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Direct Imaging of Intermolecular Bonds in Scanning Tunneling Microscopy
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Abstract: Local, noncovalent intermolecular interactions in organic
monolayers have been directly imaged using scanning tunneling
hydrogen microscopy (STHM). Unprecedented spatial resolution
directly reveals the relation between the intermolecular interactions,
the molecular chemical structure, and the ordering in the film.

Molecular layers at surfaces form the basis of surface functional-
ization. It is therefore important to understand the principles behind
their structural organization. Molecular ordering at surfaces is
controlled by the balance between molecule—substrate and intermo-
lecular interactions. To alow tuning structures and functionalities, both
types of interactions need to be understood. Molecule—substrate effects,
such as covalent bonding, hybridization of molecular orbitals with
substrate states, or charge transfer, can be studied spectroscopicaly,
both on ensembles? and at the single molecule level 2 In contrast, local
intermolecular interactions, such as hydrogen bonding, are usualy
wesaker and therefore more difficult to pinpoint. Nevertheless, their
important role can be concluded indirectly from their profound
influence on the lateral structure of molecular layers.* Unfortunately,
such indirect arguments often leave ambiguities, and it is therefore
desirable to find more direct evidence for the presence of loca
intermolecular bonds in molecular layers at surfaces.

In this communication we present images of molecular layers in
which local intermolecular bonds appear directly and with remarkable
clarity. Theimages have been recorded by scanning tunneling hydrogen
microscopy (STHM). STHM is a specid operation mode of a
conventional low temperature scanning tunneling microscope in which
molecular hydrogen or deuterium is condensed in the tunneling
junction. It yields images corresponding more closely to the atomic
structure of molecules, ingtead of their electronic structure.>®

We have performed our experiments on various phases of the
functionalized aromatic hydrocarbon molecule 3,4,9,10-perylene-
tetracarboxylic-dianhydride (PTCDA) on Au(111). A mode of the
most stable phase, the so-called herringbone phase,”® is shown in
Figure 1a. Looking at the structure of the herringbone layer, itisclear
that it is favored by the electrostatic interaction between the global
quadrupole moments of neighboring molecules.® The presence or
absence of hydrogen bonds, however, is not a priori clear.

Figure 1b shows an STM image of the herringbone phase. The
molecules occur as bright and unstructured protrusions. In contrast,
the STHM image (Figure 1c) reveds the atomic structure of the
molecule, with the five rings of the perylene core appearing bright
and the CsO heterorings dightly darker.>® Most importantly in the
present context, a clear tile pattern which does not belong to the
substrate is observed in the space between the molecules. Comparing
this pattern with the molecular arrangement, we observe aremarkable
coincidence between the tiles and the lines that connect oxygen atoms
on one molecule to adjacent hydrogen atoms on neighboring molecules
(Figure 1d). These are the postions at which one would expect
hydrogen bonds. The number and location of the H-bonds identified
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Figure 1. (a—d) Herringbone phase of PTCDA molecules on Au(111). (a)
Structure model, lattice constants (12.3 x 19.2 A?) taken from ref 7, molecular
orientation and structure in analogy to bulk S-PTCDA.Y The molecular
quadrupole moment and the unit cell areindicated. (b) Conventiona STM image
in constant height mode. (c) STHM image. A two-color palette has been used.
(d) Superposition of the image from (c) with the structure of the herringbone
phase in (). White lines mark possible hydrogen bonds. Image parameters:
(b) 25 x 25 A? const. height, V = 200 mV; (c and d) 25 x 25 A?, const.
height, V= —-2mV.

in Figure 1d correspond well to those found in a systematic theoretical
search,® with one exception: the bonds involving the bridge oxygens.

The distances between oxygen atoms and closest hydrogen atoms
on adjacent moleculesin Figure 1d range from 1.9t0 2.6 A, indicating
rather weak O-+H—C bonds of mainly an eectrostatic nature.**
Regardless of the physical origin of the contrast in Figure 1c, theimage
clearly indicates local interactions between the PTCDA moleculesin
the herringbone phase. Such locd interactions are aso expected
independently of the present data from spectroscopic and structural
evidence 3412

We now turn to a second example for the remarkable STHM
imaging capability regarding local interactions. Doping a sample of
PTCDA on Au(111) with potassium leads to a partial reordering of
the molecular layer from the herringbone to a square phase. Figure
2a, recorded on a sample with a 1:1 ratio of square and herringbone,
shows the K-induced square structure, but no direct evidence for the
presence of the dopant atomsis found in this STM image. Indeed, the
image of the K-doped square phase (Figure 24) is virtualy identical
to the image of the square phase of pure PTCDA on Au(111) (Figure
2d) that is occasionally found in small idands within the herringbone
phase.® STM thus does not reveal where potassium is located in the
potassium-induced structure, and consequently we cannot obtain any
information from STM about the K-PTCDA interaction that stabilizes
the K-doped square phase, thereby dramatically increasing its abun-
dance compared to the pure sguare phase.
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Figure 2. (a) STM image of K/PTCDA/Au(111) (24 x 24 A% | = 0.1 nA,
V = 340 mV). (b) STHM image of K/PTCDA/Au(111) (24 x 24 A?, const.
height, V = —2 mV). (c) same as (b), but with structure formulas of PTCDA
superimposed. Unit cell approximately &, = a, = 16.0 + 0.5 A. White lines
indicate O--K bonds visible in (b). (d) STM image of the PTCDA/Au(111)
square phase (24 x 24 A% 1 =0.1nA, V= 314 mV). (e) STHM image of the
PTCDA/Au(111) square phase (24 x 24 A2, const. height, V = —2 mV). (f)
same as (€), but with structure formulas of PTCDA superimposed. Unit cell
approximately a; = a, = 159 + 05 A. (g) Structure model of the 1:2
K/PTCDA/Au(111) phase in panels (a) to (c).

The situation is very different if STHM images are considered. In
the STHM image of the K-doped phase (Figure 2b) we observe a
remarkable feature in the small hollows between the molecules (upper
right and lower left part of Figure 2b): Four thin, sharp lines extend
from the corners of the adjacent molecules to the center of the hollow,
forming a clover-leaf-like structure. From Figure 2c, in which the
STHM contrast has been overlaid with structure formulas of PTCDA
molecules, it becomes clear that these lines originate precisely at the
corner oxygen atoms of the four PTCDA molecules surrounding the
smal hollow. Notably, the STHM image of the pure PTCDA/Au(111)
square phase (Figure 2€) does not show these lines.

Thisfinding suggests that potassium is located in the centers of the
small hollows, a the positions where the lines meet and where
potassium is 4-fold coordinated to the corner oxygen atoms of the
four surrounding PTCDA molecules. Geometrically and chemically,
this structure makes sense: Work function measurements on Au(100)
have indicated that, at low concentrations, potassum is found in a
positive ionic state on gold surfaces™ Given theionic radius of potassium
of ~15 A%), and the van der Wadls radius of oxygen of ~1.4 A°

positively charged potassum ions it very well into the smal hollows of
the K/PTCDA/Au(111) sructure, because the distance between opposite
oxygen atoms across the small hollow in our imagesis~5.3 + 05 A.
In contragt, the large hollows are too large for a coordinative bond
which would have an O- +K distance of 4.5 A—and indeed the STHM
image of Figure 2b does not show lines in the large hollows.

STHM images thus reved a scenario in which each positively
charged potassium ion interacts with the negative partia charges of
four corner oxygen atoms (on four surrounding PTCDA molecules).
Each PTCDA molecule in turn is bonded to two potassum ions. In
this way, potassium stabilizes the 4-fold symmetric 1:2 K/PTCDA
monolayer, and remarkably the K-PTCDA interactions which cause
this stabilization are directly visudized in STHM. It is possible to
estimate the corresponding interaction energy. According to ref 10,
the square phase of undoped PTCDA has a12% smdller intermolecular
binding energy than the herringbone phase (1.18 eV vs 1.34 eV). The
presence of K in the square phase should increase its binding energy
by at least this amount, making it comparable to or higher than the
binding energy of the herringbone phase with which the K-doped
square phase coexists. This indicates a binding energy of 280 meV
per O--K bond.

Interestingly, the potassium-free square phase shows an increased
noise level in comparison with the herringbone phase in the sameimage
(cf. the Supporting Information for a larger section of Figure 2e).
Consistent with ref 10 which reports the existence of several energeti-
caly equivaent square phases of dightly different structure, this may
indicate that PTCDA moleculesin the open square structure lack lateral
fixation if the stabilizing influence of potassium is missing.

In summary, we have demonstrated the capability of STHM to
image loca, noncovaent intermolecular interactionsin two-dimensiona
molecular layers. In the present examples, both O--H—C and O- -K
bonds have been resolved, as thin lines or as sharp boundary lines
between areas of different brightness. The physical origin of the
intermolecular bonding contrast is not yet understood. Nevertheless,
the images leave no doubt that STHM records a genuine surface
property of the two molecular layers that we have studied in which
local intermolecular bonds leave a mark. This property can be, eg.,
the electron dendity, electric fields, or the interaction potential between
the surface and the hydrogen molecule(s) in the junction that are used
for STHM imaging. Once we know more about the contrast mecha-
nism, even quantitative details of intermolecular interactions may
become accessible by STHM.

Supporting Information Available: A larger section of Figure 2e. This
materiad is available free of charge viathe Internet at http://pubs.acs.org.
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