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Abstract 

The adsorption of adenine on the CeO2(111)/Cu(111) surface in vacuum was studied by 

photoelectron spectroscopy, resonant photoelectron spectroscopy and near-edge X-ray 

absorption fine structure spectroscopy, and the present work describes in detail the bonding of 

the molecule to the ordered stoichiometric cerium dioxide film. The experimental findings were 

supported by density functional theory (DFT+U) analysis of different adsorption geometries of 

adenine on CeO2(111). The phase with adenine lying flat on the surface dominates on 

CeO2(111) up to 0.1 monolayer (ML) of adenine coverage. The mobility of single molecules 

was apparently sufficiently high to allow diffusion and formation of chain structures, which 

were observed to be stable in the temperature range from 25 to 250 C. Beyond 0.1 ML, adenine 

molecules adsorb predominantly in an upright orientation. This phase, stable up to 120 °C, is 

according to theory stabilised via N3/Ce4+ and N9H/O2-. It was further complemented by 

experimental findings demonstrating the free N10H2 group of adsorbed molecules. Thus, the 

saturation coverage of adenine on CeO2(111), 0.23 ML, is most likely characterised by a 

combination of parallel and upright bound molecules with adsorption energies of -1.01~-1.49 

eV and -1.13~-1.26 eV, respectively. 
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1. Introduction 

Purine nucleobases adsorbed on metal or oxide surface are typical model systems studied with 

the aim to obtain fundamental information on bonding strength and molecular adsorption 

geometry of the smallest building blocks of DNA on an inorganic substrate. The necessity to 

consider model systems comes from the complexity of real biomolecules, and fast development 

of biotechnology for medical diagnostics and treatments, where organic/inorganic interfaces 

are widely employed. [1] A recent review on electrochemical biosensing of purine nucleobases 

[2] emphasises the importance of basic knowledge of the molecules` interaction with the 

electrode surface. To improve the detection of electrochemical signals of purine nucleobases, 

there is a need to search for novel electrode materials.  

In the present work, the stoichiometric, ordered cerium oxide film was chosen as a model 

substrate for adenine. Adenine is one of the building blocks of DNA and RNA and its 

derivatives take part in various important biological processes such as cellular respiration and 

protein synthesis. Cerium oxide is an inorganic material with a promising future in biosensing 

devices, disease diagnostics and treatments. Cerium ions can easily change their valence state 

between 4+ and 3+ and act either as reducing or oxidizing agents in reactions with biomolecules 

or living cells. The state-of-the-art regarding the physicochemical properties of nanostructured 

cerium oxide in bio-applications is reviewed in our recent work on adenine adsorption on 

nanostructured cerium oxide films. [3] Since the paper was published, the number of studies on 

biosensing characteristics of cerium oxide has been continuously increasing with emphasis on 

preparation of biocompatible nanomaterials, [4,5] their usage as a component of electrode 

material [6–8] or as a part of a recognition element. [9,10] Furthermore, cerium oxide 

nanoparticles have been shown to mimic superoxide dismutase and catalase properties. The 

enzymatic activity of cerium oxide was demonstrated to have therapeutic effects, reducing the 

oxidative stress in living cells. [11,12] 

There are various reports on adenine bonding to single crystalline surfaces of noble and 

transition metals such as Au(111), [13] Cu(111) [14] and Cu(110) [15] (see also references cited 

therein). Although the recent review by S. G. Harroun [16] emphasizes the discrepancies in the 

reported adenine orientation on gold and silver, experimental data show a general trend — the 

formation of planar adsorption geometries for low adenine coverage of about 0.1 monolayer 

(ML) deposited in vacuum on well-ordered inorganic surfaces. In each case the question about 

which adenine atoms bound to a surface was resolved by density functional theory (DFT) 
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calculations, because the complex structure of adenine with 5 carbon and 5 nitrogen atoms 

(C5N5H5, see inset of Fig. 1a) precludes the possibility of determination of the bonding structure 

purely experimentally.  

The number of experimental and/or theoretical studies of cerium oxide model substrates for 

reactions with small organic and other molecules is continuously increasing. They include the 

interaction of SO2, [17] methanol, [18–20] ethanol, [21] ethylene glycol, [21] formic acid, 

[22,23] acetic acid [21,24,25] and phosphate esters [26,27] with the oxide surface, with the aim 

to explore the catalytic properties of cerium oxide. The experimental works are based mainly 

on photoelectron spectroscopy (PES), resonant PES (RPES) [17,19–21,23,24] and infrared 

spectroscopy. [22] The reported DFT studies [22,26,28] commonly employ the generalised 

gradient approximation (GGA) and adding a Hubbard U term to the GGA exchange correlation 

functional to account for the strong interaction among localised 4f electrons in Ce cations in 

different oxidation states. 

In our recent paper [3] we investigated in detail adenine bonding to cerium oxide of different 

stoichiometry, morphology and composition. The thermal stability of the saturated molecular 

adlayer prepared either in vacuum or from aqueous solution was studied in the temperature 

range from 25 to 250 C. Based on the experimental data, we concluded that adenine chemisorbs 

on CeO2 via nitrogen atoms, independently of the oxide morphology and deposition technique. 

As the experimental results were insufficient to determine the exact adsorption geometry of 

adenine, we tentatively suggested that the bonds were formed via N9 and N3 atoms (see inset 

of Fig. 1a for labelling). To test this assumption, in the present work we combined an 

experimental study with DFT calculations. Low coverage and saturated adlayers of adenine on 

the model CeO2(111) surface obtained as a result of stepwise adenine deposition in vacuum, as 

well as their thermal evolution, were studied by PES, RPES, near-edge X-ray absorption fine 

structure spectroscopy (NEXAFS). Although the dominant tautomer of adenine is expected to 

be the canonical N9H form during the molecular evaporation in vacuum, DFT calculations were 

performed for three adenine tautomers N3H, N7H and N9H with hydrogen at the N3, N7 and 

N9 nitrogen atoms, respectively.  

 

2. Experimental section 

2.1. Sample preparation and experimental techniques 
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The experimental work was performed at Elettra-Sincrotrone Trieste (Materials Science 

Beamline). A detailed description of the end station can be found in Ref. [3]. The base pressure 

in the experimental chamber was lower than 2×10-10 mbar. 

The CeO2(111) film was grown in vacuum on a Cu(111) substrate (MaTecK GmbH, 99.999%). 

Cycles of Ar+ ion sputtering and annealing at 450 C allowed us to prepare a clean Cu(111) 

surface before oxide deposition with negligible C 1s photoelectron signal and a sharp (1×1) low 

energy electron diffraction (LEED) pattern. The CeO2(111) film was deposited by evaporation 

of cerium (Goodfellow, 99.99%) in an oxygen atmosphere (5×10-7 mbar) onto Cu(111) at 250 

C, followed by annealing of the film at 250 C in O2 at the same pressure for 10 min. The 

(1×1) CeO2(111) surface structure ((1.5×1.5) with respect to that of Cu(111)) was confirmed 

by LEED.  

A Knudsen cell evaporator, mounted in the preparation chamber with pressure of 5×10-9 mbar, 

was used for adenine (Alfa Aesar, 99%) deposition. The molecular powder was evaporated at 

105 C onto the CeO2(111) substrate at 25 C. 

For PES analysis, the core level spectra were acquired with photon energy 410 (C 1s), 475 (N 

1s) and 1486.6 eV (Ce 3d, C 1s, N 1s, O 1s, Cu 2p3/2) and total resolution 0.40, 0.55 and 1.0 

eV, respectively. For RPES analysis the valence band (VB) spectra with total resolution of 0.16 

eV were measured at 115, 121.4 and 124.8 eV photon energy. The emission from Ce 4f states 

located at 1.4 eV binding energy (BE) in 121.4 eV spectrum correspond to the D(Ce3+) resonant 

enhancements in Ce3+ cation. The signal from hybridized oxygen-cerium states at about 4.0 eV 

in the 124.8 eV spectrum is assigned to D(Ce4+) resonant enhancements in the Ce4+ cation. The 

115 eV spectrum reports the off-resonance intensity for the D(Ce3+) and D(Ce4+) features (for 

details see S1.1. of the SI). The D(Ce3+)/D(Ce4+) resonant enhancement ratio (RER) was 

analysed. [3] The RER value for clean stoichiometric CeO2(111)/Cu(111) surface was 0.01. 

The photoelectron emission angle was 0o and 20o with respect to the sample normal for 

synchrotron light and the X-ray source, respectively. The intensity of the photoemission peaks 

acquired with synchrotron light was normalized to the incident photon flux. The C 1s spectrum 

was stable during one acquisition step (about 30 min), and then the sample was slightly shifted 

to avoid radiation damage due to long illumination. 

For the NEXAFS analysis, the C and N K-edges spectra were taken using the carbon and 

nitrogen KVV Auger yield, at normal (NI, 90o) and grazing (GI, 10o) incidence of the photon 

beam with respect to the surface, and with an estimated energy resolution of 0.23 and 0.38 eV, 
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respectively. The polarisation of light from the beamline is believed to be at least 90 % linear, 

as the source is a bending magnet. The corresponding background signal of the clean (i.e. C- 

and N-free) sample recorded under identical conditions was subtracted from the normalized 

raw NEXAFS spectra recorded on molecular adlayers. 

The effective thickness of the oxide film and the molecular adlayers (at saturation and low 

adenine coverages on CeO2(111)/Cu(111) after 75 C annealing) was calculated from the 

attenuation of the Cu 2p3/2 core level and reported in Table 1; for details refer to Section S1.2. 

of the SI. We emphasise that these values provide qualitative information on the adlayer 

thickness obtained under the assumption of layer-by-layer growth. Thus, this approach is more 

suitable for the oxide film thickness calculation and less reliable for the molecular adlayer, 

where the adenine film is expected to partially cover the oxide surface. In this case, the adenine 

coverage can be expressed as the number of molecules per surface Ce cation and was estimated 

from the N 1s and Ce 3d core level integrated intensities ratio excited by photon energy 1486.6 

eV. Coverages of 0.23 and 0.05 ML (i.e. molecule per surface Ce atom) were found for adenine 

adlayers at saturation and low coverages, respectively, after annealing at 75 C, assuming all 

weakly bonded molecules had desorbed (see for details Table 1 and S1.3. section of the SI). 

 

2.2.Computational methods 

Periodic DFT calculations were performed in the generalized gradient approximation (GGA-

PW91 [29]) and with the optB86b van der Waals (optB86b-vdW) functional [30–33] as 

implemented in the Vienna Ab initio Simulation Package (VASP). [34–37] Potentials due to 

core electrons were described using the projector-augmented wave (PAW) method, [38,39] and 

valence states [Ce-(5s5p4f5d6s), O(2s2p), N(2s2p), C(2s2p), H(1s)] were expanded in a plane 

wave basis set with a cut-off energy of 400 eV. 

The thermodynamically most stable (111) facet of CeO2 was modelled as a slab consisting of 

three O–Ce–O trilayers with a p(3×3) surface unit cell. Periodic slabs were separated by up to 

~14 Å of vacuum, with dipole decoupling applied in the z direction. [40] A Γ-centred 

Monkhorst-Pack 2×2×1 k-point grid was used to sample the surface Brillouin zone. [41] The 

DFT+U approach of Dudarev et al. [42] was employed with a Ueff value of 2 eV. [22,25,26] 

The equilibrium lattice constant of bulk CeO2 was calculated to be 5.476 Å (PW91) and 5.452 

Å (optB86b-vdW), in close agreement with the experimental value of 5.41 Å. [43,44] 
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Adsorption of a single adenine molecule per p(3×3) surface unit cell corresponded to 1/9 ML 

coverage locally. The coordinates of the bottom two trilayers of the slab were fixed, and those 

of the top trilayer and adenine were fully relaxed. Geometry optimization was carried out until 

the maximum residual force was ≤ 0.03 eV/Å in each relaxed degree of freedom. The adsorption 

energy, ΔEads, was evaluated as ΔEads = Etotal − Eslab − Egas, where Etotal, Eslab, and Egas refer to 

the total energies of the slab with adenine adsorbed thereon, the clean slab, and adenine in the 

gas phase, respectively. A more negative value of ΔEads indicates stronger bonding between the 

adsorbate and CeO2(111). Possible contributions from vdW interactions due to the delocalized 

charge densities of adenine were accounted for by re-optimizing selected GGA-PW91 adsorbed 

states using optB86b-vdW. Fundamental vibrational modes and frequencies were calculated to 

determine the zero point energies (ZPE) for selected states, evaluated as EZPE = 1/2ihi where 

i, are the vibrational frequencies and h is the Planck constant. A finite difference 

approximation approach of the dynamical matrix was used with a displacement of 0.01 Å. Very 

soft modes below 50 cm‐1 were replaced with 50 cm‐1 in calculating ZPEs. 

The isolated gas phase N9H, N3H and N7H tautomers of adenine were optimized in an 

18.0×18.2×18.4 Å3 cubic simulation cell with dipole decoupling applied in all directions, and 

the reciprocal space integration at the Γ point only. Both GGA-PW91 and optB86b-vdw 

predicted the N9H tautomer to be more stable than the N3H and N7H tautomers by 0.29 eV and 

0.33 eV, respectively, consistent with previous reports. [13,45] 

 

3. Results 

3.1. Saturated adenine adlayer on CeO2(111) – 0.23 ML 

After stepwise deposition, the saturated adenine adlayer defined as 0.23 ML (see above), was 

reached in 13 steps, corresponding to total deposition time of 540 s, on 2.3 nm thick CeO2(111) 

at 25 C. After each step the surface was analysed by PES and RPES. NEXAFS spectra were 

acquired only for selected coverages. The plateau in the C 1s and N 1s integrated intensity, 

normalized to the photoionization cross sections, [46] versus deposition time (see Fig. 1a) 

appeared after 300 s deposition, and was preceded by two linear segments from 0 to 150 s and 

150 to 300 s. For the first deposition regime, the ratio of C 1s and N 1s intensities was almost 

constant with the final coverage estimated as half of saturation, i.e. about 0.10 ML. Beyond 150 

s of deposition time, the C 1s signal increased systematically faster than N 1s, which can be 

linked with the change of the adsorption geometry of adenine. After the last deposition step, i.e. 

after 540 s, the ratio of N 1s to C 1s signals at 1486.6 eV photon energy, normalized to the cross 
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value reaches a plateau for deposition time at 300 to 540 s. The surface reduction of the cerium 

oxide film mostly has an electronic character, as there was no change in the O 1s core level 

(spectra not shown). The charge transfer from adenine to the surface Ce4+ cations for a 

saturation adlayer on CeO2(111) was tentatively estimated (for details, see S2. of the SI) to be 

0.04 e- per adenine molecule. 

Table 1. Thickness of the CeO2(111) film (dox, nm); effective thickness of adenine adlayers 

(dade, nm); ratio of N 1s signal to estimated surface contribution of Ce 3d signal of clean 

CeO2(111), Itot(N 1s) / Isurf(Ce 3d)before; adenine coverage (ML) for molecular adlayers on 

CeO2(111) after treatment at 75 C. 

1486.6 eV 

photon energy 

Adenine/CeO2(111) 

540 sec, 75 C 

Adenine/CeO2(111) 

30 sec, 75 C 

dox, nm 2.3 2.0 

dade, nm 0.44 0.13 

Itot(N 1s)/ Isurf(Ce 3d)before 1.10 0.21 

coverage, ML 0.23 0.05 

 

The evolution of the N 1s and C 1s core level spectra of adenine/CeO2(111) system during the 

stepwise molecular deposition is shown in Fig. 2. The N 1s signal is dominated by component 

B at BE of 399.0 eV in the first deposition regime, i.e. until 150 s. A second component A 

develops on the high BE side, at 400.6 eV, starting from 150 s deposition time. Following the 

literature, [3,15] the components are assigned as follows. The imino nitrogen atoms N1, N3 and 

N7 contribute mainly to peak B and amino N9 and N10 atoms to peak A. The absence of 

component A in the first deposition regime indicates a change of the electronic configuration 

of the amino nitrogen atoms of adenine. Here we expect either bonding of the molecule via an 

amino nitrogen atom to the surface, or stabilization of the molecular arrangement on the surface 

via hydrogen bond networks involving amino nitrogen atoms. The A to B intensity ratio for the 

saturated adenine adlayer on CeO2(111), for instance that which corresponds to 480 s of 

deposition time, is 1:3.4, far from the expected nominal 1:1.5 ratio for adenine. This implies 

that the molecular adsorption geometry for the saturated adlayer has mixed character, i.e. either 

the first phase up to 150 s, characterized by a single component B, is complemented by adenine 

molecules that were bonded differently (from 150 s to 300 s deposition time) or a gradual phase 

transition occurs, which affects all adsorbed species. The shape of the C 1s spectrum compared 
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Fig. 3. N K-edge NEXAFS spectra of adenine on CeO2(111) surface after the indicated 

deposition times and thermal treatment, measured in two geometries: GI (black line) and NI 

(red line). 

Table 2. The N K-edge spectral characteristics: ratio of maximum intensities of the π* to * 

resonances for spectra taken at different geometries, and the excitation energy (eV) of the π* 

peak. 

Sample N K-edge, GI (NI) Excitation energy, π* (eV) 

30 s, 25 C 2.39 (0.63) 400.0 

30 s, 250 C 1.64 (0.46) 400.2 

60 s, 25 C 1.86 (0.63) 400.0 

150 s, 25 C 1.60 (0.72) 399.8 

540 s, 75 C 1.09 (0.90) 399.8 

540 s, 150 C 1.43 (0.73) 400.0 

540 s, 250 C 1.81 (0.59) 400.3 

 

3.2. Thermal treatment of saturated and low-coverage adenine adlayers on CeO2(111) – 

0.23 ML, 0.05 ML 

The thermal evolution of adenine adlayers on CeO2(111) was studied by annealing them in 

vacuum for 1 min at 75, 100, 125, 150, 200 and 250 C. The thermal treatment of the saturation 

adenine adlayer on CeO2(111) (0.23 ML) induces molecular desorption of the weakly bound 

species, leading to a decrease of the C 1s and N 1s integrated intensity (Fig. 1b). The RER is 

stable up to 150 C and then increases from 0.07 to 0.16 after 250 C (Fig. 1d). Up to 200 C, 

the shapes of the N 1s and C 1s spectra are mostly conserved while the peak maxima shift to 

lower BE by about 0.4 eV (Fig. 2). Annealing at 250 C causes a little change of the shape of 

both core level spectra, indicating variations in the local electronic structure of the carbon and 

nitrogen atoms of the adsorbate. 

The thermal treatment causes changes in the NEXAFS spectra of the 0.23 ML adenine/CeO2 

layer in the reverse order with respect to that observed during stepwise deposition, consistent 

with the molecular desorption seen in the PES data. It may indicate that the flat-lying adenine 

phase is the most stable, and these molecules are decorated by adsorbed species in another 
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geometry when the coverage increases. The change of the π* resonance peak energy is 

consistent with the shifts of the N 1s and C 1s photoemission peaks. The shape of the π* 

resonance peak is slightly different after the final annealing at 250 C, again supporting the idea 

of the electronic structure adjustment of nitrogen and carbon atoms of adsorbed adenine seen 

in the N 1s and C 1s spectra (Fig. 2). 

The first deposition step of adenine on CeO2(111) was repeated and defined as low coverage, 

i.e. 0.05 ML, the thermal stability of which was checked in the same way as for the saturated 

adlayer (0.23 ML). It was observed that the molecular adlayer was stable at all annealing steps. 

For this reason, the N 1s (Fig. 2a), C 1s (Fig. 2b) and N K-edge (Fig. 3) spectral characteristic 

lines are reported only for as-deposited adlayer and after the final annealing at 250 C. In Fig. 

1a,c the 0.05 ML adenine/CeO2(111) surface after treatment at 75 C is represented by blue 

circles, which fall into the first deposition regime. The C 1s and N 1s intensity behaviour versus 

temperature is shown in the inset of Fig. 1b. Both signals are almost stable up to 150 C, and 

then they start to decrease, reaching an only slightly lower coverage of 0.04 ML after heating 

to 250 C. The RER value increases with temperature, but the absolute value remains lower 

than that one for 0.23 ML (see Fig. 1d). 

 

3.3. DFT calculations for adenine on CeO2(111) 

The adsorption of isolated N9H, N3H and N7H tautomers of adenine on CeO2(111) was 

modelled and calculated using DFT. Adenine can potentially interact with a Ce4+ site via a 

nitrogen atom, with an O2- site via an acidic hydrogen atom in an amino group, or with both 

simultaneously. The orientations that we investigated were chosen so that such interactions 

were favoured. The energy-minimized states had the molecular plane of adenine in a variety of 

positions with respect to the surface, which we characterize with the angle () between the 

surface normal and the purine rings to give a measure of how tilted away from the surface 

normal the molecule is. Here, those states with  > 60º are referred to as parallel states, and 

those with  < 60º as upright states, although the distinction is somewhat arbitrary. The more 

stable states and the corresponding adsorption energies (ΔEads) are reported in Table 3. 
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Table 3. Minimum-energy adsorption states and energies (ΔEads, in eV per molecule) calculated 

using GGA-PW91 and optB86b-vdW for the N9H, N3H, and N7H tautomers of adenine in 

various degrees of tilt with respect to the surface normal (, in °). 

Adsorption 

states (figure) 

Interaction  (°) ΔEads  

GGA-PW91 

ΔEads  

optB86b-vdW 

N9H parallel     

(Fig. 4a) N10/Ce4+    67 -0.29 -1.01 

(Fig. 4b) N10/Ce4+ (N9H, N10H dissociated) 75 +0.74  

 N9/Ce4+ 75 -0.26  

(Fig. 4c) H-bonded chain † 83, 85 -0.58 -1.49 

N9H upright     

(Fig. 4d) N3/Ce4+, N9H/O2- 29 -0.58 -1.13 

 N3/Ce4+, N9H/O2- † 28, 29 -0.65 -1.26 

(Fig. 4e) N3/Ce4+, N9/HO (N9H dissociated) 29 -0.37  

 N1/Ce4+, N10H/O2- 23 -0.43  

 N7/Ce4+, N10H/O2- 22 -0.13  

 C2H/O2- 10 -0.27  

N3H parallel     

(Fig. 4f) N10/Ce4+ 67 -0.30 -1.00 

 N3/Ce4+ 77 -0.21  

N3H upright     

(Fig. 4g) N3H/O2-, N9/Ce4+ 13 -0.83 -1.32 

 N1/Ce4+, N10H/O2- 23 -0.39  

 N7/Ce4+, N10H/O2- 23 -0.13  

N7H parallel     

(Fig. 4h) N10/Ce4+ 67 -0.40 -1.14 

 N7/Ce4+  85 -0.15  

N7H upright     

(Fig. 4i) N1/Ce4+, N10H/O2- 23 -0.50 -1.04 

 N7H/O2-, N10H/O2- 58 -0.49  

 N3/Ce4+, N9/Ce4+ 38 -0.32  

Coverage is 1/9 ML except where noted.  is based on GGA-PW91 geometries. 
† With two adenine molecules per p(3×3) unit cell, equivalent to 2/9 ML locally. ΔEads is the 

average of the two molecules. 

“X/Y” in the “Interaction” column indicates an atom X in adenine is located on a site Y in 

CeO2(111). Selected states that are depicted in Fig. 4 are indicated. 
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The more stable parallel states involve the N10 atom located over a Ce4+ site. This is because, 

besides N--Ce4+ interaction, the N10H2 group can coordinate to one or two adjacent O2- sites 

via the acidic H atoms. Thus adenine is not completely flat in the most stable parallel states, 

with N10 being closest to the surface and the rest of the molecule tilted further away from the 

surface (Fig. 4a, 4f, and 4h). 
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Fig. 4. Top and side views (top and bottom panels, respectively) of selected GGA-PW91 

energy-minimized structures of adenine adsorbed on a p(3×3) surface unit cell: For N9H 

tautomer, a) parallel – N10/Ce4+, b) parallel – N10/Ce4+ (N9H, N10H dissociated), c) parallel 

– H-bonded chain, d) upright – N3/Ce4+, N9H/O2-, e) upright – N3/Ce4+, N9H/O2- (N9H 

dissociated); for N3H tautomer, f) parallel – N10/Ce4+, g) upright – N3H/O2-, N9/Ce4+; for N7H 

tautomer, h) parallel – N10/Ce4+, and i) upright – N1/Ce4+, N10H/O2-. Colour code: green=Ce4+, 

light brown=surface O2-, dark brown=subsurface O2-, red=surface O2- with H adsorbed on it, 

black=C, blue=N, and white=H. Images are created using VESTA. [49] Numbering of the 

backbone atoms in (a) is the same as in the inset in Fig. 1a. 

 

Adjacent adenine molecules adsorbed in parallel orientations may form hydrogen bonds 

between N atoms and acidic H atoms in the amino groups. The formation of hydrogen-bonded 

networks has previously been reported in STM studies for adenine deposited on Au(111) at 

temperatures 100–170 K, [50–52] which was corroborated by DFT calculations. [13] We 

considered this possibility by constructing a model hydrogen-bonded chain structure of adenine 

consisting of two N9H tautomers per p(3×3) surface unit cell adsorbed in parallel orientations 

(Fig. 4c). Significant stabilization (by 0.48 eV in optB86b-vdW) was predicted compared to an 

isolated N9H tautomer in the most stable parallel state, which is approximately the strengths of 

four hydrogen bonds of the N–H–N type. 

Isolated adenine adsorbed in upright states is generally more stable than in parallel states 

because the upright orientation permits multiple points of interaction between adenine and the 

surface. It should be noted that the molecular plane of adenine tends to be slightly tilted with 

respect to the surface normal. The more favourable configurations involve a nitrogen atom 

located above a Ce4+ site and an N–H atom located above an O2- site ((N/Ce4+, NH/O2-) states). 

The N9H and N3H tautomers have (N3, N9H) and (N9, N3H) centres, respectively, in close 

proximity to engage in such interaction while bringing the molecule close to the surface (Fig. 

4d and 4g). These turn out to be the most favourable upright adsorption configurations. 

Alternative configurations involving adenine interacting with the surface through N10H and 

either N1 or N7 are somewhat less stable. In addition to the (N/Ce4+, NH/O2-) states, adenine 

states interacting with the surface through (N/Ce4+, N/Ce4+) or through (CH/O2-) were also 

considered but were never found to be the most stable states for a given tautomer. Upon 

inclusion of vdW interactions, the ΔEads of the most stable parallel and upright states for an 
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isolated adenine molecule become more exothermic by ca. 0.7 and 0.5 eV, respectively, which 

reduces the difference in stability between parallel and upright states somewhat. 

As the CeO2(111) film in this study was grown under oxidizing conditions, we expect oxygen 

vacancies to play a negligible role in molecular adsorption of adenine. If any oxygen vacancies 

existed, they would likely have occupied subsurface sites. [53] We have therefore also 

examined the effect of an oxygen vacancy in the immediate subsurface (i.e., on the bottom O 

layer of the top O-Ce-O trilayer, denoted VO
SS) on the adsorption of the N9H tautomer as an 

example. When a VO
SS is located at various positions directly beneath the most stable upright 

state (N3/Ce4+, N9H/O2-) or the parallel H-bonded chain state, Eads was found to vary by less 

than ±0.1 eV in each case. The effect of a surface oxygen vacancy on adenine adsorption, as 

may occur on a partially reduced ceria film, will be the subject of a future study. 

Given the amphoteric nature of the CeO2(111) surface, we further considered for the N9H 

tautomer the deprotonation of the amino group (N9H) in an upright state, and the deprotonation 

of both amino groups (N9H and N10H2), which yields a closed-shell species, in a parallel state. 

The dissociated H atom(s) was adsorbed on a nearest O2- site and remained hydrogen-bonded 

to the N centres from which they originated (Fig. 4b and 4e). As can be seen in Table 3, the 

deprotonation of adenine by CeO2(111) is energetically unfavourable. 

 

4. Discussion 

Overall the DFT results suggest that i) the N3, N9 and N10 atoms are most significantly 

involved in the adsorption of isolated adenine molecules on CeO2(111); ii) hydrogen-bonded 

networks of adenine should be the most stable adsorption structure when the molecules are free 

to diffuse and assemble into such structures; and iii) isolated adenine molecules prefer upright 

over parallel states. These findings are consistent with the experimental observation that the 

parallel adsorption geometry of presumably hydrogen-bonded adenine molecules dominates up 

to 0.1 ML coverage, for which the N 1s signal is formed mainly by the component B (Fig. 2a) 

and the intensity of π* resonances is higher at GI geometry (Fig. 3, Table 2). The appearance of 

the component A in the N 1s core level spectra above 150 s deposition time (Fig. 2a) 

corresponds to unperturbed amino N9 or N10 atoms in the adenine molecule. This could be due 

to additional adenine molecules adsorbed in upright geometry decorating hydrogen-bonded 

chains, in which they interact with the surface primarily via N9H and N3, leaving the N10H2 

amino group and two other imino nitrogen atoms unperturbed, and without clear molecular 
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orientation according to the NEXAFS data. Apparently at the saturation coverage 0.23 ML of 

adenine on CeO2(111), a mixture of two molecular adsorption geometries coexisted with 

calculated maximum adsorption energies -1.49 eV for chains and -1.26 eV for the upright 

molecules.  

For the N9H tautomer, the lowest ΔEads of isolated adenine on CeO2(111), according to the 

optB86b-vdW calculations, are -1.01 and -1.13 eV (Fig. 4a and 4d) in parallel and upright states, 

respectively, with the corresponding ZPE-corrected ΔEads being -0.97 and -1.11 eV. The peak 

desorption temperature corresponding to such ΔEads is calculated to be 100-152 C based on the 

Redhead analysis [54] with 1/9 ML initial coverage, a heating rate of 10 C s-1, a desorption 

prefactor of 1013 s-1, and with desorption assumed to be of first order. Likewise, based on ZPE-

corrected ΔEads the hydrogen-bonded chain structure (Fig. 4c) is expected to persist on 

CeO2(111) to 278 ºC on average, which is consistent with the experimental observation that the 

adenine adlayer is stable up to 250 ºC. In a mixed saturation layer, individual adenine molecules 

adsorbed in upright orientations in the midst of hydrogen-bonded networks are expected to be 

appreciably less stable, and would therefore desorb at lower temperature, which is consistent 

with the vanishing of component A of the N 1s core level upon heating to 75 ºC and higher 

temperature (Fig. 2a). 

According to Fig 1c, the mixed phase of adsorbed molecules on CeO2(111) is characterised by 

the linear increase of RER until the saturation coverage is reached. Thus we conclude that the 

cerium cation reduction is independent of the molecular adsorption geometry. For the low 

coverage adenine adlayer (0.05 ML) cerium reduction increases continuously with temperature, 

which was explained by the charge transfer from molecules to the oxide. It was estimated to be 

0.2 e- per adenine molecule after 250 C (see S2 section of the SI). Thus the thermally induced 

charge transfer for the oriented 0.05 ML phase indicates that the interaction of the molecule 

with the oxide is weak at 25 C and stimulated by annealing with no evident change of parallel 

adsorption geometry. For the saturation coverage, the molecular coverages decrease from 0.23 

to 0.10 ML after 250 C treatment. In general, the lower RER values for the 0.05 ML system 

compared to 0.23 ML were linked to lower molecular concentration and consequently lower 

charge exchange. The ordered phase of adenine on CeO2(111) was reached for both 0.05 ML 

and 0.23 ML systems after 250 C, where the RER values (0.08 and 0.16) are roughly 

proportional to the adenine coverage (0.04 and 0.10). 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 





 
 

20 

Comparison of two different ways of saturated adlayer preparation, i.e. stepwise (in this work) 

and deposition of multilayer coverage with the subsequent thermally induced desorption of 

weakly bonded species (see Ref [3]) leads to the conclusion that independently of the approach, 

an adenine film without clear molecular surface orientation is formed. We reached a RER value 

of 0.16 after 250 C annealing of 0.23 ML adenine adlayer on CeO2(111), which is very similar 

to the value of 0.20 reported in Ref. [3] for the multilayer adenine/CeO2(111) after the same 

treatment. Thus, the charge transfer from adenine molecules to Ce4+ ions, observed as 

increasing RER, for the adlayers prepared in two different ways, is comparable. We have also 

shown that the oriented adenine adlayer on the CeO2(111) surface can be achieved at molecular 

coverage of 0.10 ML and lower. 

Adenine on Au(111) [13] is a closely related system to the present study. The hydrogen-bonded 

parallel chains of adenine molecules on Au(111) observed by STM at low temperatures [50–

52] are characterised by a higher adsorption energy (-1.66 eV) than the value for the isolated 

molecule (-1.17 eV) on the same surface according to DFT, [13] similar to adenine on 

CeO2(111). We conjecture that the main difference in the two systems is in the stability of 

hydrogen-bonded parallel chains at room temperature and/or after annealing at higher 

temperatures. Chain structures are not stable on Au(111) where, on average, molecules can be 

considered isolated. There is no published STM study confirming adenine chain formation on 

CeO2(111), so we assume that the chain stability is connected with high surface reactivity of 

cerium oxide. Adenine on Cu(111) is another example where the ordered sub-monolayer phase 

of adenine was prepared by thermal treatment of the multilayer as well as sub-monolayer 

adenine films. The strong interaction of adenine with Cu(111) keeps the adsorbed adlayer intact 

within an intermolecular hydrogen bond network up to 200 °C, in agreement with our results 

for adenine on CeO2(111). A transition from the flat-lying to upright adsorption geometry with 

increasing molecular coverage was also observed for the terephthalic acid/TiO2(110) model 

system. [56] Independent of the different chemical structure of terephthalic acid compare to 

adenine, we suggest that the molecule-substrate interaction is mainly responsible for the 

specific coverage dependent molecular adlayer configurations on the corresponding oxide 

surface.  

An alternative explanation of the strongly bound phase formation of the adsorbed molecules on 

CeO2(111) might be a partial deamination. Undoubtedly some of the adenine molecules simply 

desorb upon heating (decreasing both C and N 1s intensities), but some may undergo a reaction 
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at elevated temperatures (lower N 1s intensity compared to C 1s after annealing above 150 °C 

of 0.23 and 0.05 ML adenine). There are tentative signs that are consistent with a possibility 

that ceria deaminates adenine above 150 ºC, forming NH2 which might react with the acidic H 

to form NH3. Ammonia would desorb readily in UHV because its adsorption energy on 

CeO2(111) is weak (about -0.5 eV), leaving behind a moiety on the surface that contains 4 imino 

nitrogen atoms, which is consistent with one component N 1s core level spectra after 150 °C. 

The double ring moiety may capture an oxygen atom from the oxide lattice forming a C=O 

bond that can be viewed as 6-oxopurine in an oxygen vacancy and contribute to the surface 

oxide reduction, i.e. increasing the RER value. The adsorption energy of this molecule is close 

to -4 eV and explains the adlayer stability at 250 °C. Experimental data do not provide any 

evidence of the C=O bonding, neither in C 1s core level nor in C K edge spectra, which would 

support the idea of deamination. Thus further investigation should be carried out to test this 

hypothesis.  

 

5. Conclusions 

The adsorption geometry and thermal stability of low coverage (0.05 ML) and saturated 

adlayers (0.23 ML) of adenine on the CeO2(111) surface in vacuum were studied by PES, 

RPES, NEXAFS spectroscopies and DFT calculations. The bonding of adenine in two distinct 

phases which form the saturation molecular adlayer on CeO2(111) was defined in detail by the 

combination of the experimental and theoretical approaches. First, in the coverage range 0–0.1 

ML, the molecules mostly adsorb with purine rings parallel to the surface. The adenine 

molecules apparently rearrange on the surface in hydrogen bonded chains due to their high 

mobility at 25 °C. The desorption temperature of this phase is higher than 250 °C with the major 

contribution to bonding in the interface coming from the N10H2 amino group attracted by Ce4+ 

cations. Later, starting from 0.10 ML coverage, the second phase is detected with adenine 

molecules bonded via N3 and N9H atoms to the oxide surface with an angle of about 29° 

between the purine rings and the surface normal. The upright adsorbed molecules are less stable 

with desorption temperature of about 120 °C. The present work is in line with adenine/Au(111) 

and adenine/Cu(111) studies where the molecules in hydrogen-bonded network phases were 

detected with adsorption energies proportional to the substrate reactivity, i.e. lower for Au(111) 

and higher for Cu(111), with desorption temperature 120 and 200 °C, respectively. We believe 

that the stable hydrogen-bonded chains of the intact adenine molecules on the surface of 

CeO2(111) are a promising system for further applications in (bio)organic/inorganic hybrid 

systems for nanotechnology. 
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