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ABSTRACT: The reaction of O2 with an adlayer of the
oligopyridine 2-phenyl-4,6-bis(6-(pyridine-2-yl)-4-(pyridine-4-yl)-
pyridine-2-yl)pyrimidine (2,4′-BTP), adsorbed on the (111)
surfaces of silver and gold and on HOPG − which can be
considered as a model system for inorganic|organic contacts − was
investigated by fast scanning tunneling microscopy (video STM)
and dispersion corrected density functional theory (DFT-D)
calculations. Only on Ag(111), oxidation of the 2,4′-BTP adlayer was observed, which is related to the fact that under the
experimental conditions O2 adsorbs dissociatively on this surface leading to reactive O adatoms, but not on Au(111) or HOPG .
There is a distinct regiospecifity of the oxidation reaction caused by intermolecular interactions. In addition, the oxidation leads
to a chiral ordering. The relevance of these findings for reactions involving organic monolayers is discussed.

■ INTRODUCTION
Organic thin films and, ultimately, adsorbed monolayers (MLs)
represent a class of new materials with interesting properties
relevant for applications. These properties include nano-sized
functionalities like molecular switches,1 or transistors2 which
have mainly been explored by scanning probe techniques. In
addition, organic MLs supported on conducting surfaces can
serve as model systems for interfaces between organic regions
and inorganic electrodes in macroscopic devices, such as
OLEDs,3−6 where charge is transferred at these interfaces, and
thus, the operation properties of the devices are affected
strongly by the interface properties. Chemical modifications of
these contact regions by O2 from the surrounding air, that can
also diffuse through organic layers which are much thicker than
a ML, can lead to aging and failure of a device.4

Studies of such reactions and in particular on the mechanism
and kinetics of these processes, however, are scarce.7−11 One
reason for that is the generally very low concentration of
reactive centers on the surface, which essentially precludes the
detection and observation of these processes by standard
spectroscopic surface techniques. This problem can be
overcome by direct observation of the reaction process, using
microscopy techniques.
Scanning tunneling microscopy (STM) has been successfully

used for the observation of surface reactions or at least of the
related structural changes on a molecular scale.11−14 To the
best of our knowledge, however, this technique has never been
utilized to study the reaction of organic adlayers (or films) with
small molecules present in the atmosphere with temporal
resolution.
In this article, we report on the direct in situ STM

observation of the reaction of an adlayer of large organic
molecules, of an ordered two-dimensional (2D) phase of the
oligopyridine 2,4′-BTP15 (1, 2-phenyl-4,6-bis(6-(pyridine-2-yl)-
4-(pyridine-4-yl)pyridine-2-yl)pyrimidine; see Figure 1) on
Ag(111), with O2 under ultrahigh vacuum (UHV) conditions.

For comparison, similar experiments were performed on
Au(111) and HOPG substrates. Adlayers composed of 1 are
particularly interesting because this molecule belongs to a
group of pyridine derivatives with the same backbone (only the
positions of the N atoms in the pyridne rings are different) that
can be used as electron transport materials in highly efficient
OLEDs, because of their ability to form hydrogen bonds.5,6
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Figure 1. STM images (9.6 × 9.6 nm2) of the α-phase prior to (a) and
after (b) exposure to 1.3 × 10−5 mbar O2 for 120 s. To guide the eye,
footprint models of the molecules are superimposed in the top rows of
both images. N···H−C interactions, orange colored; N−O···H−C,
green. For larger area images see Supporting Information S1. (c)
Atomic resolution (2.9 × 2.9 nm2) of the clean Ag(111) surface with
the sample in the same orientation as in panels a and b. Tunneling
conditions: IT = 40 pA, UT = −2.20 V (a), IT = 10 pA, UT = −1.68 V
(b), and IT = 80 pA, UT = −2.15 V (c).
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Thus, the well-known 2,4′-BTP adlayers15−17 observed here can
be used as a model system to study the reaction of an electrode|
organic interface with O2 on the molecular scale.

■ RESULTS AND DISCUSSION
Prior to the reaction, the surface is covered by a 2D ordered
adlayer (Figure 1a), which is formed upon vapor deposition of
∼0.4 molecules nm−2.17,18 It results from weak N···H−C type
hydrogen bonds (∼0.1 eV per bond) between the molecules,15

in balance with localized vertical N···metal interactions.17 This
so-called α-phase was found to be the native structure of 2,4′-
BTP formed on a variety of single crystalline surfaces at
comparable coverage.15,17−19 In the α-phase, the adsorbates 1
have azimuth angles (see Figure S3 in the Supporting
Information) of ±15° with respect to the <112 ̅> direction of
the Ag(111) and Au(111) surfaces (see Figure 1c for
comparison with the atomically resolved structure of the
clean Ag(111) surface) resulting in the same overlayer structure
on both surfaces.17,19

Exposing the α-phase supported on Ag(111) to O2 (1.3 ×
10−5 mbar, 120 s, 298 K) leads to obvious modifications. While
the overall structure and orientation of the adlayer is largely
maintained, with the molecules essentially remaining at their
sites, a more detailed inspection resolves local modifications of
certain moieties in the individual BTP molecules (see Figure
1b, as well as S1 and Video 1 in the Supporting Information).
Specifically, they develop a bright spot at the position of one of
the peripheral 2-pyridyl groups (Figure 1b), which remains also
after the O2 exposure is turned off. A modification of the STM
tip by an O atom as observed by Cheng et al.,22 with both tip
and sample at 5 K, is very unlikely in our measurements since
(i) tip and sample are at 300 K, (ii) the structure of the α-phase
on Au(111) and on HOPG did not change upon oxygen
exposure, and (iii) imaging of the oxidized α-phase on Ag(111)
did not change after voltage pulses of 10 V applied between tip
and sample, which would have changed the tip configuration.
Since the spots observed in our experiments were found to
follow the movements of the admolecules in cases where the
latter are locally mobile, these spots do indeed reflect
modifications of the molecules and not of the underlying
substrate (see Figure 2).
This kind of modification was observed upon O2 exposure of

the α-phase on Ag(111) and on the very similar (111) oriented
Ag films20 on Ru(0001), but not on Au(111) and HOPG
(graphite). We note that bulk material of compound 1 is not
even oxidized when exposed to air at a pressure 1 bar as shown
previously by 1H NMR, 13C NMR, and mass spectrometry.16

Since very thick layers are comparable to bulk material, we find
a different reactivity for compound 1 than for observations on
the oxidation of thicker pentacene films in organic transistors.21

Instead, our results agree with a degradation mechanism in
OLEDs where O2 diffuses through thicker organic layers and
oxidizes parts of the inorganic|organic interface.
The chemical nature of the reaction products is not directly

obvious. We tentatively associate the changes with N-oxide
formation on the peripheral 2-pyridyl moieties, although direct
proof is not possible from the STM images (see DFT
calculations below). A closely related reaction involving
adsorbed pyridine is the formation of pyridine N-oxides.23

These species, which consist of upright standing pyridine rings
bound to the surface via an oxygen atom, were found to form
readily upon pyridine adsorption on oxygen precovered Cu
surfaces.23,24 The presence of the pyridine species on the

surface was visible only indirectly, indicated by a change of the
oxygen adlayer structure during in situ STM observation.23 A
similar interaction with oxygen covered metal surfaces was
proposed also for other amines such as dimethylamine.23

The situation is different in our experiment, since the
reacting pyridyl rings (see Scheme 1) are part of the flatly

adsorbed molecules of type 1 in the ordered α-phase on
Ag(111) (Figure 1a) which are exposed to O2 gas, while in
previous cases, ordered oxygen adlayers were exposed to
gaseous pyridine or dimethylamine.23,24 In analogy to the
experiments on oxygen covered Cu surfaces,23,24 a reaction
following that in Scheme 1 is expected if adsorbed atomic
oxygen (Oad) is available on the surface. On Ag(111), this
should be possible due to dissociative adsorption of O2 from
the gas phase.25,26 Simulated STM images, comparable to STM
images at negative bias (see Scheme 1, details of the DFT
calculations are described in the Experimental Section), which
also exhibit a characteristic ‘protrusion’ at the oxidized pyridine
ring in product molecule 2, further support this assignment.
Finally, it is important to note that the STM data never showed
an oxidized 4-pyridyl ring (configuration 4), and a second

Figure 2. Type 2 molecule (large circle) switching between two
orientations (a) and (b) and corresponding models (c) and (d). The
bright spots (= 2-pyridyl rings) that are moving with the molecule are
marked by arrows in panels a and b and by a red circle in panels c and
d. Tunneling conditions: 1 frame s−1, p = 10−10 mbar, IT = 158 pA, UT
= −2.25 V. The whole STM sequence can be found in video 1 of the
Supporting Information.

Scheme 1. Reaction of Adsorbed 2,4′-BTP (1) to Possible
2,4′-BTP N-Oxides 2−4 (here: R-form of 2 and 4) Catalyzed
by Ag(111) at p = 1.3 × 10−5 mbara

aThe regions marked in orange correspond to the structures in
Scheme 2. Insets show simulated STM images by summation of the
two highest occupied molecular orbitals (HOMO and HOMO−1) of
the experimentally observed structures 1 and 2 at iso-values of 10−5 e/
Å3 (geometry optimization and energy calculations: B3LYP/TZVP
with Gaussian03, planar molecules in gas phase).
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oxidized 2-pyridyl ring (configuration 3) was observed only in a
few occasions (see inset in Supporting Information Figure
S2d). Possible reasons for that will be discussed below.
The progress of the reaction was monitored in real-time by

STM measurements with a frame rate of 1 s−1 (see Figure 3 and

video 2 in Supporting Information). This sequence of STM
images shows directly that the orientation of the adlayer does
not change during the reaction. The fraction xox of oxidized
species relative to the total number of admolecules imaged, as
obtained from counting in the sequence of STM images, is
plotted as a function of time in Figure 3, together with some
selected snapshots as insets. The data show an essentially
constant increase of xox as a function of time until ∼72% of the
admolecules are oxidized. The ’noise’ in the data set is mainly
due to a slight drift of the STM scan region, though there were
few occasions (e.g., t = 49, 72, 73 or 77 s) where a bright spot
disappeared again. It should be noted that STM images
recorded in other areas of the sample (in the same experiment)
revealed a slightly higher maximum yield of oxidized molecules
(83 ± 6%). This indicates that the reaction itself is not induced
by the STM tip. Instead, the actual local O2 exposure might be
reduced via shielding by the STM tip. Energetically, the
incomplete oxidation of the organic adlayer may be related to
the weakening of the hydrogen bonds due to the introduction
of compressive stress (see below).
The linear slope of the increase of oxidized molecules

corresponds to zero-order kinetics; the slope reflects a reaction
rate of r = (0.33 ± 0.01) × 1012 cm−2 s−1. Considering the
impingement rate Z of O2 at 1.3 × 10−5 mbar and 298 K,
calculated using kinetic gas theory
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This value agrees reasonably well with the initial sticking
coefficient reported for dissociative O2 adsorption on clean
Ag(111).25 Since the Ag(111) surface is covered by a closed
adlayer of the α-phase, dissociative O2 adsorption must occur
either at defect sites of the ordered adlayer, for example, at
steps of the Ag substrate, or in the cavities of the α-phase.
Dissociation at clean steps of Ag(111) is possible; however, the
Ag steps are covered with 1.27 The dimensions of the cavities of
approximately 0.78 nm × 0.45 nm15,16 should be large enough
to accommodate an adsorbing O2 molecule (Figure 4b). The

STM sequences obtained during O2 exposure indeed resolved
bright protrusions in some of the cavities, with an apparent
mean lifetime of ∼1 s (Figure 4a,c). Neglecting the possibility
of an abstraction mechanism for oxygen adsorption (see
below), we tentatively assign these protrusions to a molecularly
adsorbed O2 precursor of Oad formation. Since the lifetime is in
the time scale required for a single STM image, we have to
assume a considerable number of undetected events, so that we
cannot quantitatively correlate the numbers of temporary
protrusions (adsorbed O2 precursors) and permanent spots
(molecules of type 2). It should be pointed out that the stable
protrusions neither showed a preference for appearing in pairs
nor for forming in the neighborhood of the temporary
protrusions (see Video 2 in Supporting Information). In
principle, this can be explained by two possibilities: either Oad is
highly mobile within the organic adlayer or Oad is formed via
abstraction from O2, similar to the mechanism proposed for Oad
formation on Al(111).28 We find the first model to be more
likely. This is supported by the reaction kinetics: zeroth-order
adsorption kinetics can be rationalized by a rate-limiting

Figure 3. The fraction of oxidized 2,4′-BTP molecules xox as a function
of time, as derived from a sequence of Video STM images (9.6 × 9.6
nm2, 1 frame s−1,) recorded during exposure of the α-phase on an
Ag(111) film to O2 (p = 1.3 × 10−5 mbar). The plotted line shows the
linear behavior indicating a 0th order reaction. The insets show typical
STM images recorded during the transformation 1 → 2. t = 0 s, α-
phase (p = 2 × 10−10 mbar); t = 33 s, the leak-valve is opened (p(O2)
= 1.3 × 10−5 mbar) and the first bright spot appears; t = 90 s,
translational domains appear from one STM image to the other; t =
148 s, saturation (dashed line). The entire STM sequence can be
found in video 2 of the Supporting Information. Tunneling conditions:
IT = 15.85 pA, UT = −2.45 V.

Figure 4. (a) Series of subsequent STM images showing bright spots
inside the voids of the α-phase on Ag films with life times in the range
of seconds (tunneling conditions: 9.6 × 9.6 nm2, 1 frame s−1, IT =
15.85 pA, UT = −2.45 V, p = 1.3 × 10−5 mbar O2). (b) Model of the α-
phase showing the voids with a size of ∼0.78 × 0.45 nm2 (orange
rectangles), where bare Ag(111) can be accessed by O2. (c) Statistics
of the lifetimes of O2 in the voids of the α-phase on Ag films.
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dissociative adsorption step, followed by fast reaction with one
of the adsorbed molecules. In that case, the number of O2
accepting cavities remains constant. In contrast, for the
abstraction mechanism, the number of reactive molecules
decreases during reaction, which would point to first-order
kinetics. Further evidence for a rate-limiting dissociative
adsorption step comes from the calculations discussed below.
In addition to the adsorption kinetics, the STM data also

resolve details on the spatial organization of the oxidized
admolecules 2. First of all, these form statistically on the
surface; we have no indication for a reaction process proceeding
via formation and 2D growth of islands. Second, detailed
analysis of the STM images reveals a clear order of the chiral
product molecules of type 2 in the α-phase. R- and L-version of
the oxidized molecules, with O at the R1 or R3 position,
respectively, arrange in a strict alternating order along the
adlayer lattice orientations (see Figure 1b), with an
enantiomeric excess of only ∼1.0% derived from more than
1700 molecules in the STM images, corresponding to a
racemate. Possible origins will be discussed below.
The energetics of the proposed reaction were explored via

dispersion corrected density functional theory (DFT-D)29

calculations, using the smaller molecules 5 and 6 as models
for reactant (1) and product (2) molecules, since the original
molecules would have been computationally too expensive. The
molecules 5 and 6 are parts of 1 and 2, respectively, and can
give useful trends regarding the reactivity in Scheme 1, though
they do not provide exact values for the situation in the
experiment. However, the reactive chemical moieties (pyridine-
N groups) in 5 and 6 are very similar and thus comparable to
those in 1 and 2 or other pyridyl compounds.31

Molecules 5 and 6 were considered adsorbed on Ag(111)
and Au(111) (for adsorption geometry, see Scheme 2) and in

the gas phase. With products and reactants in the gas phase, the
reaction shown in Scheme 2 is exothermic by −0.62 eV. When
5 (reactant) is adsorbed on either Au(111) or Ag(111), its
reaction toward the adsorbed species 6 is exothermic by −0.84
and −0.93 eV, respectively. Energetically, the reaction is thus
less favorable on Au(111) than without a supporting surface,
whereas on Ag(111), the product 6 is additionally stabilized.
Apart from the energetic stabilization of the product, its
formation is further facilitated by the lower dissociation barrier

of O2 on Ag(111) (∼1 eV30) as compared to Au(111) (∼2
eV30) which is, like HOPG, known to be inactive for O2
dissociation.25,26

Having confirmed that the formation of an N-oxide at a
peripheral pyridyl moiety is an energetically favorable process
and that Ag catalyzes this process, the experimental data still
leaves an open question. We only observe the formation of
molecules 2, while 3 is found rarely (inset of Supporting
Information Figure S2d) and 4 is totally absent, though all
pyridyl moieties should in principle be similarly reactive for N-
oxide formation. This can be rationalized by looking at the
molecule−molecule interactions before and after oxidation of
the BTP adlayer. As shown in Figure 1 (see also Supporting
Information, Figure S2), the oxidized pyridyl groups form N−
O···H−C type hydrogen bonds with neighboring molecules.31

The N−O bond length of ∼0.13 nm, however, is now
introduced as additional “spacer”, which compressively stresses
the adlayer. Since a DFT-D description of four molecules of
type 1 or 2 on three slabs of Ag would already consist of over
1500 atoms, it would be computationally much too expensive.
To estimate the possible effect of the changed hydrogen bond
configuration on the adlayer stability, the hydrogen binding
interaction energy of the α-phase in the initial and oxidized
state is estimated in a pairwise interaction model (∼0.1 eV per
hydrogen bond),15 in which the molecules are regarded as rigid
objects in a 2D plane without a supporting surface. Using a
Metropolis Monte Carlo algorithm and MP2 based, distance
dependent C−H···H−C and N···H−C interaction energies,15

the system configuration is varied until a minimum energy
configuration is attained for molecules 1−4 (for details see
Supporting Information Figure S2a).17 By using periodic
boundary conditions, the packing density of the molecules is
fixed to the experimentally found value. The stability of an
adlayer consisting of admolecules 2 (−0.44 eV per molecule,
Supporting Information Figure S2c) is comparable to the one
consisting of 1 (−0.47 eV, Supporting Information Figure S2b).
In contrast, if each molecule in the α-phase consists of
admolecules of type 3 (Supporting Information Figure S2b) or
4 (Supporting Information Figure S2e), the total hydrogen
bond energies are only −0.38 eV and +0.18 eV (=
destabilization) per molecule, respectively, in perfect agreement
with the experimental findings (see above). Hence, the
molecule−molecule interactions provide a clear energetic
driving force for the observed regiospecifity of the oxidation
reaction. Regarding the alternating occurrence of the L- and R-
version of the oxidized molecule, our pairwise interaction
model did not indicate a significant energetic effect of the
lateral enantiomer distribution of 2 in the α-phase. Therefore,
we tentatively assign the observed order to substrate registry
effects, that is, to a better fit of the oxidized adlayer to the
substrate lattice. Indeed, the DFT-D adsorption energies of 5
and 6 on Ag(111) tend into this direction. 5 has the same
orientation with respect to the <112 ̅> direction of the Ag(111)
surface as 1 in previous experimental studies.17,19 This
adsorption geometry, where all N atoms of 5 are near on-top
positions with respect to the Ag atoms (see left-hand side of
Scheme 2), is favored by ∼0.1 eV compared to that geometry
where all N atoms are near the on 3-fold hollow sites of
Ag(111) (adsorption energies 1.72 and 1.62 eV, respectively).
Since the STM sequences in Figure 3 clearly demonstrate that
the adsorbates do not change their orientations during the
reaction, the adsorption energy of 6 should be also calculated in
the orientation that is the best for 5. This adsorption geometry,

Scheme 2. Model for the Reaction Shown in Scheme 1a

aCompare the marked regions in Scheme 1. In the DFT-D29

calculations, 5 and 6 were considered in the gas phase and adsorbed
on Ag(111) and Au(111). The insets show the adsorption geometries
on Ag(111) (see text).
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where the N atoms of 6 are on-top of Ag atoms (right-hand
side of Scheme 2), results in an adsorption energy of 1.83 eV.
The fact, that this is not the lowest energy for 6 indicates an
effect of the substrate, additional to the stress in the adlayer
induced by the N−O spacer (see above).
In total, we could follow the spatial progress and unravel

mechanistic details of the oxidation process of an organic
monolayer film, of an ordered oligopyridine adlayer on
Ag(111), upon exposure to O2 under UHV conditions, by
direct STM observation, dispersion corrected DFT calculations,
and Monte Carlo simulations. Our findings point to a reaction
mechanism proceeding via dissociative adsorption of O2 in the
cavities of the ordered phase, and subsequent reaction of the
resulting Oad species with the oligopyridine. Stress minimiza-
tion has been identified as the driving force for the observed
regiospecifity of the oxidation reaction, whereas the distribution
of the resulting oxidized enantiomers is attributed to molecule−
substrate interactions. The study reveals a distinct difference in
reactivity of the organic monolayer with O2 depending on the
supporting surface. Similar reactions can in principle take place
with other types of molecules and on other catalytically active
surfaces. The sensitivity of the tested organic network to the
reactive gas shows that in cases of similar reactivity, the
inorganic|organic contacts in organic devices would have to be
fabricated under high vacuum conditions and protected to
avoid aging processes. On the other hand, similar reactions may
lead to desired interface properties and the same principle may
be useful for ultrasensitive gas sensors.
The approach described in this paper shows that surface

reactions involving large adsorbates can be followed with
ultimate sensitivity, reaching down to the single-molecule level,
by using Video STM and that detailed, quantitative reaction
data can be collected by statistic evaluation. This way, the
method can gain insight into other surface catalytic systems or
aging processes at electrode|organic interfaces which occur in
organic devices or in batteries.

■ EXPERIMENTAL SECTION
The experiments were carried out in two standard UHV chambers
with base pressures <2 × 10−10 mbar. Au(111) and Ag(111) single
crystals were cleaned by Ar+ sputtering and annealing to 770 K for 5
min. The fast STM measurements were conducted on an Ag thin film
on Ru(0001). The Ru(0001)-surface was cleaned by repeated cycles of
Ar+ sputtering (0.5 keV, 4 μA, 30 min) and flash-annealing to 1650 K.
Carbon impurities were removed by exposure to 10−6 mbar O2 for 10
s, followed by flash annealing to 1650 K. Evaporation of 3 ML Ag and
heating to 770 K for 4 min led to a surface similar to Ag(111).20 The
cleanliness of each surface was checked after all preparation steps by
Auger electron spectroscopy (AES), STM, and low energy electron
diffraction (LEED). 1 was deposited by a Knudsen-type evaporator,
leading mainly to monolayers of the α-phase. STM and video-STM
measurements made use of an Aarhus type variable temperature STM
(SPECS) and a home-built ‘pocket-size’ Video STM, respectively. All
STM experiments were done at room temperature and with W tips.
Oxidation of the organic adlayer was attempted by exposure to 1.3 ×
10−5 mbar of O2 (99.998% purity) through a leak valve. STM images
were recorded with voltages between −1.68 and −2.45 V, and
tunneling currents were in the range of 10−40 pA.
The total hydrogen bond energies of the initial and the oxidized

oligopyridine adlayers were calculated by summing over pairwise
interaction energies. In analogy to the treatment in a previous study,15

the interaction potentials were derived from MP2 calculations
(Supporting Information Figure S2a).17 Via periodic boundary
conditions, the adlayer density was kept at the experimentally found

value, but it was allowed to relax via lateral movements and rotations
of the molecules according to a Metropolis Monte Carlo algorithm.17

STM simulations of the isolated oligopyridine molecule were based
on B3LYP/TZVP;32,33 calculations with Gaussian.34 For the DFT
optimization of the oxygen/terpyridine systems, on Ag(111) and
Au(111), periodic DFT calculations with the PBE35 functional were
performed within a (5 × 7) geometry with 4 layers (topmost layer
distance relaxed) using the VASP36 code. Ionic cores were represented
by the projector-augmented-wave (PAW) method.37 For the sampling
of the Brillouin zone, a 1 × 1 × 1 k-point grid was employed. The one-
particle states were expanded in a plane wave basis with an energy
cutoff of 400 eV.38 Dispersion correction was based on the DFT-D
FORTRAN program by Grimme and co-workers.29 We used our own
implementation into the VASP code.
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