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Rotational Polymorphism in 2-Naphthalenethiol SAMs on Au(111)
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Self-assembled monolayers (SAMs) that spontaneously form on

metal or semiconductor surfaces by organothiol derivatives currently

attract great attention because of their ability to tailor interfaces

and to be used in applications such as biosensors and electronic

devicest Among them, aromatic thiols are of considerable interest
owing to the presence of an extendedonjugated systerhFor

example, the charge-transfer process taking place between benzene-

1,4-dithiol and metal electrodes has been investiga#ithough

the bidimensional morphology of SAMs is well-defined and can
be investigated down to the molecular level, they often exhibit
polymorphism, the coexistence of two or more crystallographic
structured. Polymorphism can find applications in industrial appli-
cations such as pharmaceutical production and formulation. Like
bulk polymorphs, 2D polymorphs may have different chemical and
physical properties. Ishida et al. investigated the influence of the
structural arrangement of biphenyl and terphenyl thiol compounds
on their electrical conductionBratkovsky and Kornilovitch studied
the effects of contact geometry and gating on current through SAMs
of conjugated thiol moleculéisAzzam et al. reported on the odd

even changes in the molecular arrangement and packing density

of biphenyl-based thiol SAMS.These studies show that it is
important to determine the precise conformation and orientation
of individual molecules in monolayers of aromatic thiols.
2-Naphthalenethiol (2NT) is a simple aromatic molecule with
an extendedr-conjugated system whose electronic properties have
been investigated as SAMs adsorbed on ddeAnthracenethiol
SAM on Au(111) has been studied by'i€a et al. using several
spectroscopic techniques and scanning tunneling microscopy (8TM).
However, the local bidimensional structure of 2NT SAMs has never
been studied by STM. Once it is immobilized on a gold substrate
and assuming that the -\u bond is nearly vertical? the
naphthalene moiety can rotate around theCShond and adopt
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Figure 1. Three possible surface rotamers of 2NT molecules adsorbed on
Au(111): standing (leftp = 0°), facing (middlegp = 90°), and lying (right,

¢ = 180) as defined by the rotation ang§eof the naphthalene moiety
around the axis of the-SC bond. Note that the tilt angeremains constant.
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Figure 2. Typical STM images of the coexisting ordered phasesufd

B) of 2NT monolayers on Au(111) at various scales. (a)444 nnt, U;

= 0.5V, I =50 pA; (b) (upper) phase (16 x 8 nm?, Uy = 0.5V, |, =

18 pA); (lower) phasg8 (18.3 x 9.1 nn?, U = 0.5 V, |y = 50 pA); (c)
phasea (6.5 x 6.5 nn?, Uy = 0.5 V, I = 50 pA); (d) phasé} (8.5 x 8.5

nn?, Uy = 0.5 V, Iy = 100 pA). Unit cells are shown as dashed white
rectangles. In panel c, individual 2NT molecules indicated by arrows and
numbered 1, 2, and 3 are adsorbed respectively on top, bridge, and 3-fold

various orientations. As shown in Figure 1, three model geometries hollow positions of gold (see also Figure 3). In panel a,fE direction

are possible: “standing'®(= 0°), “facing” (¢ = 90°), and “lying”

(¢ = 18C), with ¢ being the angle between the naphthalene plane
and the gold surface. We report here on a refined STM study of
2NT SAMs at then-tetradecane/Au(111) interface to determine the
precise orientation of individual 2NT molecules on the Au substrate.
STM at the liquid/solid interface allows imaging of SAMs in
ambient conditions down to molecular resolutidrnitwo well-

refers to the gold substrate.

Pico-SPM (Molecular Imaging/Agilent Technology) in constant-
current mode at room temperature. Typical scanning parameters
are 0.3-0.5 V for the tip voltage and 1030 pA for tunneling
current. After deposition of the 2NT solution on gold, the X343)
reconstructed herringbone structure of Au(111) is no longer visible

ordered 2NT phases having different close-packed arrangements(see Supporting Information (SBj.Instead, the surface is covered

are observed. Our study provides the first direct evidence of
rotational polymorphism of 2NT molecules on Au(111).
Reconstructed Au(111) substrates are prepared by annealing A
thin films (~150 nm) vacuum deposited on a freshly cleaved mica
foil (Goodfellow) in a propaneair flame. A microdroplet of a solu-
tion of 2NT (~0.05 mg/mL) inn-tetradecane (Aldrich, 99.99%) is
deposited on a Au(111)/mica samplex® mn¥).11 STM imaging
is performed at then-tetradecane/Au(11l) interface using a
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by ordered domains with lateral sizes in the range-40 nm
(Figure 2a). These domains are separated by randomly distributed

Lplepressions and smaller star-shaped domains with an average height

~0.24 nm and lateral sizes o5 nm. The STM image in Figure

2a reveals that the large domains consist of highly ordered stripes
(or lamellae) aligned along three preferenfldlO_directions rotated

at 120, reflecting the 3-fold symmetry of the underlying gold
substrate. Th&L10Wirection of Figure 2a is determined on a larger
scale image of the same region showing a monatomic gold step
edge. Two types of ordered phasesandp, coexist in the SAMs
(see Figure 2b). Botlw and 8 phases are stable, occupy equal
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unit cell molecules occupy similar sites as in phasealthough
three of them adopt different orientations (standing or lying).
Reports on aromatic thiols have shown that the SH headgroups
can occupy various adsorption sites on Au(1%1Yheoretical
investigations indicate that the energy difference between various
geometries for thiol derivatives on Au(111) is extremely srifall.
Thus, in addition to the usual chemical interaction between the Au
and S atoms, it appears that the main factor controlling the formation
) ) of two phases and the coexistence of rotamers in 2NT SAMs is
’3:13‘3’:/63% 3{)&’%‘;‘(5"&;":&“6%?&2228; gf;gg%rgj ’(‘;fogﬁ'? frz:)gaglg;gt]:soi the geometry of the molecule. In addition, since in both the standing
Au(111). The herringbone arrangement is shown in the upper part and thealnd lying rotamers. the naphthalene plane is perpendicular to the
position of sulfur atoms in the lower part. Molecules with standing gold surface—x interactions between 2NT molecules play a
orientations are in red, while those having the lying orientation are in black crucial role in the multifold, complex packing arrangement.
(see Figure 1).Asin Figure 2c, 1, 2, and 3 label respectively the top, bridge, | conclusion, we have shown by STM that 2NT SAMs on
and 3-fold hollow sites of gold. Au(111) coexist as two stable phases dnd 5) which possess
molecules in two different orientations (standing and lying) accord-

sample areas, and have constant sizes and shapes over time. Thg. 1 the gold substrate. Such rotational polymorphism is observed
a-phase reveals three kinds of protrusions with different heights 4\ \nderstood at the molecular level for the first time. High-

(labeled 1, 2, and 3 in Figure 2c). The geometry of these prOtLUSionsresolution STM images reveal a3+/3R 30° structure for thex
remains stable under imaging conditionsl|(= 0.1-1 V, I, = phase and a36+/3R 30° structure for thed phase whose unit

0.01-0.1 nA). On the basis of their lateral sizes, they are assumed cgi5 contain, respectively, four and eight molecules. Both phases
to be individual 2NT molecules adsorbed on the Au(111) surface. paye the same average area per molecule (33.@dwell as sur-

Analysis of the cross-sectional profiles (see SI) along )] face coverage (0.22). Our findings open new perspectives in the

and{121 directions reveals an orderec 3V/3R 30" structure with precise control of 2D self-assembly of functionalized conjugated
a rectangle unit cella(_z 0.93+ 0-06_ nm;b = 15+ 0.1 nm; o= molecules. We are currently investigating the influence of rotational
90 £ 2°). Through simple calculation, we find that the unit cell  grientation of the 2NT molecules on their local transport properties
contains four molecules with an average area of 34/gh8lecule. by means of scanning tunneling spectroscopy.
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