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Abstract

We have used a surface-science based, ion-beam-soft-landing approach to study the
heterogeneous oxidation of a series of large polycylclic aromatic hydrocarbons (PAHS)
deposited onto highly oriented pyrolytic graphite (HOPG). The reactivities of well-
defined thin films of hexabenzocoronene (CyoHg), pentacene (CyyH;,), the Fullerene
Precursor (CgoHso) and rubrene (CyoHgg) with effusive beams of oxygen atoms were
compared to the reaction outcome upon depositing a monolayer of the same PAHs onto
a preoxidized graphite surface. In both cases, sublimable oxidized derivatives of PAHs
were observed using mass-resolved temperature programmed desorption (with compo-
sitions assigned using oxygen isotope labelling where necessary). For all PAHs investi-
gated, the on-top oxidation of multilayers leads to epoxides. By contrast, the products
of the oxidation of (sub)monolayers are seen to depend on the molecular structure of
the PAH. While the flatly adsorbing planar PAHs react to form lactones and quinones,
the highly nonplanar rubrene does not show analogous surface-mediated chemistry, in-
stead forming epoxides exclusively. These observations when taken together with our
previous study of coronene oxidation are of potential interest for sp?-nanocarbon-based
oxidation catalysis. Furthermore, we have demonstrated a UHV-based route to sub-
limable oxides ranging in size up to CgyHzqO5 which may be useful for nanotechnological

applications.

Introduction

Over the last 15 years the rise of graphene and the resulting intense interest in graphene-
based nanodevices has led to a new slant on the heterogeneous reactions of PAHs. PAHs can
be regarded as atomically precise pieces of nanographene (of uniform size).! They have been
interconnected on surfaces to form “engineered” nanographene topographies with useful size-
and structure-dependent electronic properties.? There is an analogous but still untrodden
path between oxidized PAHs, oxidized nanographene and graphene oxides (GO).

GOs are known to have a range of useful properties which complement those of graphene.



Among them, GOs show photoluminescence?® which can potentially be employed for optoelec-
tronic devices, if better control of the size and functionalization degree could be achieved. A
major issue in the synthesis is that the classical methods to generate GOs, like the Hummers-
Offeman® or the Staudenmaier® method, involve the use of harsh oxidizing acids which do
not lead to well-defined nanostructures but instead to a broad distribution of GO sheet
sizes and oxide functionalities as described by the Lerf-Klinowski model.” New preparation
methods for graphene oxides (GOs) are therefore currently of great interest.®'? Polycyclic
aromatic hydrocarbons (PAH) are comparatively inert and therefore difficult to functionalize
precisely with oxygen under normal wet chemical synthesis conditions. An overview over the
results of wet and photochemical oxidation procedures can be found below in the "known
PAH oxides" section. A controlled oxidation of large PAHs sublimed onto well-defined sur-
faces offers one possible approach to achieve atomically precise oxidized nanographene.

Towards this end we became interested in the heterogeneous oxidation of HOPG-surface-
bound PAHs using near-thermal energy atomic oxygen. While there are studies regarding the

1315 especially with astrochemical interest, these

reaction between PAHs and atomic oxygen,
typically focused on etching processes and not on the direct molecular oxidation products.
We have recently probed the oxidation of thin coronene (Cy4H;,) films using mass-resolved
temperature programmed desorption (TPD) to characterize the volatile oxidic products gen-
erated with these conditions.'®'7 Interestingly, we observed significant amounts of intactly
desorbing coronene oxides.

We found that the distribution of these desorbable oxidic products depended strongly on

the oxidation procedure. Three different procedures (1.-3.) were applied all making use of

oxygen atoms as schematically depicted in fig. 1.

1. A thick multilayer coronene film was deposited onto the basal plane of HOPG and sub-
sequently treated with a perpendicularly incident, near-thermal energy effusive beam
of oxygen atoms from a plasma source.'® This led to intactly desorbable coronene

epoxides and, for higher oxidation degrees, eventually coronene ethers - as assigned by
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Figure 1: The three different O-atom based oxidation procedures applied to all PAHs studied
here: 1. Deposition of several PAH layers is followed by on top-oxidation with an effusive
beam of near-thermal atomic oxygen; 2. The same sequence as in 1. but now with a PAH
(sub)monolayer and 3. PAH oxidation by deposition of (sub)monolayer coverages onto a
preoxidized HOPG surface prepared by treatment with O-atoms (predominantly contains
graphene epoxides and some ethers).

combining mass-resolved temperature programmed desorption (TPD) with X-ray pho-
toelectron spectroscopy (XPS) and density functional theory (DFT) calculations. We
rationalized this reaction outcome as being analogous to the O-atom functionalization
of the HOPG 19 basal plane which also showed epoxides as the major products at low
exposures while ethers appeared for higher oxygen atom loads. Formation of ethers on
HOPG is thought to reflect a concerted unzipping mechanism?® which opens the C-C
bond underneath an epoxy unit if a second oxygen atom adsorbs nearby thus forming

e.g. oxepine or dioxepine units.

2. Interestingly, (sub)monolayers of coronene, also treated with O-atoms in the same
way, reacted to fundamentally different products than the thick films.!” Based on
oxygen isotope labelling experiments we were able to assign these products as lactones
(predominantly 2H-Benzo|6,7|perylo[1,12-bca|pyran-2-one) and quinones (most likely

1,2-Coronendione).



3. In the third coronene oxidation procedure we made use of preoxidized HOPG, i.e. a
graphite surface covered by epoxides and, for higher oxygen doses, some ether func-
tional groups. Coronene was deposited onto this oxide layer and reaction products
were again probed by mass-resolved TPD. This yielded the same products as observed
for procedure (2.) but with higher yields. Additionally, a minor oxidation product
most likely containing a cyclopentadienone (1H-benzo|ghi]|cyclopenta|pgr|perylen-1-
one) unit was detected. Furthermore, TPD uncovered a new, weakly binding state of
coronene which was assigned to unreacted coronene localized atop the epoxide layer in

addition to the coronene state bound more strongly to unfunctionalized HOPG.

The lactone and quinone products of submonolayer reaction procedures (2.) and (3.)
clearly demonstrate that the HOPG surface can act as a catalyst or at least as a mediator
for coronene oxidation. In recent years sp? carbon materials have successfully been used for

several catalytic processes such as desulfurization,?' dehydrogenation??

or Baeyer-Villiger
oxidation.?? In particular the latter process is of interest for our coronene study since the
product of this reaction is a lactone as well.

In order to determine whether such surface-mediated oxidation products are specific only
to coronene, we followed the same oxidation protocol with thin films of four additional,
structurally different PAHs (see figure 2): (i) hexa-peri-hexabenzocoronene (HBC), (ii) pen-
tacene, (iii) the Fullerene Precursor?® (FPC) and (iv) rubrene (Rub). We find a correlation

between the PAHs’ molecular structure type and the composition of the oxides resulting

from all three different oxidation procedures.

Background

General properties of the investigated molecules

The choice of the investigated PAHs has been made to cover a broad structural variety of

disk-type systems. The Dgp-symmetric HBC and the Dg,-symmetric pentacene represent
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Figure 2: Schematic molecular structures of pentacene (Pen, CyyH,4), coronene (Cor,
Cq4H15), hexabenzocoronene (HBC; Cy5H g), rubrene (Rub, C yHag) and the Fullerene Pre-
cursor (FPC, CGOH?)O)'

borderline cases since the former is chemically extremely stable while the latter is not. This
has already been explained by the famous Clar rule:25728 HBC can be electronically described
as being made up of seven aromatic sextets as opposed to pentacene which possesses only
one such sextet as depicted in fig. 3. HBC, like coronene itself, and pentacene are planar.
Rubrene is special since it carries strongly twisted phenyl substituents which also impose
some non-planarity of the tetracene core. Finally, the fullerene precursor FPC with 60
carbon atoms stands out by comprising three fused five-membered rings which also causes
some bending of the disc structure.

29733 (see table in the supplement) range from 1.85 eV for pentacene

The optical bandgaps
to 3.29 eV for coronene whereby large gaps generally correspond to high chemical stability.

Theoretical HOMO-LUMO gaps from our own calculations reproduce this trend.



Figure 3: Structural formulae of A: HBC with seven Clar sextets and B: pentacene with only
one Clar sextet

Known PAH oxides

Multiply oxidized coronene derivatives have been accessed synthetically. Quinones have for
example been made under appropriately stringent volume phase reaction conditions.?*3 Sev-
eral additional oxidic derivatives of coronene have also been synthesized including coronene
tetracarboxylic acid anhydride,?® methoxy-substituted coronene3” and tri- to octacarboxy-
substituted coronenes.® All of these have the same intact coronene skeleton but terminating
functionalities which differ significantly from the unprecedented rim-epoxy derivatives, which
we found upon treating thick coronene films to thermal energy oxygen atoms at the solid-gas

interface. 16
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Figure 4: A: Photochemical oxidation of pentacene under ambient conditions generates an
endoperoxide intermediate which slowly gets autoxidized to a quinone.3® B: Photochemical
oxidation of rubrene in air is thought to form a double epoxide and an endoperoxide. 94!
The latter is less stable than the former on the basis of our DFT calculations.

Similarly, only a limited number of oxidized derivatives of the PAHs studied here have pre-
viously been accessed in condensed phase synthesis. A symmetric alkoxy derivative of HBC

has been reported?? based on the assembly of alkoxy-substituted precursors. However, to



the best of our knowledge HBC-epoxides, -lactones and -quinones have not yet been made
in bulk. For FPC, there have been no literature reports of oxides that we are aware of.

Both small-bandgap PAHs that also have singular Clar sextets in this study can be oxidized
photochemically: Pentacene forms an endoperoxide when exposed to light under ambient
conditions.?¥ This process is followed by slow autoxidation to form 6,13-pentacenequinone.
This quinone can also be formed by oxidizing pentacene with chromic acid*® or by aldol con-
densation of ortho-phthalaldehyde with cyclohexanedione.?? Pentacenequinones and analo-
gous fully conjugated tetrones have been studied with regard to organic solar cells*® forma-
tion of self-assembled monolayers?® and for electrocatalytic applications.*™*® (Sublimable)
pentacene epoxides and lactones appear to be reported here for the first time. Rubrene is
even more photosensitive than pentacene and is thought to be photochemically oxidized to

40,41,49

epoxides and endoperoxides under ambient conditions (on the basis of spectroscopic

studies of corresponding thin films ).

Experimental and computational methods

Sample preparation

Pentacene (Fluka, 99.7%) and rubrene (Acros, 99%) were obtained from commercial sources.
HBC was synthesized as described by us in the literature.?® FPC was synthesized according
to a previous procedure.?!

All thin film samples were prepared by mass-selective ion beam soft-landing with the same
UHYV setup used for the coronene studies.'%!” Briefly, the desired PAH was sublimed from
a Knudsen effusion cell and subsequently ionized by electron impact (E., ~ 70 eV). The re-
sulting mixed molecular beam was split into anions, neutral molecules and cations using an
electrostatic deflector. The cations were then mass-selected by a quadrupole mass filter (Ex-
trel Merlin, 1-4000 u) and directed at a clean HOPG substrate (SPI supplies, SPI-2 grade)

held at a retarding potential which ensured fragmentation-free soft landing (E;pcigent =~ 6 €V).



The deposited ion current was measured with a picoamperemeter (Keithley); its integral, i.e.
the ion dose, was converted into monolayers (ML) using conversion factors as determined
in our previous work®%% (see section on quantifying coverages and compact table 2 in the
Supplementary Information).

Ton beam deposition has the advantage that impurities present in the starting material (and
differing significantly in mass from the PAH in question) can be quantitatively removed and
the deposited amount of material can be controlled with deviations < 1%. The resulting spot
has a diameter of ca. 2.5 mm and a rim-to-middle height difference of ca. 20%. However,
there is a trade-off between mass resolution and acceptable ion current such that typically
a small fraction of the ions transmitted to the surface comprised partially dehydrogenated
fragment species in addition to the abundant parent ions. In our previous studies of coronene

16.17) we therefore compared thin films prepared by deposition of ions to

(see supplements
films generated by direct Knudsen effusion of neutrals - to ensure that the oxidation outcome
is not affected by small amounts of dehydrogenation associated with ionization. The sup-
plement of this paper contains an analogous comparison for soft-ionized pentacene yielding
the same conclusion, i.e. no effect of dehydrogenated fragments on oxidation outcome. The
other three PAHs studied here are assumed to behave analogously.

Oxidation was performed using a microwave plasma source® (Tectra Gen II, copper induc-
tion rod) equipped with (i) a leak valve through which we dosed alternately 0, (Messer
Griesheim, 99.9998%) or if desired * O, (Linde, 99.9998%) and (ii) an electrostatic deflec-
tion plate to prevent charged species from striking the sample. The typical settings yielded
a chamber pressure of 1-107° mbar which corresponded to an O-atom flux at the target
of 1.5-10" Os~!'ecm™? (calibration by residual gas analyzer). At these settings there is no
significant contribution from molecular or atomic oxygen in excited electronic states. 1¢:5%:56
Due to the photochemical activity of pentacene and rubrene we shielded the sample from

external light sources to the greatest extent possible - except for scattered light from the

plasma source itself.



Temperature programmed desorption and assignments

After reaction with O-atoms, all thin film PAH samples were characterized by Temperature
Programmed Desorption Spectroscopy (TPD). For this, HOPG substrates covered with the
(oxidized) PAH of interest were heated with a linear heating rate 5 (FHI ELAB-GO74 heating
ramp generator). Molecules desorbing in a characteristic temperature range were monitored
by a quadrupole mass spectrometer (Extrel Merlin, 1-4000 u, electron impact ionization).
The resulting mass-resolved desorption spectra allow for the determination of the binding
energies of both unreacted parents and specific oxidized products by a Redhead analysis®” if
the frequency factor v of the desorption is known. With the heating rate variation method®®
we had previously determined the frequency factors of HBC?? as 2.9 - 10'"*!3 Hz, of pen-
tacene® as 2.6-10'5%15 Hz and of FPC? as 7.0-10'%*%6 Hz, respectively for desorption from
HOPG. In the former study this method could not be applied to rubrene due to methodologi-
cal constraints regarding lateral interactions.?? Instead, we assumed that the HBC frequency
factor could also be applied to rubrene as both consist of 42 carbon atoms (our investigations
showed a correlation between molecular size and frequency factor®?). Here, we will assume
that PAH-oxide frequency factors correspond closely to those of the respective unoxidized
PAH.

Our setup allows to rapidly acquire multiple mass spectra during the desorption ramp. These
can be converted into temperature resolved mass spectral maps (TRMS) which provide con-
tour plots of ion intensity versus mass and temperature. Assuming negligible ionization
induced fragmentation of desorbing neutral species, TRMS maps allow for the direct corre-
lation of surface processes and corresponding reaction products.

To facilitate the composition determination of reaction products we generally compared
TRMS maps after oxidation with °O versus O - under otherwise identical conditions. For
this, mass shifts of oxides relative to the unoxidized PAHs were determined by integrating
the corresponding TRMS maps along the desired segment of the temperature axis and fit-

ting the resulting mass spectrum with a set of Gaussian functions. Detailed examples of this
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procedure can be found in our previous work on coronene.'®!” In the latter study 50 /180
labelling allowed us to identify epoxides, ethers, lactones and quinones as the major reaction
products of coronene with atomic oxygen (for a depiction of the corresponding molecular
structures see fig. 5). Up to 7 oxygen atoms were observed to be sequentially added — with
addition sometimes also associated with loss of CO and Hs.

In the following we will encounter analogous epoxide, ether, lactone and quinone oxidation
products, sometimes in combination. It is therefore useful at this stage to introduce a general
nomenclature for PAH oxidation products which allows to assign specific desorption signals

in TRMS maps to product classes in a compact notation (see also fig. 5).

e The initial PAH monolayer desorption peak will be 0 or a depending on the following

oxides.

e Desorption signals assigned to epoxides are denoted by the number n of oxygen atoms
which have been taken up by the PAH. For oxygen uptakes approaching the bulk
graphene limit of one epoxy unit per hexagon the aforementioned unzipping mecha-
nism?° is thought to take place which leads to ether functionalizations. Therefore,
beyond a certain n (and depending on the size of the PAH) we assume a transition

from epoxide to ether derivatives has occured.
e Lactones will be denoted b, quinones ¢ and dilactones d.

e If a desorbing species is assigned as having two different types of oxygen-containing
functional groups, the indices are put in series, e.g. 1d would be a PAH dilactone that

has additionally adopted one epoxy (or one ether) group.

e Sometimes a high- and a low-temperature desorption component are observed at the
same mass-to-charge ratio. These are designated with lower-case indices a,, in the

sequence from highest to lowest temperature.

11
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1: single epoxide  7: mult. epoxide
Am(1%0)=16u Am(10)=112u
Am(80)=18u Am(20)=128u

]
a*: cp-ketone unit b: lactone
Am(1e0)=2u Am(10)=18u
Am(180)=4u Am(180)=22u
¢
¢

c: guinone d: dilactone
Am(1°0)=30u Am(1°0)=36u
Am(*20)=34u Am(180)=44u

Figure 5: Explanation of the compact notation used for assignment of mass shifts in TRMS
maps after oxidation with 0 and '80 based on our previous work.'®!” Numbers n (e.g.,
1 and 7 as shown) stand for the number of epoxide (or possibly ether by unzipping the
C-C bond under an epxoxide) groups chemisorbed onto the PAH carbon framework. a* at a
mass slightly higher than that of the educt PAH possibly contains a cyclopentadienone unit
(“cp-ketone” as shown) which may be an intermediate in the formation of a lactone b upon
further oxidation. Heavier oxides can include quinones ¢ and dilactones d. The notation is
used independent of whether or not the TRMS map shows all oxides of the corresponding
series, e.g. if no lactones are observed, quinones are still denoted as c. If two types of oxide
are combined in the same product molecule, the the indices are also combined, e.g. a lactone
with two epoxy groups is designated as 2b

e a** represents an oxide with a mass slightly higher than that of the unoxidized PAH,

e.g. with a cyclopentadienone unit.
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In addition to product (mass) assignments, the TRMS maps also allow for the correlation
of processes: if two species desorb at the same temperature, they may simply have similar
binding energies. On the other hand, the lighter species may be a fragment of the heavier
one (as induced by electron impact ionization). In our previous work we have for example
used the observation of CO, elimination upon ionization to assign desorption of on-surface
generated lactones.'” Two species desorbing at different temperatures must definitely result
from two different processes on the surface.

In the following, we will usually only show TRMS maps acquired after oxidation with 1¢O.
180 measurements (always carried out too) will only be presented if they are more suitable
to demonstrate specific effects. Additionally, selected TRMS maps can also be found in the
supplement.

Note further, that for better discrimination of individual mass spectral features we will
present most TRMS contour plots in one of two differently-colour-coded logarithmic intensity

scales - as denoted in the repective captions (see also figure 6B)::

e NLIS: Normal Logarithmic Intensity Scale, natural logarithmic scale from 5 (blue) to

450 (red) event counts/0.25 s

e ELIS: Expanded Logarithmic Intensity Scale, natural logarithmic scale from 1 (blue)

to 450 (red) event counts/0.25 s

For HBC, pentacene and rubrene, we performed additional experiments to quantify the
overall yield of desorbed oxides. These were determined by dividing the integrated desorption
intensities of the oxides by the integrated desorption intensity of an unoxidized monolayer
of the corresponding PAH and the initial coverage. Usually this leads to well-reproducible
yields with deviations below 1 percentage point. However, as will be shown below, the overall
FPC desorption intensities were too small to allow for a statistically significant oxide yield

determination.
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Computational methods

Candidate structures for PAH oxides identified on the basis of TRMS maps (and isotope
labelling) were calculated by DFT using Turbomole.?*% We generally followed a two-step
sequence: First starting geometries were manually generated and preoptimized with the
BP86 functional®"%? and a def2-SVP basis set% in the RI approximation.®* In order to avoid
transition states caused by bond rotation or other intramolecular rearrangements, vibrational

195 implemented in Turbomole.

frequencies were calculated at this level with the aoforce too
Then final geometries were calculated making use of the B3LYP functional®16¢7%8 with the
def2-TZVP basis set® in the RI approximation.”™ In the case of rubrene, the Grimme-D3™

correction was applied for all calculations in order to account for dispersion interactions

between the outer phenyl rings.

Results and discussion

Hexa-peri-hexabenzocoronene, HBC

We begin by discussing the oxidation of hexabenzocoronene since it is a flat PAH like coronene
and we therefore expect it to exhibit similar behaviour.

Fig. 6A shows a representative TRMS map after oxidation of an HBC multilayer (20 ML).
Apart from the unreacted mono- and multilayer signal 0, a series of peaks with mass shifts
characteristic for epoxides 1-5 is observed. Note that epoxide 4 manifests a rather noisy
desorption signal perhaps indicating an additional unresolved oxide of slightly different mass
hidden below the C4;H3O,4 desorption feature. The overall oxide yields, shown in fig. 6C,
add up to ca. 8%, corresponding to 1.6 ML. This suggests, that large parts of the topmost
layers have been converted into desorbable oxides as also seen for coronene.!® The epoxide
1 (CyuH30) desorbs at ca. 600 K while 5 (CyH 305) desorbs at 650 K. This corresponds

to a slight binding energy increase from 2.1 eV to 2.3 eV. An analogous shift with increasing

14
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Figure 6: HBC multilayer oxidation experiments; A: TRMS map (NLIS) of an HBC oxide
film generated by on top-oxidation of 20 ML HBC with '¥0, Dp=4.5-10" ¢cm™2, 3=4.3 K/s,
note the series of epoxide products 1-5; B: Yields for the oxides (for yield definition see main
text)

number of adopted oxygens was observed for coronene. '

While the HBC multilayer oxidation outcome is quite analogous to that of thick coronene
films, the on-top oxidation of an HBC monolayer (fig. 7A) still yields predominantly epoxides
while the lactone b and dilactone d signals appear only as traces. Note, that the region
between 3 and 4 contains some elevated noise which in analogy to the multilayer indicates
the existence of an additional minor species.

A possible interpretation of this would be that the large HBC molecules shield the surface
sufficiently from the impinging oxygen atoms such that the surface mediation does not take
place. For HBC monolayers, all oxides desorb in the same temperature range as unreacted
HBC - slightly below 750 K. Since the HOPG surface appears not to be significantly involved
in the oxidation of HBC monolayers, it is not surprising that several epoxide products show
desorption yields above 10% (see fig. 7B) which is significantly higher than found for coronene
(sub)monolayers. 7

In preoxidation experiments (fig. 7C) on the other hand, HBC behaves mostly like coronene.

The dominant oxide is the lactone b and we observed traces of quinones/dilactones (c+d).

15
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Figure 7: HBC monolayer oxidation; A: TRMS map (ELIS) of 1.2 ML HBC after oxidation
with 180, Dp=0.9-10" em ™2, Products are still dominated by epoxides with possibly also
some traces of lactones b and dilactones d visible; B: Oxide yields for all species from (A) as
a function of the oxygen dose; C: TRMS map (NLIS) of 1.2 ML HBC deposited onto HOPG
preoxidized with 160, Dp=4.5-10'% cm~2, oxide products are dominated now by lactones b;
D: HBC desorption and oxide yields for all species from (C) as a function of the preoxidizing
oxygen dose, inset: most stable lactone structure. For both maps f=4.3 K/s.

The HBC signal a splits up into a regular component a; and a low-temperature component

ay which, similar to coronene, can be interpreted as unreacted HBC sitting atop a graphene

oxide surface region. The overall oxide yields are comparatively small (see fig. 7D, strong

statistical fluctuations for c+d).
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Pentacene

Pentacene is the second planar PAH in this study and therefore will be discussed next. Pen-
tacene adsorbs on HOPG in a coplanar manner at small coverages but at higher coverages
forms a herringbone structure with individual molcules tilted away from the surface.™7
For this reason, the ion dose necessary to form a saturated monolayer of pentacene is five
times larger than for the similar-sized PAH coronene.’? We therefore performed the sub-
monolayer oxidation experiments at pentacene coverages for which the coplanar adsorption

phase should still exist.

The on top-oxidation of a thick pentacene film, as depicted in fig. 8A, also leads pre-

Temperature (K

Mass (u)
B 0.061 .
5 0.04-
f—f 0.02 - .
0.00 — : : : : - . . "
0 2 4 6 8
n(O)

Figure 8: Pentacene multilayer oxidation; A: TRMS map (ELIS) of 5 ML pentacene after
oxidation with %0, Dp=4.5-10" ¢cm™2, 3=4.0 K/s, showing a series of 0-9 adopted epoxy or
ether functionalities; B: corresponding oxide yields (unreacted pentacene desorption: 73%)

dominantly to epoxides 1-5. Traces of more highly oxidized species 6-9 are also observed
implying that some of the oxygen atoms are bound as ethers (reflecting unzipping according

to.2% Interestingly, the oxide desorption temperatures do not lie in the range of pentacene

17



multilayer desorption (ca. 430 K™) but instead fall around 500 K (1.6-1.8 ¢V binding en-
ergy). The origins of this increase are uncertain, but the effect itself has already been seen
in our previous work on coronene epoxides. The fact that the desorption of the unreacted
pentacene multilayer has already occurred when the oxides desorb suggests that a diffusion
process takes place in which the oxide molecules diffuse down to the surface before the un-
derlying pentacene species can desorb. Alternatively, it is possible that epoxy functionalities
are moved down via intermolecular oxygen atom transfer. However, we consider this less
likely since such a chemical process would probably be much slower than a purely physical
diffusion process. The overall oxide yield, shown in detail in fig. 8B, is about 13% at the
dose used, while 73% of the deposited pentacene desorbs and 14% must have formed differ-
ent products, e.g. by decomposition processes or by forming non-desorbable intermolecular
adducts. 73% of initial 5 ML coverage correspond to 3.65 ML equivalents, so no oxygen
atoms reached below the second highest layer.

The submonolayer experiments, represented in fig. 9A-E, depict a surprisingly diverse ox-
idation behaviour. On top-oxidation (fig. 9A) again generates an epoxide 1 followed by a
quinone Oc. It is unclear whether the structure of this quinone is identical to the quinone pro-
duced by photochemical oxidation?® of pentacene, 6,13-pentacenequinone. Note, that this is
also the most stable quinone based on our DFT calculations. Alternative, less stable struc-
tures are shown in the supplement. Also, oxides with combined quinone and epoxy/ether
functionalities 1c, 2¢ and (possibly) 3c are observed. Lactones b or d are completely absent.
As the oxide yields (fig. 9B) show, the epoxide 1 dominates for low oxygen doses while at
high doses the relative yield of quinone Oc becomes larger than that of the epoxide. Com-
bined oxides nc become slightly more pronounced (relatively) at higher doses.

The preoxidation experiments (fig. 9C) clearly show the quinone Oc; as the dominant oxide
formed. Note, that in contrast to on-top monolayer oxidation, the pure epoxide 1 is now
absent and replaced by a lactone b signal. The combined oxides 1c and 2c¢ are still ob-

served. Taken together, this therefore constitutes direct evidence for the uptake of an epoxy
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Figure 9: Pentacene monolayer oxidation; A: TRMS map (ELIS) of 0.33 ML pentacene after
oxidation with 10, Dp=1.8-10'" cm~2, showing quinones and epoxides; B: Oxide yields for
all species from (A) as a function of the oxygen dose; C: TRMS map (ELIS) of 0.33 ML pen-
tacene deposited onto HOPG preoxidized with °0O, Dp—=1.8-10'% ¢cm~2, showing primarily
quinone Oc; formation; D: Oxide yields for all species from (C) as a function of the preox-
idizing oxygen dose; E: highly resolved TRMS map for a sample prepared as in (C) using
180, linear scale (0-36); F: the most stable structural candidates for the aj and a} peaks.
For all spectra f=4.0 K/s
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functionality from the surface leading to a unique reaction product not observed after on-top
oxidation. The quinone signal Oc; is also associated with a weak low-temperature component
which we have labelled Oc3. Since it is 2 u heavier than the quinone for both oxygen isotopes,
the mass would seem to fit to an endoperoxide or a double epoxide. A low-temperature oxide
component like this has not been observed for any other PAH investigated by us so far. We
speculate that it may be associated with the adoption of two oxygen atoms from the epoxy
carpet of HOPG to form a product which is more loosely bound to the substrate than the
quinone. The overall oxide yield is 23% for the lowest O-atom dose probed, 4.5-10'* ¢cm™2,
as shown in fig. 9D, and drops steadily with higher preoxidation doses. This is in contrast
to coronene for which the highest oxide yields under preoxidation conditions were reached
at the highest O-atom doses probed (1.8-10' ¢m™2).

Note also, that the pentacene desorption signal a is now itself split into three or possibly four
components ("a group"). As fig. 9E shows, the unreacted pentacene/HOPG signal a; no
longer dominates the spectrum at this O-atom dose. Also, there is no clear low-temperature
pentacene component as for any oxygen dose applied in contast to the clear feature a2 fea-
ture seen for HBC. Instead an oxide aj can be assigned as 12H-dibenzo|b, h|fluoren-12-one
in analogy to coronene oxidation on preoxidized HOPG.'" This species can be accessed in
solution phase synthesis and was first prepared by R. Martin.” The dominant oxide aj
has no equivalent in the oxidation of any of the other PAHs studied here. Since the mass
shifts with respect to pentacene are 4 u for 10 and 6 u for *O, the stoichiometry has
to be Cy1Hp0O. Our best guess is that an oxygen atom replaces a carbon atom forming an
ether bond while a hydrogen atom gets transferred to another carbon atom. The most stable
among such structures would be 14H-dibenzola, j|xanthene (see fig. 9F) first prepared by so-
lution phase synthesis as a byproduct of the reaction of S-naphthol with formamide by Saito

et al. ™ Some other less likely structural candidates for aj and aj can be found in supplement.
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Fullerene precursor CgzHjs,, FPC

FPC has a three-fold symmetric, nonplanar structure (see fig. 2). Due to steric interaction
between its three "rotor blades" it is slightly twisted. Therefore not all atoms in FPC adsor-
bates having their central hexagons oriented parallel to a flat substrate can be at the same
distance to the surface. According to the DFT-calculated structure (for an isolated molecule
without taking on-surface relaxation into account), the most “out-of-plane” hydrogen atom
would be ca. 1 A further away from the surface than the closest one.

As the TRMS map in fig. 10A reveals, multilayer oxidation again yields a series of epoxides
1-5, which desorb at temperatures increasing from 580 K to 650 K corresponding to binding
energies: in the range 2.0-2.2 eV.

On-top oxidation of FPC monolayers over a range of different O-atom doses does not yield
any measurable desorption signal (0-4.5-10' cm™2). By contrast small amounts of lactones b
are observed at small preoxidation oxygen loads (fig. 10B). Higher oxygen doses just deplete

this signal, with only traces of the low-temperature component as remaining (fig. 10C).

Rubrene

As discussed in the background section, rubrene is a highly nonplanar PAH in which the ar-
moatic systems of the central tetracene unit and the phenyl substituents are not conjugated.
On HOPG, rubrene orients itself with the central tetracene unit parallel to the surface and
arranges in a distorted, almost densely packed adsorbate structure.”"® Incomplete monolay-
ers manifest a giraffe-skin-like film morphology when probed by AFM®3 (the "brown giraffe
spots" being empty regions). Due to coverage dependent packing and orientation, ca. four
times the ion dose required to form an HBC monolayer is needed to form a saturated rubrene
monolayer. Correspondingly, a significant lateral intermolecular interaction energy of 42 meV
has been measured. 53

According to the TRMS map presented in fig. 11A, the oxidation of a rubrene multilayer

film (8 ML) leads to an epoxide/ether series 1-7 (with traces of 8 or even 9). Our DFT cal-
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Figure 10: TRMS maps of FPC oxide films generated by A: TRMS map (NLIS) of on top-
oxidation of 20 ML FPC with 0, Dp—=4.5-10'® cm ™2, yielding epoxides 1-5; TRMS map
(ELIS) after depositing 1 ML FPC onto HOPG preoxidized with %0, Dp=3.6-10" ¢cm—2,
showing some lactones b ; D: TRMS map (ELIS) after the identical procedure as in (B) with
Dp=1.8-10 ¢m~2; for all spectra 3=4.3 K/s

culations (see supplement for details) indicate that it is energetically more favorable to add

seven oxygen atoms to the tetracene backbone instead of oxidizing the phenyl rings. This

is probably due to the aforementioned twisted nature of the tetracene unit. Observation of
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Figure 11: Rubrene multilayer oxidation experiments; A: TRMS map (ELIS) of 8 ML rubrene
after oxidation with 90, Dp=1.8-10"% ¢cm™2, ELIS, =4.1 K/s, showing a series of 0-9
adopted epoxy or ether functionalities at almost constant desorption temperatures; B: ox-
idation yields for the first epoxides as a function of the oxygen dose (rubrene redesorption
always 0.4-0.45%3.5 ML); C: most stable DFT structure for the seventh oxide (C,,Ho507)
without destruction of the tetracene unit

such high oxygen loading implies a significant fraction of ethers. The overall oxide yields (see
fig. 11B) start at 13% for low oxygen doses and decrease for higher doses. Among the three
O-atom doses tried, best yields of higher epoxides were obtained for 1.8-10* cm™2, the only
dose for which we observed more than epoxide 4. All epoxides/ethers n desorb at roughly

the same temperature as the rubrene multilayer (ca. 400 K) so these oxides typically do not
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come in contact with the HOPG surface before desorbing.

As outlined in fig. 12A+C, both monolayer procedures yield epoxides (or ethers) 1-3 (maybe
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+ Epoxide 4

on top-oxidation
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Figure 12: Rubrene monolayer oxidation; A: TRMS map (ELIS) showing the outcome of on-
top oxidation of 0.5 ML rubrene with O, Dp=0.9-10' cm~2, yielding epoxides 1-4, exclu-
sively; B: oxide yields for all species from (A) as a function of the oxygen dose; C: TRMS map
(NLIS) of 0.5 ML rubrene deposited onto HOPG preoxidized with %0, Dp=1.8-10' ¢cm2,
showing only epoxide 1-3 formation; D: oxide yields for all species from (C) as a function of
the preoxidizing oxygen dose; for all spectra f=4.1 K/s

4 for on top-oxidation). Best yields are always achieved for very low oxygen doses.

Comparison of yields and mechanistic considerations

In the on-top oxidation of multilayer films, the overall oxide yields for the particular best

oxygen dose were usually around 10% with the probed film thicknesses. In the case of
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coronene'® and HBC this corresponds to ca. 1.5 ML equivalents while for pentacene and
rubrene it corresponds to 0.7 and 1.0 ML equivalents, respectively. This shows that the fully
planar PAHs do not shield the lower layers from the impinging oxygen atoms completely
since lower layers must have participated in the reaction. Since the redesorption signal of
the non-planar PAHs is not equal to the initial coverage minus one layer, it is evident that
the top layers do not shield lower layers from the atomic oxygen beam completely and that
either non-desorbable products such as intermolecular ethers are formed or that a fraction
of the formed oxides has decomposed before the desorption temperature has been reached.
Especially for rubrene such competitive processes must play a major role since the signal of
the unreacted species dropped down to 3.5 ML equivalents (44% of the initial 8 ML deposit)
which indicates the highest oxygen penetration depth among the species investigated here.

Except for HBC which for which the on-top oxidized monolayer behaved like the multilayer,
the preoxidation sequence generated higher oxide yields than the monolayer on-top oxida-
tion, often with a more diverse product distribution. The highest overall oxide yield was
found for pentacene with 40% for best investigated dose followed by rubrene with ca. 30%.
Coronene had desorbed with 10%'7 while for HBC and FPC both the absolute desorption
intensity and the yields were rather low.

The low absolute desorption intensity of HBC and FPC is in part due to the simple fact
that their monolayers consist of fewer molecules than for the other species in this work. 523
Another factor that probably decreases the oxide desorption is the desorption temperature:
around 650 K, oxidized graphite begins to decompose under emission of CO and CQO,!6:1?
which means that a large fraction of HBC and FPC oxides probably decompose before they
can desorb. Furthermore, the "rotor" FPC structure is itself likely to be more sensitive to
oxidative decomposition (to yield small volatiles which were not probed here) than the more
compact PAHs due to its large open rim which causes the yield to be the lowest of all species

in this work.

Pentacene shows a diverse surface oxidation chemistry which differs significantly from coronene,
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HBC and FPC. There are several factors that may contribute to this: pentacene has only
one Clar sextet which is an indicator for a higher reactivity in comparison with the other
species. Also, all of its hexagons are arranged in a linear annulated chain, i.e. there are no
core carbon atoms. As a result, deformations of the carbon framework are easier than for
the much more rigid disc-like PAHs coronene or HBC and new types of oxide products can
be accessed.

For rubrene, no "special oxides" such as lactones or quinones were observed. There are
two possible explanations: (a) epoxide formation is somehow kinetically favored over other
types of oxide or more likely (b) the perpendicularly oriented phenyl substituents cause the
tetracene backbone to be too far away from the surface to be able to participate in surface-
catalytic or surface-mediated reactions.

In our previous work on coronene oxidation we have argued that the difference in species
desorbed from oxidized multilayers versus monolayers shows that the surface participates
significantly in monolayer oxidation. We in fact used the observation of coronene lactone
formation in the case of monolayers to infer (i) mobile oxygen atoms on the graphite basal
plane and (ii) transfer of one or more O-atoms from the surface to adsorbed PAHs during
the oxidation process. The mobility of O atoms has been further investigated in a recent
theoretical study by Zhang et al.™ showing good agreement with the considerations made in
our own studies on coronene oxidation.!” In the present study, we have been able to confirm
strong differences between monolayer and multilayer oxidation for all PAHs studied with
the exception of the on-top oxidized HBC monolayers and rubrene for which the distance
between surface and reactive tetracene backbone appears to be too large to allow efficient
O-atom transfer. Additionally, in the case of pentacene we were able for the first time to di-
rectly confirm uptake of an epoxy functionality from the preoxidized HOPG surface because
it leads to a unique reaction product not observed by on-top oxidation.

Thus we have obtained further evidence for surface mediated oxidation of PAHs when sub-

jected to our reaction conditions. Whether this already occurs during room temperature
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exposure to reactive O-atoms or is thermally activated during the desorption ramp remains
unclear. We note however, that certain pentacene oxides (0c2) are already observed to des-
orb from a preoxidized surface below 400 K which puts an upper limit on the temperature

required for the corresponding reaction to occur.

Conclusion

We have used TPD to compare the reactivity of five different PAHs (coronene, HBC, pen-
tacene, FPC and rubrene) with (i) near thermal energy effusive beams of atomic oxygen
perpendicularly incident from gas-phase onto PAH films or alternatively (ii) with preox-
idized graphite surfaces onto which PAHs were subsequently deposited. Thick films of all
PAHs take up atomic oxygen to form intactly desorbable epoxides or, for higher oxygen doses
also ethers. By contrast, deposition of PAHs onto graphite surface (ep)oxides leads to differ-
ent products indicative of surface-mediated oxidation. The fully planar PAHs coronene and
HBC form lactones, while the “linear” pentacene preferentially forms quinones. Despite being
non-planar, FPC also forms lactones and can therefore still be classified as nanographene-like
with regard to its monolayer oxidation reactivity. Rubrene deviates most strongly from the
typical nanographene reactivity pattern: the central (reactive) tetracene backbone is too far
away for surface mediated oxidation.

Depending on the PAH, the maximum observed number of adopted oxygen atoms was
5-7, i.e. on the order of one O-atom per hexagon. Furthermore, we have observed, that
the flux of subliming oxides decays with an increasing number of adopted oxygen atoms
(in particular for thick planar PAH films). Given that O-atom doses were varied over a
range which should have led to higher observed adoption numbers for unit sticking and
fragmentation-free sublimation, this implies a pronounced destabilization of the heavy oxides
preventing their escape as intact molecules during heating by forming small volatile fragments

and interlinking to generate non-desorbable carbonaceous phases.
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From a more applied point of view, we have shown that heterogeneous oxidation of PAHs
with atomic oxygen can be used to generate a homologous series of size- and composition
controlled oxides ranging in size up to CgoH3qOs5. Scale-up, e.g. by adsorbing, oxidizing
and desorbing simultaneously is conceivable. Most of these species are efficiently sublimable
such that selective, T-controlled transfer to clean electrically insulating surfaces under UHV
conditions is feasible. This would allow spectroscopic probes, e.g. of photoluminescence,

which may in turn be of interest for nanotechnological applications.?
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