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The adsorption of aliphatic amines on transition metal surfaces
has been studied extensively, motivated mainly by amine-related
heterogeneous catalysis' and the potential use of alkylamines as
corrosion inhibitors.> The studies have focused primarily on the
decomposition of methylamine caused by thermal treatment, and
it has been shown that the fragmentation route is substrate-
dependent.>® At the Cu(211) surface, the presence of oxygen
results in dehydrogenation and further reactions cause formation
of dimethylamine.3 On Cr(100) and Cr(111), methylamine under-
goes C—N bond cleavage.” Investigations of other aliphatic amines
exist, such as decylamine on a Au/Si'? surface, dimethylamine and
ethylamine on Cu(211)," and trimethylamine on Pt(111)."" Com-
mon to all these studies is that they have been obtained with surface
averaging techniques. In contrast, scanning probe investigations,
which provide spatial information on the amine layers, are very
scarce and have mainly been performed on semiconductor
surfaces.'*'4

Here, we investigate the adsorption of octylamine on Au(111)
motivated by related studies of surface reactions and self-
assembly.'” We surprisingly find that octylamine undergoes a
thermally activated chemical reaction, resulting in formation of
trioctylamine as confirmed both by X-ray photoelectron spectros-
copy (XPS) and by comparison to the scanning tunneling micros-
copy (STM) signature of trioctylamine deposited directly onto the
Au(111) surface (for structures of the compounds, see Figure S1).

The STM experiments were performed in an ultrahigh
vacuum system equipped with the home-built Aarhus STM.'®
XPS results were obtained at beam line 1311 at MAX labora-
tory."” The herringbone reconstructed Au(111)-(22 x v 3)
surface was prepared by argon-ion sputtering at 1.5 kV followed
by annealing to 850 K. Octylamine (99%, Sigma-Aldrich) and
trioctylamine (99.9%, Sigma-Aldrich) were loaded in glass vials
and dosed through a leak valve. All STM images were recorded
at temperatures between 110 and 150 K.

Octylamine was deposited at a pressure of 1-2 x 10 % mbar
for 1 min onto the Au(111) surface held at room temperature.
This resulted in a self-assembled lamellar structure'® (Figure
la,b) in which the alkyl chains are arranged parallel with the
surface and stacked into rows (lamellae) running along a
<11-2> high symmetry direction with a preference for
molecular stacking along the ridges of the herringbone recon-
struction (see also Figure S2). All molecules within a row have
their axis rotated by an angle of (11 =+ 1)° with respect to a
<1-10> high symmetry direction. The sense of rotation
alternates between adjacent rows. The rectangular unit cell
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Figure 1. STM images of amines on Au(111). (a) Large-scale (/; = 0.46
nA, V; = 1.8 V, image size 216 x 150 AZ) and (b) high-resolution (I; =
0.41 nA, V, = 2.0 V, image size 100 x 50 A?) image of the lamellar
adsorption structure formed after deposition of octylamine at room
temperature. (c—e) Structures observed upon annealing to 400 K as observed
in two different imaging modes, revealing either (c) the molecular backbones
(I; = 0.44 nA, V; = 2.0 V, image size 170 x 85 A?) or (d,e) the nitrogen
atoms (/; = 0.35/0.34 nA, V; = 2.0/1.7 for d/e, image sizes 100 x 50 ;\2).
Two structures are found with zigzag (d) or a honeycomb pattern (e). (f,g)
Honeycomb structure formed by trioctylamine observed in both (f) the
nitrogen imaging mode (/; = 0.37 nA, V, = 2.1 V, image size 150 x 75
Az) and (g) the backbone imaging mode (I; = 0.38 nA, V; = 2.0 V, image
size 100 x 50 A?).

-

contains two molecules and has dimensions ¢ = 5.2 & 0.4 A
and b = 26.3 £ 1 A as depicted in Figure 1b.

Upon thermal annealing to ~400 K, the molecular layer
undergoes an irreversible structural change (see Figure 1c—e),
resulting in two coexisting phases, an open honeycomb structure
(right side) and dense zigzag rows (left side). The image in
Figure 1c is obtained in an STM tip imaging mode, revealing
the individual alkyl chains, whereas the images in Figures 1d,e
are dominated by bright protrusions attributed to moieties
comprising one or more N atoms.

10.1021/ja710227g CCC: $40.75 [ 2008 American Chemical Society
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Figure 2. XPS results for octylamine on Au(111) (a) N 1s spectra, obtained
after annealing to the temperatures indicated (all spectra acquired at ~120
K). (b) Plot of the relative N 1s/C 1s intensity as a function of annealing
temperature.

The alkyl chains in the structures are oriented along <1 -1 0>
directions. The honeycomb structure can be rationalized as trimeric
units formed from three alkyl chains joined in a common node
and separated by 120° angles. Six such trimers can be joined
pairwise tail-along-tail as depicted in Figure lc, resulting in a
hexagonal pore of D = 27 £ 2 A diameter. In the zigzag rows,
only two alkyl chains, forming a dimer, meet head-to-head in a
120° angle. The dimers are joined tail-to-tail as seen in Figure lc.
The distance d. = 15 £ 2 A (dy = 15 & 2 A) (Figure 1d.e) between
two head-to-head meeting points in the zigzag phase (honeycomb
phase) are identical. The structures are still found upon annealing
to 500 K, considerably above the desorption temperature (7" < 280
K) of alkanes with similar chain length."®

In contrast to the lamellar structure, the new phases could
only be observed at positive sample bias. At negative bias, the
underlying herringbone-reconstructed Au(111) substrate is im-
aged instead (Figure S3). This indicates that the irreversible
structural transformation is accompanied by a change in the
energies of the molecular orbitals signaling a chemical change.

To obtain information about the chemical state of the adsorbed
molecules, we performed X-ray photoelectron spectroscopy. For
the XPS measurements, octylamine was dosed at a pressure of
107 mbar for 6 min onto a sample held below 120 K. The N
1s XPS spectra are shown in Figure 2a. The multilayer spectrum
obtained below 120 K displays a single peak with a binding
energy of 399.8 eV. A shift to 398.9 eV along with the
appearance of an additional minor high-energy peak at 400.4
eV is observed upon annealing to 293 K. Further annealing to
343 K results in a narrowing of the main peak associated with
an upward energy shift to 399.2 eV and a possible slight change
of the high-energy peak to 400.6 eV. As the surface temperature
reaches 423 K, the low-energy peak at 399.2 eV has almost
disappeared and the peak at 400.6 eV is dominant. Similar C
1s XPS spectra (see Figure S4a) only show a pronounced shift
at the transition from multilayers to the monolayer. The ratio
between the N 1s and C Is intensity is plotted in Figure 2b,
showing a pronounced drop by a factor of ~1/3 following the
last annealing to 423 K. The absolute C 1s and N 1s intensities
(see Figure S4b) are reduced following the annealing steps,
which is attributed to desorption. Only the nitrogen signal is
reduced after the last annealing to 423 K.

The N 1s peaks at high binding energies (between 399.8 and
400.6 eV) are attributed to mono-, di-, and trioctylamine in
accordance with previous assignments.® The peaks with a lower
binding energy (398.9 and 399.2 eV) are proposed to stem from
partly dehydrogenated amines formed in the initial annealing

steps. The strong decrease in the N/C ratio following annealing
to 423 K is consistent with formation of di- and trioctylamine
along with desorption of lighter nitrogen-containing products.

In subsequent experiments, trioctylamine was deposited onto
the Au(111) surface at room temperature (~300 K) and imaged
by STM. As shown in Figure 1f,g, a honeycomb structure is
formed which is identical to that observed for octylamine after
annealing above 400 K. The trioctyl honeycomb structure is
still found after annealing to 400 K and could also only be
imaged at positive bias. Since, in general, self-assembled
molecular structures are very sensitive to even slight perturba-
tions to the molecular building blocks, the observation of
identical honeycomb structures confirms that trioctylamine is
formed by thermal reaction of octylamine. The coexisting zigzag
structure is accordingly attributed to dioctylamine but could also
involve other species formed after deprotonation such as, for
example, dioctyl hydrazine. Other byproducts may be contained
in disordered areas observed by STM (see Figure S3a).

In summary, the combined STM and XPS data show that, upon
annealing to ~400 K, octylamine undergoes dehydrogenation of
the amino group followed by formation of trioctylamine. A
substitution reaction between amines is not anticipated to happen
spontaneously in conventional solution phase chemistry, and we
therefore propose that the Au(111) surface surprisingly acts as a
catalyst for the reaction in vacuum. The energy barrier toward direct
dissociation of C—N bonds on the Au(111) surface has been
calculated to 3.5 eV using density functional theory,'” suggesting
that this process is not anticipated to occur at the investigated
temperatures. We speculate that the barrier toward C—N bond
dissociation is lowered by bond formation to other amino groups
in the close-packed overlayer during reaction.
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