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Molecule Length-Induced Reentrant Self-Organization of Alkanes
in Monolayers Adsorbed on Au(111)
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We report the observation by scanning tunneling microscopy of the reentrant self-organization of
n-akanes (C,H,,+2) in monolayers adsorbed on Au(111) induced by a variation of the chain length.
In the investigated range of lengths (10 = n = 38 with even n values), the presence of self-assembled
monolayers which consist of a close-packed arrangement of molecules lying flat on the surface is evi-
denced except for alkaneswith 18 = n = 26. The unexpected transition between ordered and disordered
phases is related to the mismatch between Au(111) lattice and the CH,-group period along the chain.

PACS numbers: 68.35.—p, 61.16.Ch, 68.45.—v, 81.15.L. m

Thin overlayers deposited onto the surface of a solid
substrate play a critical role in many domains of techno-
logical applications ranging from corrosion inhibitors to
biocompatible materials or from lubrication to adhesion.
Properties of these overlayers often depend on the ar-
rangement of adsorbates onto the substrate. For ultrathin
films, various structures have been observed during the
monolayer growth onto crystal surfaces. For example,
overlayers of physisorbed rare gas [1] or of alkali atoms
deposited on metal surfaces[2] exhibit very different struc-
tures depending on the adsorbate coverage. In fact, the
overlayer structure is governed, in a simplified picture,
by the competition between the lateral adsorbate/adsorbate
interaction and the surface corrugation potential of the sub-
strate at thermodynamic equilibrium. For linear adsorbates
such as alkane and substituted-alkane molecules deposited
on the basal surface of graphite, some scanning tunneling
microscopy (STM) studies have evidenced the sensitivity
of the monolayer structure to changes in the molecule/
molecule interaction and/or in the molecule/substrate one
[3—12]. For example, the monolayers of long alkane (n >
24) and the ones of long-chain alcohols present a simi-
lar structure consisting of lamellae separated by troughs.
However, these monolayers display different angles be-
tween molecule axes and troughs, 90° for alkanes [5—-8,11]
and 60° or 76° for acohols [5,9,12]. These differences
are related to changes in intermolecular interaction since
the alkane packing is due to lateral van der Waals interac-
tion between chains whereas the acohol self-organization
is mainly governed by the hydrogen bonds between the
OH groups. The molecule arrangement is also sensitive to
changes in the alkyl-chain/graphite interaction as shown
by the following examples. For increasing temperatures,
a self-assembled alkane monolayer on graphite displays
an increasing disorder and disappears near the melting
point of the 3D akane crystal [4,7]. For some liquid
crystal molecules, a small increase of their alkyl chain
length provokes changes in the molecule packing as ob-
served for the alkylcyanobiphenyl series (nCB) [13,14] or
for discotic molecules for which a chiral ordering tran-
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sition is induced [15]. In a very recent STM study of
the adsorption of CsgH74 molecules in solution in CiyHyg
onto Au(111) at 300 K, we have evidenced the formation
of a self-organized monolayer [16]. Interestingly, some
CizHy¢ molecules are coadsorbed with CsgH74. Keep-
ing in mind the observations of akane layers on graphite,
this rather surprising result (C;,H,6 crystal melts at 263 K
[17]) raises the question of the dependence of the alkane/
Au(111) interaction with the molecule length.

In this paper, we report a STM study of the overlay-
ers formed with a series of akanes (C,H,,12) with a
length ranging from 10 = n = 38 (even n vaues) ad-
sorbed at the interface between a liquid and the Au(111)
surface. At 300 K, we have found that all the alkanes self-
assemble in ordered monolayers except for a particular
range of lengths. This reentrant self-organization of alkane
on Au(111) when increasing the molecule length is related
to the existence of a misfit between the adsorbate and sub-
strate lattices.

Two kinds of liquid were used: pure liquids for
akanes with 10 = n = 16 and solutions in Cj4H53, for
akanes with » = 16 with long akane concentration
~0.1 mg/ml (alkanes used as received from Aldrich).
Some mixtures of CieHsa and CigHsg in CioHog with dif-
ferent concentrations were also investigated. Au(111) sur-
faces were prepared from gold films (thickness =20 nm)
deposited in ultrahigh vacuum onto afreshly cleaved mica
surface heated at ~650 K followed by a careful annealing
in a gas flame (propane + air). Measurements were
carried out by using STM in air [18] with a mechanically
sharpened Pt/Ir tip, which was immersed into a drop
of the alkane solution deposited onto a freshly annealed
Au(111) surface. For each akane, several STM images
recorded in the constant current mode were obtained with
different samples and tips to check reproducibility.

A typical STM image of self-assembled C;yHg, mono-
layers at the liquid/gold interface is shown in Fig. 1.
The layer consists of a close packing of lamellae. Each
lamellais formed by a side-to-side arrangement of sticks,
the length of which corresponds well to the C3yHg, one
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FIG. 1. Typica STM image of a self-organized C;oHg, mono-
layer at the interface between a solution of these molecules in
Ci4H30 and a reconstructed Au(111) surface. The monolayer
is formed by an arrangement of lamellae, which consists of a
side-to-side packing of Cs;oHg, imaged as parallel sticks. Two
white arrows show a lamella and a grey arrow shows a single
molecule (17.6 X 8.3 nm?), Vt = 133 mV, It = 0.2 nA).

(3.75 nm). So, each stick is identified with an individual
molecule with its main axis parald to the surface. All
the molecules are paralel to (110) of Au(111) as shown
by their orientation with respect to the gold reconstruction
stripes. The lateral intermolecular separation is equal to
0.5 = 0.05 nm which corresponds well to the distance
between second-nearest neighbor (110) rows of Au
surface. Therefore, C3oHg, molecules involved in a self-
assembled monolayer are in true epitaxy perpendicular to
the (110) direction on Au(111) with a main axis parallel
to this direction as observed in the CssH74 monolayer
[16]. In fact, this description is valid for al the self-
assembled monolayers of alkanes on Au(111) observed in
this study.

Surprisingly, we have found that C,H,,+, molecules
form self-assembled monolayers for two separated ranges
of even n values (Fig. 2). For short alkanes with 10 =
n = 16, well-organized monolayers were observed either
at the interface between pure alkanes and gold or for mix-
tures of alkanes on this substrate. We stress for these or-
dered monolayers of short alkanes on Au(111) are formed
at temperatures higher than the bulk melting point of these
molecules (T, varies from 243 K for n = 10 to 291 K
for n = 16 [17]). This is the first observation of self-
assembled monolayers of short alkanes at 300 K on a
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solid surface. For Ci¢Hs;4 molecules, monolayers ob-
tained from either a pure liquid or a diluted solution in
CioHy display similar structures. In the other domain
of n values, long alkanes with 26 < n = 38 self-organize
on Au(111).

For 16 < n < 28, we point out that no ordered molecu-
lar structure due to C,H,,+» in solution in C;4H3o could
be detected despite hundreds of interface images. All the
attempts to obtain images of ordered films for these par-
ticular alkanes were also unsuccessful with Cj,Hy as a
solvent. Since the Au(111) reconstruction pattern was
clearly imaged during these investigations, such a lack of
ordered monolayer cannot be related to a poor resolution
due to a blunt STM tip. At this point, the question of the
origin of this absence raises up since, at a given tempera-
ture on an “ideal noncorrugated” surface, entropic con-
tributions to the monolayer disorder must monotonically
decrease when n increases. Then, the stability of akane
monolayers should increase with increasing n, which is
clearly in opposition with the results obtained here. One
hypothesis could be the formation of a new phase at the
interface of these particular mixtures with Au(111), which
could be a 2D solid solution less stable than the lamellae
made of one kind of alkane. For 3D crystals, solid solu-
tions of binary mixtures of alkanes appear only for small
differences in molecule lengths (AL) [19]. In fact, both
the absence of ordered monolayer of the longer alkane for
the CygHs4/CiaH30, Ca4Hs0/CiaH30, and CyHys/CiaH3o
mixtures with large AL and the presence of pure Ci¢Hsq
lamella for the CigH34/C12Ha6 System with small AL are
in opposition with this hypothesis. Another possibility is
that the lack of self-organized monolayers could be due
to changes in intermolecule and/or in molecule-substrate
interactions with the alkane length. Aslateral intermolecu-
lar distances have the same value (0.5 nm) for any ordered
monolayer, such an absence for 16 < n < 28 (even n) is
prabably related to changes of the molecule/gold interac-
tion with the chain length.

Let us now consider one C,H,,+» molecule as a
linear and rigid array formed by n CH, groups (differ-
ences between CH, and CHj; are neglected). Along the
molecule axis, the distance between second-nearest CH,
neighbors defines a period (7, = 0.251 nm). This linear

FIG. 2. Diagram showing the absence of self-assembled monolayers at the liquid/Au(111) interface for some particular length
of C,Hy,+2. While ordered layers are observed for molecules with 10 = n < 16 and n = 28, no structure due to alkanes with
16 < n < 28 can be detected on the Au(111) surface. For the different lamellae shown, the variation of the angle between a
molecule and a trough is due to different relative shifts of neighboring molecules along their axes [16].
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lattice placed onto a Au(110) direction with a period equal
to the interatomic distance (T, = 0.288 nm neglecting the
reconstruction of gold) generates a new period T

T = TaTs/lTs - Tal- (1)

With the values of T, and T, we obtain 7 = 1.95 nm to
compare to 7°T, = 1.76 nm and 8°T, = 2.01 nm which
correspond to C;¢H34 and CigH3g molecules, respectively.
Clearly, T would play acritical role in the arrangement of
these molecules onto the surface. For example, molecules
with a length shorter than T are expected to exhibit dif-
ferent behaviors during their adsorption than the longer
ones since some CH, groups of longer molecules will be
located on top of some substrate atoms. Calculations of
the potential energy of such a linear and periodic lattice
deposited on a crystal surface characterized by a different
period have attracted alot of attention since the pioneering
works of Frenkel-Kontorova [20]. However, these calcu-
lations require different parameters as the coupling forces
between moleculesin the overlayer and between molecules
and substrate or as the amplitude of the surface corruga-
tion, etc. [20—22]. Inthe case of aphysisorbed alkane onto
reconstructed gold surfaces, no accurate data on these pa-
rameters are available.

To point out the physical origin of this reentrant self-
organization of akanes, we present a simple geometri-
cal model based on a molecule-substrate misfit. In this
one-dimensional model, a molecule is described as arigid
and periodic arrangement of interacting centers in coin-
cidence with CH, positions including the ends (CHs).
By using a 6-12 Lennard-Jones potential to describe the
mol ecule-substrate interaction, the potential energy of the
ith CH,-group W; for a molecule with an infinite length
can be numerically calculated for an arbitrary molecule/
surface distance.

Wi=ZU', ()
j

where U; corresponds to the potential of the jth atom of
gold. Because of the misfit, the potential energy of CH,
groups exhibits a long-period oscillation with a period T'.
Deeper insight on changes in the potential energy when
increasing the chain length can be obtained by calculating
the average potential energy per CH,, (W(n)), for arigid
molecule with n carbons:

W)y = 1/n > W;. 3)
i=1

For chains located in the potential curve as shown in the
inset, the variation of (W(n)) when n increases presents
a nonmonotonic dependence (Fig. 3). For akanes with
10 = n =22, W(n))| decreases continuously for in-
creasing molecule lengths up to chains longer than 7. For
molecules smaller than T', the CH, groups of the chain can
lock on the gold lattice despite the misfit between the two
lattices [Fig. 4(a)]. Consequently, molecules are stabilized
and ordered monolayers can be formed as observed
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FIG. 3. Variation of the average potential energy of a CH,
group, (W(n)), for rigid akane molecules with increasing
lengths (8 = n = 58). The line is a guide for the eyes. The
line A that connects (W(18)) and (W(26)) corresponds to a
critical value of (W(n)) at 300 K: Above this line, monolayers
are disordered while below they are ordered. The inset shows
schematically the positions of different molecules in a period
of the potential curve, W;, calculated from Eq. (2). For clarity,
the positions along the Y axis of the different molecules are
magnified.

in STM images. For molecules with n increasing from
16 to 22, |{W(n))| decreases gently. This smooth varia-
tion around T is probably related to the hypothesis of a
rigid lattice for the alkane chain. In fact, a strong varia-
tion of (W (n)) was expected since adsorption of molecules
with alength equal to T causes the formation of stacking
faults due to CH, resting on top of Au atoms, named dis-
commensurations [Fig. 4(b)]. Here, two explanations can
be proposed for the absence of ordered monolayers for
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FIG. 4. Schematic models showing possible arrangements of
rigid alkanes with different lengths on top of a (110) row of
Au(111) (grey circles). The distance between the two continuous
lines corresponds to the coincidence period T. (a) For CjoHyg
shorter than T, the CH, groups located near the surface can
lock in between gold atoms; (b) for C,yH4, slightly longer than
T, the molecule cannot lock on the surface because of stacking
faults or discommensurations. These defects correspond to some
CH, groups located on top of gold atoms. (c) For CysHsg well
longer than T', CH, groups at the two ends can lock again onto
the gold lattice despite the presence of stacking faults. The
large circles show discommensurations. For clarity, we orient
the carbon skeleton of alkane perpendicular to the surface, but
similar misfit effects are expected for any nonparallel orientation
of the skeleton.
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16 < n < 28. The first one is related to the decrease
of [(W(n))| that would yield a high rate of molecule ex-
change between the interface layer and the liquid: So,
STM cannot image the overlayer structure. However, we
reject this hypothesis because molecular dynamics calcu-
lations have evidenced the formation of a monolayer at
the liquid/solid interface [23]. In the other explanation,
molecules trapped by van der Waals forces on Au(111)
cannot lock on the gold lattice because of discommensu-
rations. In other words, the interface is aliquid monolayer
characterized by ahigh surface mobility of these molecules
aong Au(111), which prevents STM observation.

For akaneswith 22 < n = 38, [(W(n))| increases with
n while STM images show that molecules self-organize
again for n = 28. In fact, two different contributions can
stabilize these long molecules on Au(111). Thefirst oneis
that |W;| of the chain ends becomes large enough to lock
these parts of the molecule on gold [Fig. 4(c)]. This lock-
ing will become more efficient if the alkane chain presents
some flexibility. As a result, the surface mobility of the
whole molecule decreases despite the presence of two dis-
commensurations. The second reason is related to the in-
creasing of the molecule mass with n, which decreases its
mobility along the surface.

Considering this reentrant self-organization of akane
monolayers induced by the molecule length, a question
arises for the interface layerswith 16 < n < 28: Why do
the solvent molecules, which can be locked onto Au(111),
not form an ordered monolayer? Thelack of ordered struc-
tureis probably related to the presence of aliquid layer due
to long alkanes on Au(111) since the longest chains are
known to be preferentially adsorbed from an alkane mix-
ture [23]. Therefore, this overlayer would hinder adsorp-
tion of solvent molecules and, then, would prevent their
self-organi zation.

Despite its simplicity, this geometrical model of alkane
adsorption on Au(111) demonstrates that, at 300 K, the
chain length drives transitions between 2D phases within
the interface. In particular, the unexpected transition from
a 2D-ordered solid to a disordered monolayer when the
molecule length increases from n = 10 to 24 is well ex-
plained through the formation of discommensurations for
chains longer than 7. Such an influence of the misfit be-
tween molecules and substrate was suggested in the discus-
sion of the factors that could affect the alkane diffusion on
Pt(111) [24]. In this study, the potential-energy minimum
has been calculated for isolated molecules ranging from
butane to decane, but, unfortunately, the C,oH,, length is
shorter than 7', the coincidence period of alkane/Pt(111).
The alkane/Au(111) results bring evidence that properties
of overlayers of linear molecules, as polymers, lying flat
on acrystal surface could depend on the misfit between the
period of the monomer arrangement and the one of the sub-
strate lattice. For example, mobility of such physisorbed
linear molecules along a crystal surface could be sensi-
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tive to their length since molecules with some particular
lengths can be locked on the substrate. So, by tuning the
molecule length, it is possible to change lubrication prop-
erties of these ultrathin films. Finally, we emphasize that
these relatively simple systems open new fields for study-
ing growth of 2D overlayers formed by linear adsorbates
for experimentalists as well as for theoreticians.
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