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Abstract

The adsorption of thymine, a pyrimidine based nucleobase, was studied on the (110) termination of
rutile titanium dioxide in order to understand the thermal stability and gross structural parameters of
the interaction between a strongly polar adsorbate and a highly corrugated transition metal oxide
surface. Near-edge X-ray absorption fine structure (NEXAFS), X-ray photoelectron spectroscopy (XPS),
temperature programmed XPS and temperature programmed desorption indicated the growth of a
room temperature stable bilayer, which could only be removed by annealing to 450 K. The remaining
first layer was remarkably robust, surviving annealing up to 550 K before undergoing N-H bond
scission. The comparison to XPS of a sub-monolayer exposure of 1-methyluracil shows that the origin
of the room temperature stable bilayer is not intermolecular interactions. This discovery, alongside
the deprotonation of one of the first layer’s pyrimidinic nitrogen atoms at room temperature,
suggests that the thymine molecules in the first layer bind to the undercoordinated surface Ti atoms,
and the second layer thymine molecules coordinate with the bridging oxygen atoms which protrude
above the Ti surface plane on the (110) surface. The NEXAFS results indicate an almost upright

orientation of the molecules in both layers, with a 30 + 10° tilt away from the surface normal.


mailto:francesco.allegretti@ph.tum.de�

Physical Chemistry Chemical Physics Page 2 of 22

1. Introduction

The study of simple biomolecules (and molecules inspired by them) on titanium dioxide has often
10 3and the fact that a 3—100 nm thick

oxide layer readily forms on implanted titanium metal at ambient conditions (both in air and in
1, 11-14

been motivated by the prominence of titanium in bioimplants
agueous environment). However, even beyond the desire to better integrate bioimplants by
functionalizing the oxidized surface of titanium, the (110) rutile substrate provides an intriguing
corrugation that is not often found on well-characterised surfaces. On the (110) rutile surface, going
across the [110] direction, alternating rows of undercoordinated titanium and oxygen atoms which
do not share the same geometric plane are found.' This creates not only a geometric corrugation,
with protruding rows of bridging oxygen atoms (Op) and adjacent Ti-exposing (fivefold Ti, 5-Ti)
troughs running along the [001] substrate direction, but a corrugation in the effective charge of the
surface atoms as well (formally Ti*" / 0%, theoretically Ti*’* / 0% in Ref. ', and more specifically
Ti*** / 0% for the 5-Ti and O, atoms on the surface’). The ability of TiO,(110) to act one-

d'®?° as a result of the highly corrugated potential-energy

21-26

dimensionally has often been observe

The adsorption of
7,21,27-32

profile, and it can be exploited to pattern molecular adsorbates on its surface.

such species is usually mediated by the positively biased undercoordinated surface Ti atoms

Nucleobases are molecular species which, in their biological role, are involved in strong hydrogen
bonding, both in forming a base pair (cf. DNA) and interacting with the amino acid chains which they
encode. They possess dipole moments in the range of 2.5-7 D, and therefore they are intrinsically

3433 As such, they provide an interesting class of molecules to introduce to a highly corrugated

polar.
substrate like rutile TiO,(110) and could be expected to interact with either the surface oxygen atoms
or the surface metal atoms. Notably, titania nanoparticles have been used as a hole injector to
adsorbed short-chain DNA molecules as a method to "read" the DNA sequence.*® The DNA molecules
were anchored using a dopamine linker, therefore utilising a key component of DNA, such as a
nucleobase, could provide a more natural anchoring of DNA for such device applications. The
adsorption of nucleobases on the TiO,(110) substrate may also be broadly compared to the
adsorption on the (110) surface of fcc crystals, which have a similar, though much weaker, geometric

37, 38 39, 40 uraci|41 and

and electronic corrugation. On the (110) surface of Cu, specifically, thymine,
cytosine® (the three pyrimidine based, and therefore simplest, nucleobases) were all observed to
adsorb upright, aligned mostly along the close-packed direction (the [110] direction in fcc(110)
substrates) with one of the pyrimidine N atoms and the carbonyl oxygen atom(s) in off atop
chemisorbed sites. As carboxylate species on both Cu(110)** and Ti0,(110)” ?’ adsorb in broadly
comparable sites (near atop metal surface atoms), the expectation would be that nucleobases would

also adsorb in similar sites through one of their N atoms.

With this in mind, we have studied the adsorption of thymine on the (110) termination of rutile TiO,
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using synchrotron X-ray photoelectron spectroscopy (SXPS), lab-source X-ray photoelectron
spectroscopy (XPS), near-edge X-ray absorption fine structure (NEXAFS), temperature programmed
XPS (TP-XPS) and temperature programmed desorption (TPD) in order to understand the chemical
and electronic environment of adsorbed thymine, as well as its thermal stability. To our knowledge,
this is the first study of nucleobases adsorbed on well-defined single-crystal oxide surfaces; its
findings are therefore expected to deliver both novel and fundamental insights regarding the
increase of complexity of the nucleobase/substrate interaction compared to the case of the most
studied noble metal surfaces. Moreover, the elucidation of the interfacial interaction of one of the
simplest biomolecules with a model oxide surface from a rigorous surface science perspective may
represent an important as well as necessary step for tailoring the biofunctionalization of oxide
nanoparticles and nanocomposites, a promising approach currently used in primary biomedical

applications, such as cancer diagnostics, antitumor therapy and targeted drug delivery. 46-53

2. Experimental Details

All ultra-high-vacuum (UHV) chambers utilized in the experiments were equipped with the standard
facilities for sputtering (Ar gas, 0.5 keV), annealing (950-1050 K) and deposition of molecular layers;
characterization of the surface quality by means of a low energy electron diffraction (LEED) apparatus
was also possible. TiO,(110) single crystals of square shape (10 mm x 10 mm), purchased from PI-
KEM Ltd., were used as substrates. All samples were mounted on a Mo backplate to provide more
even heating across the crystal. In the synchrotron experiments, this was achieved by mechanically
clamping the sample onto the backplate. In the TP-XPS and TPD experiments, due to the larger
sampling area of the lab based measurements and in order to prevent spurious desorption signals
from the clips, mechanical clamping was avoided and the TiO, crystal was mounted using Aremco
Ceramabond 503 alumina thermal glue. The latter was mixed in a 20:1 mass ratio with carbon black
in order to make it conductive.”® The mixture was applied between the Mo backplate and the back of
the TiO, crystal before being annealed to 370 K in air for one hour, and to 570 K in high vacuum for
one hour.

As to the synchrotron experiments, SXPS and NEXAFS measurements were performed at the
Materials Science beam line on a bending magnet at the Elettra Light Source (Trieste, Italy) and at the
1311 undulator beam line at the Max Il Laboratory (Lund, Sweden). The base pressure of the
measurement chamber was 2x10° mbar in both end stations. The Materials Science end station is
equipped with a SPECS PHOIBOS 150 hemispherical electron energy analyser; it allows rotating the
sample around a vertical axis in the surface plane to vary the incidence angle of the incoming photons,
and around the surface normal to vary the surface azimuth the linear polarization of the light

(horizontal) was aligned with. The 1311 end station is equipped with a Scienta SES200 hemispherical
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electron energy analyser. The NEXAFS spectra at the bending magnet beam line were recorded in the
Auger yield mode, detecting the C KLL and N KLL decay electrons in the kinetic energy range of 225-
275 eV and 355-395 eV, respectively. In order to rule out possible effects from beam damage,
relevant core levels were frequently monitored by SXPS between successive NEXAFS scans, and the
sample was moved laterally before acquiring a new spectrum. Strictly, beam damage on a time scale
much quicker than our SXPS acquisition times cannot be excluded. However, the consistency of XPS
data taken at a bending magnet beam line, an undulator beam line and with a standard lab source
(see below), namely with photon intensities differing by several orders of magnitude, strongly

suggests that the observed features were not influenced by beam damage.

The TP-XPS and TPD measurements were acquired on a home built chamber mounted at the E20
chair of the TU Munich (Garching, Germany). A SPECS PHOIBOS 100 CCD analyser and a twin-anode
X-ray tube, of which the Mg Ka (hv = 1253.6 eV) radiation was utilised for the TP-XPS measurements,
whereas a quadrupolar mass spectrometer fitted with a liquid nitrogen cooled cup over the ionizer>
was employed for the TPD experiments. The temperature was monitored by a thermocouple
mounted between the crystal and the Mo back plate and controlled precisely using a home built

proportional—integral-derivative (PID) controller.

The binding energy scale of the XP spectra was calibrated using the literature value (459.3 eV)**>’ for
the binding energy of the Ti 2ps/; core level (lab-based experiments, N 1s and O 1s spectra in the
synchrotron measurements), or the corresponding value (37. 5 eV)*’ for the shallower Ti 3p core level

(synchrotron-based C 1s spectra).

In-situ preparation of TiO,(110)(1x1) involved repeated cycles of Ar" sputtering and UHV annealing
(950-1050 K).>® This procedure typically leaves a percentage of bridging oxygen vacancies on the

13,2939 \which in the case of a small residual pressure of water in the UHV

surface (up to ~5-10%),
chamber are readily saturated with bridging hydroxyls.”® The reproducibility of the preparation
procedure, the cleanliness and defect states were checked by XPS and valence band photoemission,
at the synchrotron, and by XPS and H,O TPD experiments in our TUM facility and compared to
literature data.’® Thymine (Sigma-Aldrich, > 99%) was sublimated by heating the powder within the
crucible of an organic molecular beam evaporator up to 380 K. 1-methyluracil (Sigma-Aldrich, 99%)
was evaporated using a specially built directional needle-doser that allows mild heating for molecular
species that sublime at comparatively low temperatures. It consisted of a stainless steel tube that
extended into the UHV chamber and was directly heated by passing an AC current through an
electronically isolated K-type thermocouple wire going along the length of the tube (covered by a
copper shroud to evenly spread the heat) and spot welded to the tube near its end; the temperature
was measured by monitoring the DC voltage across the thermocouple. The tube was then attached,

through a UHV feedthrough, to a stainless steel cross piece that contained the molecular powder and
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could be heated externally by a heating tape with the temperature monitored by an externally
mounted K-type thermocouple. Through this method, 1-methyluracil was evaporated at 370 K,

keeping both the cross piece and the tube at this temperature for the period of exposure.

3. Results
3.1 Thymine/TiO,(110): temperature evolution by XPS

Under a saturation exposure of thymine at room temperature two clear peaks in the N 1s SXPS were

observed (Fig 1a). These peaks were assigned, similarly to previous work on Cu(110),*>*

to nitrogen
atoms that have been deprotonated by coordination to surface metal atoms (at a binding energy of
399.5 eV) and protonated nitrogen atoms that are not directly coordinated to a surface metal atom
(at a binding energy of 401.3 eV). After room temperature deposition an approximate 3:1 ratio was
observed between these two species, which reduced to a 1:1 ratio after annealing to 450 K.
Subsequent annealing to 550 K almost completely removed the feature at 401.3 eV (assigned to the
protonated N). The corresponding changes in the C 1s core-level spectra are also shown in Fig 1c.
Monitoring the N 1s core level as a function of temperature via TP-XPS reveals a rapid decrease in the
intensity of the 401.3 eV feature between 300 and 450 K, corresponding to a significant desorption
rate of mass 55 amu, a major cracking fragment of thymine,?® in TPD. The 401.3 eV feature then
shows a second, more gradual, decrease between 450 K and 550 K, which is not associated with any
mass 55 amu desorption. Conversely, between 300 and 450 K the 399.5 eV feature shows only muted
increases in intensity, but a more rapid increase between 450 K and 550 K. Above 550 K, the 399.5 eV
feature slowly reduces in intensity, without a subsequent increase in intensity at another binding

energy.

Comparing N 1s and Ti 2p SXPS data measured sequentially at the same photon energy (hv = 550 eV)
after annealing to 450 K, assuming an inelastic mean free path through the TiO, of 0.3 nm
(extrapolated from Ref.®!), a negligible attenuation by the molecular adlayer, and a N 1s and Ti 2p
photoionization cross section of 0.34 and 1.47 Mbarn (respectively),®? then the apparent coverage is
estimated to be 0.15 ML (where 1 ML is defined as one molecule per TiO,(110) surface unit mesh of
area 0.649x0.296 nm?) or ~0.75 thymine molecules per nm?. This would in turn suggest a total
coverage after saturation exposure at room temperature of 0.3 ML or ~1.5 thymine molecules per
nm’. However, in addition to ignoring any possible difference between the attenuation of the
thymine and the surface oxygen atoms, this crude estimate also ignores possible effects from
photoelectron diffraction and differences in the transmission function of the electron analyser as a

function of kinetic energy, and it should thus be considered with great caution.
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3.2 Thymine/TiO,(110): molecular orientation by NEXAFS

The angle-dependent N K-edge and C K-edge NEXAFS signatures of thymine on TiO,(110), subsequent
to annealing to 450 K, are displayed in Fig 2. The N K-edge NEXAFS shows two sharp pre-edge
features, which are assigned to the two different initial states that correspond to the two core-level
peaks in the N 1s SXPS (the absorption peak at lower photon energy is attributed to the
photoemission peak at lower binding energy). Specifically, the two resonances originate from a
transition from the respective N 1s core level into the lowest lying m* anti-bonding state. Similarly,
the C K-edge NEXAFS shows four sharp pre-edge features, which are also predominantly assigned to
the transitions from the four chemically shifted C 1s core-level features into the lowest lying mt*
orbital.®® Both absorption edges show a significant dichroism between the photon polarization along
the surface plane (6 = 90°) and the photon polarization mostly along the surface normal (6 = 20°).
Importantly, a comparable dichroism is also seen, in the © = 90° geometry, between the incident
photon polarization along the [110] azimuth, and the [001] azimuth. In addition, a similar angular
dependence is observed in Fig 3, which contains the N K-edge and C K-edge NEXAFS after annealing
to 550 K. This suggests that the plane of the aromatic ring of adsorbed thymine, after annealing to
450 K and 550 K, is similarly orientated mostly along the [001] direction in an upright geometry
(mostly parallel to the surface normal). As shown in Table 1, the quantitative results of fitting both
spectra according to established procedures,®® ® indicate a tilt of the molecule of 30 + 10° with

respect to the surface normal and a rotation (twist) of 30 + 10° with respect to the [001] direction.

Conversely, the 300 K spectrum, recorded after saturation exposure of TiO,(110) to thymine, displays
a differing dichroism for the two observed N K-edge NEXAFS resonances (Fig 4a). The lower photon
energy feature, relating to the lower binding energy N 1s SXPS peak, has a similar dichroism to that
seen after annealing to 450 and 550 K. In contrast, the higher photon energy resonance,
corresponding to the higher binding energy component in N 1s SXPS , exhibits a similar angular
dependence between 90° and 20° as the lower binding energy species, but it shows almost no
dichroism between the [110] and [001] azimuths. This suggests that, although the lower and higher
photon energy peaks relate to a similar tilt with respect to the surface normal, there is a different
rotation of the molecular plane around the surface normal. The higher photon energy peak suggests
a rotation of 40 + 10° with respect to the [001] direction. However, if the higher photon energy peak
is assumed to have a contribution from two distinct species, specifically, one species that is in the
same plane as that described by the lower photon energy peak, with the same ratio of intensities as
seen in Fig 2, and a second species in a different plane, then the resulting quantitative fit suggests
that the second species has a twist of 50 + 15° with respect to the [001] direction.
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3.3 Thymine/TiO,(110) vs. 1-methyluracil/TiO,(110): chemical characterization by N 1s XPS

We have also performed SXPS measurements after a sub-monolayer exposure to thymine (Fig 5a,
left). Here, the N 1s core-level spectrum comprises a higher binding energy component that is
significantly more intense than the lower binding energy feature (this time with an intensity ratio
closer to 2:1 than to 3:1). Similarly to the previous analysis, after annealing to 450 K the higher
binding energy feature decreases in intensity, with the intensity ratio of the two peaks moving
towards 1:1. Comparing this N 1s SXPS of a sub-monolayer of thymine to N 1s XPS (Fig 5b) for a
similar coverage of 1-methyl-uracil, then a very similar line shape is observed. Finally, we performed
an additional test experiment where a saturated layer of thymine was annealed to 600 K (causing
deprotonation of both N atoms) and subsequently re-exposed to thymine at room temperature up to

saturation. In this case, N 1s XPS shows a near 1:1 ratio of the two N 1s components (Fig 5a, right).

4. Discussion

After deposition of thymine at 300 K, the approximate 3:1 intensity ratio for the two nitrogen species
(Fig 1, SXPS) suggests that either half of all thymine molecules have one deprotonated nitrogen and
the other half have two protonated nitrogen atoms, or alternatively, a quarter of the all thymine
molecules have both nitrogen atoms deprotonated and three quarters have both nitrogen atoms
protonated. In addition, a similar ratio of deprotonated to protonated N atoms was observed for a
sub-monolayer coverage, suggesting that, regardless of the interpretation, a mixture of (partially or
fully) deprotonated and fully protonated thymine molecules exist on the surface after deposition at
room temperature. The combination of the N 1s TP-XPS, the mass 55 amu TPD spectrum (Fig 1) and N
1s SXPS of a fully deprotonated layer re-exposed to thymine (Fig 5b, right), however, strongly
suggests that the first interpretation is more likely, and that the fully protonated thymine molecules
desorb at a temperature between 300 K and 450 K. This, in turn, indicates that there are two thymine
species, one that is strongly bound to the substrate with one of its nitrogen atoms deprotonated, and
one that is stable at room temperature, but ultimately less strongly bound, with both of its nitrogen
atoms protonated. We therefore propose that upon saturation exposure of thymine at 300 K a
bilayer structure forms, i.e. an overlayer consisting of two saturated adsorption sites. The first layer
comprises a strongly bound singly deprotonated species, and the second layer a more weakly bound
protonated species. Specifically, we propose that the coordination of the more strongly bound layer
to a Ti surface atom induces the deprotonation (first layer thymine species), and that the less strongly
bound layer is either adsorbed on top of the first layer or coordinated to a surface oxygen atom
(second layer thymine species). It then follows that after annealing to 450 K and 550 K only the first
layer remains, in the latter case with also the second nitrogen atom thermally deprotonated by

annealing. Furthermore, after deposition at 300 K the surface is covered in both the first and second
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layer, with the higher binding energy peak (in the N 1s SXPS and XPS) that corresponds to the
protonated N species having around a 1/3™ contribution from the first layer thymine and a 2/3™
contribution from the second layer thymine, and the lower binding energy peak that corresponds to

the deprotonated N species having a contribution solely from the first layer thymine.

As observed in Fig 5a (left), not only does the second layer exhibit relatively high thermal stability, it
also seems to be energetically favourable as it forms before a saturated first layer is complete.
Despite the total coverage being 45% of the bilayer coverage (specifically, the lower binding energy
peak having 70% of its saturated intensity), the higher binding energy peak is still over double the
intensity of the lower one. Therefore, the formation of the second layer is either more energetically
favourable than a denser packing of the first layer, or, once the thymine molecule is in its second
layer adsorption site, it does not have enough energy at 300 K to overcome the activation barrier to
reach a first layer site. The latter interpretation is perhaps more likely as, after annealing this layer to
450 K, the lower binding energy peak increases in intensity. Although this could be explained by less
attenuation due to desorption of a small fraction of the second layer, it can also be reconciled with

some of|the second layer molecules finding free first layer sites on the substrate.

From the C and N K-edge NEXAFS after annealing to 450 K and 550 K (Figs 2 and 3, respectively) it is
found that the first layer is mostly aligned along the [001] direction (with a twist of 30 + 10°) and
mostly parallel to the surface normal (with a tilt of 30 + 10°). This orientation of the molecular plane
in the first layer also seems to be true prior to annealing (after deposition at 300 K), as shown by the
behaviour of the lower photon energy peak of the N K-edge NEXAFS (Fig 4). The second layer also
displays a similar orientation relative to the surface normal, as observed in the higher photon energy
peak (Fig 4), but it is less aligned along the [001]. In order to deconvolute the first and second layer
contributions to this higher photon energy peak, we have assumed that the intensity of the first layer
contribution will have a similar absorption profile as the 450 K annealed layer (Fig 2). In other words:
the ratio of the first layer’s contribution to the lower and higher photon energy peak will be the same
as that observed for 450 K, and any remaining intensity in the N K-edge NEXAFS will be due to the
second layer (Fig 4b). Under this assumption, the azimuthal orientation of the second layer is found
to lie between the [001] and [110] directions (twist of 50 + 15° with respect to the [001] direction).

Assuming that the first layer does indeed coordinate to an undercoordinated surface Ti atom, which
seems to be the likely cause of the deprotonation upon adsorption, it then raises the question of the
likely adsorption sites of the second layer and the origin of its relatively stable adsorption. One
possibility is that the second layer interacts inter-molecularly by forming a hydrogen bond between
the first layer N atom that retains its H partner (and is most likely pointing away from the substrate)
and the O atoms of the molecules in the second layer. This is indeed the typical mechanism driving

66, 67

the pairing of thymine molecules. In order to probe this possibility, 1-methyluracil was
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evaporated onto the TiO,(110) substrate. This molecule was chosen as the hydrogen atom on the
nitrogen atom in position 1 is replaced by a methyl group (see inset of Fig 5b). This methyl group will
suppress the ability of the molecule to form hydrogen bonds (assuming the other nitrogen atom is
involved in anchoring the molecule to the substrate). After deposition of a sub-monolayer of 1-
methyluracil onto the substrate, a line shape similar to the thymine counterpart is observed in the N
1s XPS, with the intensity of the protonated N species again significantly higher than the
deprotonated one. Here, it is important to point out that this strong difference in intensity cannot
come solely from attenuation of the photoemission signal due to one N atom being closer to the
substrate than the other, because the N 1s SXPS data shown in Fig 1a were taken with a photon
energy of 550 eV and the TP-XPS data in Fig 1b were taken using a Mg K-a source (hv = 1253.6 eV),
resulting in a kinetic energy for the N 1s electrons of ~150 eV and ~850 eV, respectively. This
dramatic difference in kinetic energy would result in a strong difference in the inelastic mean free
path of the photoelectrons, however, little difference is observed in the XP spectra. Therefore, also
for 1-methyluracil the second layer grows spontaneously at a sub-monolayer coverage and in a
manner similar to thymine. As 1-methyluracil does not allow the formation of a second layer by
means of hydrogen bonding, this suggests that the origin of the second layer lies in the molecule —
substrate, rather than intermolecular, interactions. This conclusion is further supported by the results
of the crosscheck experiment of Fig 5a (right panel), which shows that the second fully protonated
layer forms regardless of whether the outermost N species in the first layer is deprotonated or not.
We therefore tentatively suggest that hydrogen bonding between the thymine molecule and the
surface leads to the robust anchoring of the second layer. It is possible that this anchoring is between
the N-H hydrogen and a surface oxygen, however it is not unreasonable that it is instead a similar
interaction between a surface bridging hydroxyl and a thymine carbonyl oxygen (or some mixture of
the two). Interactions with these TiO, surface hydroxyl species have been found to be a driving force

1,% are suspected to mediate rapid charge transfer between the

in the dynamics of adsorbed catecho
TiO, substrate and adsorbed molecular species,” and nucleate the growth of water adlayers.”® As the
adsorption of the first layer of thymine onto TiO,(110) involves deprotonation, an additional surface
hydroxyl species per thymine molecule in the first layer could be created (beside those commonly
formed upon water dissociation at bridging oxygen vacancies). Due to the overlap in the binding
energy of the thymine and hydroxyl components in the O 1s SXPS (see ESI, Fig. S4), it is not possible
to determine unambiguously whether or not such hydroxyl generation does occur, although previous
experimental and theoretical evidence regarding deprotonation of carboxylic groups suggests that

this should indeed be the case.””” !

It is not unreasonable that these hydroxyl species could be
stabilising, or even providing the anchoring point for, the second layer of thymine molecules, but
lacking a definitive evidence for this interaction we utilise Occam's razor to favour anchoring between
the N-H hydrogen and a surface oxygen. Moreover, we note that the coverage of the second layer

species is too large to be explained by surface oxygen vacancies (see section 2), and that the greater
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twist of the second layer with respect to the [001] direction would suggest that the second layer is

not oriented along the surface Ti row.

Finally, considering model adsorption sites for the first layer thymine, placing a nitrogen atom above
an undercoordinated surface Ti atom would bring the two carbonyl O atoms of thymine close to
planar surface O atoms, given the 30° twist indicated by NEXAFS. This is illustrated in Fig 6, where
five-fold coordinated Ti atoms and the surrounding planar O atoms are indicated. It therefore seems
more likely that the deprotonated N atom is located in a site that bridges two adjacent Ti atoms,
placing the carbonyl O atoms in off atop sites (as seen in Fig 6) — this adsorption site would be
counter to that observed on Cu(110). However, without a technique that is sensitive to the local
adsorption, such assignment is rather speculative. As to the N species that first undergoes
deprotonation in the first layer, the analogy with adsorbed thymine and uracil on Cu(110)*>* and
Cu(111)"? suggests that this is the N atom in position 3 (inset of Fig 1c) between the two carbonyl
groups (note, however, that cytosine on Cu(110) is known to coordinate through the other nitrogen
atom, N(1), in the pyrimidine ring*). Although this assertion cannot be proved unambiguously based
on our data, the C 1s SXPS results of Fig 1c support such conclusion. In fact, the 1 eV shift in binding
energy between the two first-layer carbonyl C 1s components agrees well with C 1s gas-phase data®
and, together with the almost rigid shift upon annealing from 300 K to 450 K, points towards a similar
interaction of the two species with the underlying surface. Moreover, a single O 1s XPS peak at about
532 eV characterizes the first layer (Fig S4 in the ESI), further corroborating a symmetric configuration
of the two carbonyl oxygens on the surface, as ensured by anchoring through the deprotonated N(3)

atom.

5. Conclusions

The adsorption of thymine on the (110) termination of rutile titanium dioxide was investigated by a
joint SXPS, TP-XPS, NEXAFS and TPD study. The results suggest a bilayer adsorption motif, with the
molecules in the first layer azimuthally rotated by 30+10° off the [001] direction and those in the
second layer rotated by 50+15°. Both layers are mostly upright, with a 30+10° tilt of the molecules
with respect to the surface normal and the species in the first layer singly deprotonated upon N-H
bond cleavage. N 1s XPS measurements of 1-methyl uracil on the same surface indicate that the
origin of the bilayer structure is not intermolecular hydrogen bonding, implying that it is presumably
mediated by the interaction with the undercoordinated bridging oxygen rows of the surface. The
orientation and tilt of the first layer suggest that the most likely adsorption configuration has one of
the two nitrogen atoms of the thymine molecules bridging the undercoordinated surface Ti atoms.
This would, in turn, suggest that the second layer adsorbs with the hydrogen atom of one of the two

N atoms coordinated above an undercoordinated surface O atom. For this reason, what we have

10
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described as a bilayer could equivalently be considered as a strongly corrugated saturated layer with
two chemically-distinct molecular species adsorbed in two different sites (and configurations), as

dictated by the pronounced geometric and electronic corrugation of the TiO,(110) surface.

This finding of a thermally stable, highly corrugated adsorption geometry suggests intriguing
potential for the targeted functionalisation of TiO, by the adsorption of simple biomolecules. The
duality of the nature of the adsorption, and the discovery that intermolecular interactions are not
driving this corrugation of the adsorption geometry, suggests that the nitrogen atom not taking part
in the coordination of the molecule to the substrate can still be utilised for interaction with other
polar species. This potential polar template could provide two geometrically unique, but
electronically similar sites (a pyrimidinic NH species) for additional adducts to interact with. However,
this raises one of the major remaining questions in this system — whether the thymine coordinates to
the substrate through the N(1) nitrogen (the same nitrogen atom through which thymine binds in its
nucleoside) or the N(3) nitrogen (as we suggested for the first layer). If the former, this template
could provide a similar binding environment on a local scale as the nucleobase does within DNA; if
the latter, this template could provide a novel bonding environment. In both cases, however, this
template could offer a stable bonding environment for other nucleobases, most notably thymine's

paired base adenine, and amino acids.
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Figure 1. (a) N 1s SXPS (hv = 550 eV) acquired at room temperature after thymine deposition at 300 K,
after annealing to 450 K, and after annealing to 550 K; the peak assignments are indicated by the
inset schematic showing a protonated and deprotonated N species. (b) N 1s TP-XPS (hv = 1253.6 eV)
measured at a constant heating rate of 0.1 K/s. (c) C 1s SXPS (hv = 435 eV) measured under the same
conditions as the N 1s SXPS. The peak assignment is indicated by the colouring of the inset schematic
of the thymine molecule and was performed in agreement with Ref. ®
(almost rigid) binding energy shift due to work function correction and core-hole screening from the
TiO»(110) substrate. (d) Fitted peak areas of the N 1s TP-XPS for the protonated and deprotonated N

species compared against the mass 55 amu desorption rate determined from TPD at the same

, accounting for a ~5.4 eV

heating rate (0.1 K/s). Mass 55 amu represents a characteristic fragment of thymine.®
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Figure 2. (a) N K-edge and (b) C K-edge NEXAFS acquired at room temperature from a saturated
thymine layer on TiO,(110) after annealing to 450 K. Exemplary fits for the N K-edge, including the
individual fitting components, are shown in the ESI (Fig S1). © is the angle between the photon
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Figure 3. (a) N K-edge and (b) C K-edge NEXAFS acquired at room temperature from a saturated
thymine layer on TiO,(110) after annealing to 550 K. Exemplary fits for the N K-edge, including the
individual fitting components, are shown in the ESI (Fig S2). © is the angle between the photon

polarisation (E) and the surface normal.
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Figure 4. (a) N K-edge NEXAFS acquired at room temperature from a saturated thymine layer on
TiO,(110). Exemplary fits for the N K-edge, including the individual fitting components, are shown in
the ESI (Fig S3). © is the angle between the photon polarisation (E) and the surface normal. (b) A
schematic of the deconvolution of peak 2 (indicated by the cyan line) into a contribution from the
first layer (green peak) and the second layer (red peak), based on the intensity of peak 1 (pink line)
that has only a contribution from the first layer (blue peak). The assignment of the features is
indicated by the colouring of the molecular schematic (on the right). The ratio of the intensity
between the two different N atoms in the first layer is assumed to share the same ratio as in Fig 2.
From the here presented data it is not possible to unambiguously assign which nitrogen atom is
deprotonated, but it is likely that it is the nitrogen atom that lies between the two carbonyl groups,

as was found for thymine and uracil on Cu(110).*%*
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Figure 5. (a, left) N 1s SXPS (hv = 550 eV) comparing a saturated and sub-monolayer exposure (10 min
and 2 min of exposure, respectively) of TiO,(110) to thymine (300 K); also shown are the same
preparations after annealing to 450 K. (a, right) A preparation similar to the 10 min dose after
annealing to 600 K compared to a subsequent saturation exposure of the annealed system to more
thymine. (b) N 1s XPS (hv = 1253.6 eV) after a sub-monolayer exposure of the TiO,(110) surface to 1-
methyluracil (molecular structure shown schematically in the inset). All measurements in panels (a)

and (b) were performed at room temperature.
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Figure 6. A schematic of the potential adsorption sites of a first thymine layer molecule (singly
deprotonated) on TiO,(110), assuming it coordinates either bridging or directly atop a surface Ti
atom, viewed along the substrate's (left) [110] and (right) [001] directions. Also shown is the
proposed adsorption site of an individual molecule in the second layer of fully protonated thymine
above a surface oxygen atom. In both cases, it is assumed that the molecule coordinates through the
nitrogen atom that lies between the two carbonyl groups, similar to thymine and uracil on Cu(110), **
1 although it is important to note that cytosine (also on Cu(110)) coordinates through the other
nitrogen atom in the pyrimidine ring.*’ In the tentative models, the H atoms (excluding the H atom
through which the second layer interacts with the substrate) and the thymine methyl group are not
shown for the sake of clarity. The undercoordinated Ti atoms (5-Ti), the planarly coordinated O atoms
(p-0) and the protruding bridging oxygen atoms (Oy) of the rutile (110) surface are highlighted in the
bottom part of the left panel. The formation and possible role of adjacent hydroxyl groups on the Oy

rows, as discussed in the text, are not addressed in the schematics.
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Table 1: Twist and tilt angles, given with respect to the [001] surface direction and the surface

normal (respectively), determined from the N K-edge and C K-edge NEXAFS data (respectively).

Specifically, the angles are reported for the "monolayer" (Fig 2), the "doubly deprotonated"

monolayer (Fig 3), and the "bilayer" (Fig 4). The bilayer angles are separated into the angle found

for the lower photon energy (lower hv) species, the higher photon energy (higher hv) species and

the angle for the second layer ("deconvoluted") that was determined as by Fig 4b.

monolayer | deprotonated bilayer bilayer bilayer
lower hv | higher hv | deconvoluted
450 K 550 K 300 K 300 K 300 K
twist 30+10° 30+10° 30+10° 40+10° 50+15°
N K-edge -

tilt 30+10° 30+10° 30+10° 30+10° -
twist 30+10° 30£10° - -- -
Cleedge Iy 30£10° 30£10° - - -
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