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racil (Figure 1) is an RNA base, in

particular the base differentiating

RNA from DNA, and as such plays a
vital role in biological interactions of major
importance, notably those governing infor-
mation transport and catalytic functions.
Historically, uracil has been employed in
the 1961 illustrious experiment of Nirenberg
and Matthaei,' which demonstrated that
polyuridylic acid translates into a protein
of poly-L.-phenylalanine, functioning as a
synthetic template or mRNA and therefore
cracking the first genetic codon, UUU. Cur-
rently, the advance of RNA deciphering has
shown that, together with adenine, uracil is
a part of all three stop codons.

The surface adsorption and self-assembly
of the fundamental building blocks of the
genetic code and especially of the nucleo-
bases have been the subject of intensive
investigations in the last decades. There is a
twofold aspect in these works. One part
focuses on gaining a fundamental under-
standing of biological reactions on surfaces.
For instance, the adsorption of biological
molecules on inorganic solids is regarded as
a relevant prebiotic process, and it is con-
sidered to be related to the origin of life.2

Also, insight into the behavior of these
building blocks similarly provides potential
in biomimetic applications. Nature is extreme-
ly successful in performing tasks such as
information storage, transfer, and catalysis
by using these building blocks. Hence in the
emerging field of nanotechnology, which
focuses on the interactions between nano-
scale moieties,>* biomimetic applications
have been proposed for performing the
same tasks.>®

The unique chemical functionalities of
nucleobases offer a plethora of possible
applications: their potential for chiral recog-
nition on surfaces, an important target of
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ABSTRACT We address the interplay of
adsorption, chemical nature, and self-assembly
of uracil on the Ag(111) and Cu(111) surfaces
as a function of molecular coverage (0.3 to
1 monolayer) and temperature. We find that

both metal surfaces act as templates and the Cu(111) surface acts additionally as a catalyst for
the resulting self-assembled structures. With a combination of STM, synchrotron XPS, and
NEXAFS studies, we unravel a distinct polymorphism on Cu(111), in stark contrast to what is
ohserved for the case of uracil on the more inert Ag(111) surface. On Ag(111) uracil adsorbs flat
and intact and forms close-packed two-dimensional islands. The self-assembly is driven by
stable hydrogen-bonded dimers with poor two-dimensional order. On Cu(111) complex
structures are observed exhibiting, in addition, a strong annealing temperature dependence.
We determine the corresponding structural transformations to be driven by gradual
deprotonation of the uracil molecules. Our XPS study reveals unambiguously the tautomeric
signature of uracil in the contact layer and on Cu(111) the molecule's deprotonation sites. The
metal-mediated deprotonation of uracil and the subsequent electron localization in the
molecule determine important biological reactions. Our data show a dependence between
molecular coverage and molecule—metal interaction on Cu(111), as the molecules tilt at
higher coverages in order to accommodate a higher packing density. After deprotonation of
both uracil N atoms, we observe an adsorption geometry that can be understood as
coordinative anchoring with a significant charge redistribution in the molecule. DFT calculations are
employed to analyze the surface bonding and accurately describe the pertaining electronic structure.

KEYWORDS: uracil - copper surface - silver surface -
scanning tunneling microscopy - X-ray photoelectron spectroscopy -
near-edge X-ray absorption fine structure - density functional theory

the fine chemical industry, was shown by
the elegant work of Chen and Richardson,
who visualized the enantiomeric interac-
tion between adenine and phenylglycine
on the Cu(110) surface.” In the field
of surface nanoarchitectonics they have
been used as monomers or moieties,
which offer multiple sites for hydrogen
bonding, in binary and ternary supramo-
lecular networks.2~'° Additionally DNA
bases offer the possibility of metal li-
gand interactions,'' thus of engineering
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Figure 1. Uracil: (a) 3D ball-and-stick model in its canonical
form showing the labeling convention for the constituent
atoms and (b) molecular structure highlighting the lactam
and lactim tautomers, the most commonly observed uracil
tautomers in nature.

metal—organic networks.'*'® Their attractiveness is
obvious, being inexpensive, nontoxic, and biocompa-
tible. However, in order to harness their full potential in
such applications, it is vital to be able to predict their
chemical reactivity toward the employed templates,
which include close-packed coinage metals, TiO,, and
graphite.

These reasons have spurred numerous studies on
the adsorption of nucleobases. It is beyond the scope
of this paper to give a full literature overview; however
our findings are discussed alongside previous work on
uracil and the related DNA base, the 5-methyluracil,
thymine. Briefly, uracil was studied by scanning tunnel-
ing microscopy (STM) on MoS,, where it assembles into
islands with clearly distinguished dimers, which do not
correlate to the uracil single-crystal structure.'*'> On
the more inert support graphite, STM showed a struc-
ture that bears a close resemblance to the single
crystal.”* "% On Cu(111), trimeric units form at low
surface coverage, whereas at higher surface coverage
two-dimensional domains form, which were also mod-
eled with a trimeric motif."” All the above studies
assumed adsorption of uracil in its lactam form. How-
ever, vibrational spectroscopy revealed that uracil on
Si(100)-2x 1 adsorbs in its lactim form and interacts
with the surface by cleavage of the O—H bond.'® On
Cu(110) photoelectron diffraction (PhD) coupled with
X-ray photoelectron spectroscopy (XPS) and near-edge
X-ray absorption fine structure (NEXAFS) indicated
that N—H cleavage allows coordination to the surface
with both O atoms and the N atom (N3) in between.'®
Finally, on Au(100),2°72 Au(111)>" and Ag(111),
cyclic voltammetry experiments showed uracil to
switch from physisorbed to chemisorbed state.

Despite this extensive volume of work, there is a lack
of multitechnique studies to unravel the fine interplay
of uracil's functional units with the underlying sub-
strate, which determines the molecules’ chemical
state, bonding configuration, and the resulting self-
assembly scenario. Here we present a comprehensive
study of uracil on Ag(111) and Cu(111). Silver and
copper were chosen as commonly employed tem-
plates for molecular self-assembly and engineering of
biomolecular nanostructures confined in two dimen-
sions. Our approach includes experimental investiga-
tions combining STM, XPS, and NEXAFS coupled with
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Figure 2. STM images of ~0.3 ML of uracil on Ag(111): (a)
overview (i = 0.12 nA, V; = 630 mV); inset shows the
corresponding FFT; (b) detail with single-molecule resolu-
tion (/; = 0.11 nA, V; = 630 mV) showing a boundary of two
domains (green thick line) and the unit cell of the overlayer
structure (in blue); (c) tentative molecular model based on
the most stable uracil homopairs (highlighted in green) for
the orange highlighted area in (b). Red marks and arrows
indicate deviations from the molecular model proposed in
(c), and the Ag(111) high-symmetry axes are indicated in
orange.

density functional theory (DFT) simulations to eluci-
date the surface bonding and the charge transfer
between the surface and the molecule as well as intra-
molecular electronic changes. Structural aspects were
characterized at the molecular level by STM, revealing
exquisite details of an intricate self-assembly scenario
on Cu(111), which could be understood only by the
complementary spectroscopic investigations and first-
principles modeling using DFT. In particular, we found
that the nanostructures formed are decisively influ-
enced by specific interactions of uracil functional
groups with the metal surface driving chemical trans-
formations, which were previously unknown.

RESULTS AND DISCUSSION

Uracil on Ag(111). As a model system, where inter-
molecular interactions prevail in the molecular surface
organization, we investigated the system uracil on
Ag(111). Figure 2a shows a typical STM image corre-
sponding to uracil in contact with the hexagonal
substrate. It is characterized by a uniformly packed
structure. The close-packed islands are furnishing areas
adjacent to step edges, without completely wetting
the step edge. This is somewhat different from the
observation of monolayer growth of uracil on Au(111),
where the molecules form one-dimensional filaments
at low coverages, but as the coverage increases
toward the saturated monolayer, close-packed two-
dimensional islands form® On Ag(111) we find similar
close-packed islands at uracil coverages as low as 0.3 ML,
with 1 ML (monolayer) being defined as 100% of metal
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Figure 3. Uracil XP spectra corresponding to a multilayer formed at 300 K (top), a saturated monolayer on Ag(111) formed at
330 K (middle), and a saturated monolayer on Cu(111) formed at 320 K (bottom) for the (a) C 1s, (b) N 1s, and (c) O 1s core

levels.

surface covered by the adsorbate. The molecule-to-
molecule distances are measured to be within the
range of 7—9 A, consistent with flat-lying hydrogen-
bonded molecules. The self-assembled layer has a
loose connection to the substrate high-symmetry axes,
but the broad spots of the fast Fourier transform (FFT)
STM image in the inset of Figure 2a indicate that the
registry of uracil to the Ag surface is not perfectly
regular and therefore suggest an intermolecular inter-
action-driven pattern formation. As it was pointed out
in a theoretical study of the 10 uracil homopairing
possibilities, the energetically most favorable two-
dimensional assemblies are not necessarily formed
using only the most stable pairs, but other potential
pairs may also be involved to accommodate additional
bonding between nearest molecules.** For instance,
the same authors found that the 21 possible adenine
hydrogen-bonded homopairs can result in thousands
of possible monolayer structures, many of which have
similar lattice vectors.>**> So it comes as no surprise
that in a system with a very weak interaction between
surface and molecule, where the surface acts mainly to
confine the overlayer in two dimensions and not as a
strict directorial template, there is poor long-range
ordering of the resulting overlayer. An illustration of
these observations can be seen in Figure 2: although
a model similar to the one proposed for uracil on
graphite'® can be fitted in small regions (Figure 2c),
the structure exhibits frequent irregularities, as indi-
cated by the red marks.

Further XPS and NEXAFS characterization of this
system confirms our interpretation of the STM data.
Figure 3 summarizes the C 1s,N 1s,and O 1s XP spectra
of uracil adsorbed in the temperature range of 300 to
330 Kon Ag(111) and Cu(111). The central row shows
the XP spectra corresponding to a monolayer of uracil
on Ag(111). In the C 1s region we distinguish four clear
peaks corresponding to the four carbon atoms of
uracil, namely, in order of increasing binding energy,
the atoms C5, C6, C4, and C2 (for the labeling of the
uracil atoms see Figure 1a).?° The N 1s region is
characterized by a single peak (fwhm ~1.3 eV) cen-
tered at a binding energy of 400.8 4 0.1 eV. The O 1s
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core level also appears as a single broad peak at a
binding energy of 532.0 £ 0.1 eV with fwhm of 1.5 eV,
in good accord with amide.?” Comparing the spectra
with the corresponding ones of the multilayer of
physisorbed uracil (Figure 3 top spectra), it becomes
evident that adsorption leads to an almost rigid shift of
all six peaks by —0.5 eV. This shift is attributed to a
polarization screening by the substrate and is typical
for intact organic species on a metal substrate.”® The
uniformity of the shift is consistent with planar adsorp-
tion geometry with moderate metal—molecule interac-
tions suggested by our STM data. In the multilayer regime,
itis known that uracil is intact and in its canonical form, i.e,,
as the lactam tautomer;?® thus the same conclusion holds
for the present system: uracil adsorbs intact as a lactam
species at the Ag(111) vacuum interface.

Figure 4a shows C K-edge NEXAFS data of 1 ML of
uracil on Ag(111) at 300 K recorded at three photon
incidence angles 0 (defined relative to the surface
plane; see Supporting Information, Figure S1). The first
four sharp resonances A to D correspond to transitions
from C 1s to each of the first two available 7z* orbitals,
respectively. Resonance E exhibits an angular depen-
dence following the z* transitions; however it appears
in a region where transitions cannot be clearly distin-
guished; two broad o¢* resonances F and G occur
beyond the step edge of ionization (Figure 4a, gray
dashed lines). A summary of the assignments and
associated transitions is given in the Supporting In-
formation (Table S1), based on the comparison with
simulated NEXAFS3° of the gas phase uracil molecule
and experimental NEXAFS®® of condensed uracil. As
expected, both groups of 7* and o* resonances display
distinct dichroism in their angular dependence.

Since the C atoms are approximately coplanar, the
angular dependences observed in the C K-edge spectra
provide a powerful means of determining the orientation
of uracil with respect to the surface. Figure 4b presents
such an analysis for the principal 7* resonances A to D,
the observed normalized intensities being overlaid
with a best-fit theoretical curve (solid gray line) for
the molecular tilt angle (a) with respect to the surface.
(In principle, o* resonances may be subject to a similar

VOL.6 = NO.3 = 2477-2486 = 2012 ACNJANIC)

W N\

WWww.acsnhano.org

2479



analysis, but their larger width and the fact that they
are superimposed on the step background preclude
accurate fitting.) The normalized intensities of the 7*
resonances fit very consistently a uracil tilt angle of
10° 4 10°, indicating that the molecule is lying almost
flat on the surface (Figure 4c).

The findings of this spectroscopic study are in line
with the interpretation of our microscopy data. Per-
haps the only discrepancy with earlier STM studies of
uracil on inert surfaces, such as Ag(111),> Au(111),?'
and graphite,'®is that in this work at room temperature
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Figure 4. (a) Experimental C K-edge NEXAFS data acquired
at three angles of photon incidence, 6, for the 1 ML cover-
age of uracil on Ag(111) and respective fit analysis. (b)
Curve-fitting analysis of the photon angle dependence of
7r* resonances A to D to estimate the corresponding mole-
cule tilt angle, o. (c) lllustration of adsorption geometry of
uracil in the monolayer on Ag(111): the molecule tilt angle
with respect to the surface is ~10°.

we find poor long-range order, with relatively small
patches of different two-dimensional networks. This
could either arise from differences in experimental
conditions, as the present work was carried out under
ultrahigh vacuum rather than at the solid—liquid inter-
face, or be a consequence of the local nature of the
STM technique, which samples a minute surface area.

Uracil on Cu(111). The following section is splitinto three
parts: The first two describe the experimentally observed
chemical modifications of uracil in different tempera-
ture regimes, as it will be revealed by the subsequent XP
spectra; the third addresses the aforementioned chemical
modifications with ab initio calculations.

From 300 to 360 K. On the Cu(111) surface, structures
completely unrelated to those formed on Ag(111)
appear in the first layer. Deposition of ~0.3 to 0.8 ML
of uracil at room temperature on Cu(111) yielded a
surface with a mixture of two phases, a “tiare” (Figure 5)
and a “zigzag” (Figure 6) pattern imaged by STM at
room temperature. We will describe the self-assembly
of these phases before we proceed with the descrip-
tion of their dynamical interchange.

The tiare phase is a commensurate phase, as
evidenced by the lack of any moiré pattern, and its
rhombic unit cell (Figure 5a) can be described in
Wood's notation by a 9(v/3x+/3)R30° overlayer. This
means that on the (111) surface there is only one
symmetry domain. However, this is an intrinsically chiral
phase, as evidenced by the S and R “petal” orientation of
the tiare motif (Figure 5b—d). As such, it is a rare example

Figure 5. (a) STM image of submonolayer coverage of uracil on Cu(111) at ~300 K showing a domain of the tiare phase (I, =
0.13 nA, V; = 1201 mV). The Cu(111) high-symmetry axes and the superstructures' unit cell are indicated in orange. (b) Tiare
motif in STM images of an S-petalled domain (/; = 0.11 nA, V, = 857 mV) and (c) that of an R-petalled domain, indicated by the
green square in (a) (ly = 0.13 nA, V, = 1201 mV). (d) For comparison a photograph of an R-petalled tiare flower. (e) Tentative
model of tiare phase, corresponding to an area indicated by the red dotted line in (a), overlaid on the STM image (/,=0.13 nA,

Ve = 1201 mV).
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Figure 6. STM images of the “zigzag” phase of uracil
on Cu(111) at ~300 K showing (a) overview (I; = 0.11 nA,

. =857 mV) and (b) detail ([ = 0.13 nA, V, = 1250 mV). The
Cu(111) high-symmetry axes and the superstructures' unit
cell are indicated in orange.

of a nondensely packed two-dimensional chiral phase of
a nucleobase, other reported examples being guanine/
Au(111)®" and xanthine/Au(111).3% In the center of the
tiare motif and in between the petals, features of high
contrast are commonly observed (Figure 5c), which we
attribute to weakly bound diffusing molecules trapped in
the tiare nanocages. The tiare phase was observed in an
earlier study of uracil on Cu(111) at ~77 K and described
as “snow-crystal-like”,'” because in those STM images the
chirality could not be resolved. Besides achieving better
resolution, in ourimages we can resolve 30 distinct bright
protrusions per unit cell, as opposed to 18 in the previous
study.'” Each tiare flower consists of six pentamer petals.
In that earlier study it was concluded that the bright
protrusions correspond to single, intact molecules, their
round shape and apparent height indicating flat-lying
molecules and their separation being consistent with
hydrogen bonding. However, the proposed model'’
cannot be substantiated if we assume 30 intact, flat-lying
molecules per unit cell: the resulting molecular distances
are, in fact, too small for such a model to be consistent.

In the zigzag phase the molecular density is even
higher, the bright protrusions having oblong shapes.
This suggests tilted molecules, which interact strongly
with the underlying substrate. To understand the mix-
ture of the phases, we performed temperature- and
coverage-dependent STM measurements. We found
that the balance of the mixture is shifted with heating
this surface to just 320 K: only the tiare phase is ob-
served. The opposite effect in this balance comes from
increasing the coverage to a saturated monolayer: only
the zigzag phase was present after the preparation of a
saturated monolayer. This implies that both of these
phases must be made of the same molecular unit.

To identify this unit, we looked at the 1s core level
binding energies of the distinct atoms of our molecule
as done before. These are displayed in the bottom row
of spectra in Figure 3, and we find marked differences
relative to the case of the Ag(111) substrate. Most
prominent is the appearance of a new, additional peak
in the N 1s level shifted in binding energy by ~—2 eV
with respect to that of the intact protonated nitrogen.
We assign it to deprotonation of a single uracil
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nitrogen. This proton is not recaptured by the mole-
cule: The O 1s core level does not show any significant
change when compared to the multilayer of uracil,
apart from the shift associated with the metal surface
interaction. Furthermore, by close inspection of the C
1s core level we can identify the deprotonated N atom.
The peaks originating from atoms C5 and C6 (cf.
Figure 1a, marked in Figure 3 by blue and red,
respectively) are unaffected by the chemical transfor-
mation of the molecule, whereas peaks C4 and C2
(marked in Figure 3 by green and orange, respectively)
are both shifted downward by ~1 eV, reflecting the
rearrangement of electron distribution after the che-
mical change in the nearest neighboring N atom. Had it
been a deprotonation of the N1 site, the chemical shift
would be observed in the peaks corresponding to C2
and C6 atoms. Consequently, it is the N3 atom that
undergoes deprotonation, asitis also the case for uracil
and the closely related species, thymine, on the Cu-
(110) surface'®*® and in solution,** but not in the gas
phase, where the N1 atom is found to be more acidic.>®
However the authors of the last study argue also that
the stability of N3 is enhanced in polar solvents,
therefore tuning the deprotonation selectivity in a
biological environment. Our study shows that in the
case of metal-mediated deprotonation, it is the N3 site
that undergoes preferential deprotonation.

From the previous considerations, it is clear that the
tiare phase described above bears a nontrivial interac-
tion with the underlying substrate: it consists of uracil
molecules with the N3 atom deprotonated, and hence
we need to establish an atomistic structural model of
this phase. Given that the STM indeed shows roundish
protrusions, similar in shape to uracil/Ag(111), we can
assume flat-lying molecules and tentatively propose
the model shown in Figure 5e. It is a structure consist-
ing of homochiral pentamer “petals”, repeated with
6-fold symmetry (as dictated by the substrate sym-
metry) to generate a “tiare” motif. The resulting mo-
lecular structure is stabilized by hydrogen bonding,
N—H- - -O=C, and additional lateral interactions involv-
ing N~, C—H, and C=0 groups at the pentamer and
C—H and C=0 moieties between neighboring pentam-
ers. Uracil is an achiral molecule in the gas phase;
however its reduced symmetry turns it into chiral once
confined on a two-dimensional plane. It is noteworthy
that in the model proposed above the two chiral
domains consist of enantiopure uracil monomers de-
protonated at N3.

The STM images of the zigzag phase, on the other
hand, suggest a strongly tilted molecule. Indeed, this is
in accordance with NEXAFS measurements on the
saturated monolayer, which consists only of this phase.
Figure 7a shows the corresponding NEXAFS data at
three angles of photon incidence. The resonances
observed are assigned in the Supporting Information
(Table S2). Using the same curve-fitting analysis
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Figure 7. (a) Experimental C K-edge NEXAFS data acquired
at three angles of photon incidence, 6, for the 1 ML cover-
age of uracil on Cu(111) and respective fit analysis. (b)
Curve-fitting analysis of the photon angle dependence of
* resonances A to D to estimate the corresponding mole-
cule tilt angle, a. (c) lllustration of adsorption geometry of
uracil in the monolayer on Cu(111): the molecule tilt angle
with respect to the surface is ~65°.

procedure as for uracil on Ag(111), which provides the
photon angle dependence of 7* resonances A to D
(Figure 7b), we estimate the molecule tilt angle of the
zigzag phase to be ~65° (Figure 7¢).

By close inspection of the zigzag phase we find
that the longer axis of the molecular elliptical shapes
aligns along the high-symmetry axes. This is consis-
tent with PhD measurements, a powerful technique
for accurate determination of the adsorbate geome-
try, of uracil and the similar DNA base, thymine, on
Cu(110).""33 Both molecules are found to bind along
the close-packed direction of Cu. The close match of
the O—N"—O0 projected distances presumably drives
the binding to the Cu atoms of the close-packed rows
along the (110) direction. Figure 6b reveals also
features of different contrast in STM data; therefore
itis plausible that molecules with different adsorption
geometries are present. From the NEXAFS measure-
ments we deduce the average tilt of the molecular
ensemble to be ~65°; therefore, we can conclude that
this phase consists mainly of strongly inclined
molecules.

At the temperature of formation the presence of
diffusing Cu adatoms is known to play an important
role in the deprotonation and surface coordination of
compounds with carboxylic acid moieties***” and in
the surface coordination and adsorption of com-
pounds containing pyridyl groups.>®*° In the phases
described above there is no direct evidence for their
involvement in the structure. In the tiare phase the
intermolecular distance is too short to allow the in-
corporation of metal adatoms. In the zigzag phase, the
molecules have a high tilt angle, allowing uracil mol-
ecules to coordinate with both oxygen atoms and the
deprotonated N3 toward the surface, as also supported
by the DFT results presented below. However, it is
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Figure 8. Uracil XP spectra of (a) C 1s, (b) N 1s,and (c) O 1s
core levels corresponding to a saturated monolayer on
Cu(111) formed at 320 K (lower spectra) and after heating
the surface to 500 K (top spectra). Solid lines on top of
spectra mark the calculated binding energies of the core
levels corresponding to the two configurations of singly
(320 K) and doubly (500 K) deprotonated uracil on Cu(111).

possible that undercoordinated adatoms are impor-
tant in activating the N—H scission observed.”’

From 400 to 550 K. Heating the uracil monolayer on
Cu(111) to higher temperatures and monitoring the
N 1s signal (Figure 8b), one can primarily observe the
increase of the deprotonated N signal along with a
concomitant decrease in the molecular coverage
(Supporting Information, Figure S2). By 500 K only
deprotonated N is present, while a shift of —0.8 eV is
observed in the O 1s signal (Figure 8c) and the C 1s
shows a significant charge redistribution (Figure 8a).
Clearly, the uracil molecules after this heat treatment
are doubly deprotonated. Our spectroscopy data are
again comparable to the case of uracil on Cu(110)."

However, unlike the topography of uracil on Cu-
(110) after annealing to 400 K** no adsorption-
induced surface faceting was observed on Cu(111).
The corresponding topography observed in our STM
investigation is shown in Figure 9. Trilobed structures,
oriented along the (211) direction of Cu(111), appear
among less ordered mobile molecules and are stable
on the surface after heating in the range from 400 to
550 K. In the trilobed structures (Figure 9b) elliptically
shaped protrusions corresponding to the lateral di-
mensions of tilted single molecules are discernible.
Their separation along the [211] Cu(111) direction is
~4.5—4.7 A, whereas that along the close-packed [170]
is ~6 A, supporting that the trilobed structures consist
of tilted molecules in a similar local adsorption geom-
etry to that in the zigzag phase (Figure 6b).

Indeed the corresponding angular dependence
of NEXAFS reveals an average tilt angle of ~60°
(see Supporting Information Figure S3). However it is
striking that the doubly deprotonated uracil forms
close-packed structures, such as the ones of the trilobe.
Intuitively, we can rationalize the formation of such
2012
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Figure 9. STM images of 1 ML of the trilobed structure
(uracil on Cu(111) after heating to 500 K): (a) overview
(I, = 0.29 nA, V; = 2900 mV) and (b) detail (I, = 0.14 nA,
Vi = 1250 mV). The substrate high-symmetry axes are
indicated in orange.

dense packing with charge transfer from the substrate
metal. But having a tilted uracil molecule means that
both N atoms cannot be in close contact with the metal
surface. Hence most probably the electron charge is
relocalized on the uracil O atoms, both of which can be
in close contact with the surface.

DFT Modeling. In order to get deeper insight into the
uracil surface chemical bonding and electronic struc-
ture, we performed DFT calculations of singly and
doubly deprotonated single uracil molecules on
Cu(111). From these, the binding energies of the C 15,
N 1s, and O 1s core levels were computed and are
displayed above the corresponding experimental
spectra in Figure 8. The good agreement obtained in
the relative shifts between experimentally measured
and theoretically calculated core levels allows us to be
confident about the approximation of the ensemble of
adsorbed uracil radical molecules with an isolated
molecule and the current interpretation of the spec-
troscopy data.

Figure 10 shows the corresponding fully relaxed
adsorption geometries superimposed on the electron
density differences between the adsorbed molecule
on the Cu(111) and the corresponding uracil radical
and the pristine Cu(111) surface; for a one-dimensional
charge difference averaged along the surface plane
see Supporting Information Figure S4. As for the case of
uracil’ and thymine®® on Cu(110), the deprotonated
uracil is coordinatively anchored upright along the Cu
closed-packed direction in a tridentate configuration.
The smaller tilt angles derived by the NEXAFS analysis
reported above originate presumably from the inter-
molecular interactions in the self-assembled structures
and/or because of the coexistence of different local
adsorption modes. The binding energies of these con-
figurations are given by Eying = —(Euacivcu — Euracit —
Ec.), where “uracil” here refers to the uracil radical, and
are 3.433 and 4.438 eV for the singly and doubly
deprotonated molecules, respectively. The electron
density differences of the adsorbed uracil from the
radical molecules (Figure 10) in both cases exhibit
significant charge redistribution upon adsorption, with
a gain of electrons (red regions) and loss of them (blue)
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Figure 10. Three-dimensional representation of the elec-
tron density differences of (a) a singly and (b) a doubly
deprotonated uracil molecule on Cu(111) from the electron
density of the corresponding uracil radical and the pristine
Cu(111) surface. Red and blue regions indicate areas of gain
and loss of electrons, respectively.

in several regions. Moreover, the substrate atoms seem
to gain negative charge in the d,, and d, orbitals when
the molecule is adsorbed and lose from the d,. orbitals.
The Bader analysis gives a charge transfer of 0.6
electron to the molecules in the configuration shown
in Figure 10a (deprotonated at N3) and 1.1 electrons in
the configuration shown in Figure 10b (deprotonated
at both N1 and N3).

Such a scenario of electron charge shifting can
actually help interpret earlier reflection absorption
infrared spectroscopy (RAIRS) results of thymine on
Cu(110),** which showed that the C=0 vibrational
mode disappeared after annealing at 558 K, indicative
of the formation of strong bonds to surface atoms. The
PhD study of the same system revealed that thymine
preserves its tridentate adsorption geometry upon
annealing and creates doubly deprotonated thymine
molecules.3®* Moreover, PhD investigations of both
uracil and thymine on Cu(110) found the O—Cu dis-
tances to be comparable with the typical O—Cu dis-
tances of acetate species on the same surface, further
supporting the formation of molecular bonds between
0 and Cu.'?*3

Summary and Conclusions. We have performed a de-
tailed study of the first molecular layer of uracil on
close-packed noble metal surfaces using state-of-the-
art STM, synchrotron XPS, and NEXAFS coupled with
DFT, which provides a deep understanding of these
systems. We have found that on Ag(111) uracil adsorbs
almost flat, intact, and forms a densely packed hydro-
gen-bonded network with poor long-range order. This
is contrasted by the behavior on Cu(111), where uracil
deprotonates at the N3 site upon adsorption at room
temperature. Two different phases are revealed de-
pending on the local density of uracil. A tiare phase,
which prevails at low coverages where the presence of
bare Cu patches facilitate molecular diffusion, consists
of flat-lying monomers, thus maximizing the interac-
tion of the z orbitals of the molecule with the metal
surface. As the coverage increases, the molecule tilts
with respect to the surface with an average tilt angle of
~65°, accommodating a more dense layer in contact
with the Cu surface. By heating the saturated mono-
layer uracil film on Cu(111) to 500 K, also the N1 atom
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deprotonates, and a new type of trilobed nanostruc-
ture forms. A schematic overview of the overlayer
structures found is depicted in Figure 11.

Similarly to the different behavior of methionine on
Ag(111)* and on Cu(111),** we demonstrated the
importantance of the subtle increase in substrate
reactivity in tailoring the resulting nanoarchitectures.
Among the phases formed, we observed a tiare phase
forming chiral nanocages, which additionally feature
reactive sites in their inner periphery, thus making this
phase suitable for exploitation as a molecular recogni-
tion template. Finally, we addressed the gradual de-
protonation of the uracil N atoms and the occurring
charge redistribution within the molecule, providing a
coherent description of the uracil interaction with the

METHODS

STM experiments were conducted in Garching in a home-
made UHV chamber equipped with an Aarhus-type variable-tem-
perature STM, which was operated in constant-current mode
using chemically etched tungsten tips. STM images were
processed with WSxM.*® All lateral dimensions reported are
within an accuracy of <10%.

Synchrotron XPS and NEXAFS measurements were carried
out at the HE-SGM monochromator dipole magnet beamline
at the BESSY Il synchrotron radiation source in Berlin, which
provides light with a linear polarization of 90%. Spectra were
collected using a Scienta R3000 electron energy analyzer. The
angle between the analyzer entrance lens and the incoming
photon beam was 45° in the horizontal plane. To ensure that
our measurements were not compromised by molecular
beam damage, as it has been reported for this kind of
molecule,”” we performed our measurements in low-alpha
operation mode (beam current after injection 15 to 40 mA vs
300 mA in normal-mode operation). The absence of beam
damage was further confirmed by monitoring the consistency
of the data.

For the NEXAFS measurements at the C K-edge, N K-edge,
and O K-edge the partial electron yield mode of detection
(retarding voltages of 150, 250, and 450 V, respectively) was
used. All spectra were recorded at ~300 K and referenced
against a characteristic peak in simultaneously recorded spectra
of a contaminated Au grid. Spectra at each angle of incidence
represent an average of three to five spectra. Following a standard
procedure, we processed the raw data by subtracting the signal of
the bare crystal, then correcting for the transmission through the
beamline, and finally normalizing the edge jump to 1.

The excitation energies used for the acquisition of the N 1s,0
1s, and C 1s spectra were 550, 680, and 435 eV, respectively.
Photoelectron spectra were recorded in normal emission. The
binding energy scale of the XP spectra was calibrated against
the Ag 3ds,; line at 368.3 eV for the multilayer uracil film and the
uracil on Ag(111) data and against the Cu 3ps/; line at 75.1 eV for
uracil on Cu(111). For the XPS data fitting a Shirley plus linear
background was subtracted from the raw data, and Voigt
functions were used to fit the components. The width and
shape of the Voigt functions used were kept fixed for a given
core level at a given preparation.

The Ag(111) and Cu(111) surfaces were cleaned by repeated
cycles of Ar* sputtering (99.999%, Linde) followed by annealing
at 700 and 770 K, respectively, until clean, atomically flat
surfaces were obtained, as monitored by XPS (Berlin) or STM
(Garching). The temperature was monitored by T1T2 thermo-
couples (type K) directly attached to the single crystals. Uracil
(=99%, Sigma) was dosed onto the samples by means of an
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Figure 11. Schematic overview of the overlayer structures
formed by uracil on Cu(111) as a function of annealing
temperature.

metal surface. These chemical transformations are of
relevance in the biological environments, tuning the
interaction selectivity of particular sites of uracil.

organic molecular beam epitaxy source (vacuum sublimation
temperature of 420—470 K).

We performed DFT calculations using both the generalized
gradient approximation (GGA) of Perdew, Burke, and
Ernzerhof*® and the van der Waals density functional (vdW-
DF2)* accompanied with the C09 exchange functional.”®
Since the two methods yielded very similar results, we show
only the results from the GGA calculations. We modeled the
system within the slab geometry of a laterally rectangular
c(5x8) cell toisolate the molecule from its periodicimages and
four layers of substrate, of which the two uppermost were fully
relaxed. A dipole correction was used to correct for the
different asymptotic potentials at the different sides of the
slab. A 2 x 2 mesh of k points was used to integrate over the
Brillouin zone and Fermi-Dirac broadening of the occupation
numbers around the Fermi energy with a width sigma = 0.05
eV; the energies were subsequently extrapolated to zero
temperature. We used plane-wave expansion for the wave
functions in plane waves employing the Quantum ESPRESSO
code®’ with ultrasoft pseudopotentials®? to relax and analyze
the system and Vienna Ab-initio Simulation Package (VASP)*3
with the projector-augmented method®* for the core level
binding energies, removing half of an electron from the core
level and calculating the energetic distance's Kohn—Sham ei-
genvalue from the Fermi energy. The approximations led to an
error, which we expect to be, however, systematic and constant
for a given element.
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