaces in a flat and all-trans
conformation, close-packing models of the monolayers can
be depicted.'*!”) Figure 7a shows the side-by-side packing
with a perpendicular boundary. However, two kinds of tilted
lamellar structures are possible as shown in Figure 7b and c,
which correspond to the neighboring alkane molecules that
shift towards the left and right direction, respectively. These

a)
rmw ..
YYYYYYYY s saasas
YWY aasaaaa
Lasaaanaal
b)

Figure 7. Schematic two-dimensional packing models of even alkanes.
a) A perpendicular packing model; b) and c) Two possible tilted packing
models.
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two different types of packing result in the different connec-
tion among the terminal methyl groups in the nearest neigh-
boring domains of alkane lamellae. Carefully comparing the
schematic packing models to the high-resolution image in
Figure 6b, we find that the alkane lamellae adopt the pack-
ing structure of Figure 7b. Hence, it is interesting to see that
the alkane packing structure becomes chiral on the surface,
and we consider the type of packing in Figure 7b to be the
unique packing structure in the alkane monolayer on the
Au(111) surface.

As described in our previous paper,”” even alkane mole-
cules like nC;H;, form zigzag lamellar rows. Figure 8 pres-
ents examples of the zigzag lamellar rows with other alkane
molecules such as nC;Hsz,, nC,yHy,, nCyHsy, and nCyHss.
Careful inspection of the STM images reveals that the direc-
tion of the molecular axis turns at an angle a as the direc-
tion of the lamellar row changes. For nC,,H;,, Uosaki et al.
reported a to be about 12°-15°.1) We checked all the
alkane lamellae and the measured angles are summarized in

Figure 8. STM images of some even alkanes a)C,Hj, b)CyHy,
¢) C,sHs, and d) CysHsg, which shows the orientation difference in the ad-
jacent domains of alkane lamellae. All images are of 25 nm x 25 nm.
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Table 1. From the data listed in Table 1, it is obvious that
angle a decreases with an increase in carbon chain length.

The STM images reveal that the transition points of the
zigzag lamellae are located in a line, which is perpendicular
to the direction of gold elbows, as illustrated by the dotted
lines in Figure 8. The dotted line bisects angle a formed by
alkane molecules represented by two solid lines on both
sides of a lamellar elbow. Notice that for a perpendicular la-
mella, the long axes of the alkane molecules are parallel to
the dotted line, such that orientation change of half a is ex-
perienced when the direction of the lamellar row changes
from a tilted lamella to a perpendicular one. Figure 8d pres-
ents such an example, in which tilted and perpendicular la-
mellae coexist for nC,gHsg. Therefore, we measured that the
molecular orientation changes by ~7.0° between two tilted
lamellae, and ~3.5° between a tilted lamella and a perpen-
dicular lamella.

The direction of gold elbows is along the [112] direction,
the dotted line perpendicular to [112] is thus along the [011]
direction (c.f. Figure 2). The observation that the long axes
of the alkane molecules would intersect with the dotted line
shows that the alkane molecules in a tilted lamella deviate,
to a certain extent, from the [011] direction, whereas the
alkane molecules in a perpendicular lamella adsorb along
the [011] direction. Longer chain alkanes form perpendicu-
lar lamellae on the reconstructed Au(111) surfaces. As the
carbon chain becomes shorter, the alkane—gold interaction
becomes weaker. Hence, there is a chance that alkanes con-
fined within the gold troughs migrate along the [011] direc-
tion before becoming desorbed from the surfaces in the case
of the alkane-gold interactions become even weaker. This
may lead to the formation of a tilted lamella. When the la-
mellae is tilted, the interaction between the terminal methyl
groups of the neighboring lamellae is operative. We infer
that it is this interaction that makes the alkane molecules
deviate from the [011] direction.

Based on this assumption, we establish a model for the
tilted coterminous lamellae as shown in Figure 9. Although
alkane molecules are confined in the gold troughs along the
[011] direction, each molecule turns by a certain angle in
order to let the terminal methyl group locate in an opti-
mized position. It is thus anticipated that longer chain alka-
nes only need to turn a smaller angle than shorter alkanes
in order to find the optimal positions for the terminal
methyl groups. This correlates well with the observation that
angle a decreases with an increase in the number of carbon
atoms in the tilted alkane monolayer. According to the sche-
matic model proposed in Figure 9, the calculated values of

Figure 9. Schematic model of possible arrangement of alkanes on
Au(111) surfaces in the coterminous tilted lamellar domains. Each mole-
cule turns a certain angle, but is still confined in the gold trough along
the [011] direction.

angle a are also listed in Table 1, and are compared with the
measured values. Apparently, the agreement between the
calculated values and the measured ones is satisfactory,
which lends strong support to our model.

There is a dispute on the intermolecular spacing within a
lamella. Uosaki etal. reported 0.43 nm for nC,,H, and
nC;¢Hs,, while Cousty etal. reported 0.54+0.05nm for a
normal alkane.” We advocate 0.48 nm as such a commen-
surate structure between the alkane monolayer and the re-
constructed Au(111) surface is achieved. This is true for odd
alkanes and even alkanes of high carbon number (n>38),
since these alkanes adopt a perpendicular lamellar structure.
For even alkane of low carbon number (n < 38), the tilted la-
mellar structure gradually prevails. As alkanes in a tilted la-
mella deviate from the exact [011] direction, the intermolec-
ular spacing should be shorter than 0.48 nm. In practice, it is
nontrivial to make an accurate measurement of the intermo-
lecular spacing. The model shown in Figure 9 can be used to
deduce the theoretical value of the intermolecular spacing
for nC,H,,,, in the tilted lamellae. The obtained data for
nC,H,, ., (14 <N <28) are listed in the third row of Table 1.
We calculated the intermolecular spacing, which changed
from 0.45 nm to 0.47 nm as n changed from 14 to 38. In fact,
in the STM image with both perpendicular and tilted lamel-
lae, such as the monolayer of nC,gHss (Figure 8d), intermo-
lecular spacing in the tilted lamellae is slightly smaller than
that of the perpendicular lamellae. Assuming the intermo-
lecular spacing in the perpendicular lamellae to be 0.48 nm,
the intermolecular spacing in the tilted lamellae is calibrated
to 0.465 nm in Figure 8d; this is in turn is good agreement to
the calculated value.

As discussed above, the packing of the alkanes results in a
two-dimensional chiral structure in the tilted alkane lamel-
lae. There should be an equivalent packing structure on the

Table 1. Summary of structural details of the tilted alkane monolayer lamellaec on Au (111) surfaces. « is the angle difference of alkane orientation in
the two different tilted lamellar domains as shown in the schematic model of Figure 10.

Normal alkanes Angle a Calculated Intermolecular distance [nm]
Calculated [°] Measured [°]
C,Hy, 137 13-14 0.447
CsHsg 11.0 10-11 0.454
CyHyp, 10 9-10 0.456
CypHyg 9.1 8-9 0.459
CyHs, 84 8-9 0.460
CyHs,y 7.8 7-8 0.462
CysHsg 73 6-7 0.463
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gold surface, which leads to its mirror structure. While the
structure and its mirror structure coexist on the surface,
zigzag lamellae form, as shown in the proposed model in
Figure 9. The angle a is formed due to alkane molecules in
both structures deviating in the opposite direction of the
gold troughs. From the high resolution STM image shown in
Figure 10, the mirror lamellar structures are confirmed.

Figure 10. STM image of atomic resolution for nCyxHsg at the boundary
of two tilted lamellar domains, showing the mirror structures.

Conclusion

We performed a systematic STM study on the self-assem-
bled monolayers of alkane molecules with different carbon
chain lengths (from CH;, to CsyH) on reconstructed
Au(111) surfaces. Despite the fact earlier studies concluded
that some n-alkanes (from n=18 to n=26) cannot form
well-ordered structures on Au (111) surfaces,'”??? we suc-
cessfully observed well-ordered monolayers of these alkanes.
We propose a structural model for the packing of alkane
molecules on reconstructed Au (111) surfaces, which suc-
cessfully explains the experimental observations. Our main
conclusions are:

1) Alkanes lie flat on gold surfaces. The gold reconstruction
plays a critical role in the formation of the well-ordered
monolayers. The self-assembled structures of normal al-
kanes are commensurate with the reconstructed Au
(111) surfaces, in which alkane molecules pack side-by-
side with alkanes adsorbed in the gold troughs along the
[011] direction.

2) At room temperature (25°C), tilted lamellae form if n <
22, tilted and perpendicular lamellae coexist for 36 >n>
22, and perpendicular lamellae prevail for n>38. The
observed lamellar structures are determined by a com-
bined effect of the adsorbate—adsorbate interactions and
the adsorbate—substrate interactions. A strong adsor-
bate—substrate interaction favors the perpendicular la-
mellae, while a tilted lamella is preferable if the adsor-
bate-substrate interaction is weak.

3) In the tilted lamellae, the interactions between the ter-
minal methyl groups of the neighboring lamellae make
the alkane molecules deviate from the [011] direction,
which in turn, leads to an intermolecular spacing smaller
than the commensurate periodicity 0.48 nm. The devia-
tion angle o decreases with an increase in the carbon
number.

4) A two-dimensional chiral structure forms in the tilted
alkane-lamellae, which results in the angle difference of
molecular orientation in the zigzag alkane lamellae.
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