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Adsorption of tetrahydroxybenzene (THB) on Cu(111) and Au(111)
surfaces is studied using a combination of STM, XPS, and DFT. THB is
deposited intact, but on Cu(111) it undergoes gradual dehydrogena-
tion of the hydroxyl groups as a function of substrate temperature,
yielding a pure dihydroxy-benzoquinone phase at 370 K. Subtle
changes to the adsorption structure upon dehydrogenation are
explained from differences in molecule-surface bonding.

The fabrication of supramolecular structures on surfaces' through
non-covalent interactions® has recently received tremendous inter-
est. To rationalise and exploit this approach, it is essential that the
chemical state of the molecular building blocks on the surface is
known, which can be complicated by degradation/reaction during
deposition or after adsorption on the surface.® Dehydrogenation
reactions are particularly interesting in this respect since they can
e.g. remove or create the possibility to establish hydrogen bonds or
change the bonding of molecules to the substrate.* Dehydrogena-
tion is well known to occur for carboxylic acids® including amino
acids,’® but has also been observed for less acidic hydroxyl groups,
e.g. for alcohols” or even terminal acetylenes.®

In general, there is a need to expand the knowledge base for
molecular dehydrogenation reactions on surfaces and improve our
understanding of the conditions under which dehydrogenation
occurs. Dehydrogenation and similar chemical changes are often
linked to pronounced structural changes in the supramolecular
assemblies which can be observed using Scanning Tunneling Micro-
scopy (STM).'**%° Here we investigate a case of dehydrogenation for a
comparatively simple molecule 1,2,4,5-tetrahydroxybenzene'® (THB)
where pronounced dehydrogenation is only accompanied by subtle
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changes to the adsorption structures. Adsorption of THB and
related molecules was studied previously in relation to metal
coordination'" or covalent networks'” on surfaces. From X-ray
Photoelectron Spectroscopy (XPS) we show that THB is deposited
intact on Au(111), but on Cu(111) it gradually undergoes thermally
activated dehydrogenation of its hydroxyl groups, eventually yielding
dihydroxy-benzoquinone at 370 K. The energetics of the dehydrogena-
tion process is elucidated from Density Functional Theory (DFT)
calculations emphasizing the importance of the entropic contribution
of desorbed hydrogen. The subtle changes to the adsorption structure
observed in STM images upon dehydrogenation are explained from
differences in molecule-surface bonding.

The experiments were conducted in a UHV-setup equipped with
an Aarhus STM and in situ facilities for XPS (see ESIT for details).
Fig. 1a depicts the adsorption structure observed after deposition of
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Fig. 1 (a and b) STM images obtained after deposition of THB on Cu(111).
(a) As-deposited at 300 K and (b) after annealing to 370 K (it 0.35 nA,
Ur —1.25/-1.4 V). The inset in (b) shows a model for the annealed structure
(cf. Fig. S5, ESIT). (c—e) XP spectra of the O 1s region after THB deposition. (c) After
deposition at 115 K (acquired at this temperature), (d) after deposition at RT and
(e) after annealing to 370 K (d and e acquired at 320 K).
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THB on Cu(111) at room temperature (RT, 300 K). The structure
consists of protrusions in a hexagonal arrangement described by a
unit cell with side lengths of 7.5 A oriented at angles of +(12 + 2°)
with respect to the high symmetry (10—1) directions of the Cu
substrate. Interestingly, the protrusions show different STM contrast
with a variation in the apparent height of 0.28 & 0.07 A (a few point
defects are visible which lie outside this range). Annealing to 370 K
results in the adsorption structure shown in Fig. 1b, which has the
same hexagonal unit cell size (7.5 A) but a slightly different orienta-
tion with respect to the substrate of +(19 + 2°) (in rare cases 0 + 2°).
Most notably, the structure is now smooth with all protrusions
showing the same apparent height. Two questions arise from these
STM images: what is the origin of the inhomogeneity in the
as-deposited structure (Fig. 1a) and what is the molecular level effect
of the annealing which removes this inhomogeneity? To probe the
chemical state of the molecules in the respective situations, we
employed XPS. Fig. 1c-e presents spectra of the O 1s region recorded
after deposition of THB on a Cu(111) substrate held at 115 K (c) as
well as at RT (d) and after annealing to 370 K (e). All three spectra
can be fitted with two contributions at binding energies (BEs) of
532.6 + 0.1 eV and 530.8 £ 0.1 eV, respectively. As the four oxygen
atoms of THB are chemically equivalent, the observation of two
features in the O 1s region suggests partial dehydrogenation.
Hence, the high BE feature is ascribed to oxygen in hydroxyl
groups and the low BE feature to oxygen in carbonyl groups in
agreement with the literature.’ The sequence of spectra shows
an increasing contribution from the low BE component which
increases from 22% (c) over 37% (d) to 45% (e). The level of
dehydrogenation thus increases with increasing substrate tem-
perature, suggesting a thermally activated process.

As control experiments, we deposited both THB and DHBQ
(2,5-dihydroxy-benzoquinone; a related compound in which two
hydroxyls are replaced by carbonyl groups in the para position) on
an inert Au(111) substrate (see ESIf concerning the possibility of an
o-benzoquinone product). The STM images in Fig. 2a and d reveal
virtually identical structures for THB and DHBQ adsorbed on
Au(111) at RT: both form hexagonal structures with a unit cell size
of 7.5 A oriented at £(20 4 2°) with respect to the substrate’s high
symmetry directions. The XP spectrum of the O 1s region of THB
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Fig. 2 Left: STM images of THB (a) and DHBQ (d) adsorbed on Au(111) at RT
(/r 0.35/0.37 nA, Ur —1.36/—1.4 V). Insets show molecular models of the respective
compounds. The observed height modulation is caused by the Au(111) herring-
bone reconstruction. Right: corresponding XP spectra of the O 1s and C 1s regions
for THB (b and c) and DHBQ (e and f).
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(Fig. 2b) exhibits a single peak at a BE of 532.4 eV, while DHBQ
(Fig. 2e) features two peaks of almost equal intensity at BEs of
532.7 €V and 531.1 €V, respectively. The two spectra correlate well
with the molecular structures, establishing the assignment of the
high/low BE features to the hydroxyl/carbonyl groups on Au(111) and
corroborating the assignment done above on Cu(111). The corre-
sponding C 1s spectra shown in Fig. 2¢ and f are almost identical
and exhibit two features at BEs of 285.2 eV and 283.8 eV (THB)/
283.9 eV (DHBQ) with an intensity ratio of ~2:1 in favour of the
high BE feature. The high intensity feature is assigned to the 4
carbons attached to oxygens in hydroxyl or carbonyl groups, which
are expected to have similar BE’s, and the low intensity feature to the
2 carbons not connected to oxygen (see ESIf for comparison to
calculated core level shifts). The control experiments thus establish
that THB is sublimated intact onto the surface (also X-ray beam
damage does not occur). The spectrum of DHBQ on Au(111) (Fig. 2e)
bears very close resemblance to that of annealed THB on Cu(111)
(Fig. 1e). Further control experiments with DHBQ adsorbed on
Cu(111) are also in good agreement with annealed THB regarding
STM monolayer structure and XPS spectra (see ESIT). We therefore
conclude that annealing THB on Cu(111) to 370 K results in
formation of DHBQ via dehydrogenation. Based on literature
reports, the abstracted hydrogen is thought to desorb recombina-
tively from the surface."

To clarify the driving forces for the observed dehydrogenation and
to establish the origin of the different contrasts for as-deposited THB,
we performed DFT calculations. The DFT calculations included
dispersive effects by using the meta-GGA functional MO6-L (¢f ESIT
for details)." The resulting optimised adsorption geometries for THB
and DHBQ on Cu(111) are shown in Fig. 3a and b and the
corresponding energy landscape in Fig. 3d. The energy calculations
demonstrate that the dehydrogenation results in a net increase in
enthalpy (black bars in Fig. 3d). In many cases, a strong enthalpic
driving force for dehydrogenation renders it unnecessary to consider
entropy effects."> Here, however, the entropy of the desorbed hydro-
gen molecules abstracted from THB plays an important role in the
thermodynamics. A hydrogen molecule desorbed from the surface
after dehydrogenation has high entropy, in particular at the low
pressure in the UHV chamber. A conservative estimate for the
pressure during our experiments is 10~° mbar, corresponding to an
entropy contribution of —1.11 eV per H, to the free energy at RT.
Another contribution that is often neglected is the change in vibra-
tional zero point energy resulting from a reaction. Here, we estimate
this correction to be —0.17 €V (¢f ESIf). Adding these two contribu-
tions to establish the free energy landscape (red bars) shows that the
system moves down in free energy by dehydrogenation.

In its optimised adsorption geometry, THB adsorbs with the
plane of the carbon ring parallel to the surface, at a distance of 2.9 A
above the surface, and with the centre of the ring located above a
bridge site. DHBQ also adsorbs at the bridge site, but the distance
between the carbon ring and the surface is shortened to 2.3 A. The
calculations show that the carbonyl bonds in DHBQ are elongated
from 1.23 A (typical of a double bond) when the molecule is in the
gas phase, to 1.31 A (an intermediate between single and double
bonds), when it is adsorbed on the surface. This bond lengthening
indicates that the bond between the carbonyl oxygen of DHBQ and
the surface plays the role of the O-H bond found in THB. In this way
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Fig. 3 Calculated adsorption geometry for THB (left) and DHBQ (right) on
Cu(111) in side (a) and top (b) view, simulated STM images (c) and the energy
landscape (d) relative to THB in the gas phase. Black bars represent enthalpies
and red bars represent free energies at RT.

the conjugated m-system of the carbon ring in THB can remain
relatively intact when the molecule is dehydrogenated on the surface.
A strong interaction between the carbonyl oxygen and the Cu surface
is supported by the XPS measurements showing that the O 1s BE in
the carbonyl group is measurably higher on Au(111) (531.1 eV)
compared to that on Cu(111) (530.8 €V), while the hydroxyl O 1s
BE is the same. Overall, the stronger interaction between the carbonyl
oxygen and the surface, compared to the hydroxyl-surface interaction,
brings the dehydrogenated DHBQ molecule closer to the surface
compared to THB. Simulated STM images based on the Tersoff-
Hamann model (Fig. 3c) show a lower apparent height for DHBQ
than for THB reflecting mainly these different adsorption heights.
The change in the STM images observed upon annealing can
now be rationalised: at RT, a mixture of THB and DHBQ exists, as
implied by the appearance of features with different apparent height
in the STM images. Quantitative analysis of STM images in Fig. 1a
shows that the protrusions exhibit a variation in apparent heights
rather than two distinct levels, possibly due to locally varying
bonding configurations. We estimate the fraction of DHBQ (dim
protrusions) to lie in the range 0.5-0.75. This range corresponds to
dehydrogenation of 31 £ 7% of the hydroxyl groups consistent with
XPS (Fig. 1b and ESIf Section 3). The DHBQ and THB species are
thoroughly intermixed indicating a homogenous level of dehydro-
genation across the surface. Annealing the sample to 370 K leads to
further dehydrogenation, converting all THB molecules into DHBQ.
A suggested structural model for the DHBQ overlayer is shown in
Fig. 1c and Fig. S5 (ESIf). The model is based on the optimal
hydrogen bonding pattern found from DFT calculations in the gas
phase using the experimentally observed unit cell. This structure was
subsequently transferred to a Cu substrate and relaxed, allowing
formation of Cu-carbonyl bonds. The optimised structure is com-
prised of parallel rows of molecules which are inter-linked within the
rows via double hydrogen bonds. The origins of the slight change in
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rotational orientation between the mixed DHBQ-THB and pure
DHBQ overlayers cannot be quantitatively assessed due to the many
inequivalent bonding situations in the large computational unit
cell, but we speculate that the rotation occurs to optimise the
molecule-substrate interaction arising from an increased number
of Cu-carbonyl bonds.
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