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anthine molecule (3,7-dihydropur-
Xine—2,6—dione, CsH4N40,, as shown
in Figure 1) is an intermediate in
nucleic acid degradation from the sponta-
neous or nitrosative deamination of gua-
nine, where the amine group of guanine is
substituted by an oxygen atom in
xanthine.! 3 Xanthine exists in both prokar-
yote and eukaryote cells and participates in
a large variety of functions in most human
body tissues and fluids, hence self-assembly
of xanthine molecules is of interest for the
study of biochemical processes. Further-
more, xanthine is a compound present in
the ancient solar system and is found in
high concentrations in extraterrestrial
meteorites.” It has recently been demon-
strated that this purine is one of the original
exogenous nucleobases abundant in pre-
biotic age on Earth*~® and may have been
one of the precursors for nucleic acids.” The
adsorption of xanthine molecules on inor-
ganic surfaces is therefore of interest for the
fundamental understanding of prebiotic
biosynthesis®> and may be of relevance to
the origin and evolution of life as well.”'°~'8
Guanine molecules adsorbed on solid
surfaces have been studied extensively un-
der ultrahigh vacuum (UHV), liquid and
ambient conditions using scanning tunnel-
ing microscopy (STM),'®~22 which makes it
possible to reveal the supramolecular archi-
tectures with molecular precision. It has
been demonstrated that guanine molecules
form supramolecular networks tiled in quar-
tets (four-molecule units) which are stabi-
lized by intermolecular hydrogen bonding.
Guanine is a prochiral molecule which can
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ABSTRACT Xanthine molecule is an intermediate in nucleic acid degradation from the
deamination of guanine and is also a compound present in the ancient solar system that is found
in high concentrations in extraterrestrial meteorites. The self-assembly of xanthine molecules on
inorganic surfaces is therefore of interest for the study of biochemical processes, and it may also be
relevant to the fundamental understanding of prebiotic biosynthesis. Using a combination of high-
resolution scanning tunneling microscopy (STM) and density functional theory (DFT) calculations,
two new homochiral xanthine structures have been found on Au(111) under ultrahigh vacuum
conditions. Xanthine molecules are found to be self-assembled into two extended homochiral
networks tiled by two types of di-pentamer units and stabilized by intermolecular double hydrogen
bonding. Our findings indicate that the deamination of guanine into xanthine leads to a very
different base pairing potential and the chemical properties of the base which may be of relevance to
the function of the cell and potential development of human diseases. Moreover, the adsorption of
xanthine molecules on inorganic surfaces leading to homochiral assemblies may be of interest for

the fundamental understanding of the emerged chirality at early stages of life.

KEYWORDS: hydrogen bonding - prebiotic earth - purine - scanning tunneling
microscopy - self-assembly

be adsorbed in an either face-up or face-
down adsorption configuration on the sub-
strates and thus induces a chirality of these
quartet structures.?’ However, the adsorp-
tion of xanthine molecules on surfaces is
much less studied. Only STM and atomic
force microscopy (AFM) results of xanthine
at a graphite—water interface or on gra-
phite and MoS, solid surfaces in air have
been reported,>** where two-dimensional
(2-D) domains of close-packed chain-like
motifs were observed.

In the present work, the adsorption of
xanthine has been investigated on Au(111)
under well-controlled UHV conditions using
a combination of high-resolution STM ima-
ging and state-of-the-art density functional
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Figure 1. (a) Adsorption-induced left-handed L-chiral and
(b) right-handed p-chiral ball/stick models of xanthine,
where carbon, hydrogen, oxygen, and nitrogen atoms are
shown in gray, white, red, and blue, respectively. Several
relevant binding sites of the molecules are numbered for
convenience as shown. (c) Calculated charge density dif-
ference plot of an individual xanthine adsorbed flat on the
Au(111) surface, showing the absence of charge transfer
between the surface and the molecule. (d) Simulated STM
image of a single xanthine molecule on gold demonstrating
its pseudotriangular appearance.

theory (DFT) calculations. Two new structures of
xanthine have been revealed, where xanthine mol-
ecules are self-assembled into two highly ordered
extended networks tiled by two types of di-pentamer
units and stabilized by intermolecular double hydro-
gen bonding between molecules. Strikingly, it is found
that the self-assembled xanthine structures are homo-
chiral, which may have implications for the emerged
chirality at early stages of life.

RESULTS AND DISCUSSION

Xanthine is prochiral upon adsorption (see Figure 1a for
t-chiral (left-handed) and Figure 1b for p-chiral (right-
handed) xanthine), which is similar to guanine. When
xanthine is deposited by thermal evaporation onto the
Au(111) surface kept at room temperature, each indivi-
dual molecule adopts a flat-lying geometry, as depicted in
Figure 1c. Depending on the deposition coverage, three
different adsorption structures are observed: (i) at low
coverages of 0.2—0.4 ML (ML = monolayer), two distinct
types of extended 2-D networks of xanthine are formed,
denoted as compact-zigzag (CZ) and sunflower structures
(shown in Figures 2 and 3, respectively); and (ii) at a
coverage of 04 ML or higher, large domains of a close-
packed chain-like structure are formed (see the Support-
ing Information). The chain-like structure is consistent
with the xanthine structures reported previously>** and
is very similar to the high-coverage structure observed for
guanine molecules.'®*'?? This chain-like structure can
also coexist with the CZ structure within the same
domains (see Supporting Information).
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Figure 2. (a) Large-scale STM image of the compact-zigzag
(CZ) structure, showing a well-ordered close-packed 2-D
domain of zigzag xanthine stripes. (I; = 0.26 nA, V; = 1250
mV). (b) Close view showing a formation composed of tiles
of di-pentamers in a single orientation, emphasized by the
white pentagons (I = 0.46 nA, V, = 884 mV). (c) High-
resolution STM image superimposed by the proposed DFT
model shown in Figure 5d, revealing that the network is
stabilized by inner- and interstripe double hydrogen bonds
(l;=0.65 nA, V, = 884 mV). (d) STM image of a bent double-
stripe xanthine filament on the Au(111), showing that the
CZ domains are developed from zigzag stripes (/; = 0.30 nA,
Vi =1250 mV).

'1|_1 in!

Figure 3. (a) Example of STM images of the sunflower
structure (named due to the characteristic 10-molecule
circular rings) showing a formation tiled by di-pentamers in
two orientations, marked in white and blue pentagons,
respectively (/.= 0.27 nA, V; = 1250 mV). (b) High-resolution
STM image of this xanthine structure with the DFT relaxed
structure superimposed (I = 0.33 nA, V; = 1250 mV). (c,d)
DFT calculated sunflower networks after full relaxation,
composed of L- and p-chiral xanthines, respectively. Dim
blue ovals highlight the characteristic 5—5 dimers (see text).

In all cases, each xanthine molecule appears in the
STMimage as a pseudotriangular feature similar to that
of a guanine molecule. This is consistent with the
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Figure 4. Most stable xanthine dimers and their stabiliza-
tion energies (without the BSSE) calculated using the DMol
package.

calculated STM image of an individual xanthine in
Figure 1d using a scattering method (see Supporting
Information) and is also in good agreement with
previous STM simulations of xanthine on graphite
based on total and partial electron density plots.?*
The resultant STM contrast is attributed to the interac-
tion between delocalized s-molecular orbitals of the
purine and the metallic electronic density of the Au
substrate. The underlying herringbone reconstruction
of the Au(111) substrate?” is still observed as a mod-
ulation of the corrugation over xanthine islands for all
different structures (e.g., Figure 2a).?® The charge den-
sity difference of an individual xanthine adsorbed flat
on the Au(111) surface, depicted in Figure 1c, also
indicates that there is no charge transfer between the
molecule and surface. The DFT results (to be discussed
below) show that a single xanthine molecule is physi-
sorbed on the Au(111) surface predominantly due to
van der Waals (vdW) interaction with an adsorption
energy of 0.57 eV. This is consistent with earlier experi-
mental and DFT results for other purine molecules such
as guanine,'??° cytosine,?”?® and adenine®**° on Au-
(111). To investigate the corrugation of the surface
potential for a single xanthine molecule and hence
calculate the corresponding diffusion barriers, we placed
the molecules at a distance of 3.5 A above the
gold surface (the optimum height calculated with the
vdW/DF method for the initial randomly chosen lateral
position) and translated it in steps of 0.1 A along several
directions across the surface (see the Supporting
Information). These DFT calculations show that the
change of the binding energy due to lateral displace-
ment of the molecule is indeed very small (of the order
of 0.03 eV), which indicates that xanthine molecules are
highly mobile on Au(111) at room temperature. There-
fore, the self-assembly of the xanthine networks is
predominantly driven by intermolecular interactions
rather than by molecule—substrate interactions.
Highly ordered domains of the CZ xanthine structure
are depicted in Figure 2a. In the high-resolution STM
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Figure 5. Models relaxed with our DFT method of (a) L-chiral
and (b) p-chiral compact-zigzag-1 and (c) L-chiral and (d) p-
chiral compact-zigzag-2 structures, where the relative shift
of the half rings is indicated by yellow arrows. Each penta-
gon is marked as explained in the text, with structures
composed of a-, &-stripes and (-, -stripes colored in pale
blue and white, respectively. Note that o- and S-stripes are
mirror images of o- and [-stripes, respectively.

image (Figure 2b), the unit cell is indicated with
dimensions of (1.4 + 0.1) x (2.0 & 0.2) nm? and the
acute angle of 63 + 2°. Very interestingly, we find that
the network is tiled by xanthine di-pentamers in a
single orientation composed of 8 molecules each. The
di-pentamer units are indicated by the white twin
pentagons in Figure 2b, with the borderline of two
neighboring di-pentamers emphasized by thick white
lines. This is clearly different from the assembly of
guanine molecules on Au(111), in which case the basic
building block consists of square-like guanine quartets
composed of 4 molecules.'*?%?>3'32 Black oval-shap-
ed pores are formed between the neighboring zigzag
stripes of xanthine as marked on the STM images. It is
noticed that these CZ structures are not reflection
symmetric. Two different configurations exist, referred
to as CZ-1 (Figure 2a,d) and CZ-2 (Figure 2b,c) and
distinguished by the relative positions of neighboring
stripes, depicted by the white arrows and half ovals in
blue and green, respectively. For CZ-1, the left half oval
is downshifted relative to its right half, whereas for CZ-
2, it behaves oppositely. Two configurations are found
to coexist in the same domain, for example, as in the
bent filament in Figure 2d, where the CZ-1 structure
above the inflection transfers into the CZ-2 structure
below it. The ability of xanthine molecular stripes to
bend is similar to that of, for example, cytosine
filaments.?® Some insight into the formation kinetics
of this striped structure is also revealed in Figure 2d;
that is, xanthine molecules are first stabilized into
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zigzag stripes and further packed sideways via inter-
molecular hydrogen bonding into extended islands.

Out of 14 tautomeric conformations of xanthine
molecules formed through either keto—enol trans-
formation or proton exchange in the ring containing
nitrogen atoms,*>** all models investigated in our
extended DFT calculations are based on the most
stable xanthine tautomer (see Supporting Inform-
ation). The stability of xanthine dimers has been
investigated by connecting two molecules with each
other via binding sites shown in Figure 1 in all
possible ways. The most stable dimers and their
binding energies (without BSSE correction®’) are
shown in Figure 4. The dimers of the same chirality
are labeled by the pair of binding sites which they are
connected with, for example, a 5—5 dimer composed
of two molecules linked with each other via the
common site 5. If one of the dimers is flipped, it is
shown by a bar above the site number (e.g., 7—6).
Dimers 7—7,7-5,3-7,3-3,3-5,and 5—5 were also
calculated using the SIESTA code,*® resulting in sta-
bilization energies of —0.87, —0.70, —0.66, —0.64,
—0.57, and —0.51 eV, respectively. The BSSE correc-
tion varies between 0.15 and 0.21 eV. Note that the
results of the SIESTA calculations are very close to
those of the DMol package®”® reported in Figure 4. It
is found that the most stable dimer is the 7—7 one,
whereas the other homochiral dimers found in the
compact-zigzag structure (and also in the sunflower
one; see below) are less stable. The 7—3, 5—7, and
3—3 dimers are less stable by about 0.2 eV, while the
dimers 5—3 and 5—5 are even less stable. Note that
besides the homochiral dimers, there are also hetero-
chiral dimers with high stabilization energies (e.g.,
7—4), as seen in Figure 4. This point is essential for our
further discussion on chirality of the observed
assemblies.

The DFT calculations reveal four different optimized
models for the CZ structure depicted in Figure 5,
although only two types of structures could be distin-
guished in our STM images. The models in Figure 5 with
the right half of each ring shifted upward relative to its
left half are consistent with the experimentally ob-
served CZ-1 structure shown in Figure 2a,d. They are
composed of either - or p-chiral xanthine molecules,
respectively, referred to as L-CZ-B (Figure 5a) and p-CZ-
o (Figure 5b). The models with the opposite shift of the
rings are consistent with the CZ-2 structure of
Figure 2b,c, referred to as 1-CZ-a (Figure 5¢) and pb-
CZ-$ (Figure 5d) for the two different chiralities, re-
spectively. (The definition of a, 3, @, and ﬁ is addressed
in the text below.)

In all of these structures, each xanthine molecule is
connected with its three neighbors via double hy-
drogen bonds, resulting in very stable configura-
tions. The interstripe hydrogen bonding is
facilitated by shared molecules via either double
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Figure 6. (a) Di-pentamer-c. and (b) di-pentamer-/; serve as
building blocks for the compact-zigzag and sunflower
structures. One-dimensional (c) a- and (d) 3-stripes com-
posed of the di-pentamer-o. and di-pentamer-j, respec-
tively. (e) One-dimensional stripe for the sunflower
structure composed of both di-pentamers following one
another. Types of the pentamers (a1, a2, 51, and 52) are
also indicated in each case. The primitive unit cells in all
cases are separated by dashed lines (c—e). All structures
correspond to p-chirality and were obtained by our DFT
calculations.

N—H---O (Figure 5a,d) or double N—H---N
(Figure 5b,c) hydrogen bonds. On the basis of a
significant number of structures investigated in our
DFT calculations, we conclude that if all molecules
involved are kept to be three-fold coordinated to
their nearest neighbors by double hydrogen bond-
ing to achieve the most stable formation, only the
homochiral networks fit the xanthine molecular ar-
rangement obtained experimentally. Note from the
calculations that the domains of L-chiral structures of
the CZ structure can coexist with the p-chiral ones on
the surface. If each of the CZ structures of p-xanthine
is flipped, it results in a mirror image composed of -
chirality xanthine: the b-CZ-a. (Figure 5b) gives rise to
L-CZ-a (Figure 5¢) and p-CZ-$ (Figure 5d) to L-CZ-
(Figure 5a). The relaxed cell dimensions for models in
Figure 5a,d and Figure 5b,c are 1.7 x 2.2 nm?and 1.7
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Figure 7. Geometries and density difference plots of a number of xanthine clusters with (a) two (dimer ?:77), (b) three, (c,g—i)
six, (d—f) five, (j,k) eight, and (I) 12 molecules. The density plots correspond to isosurfaces of +0.01e/A3 with the green
surfaces corresponding to regions of positive electron density difference (excess) and the red areas to regions of negative

electron density difference (depletion).

x 2.3 nm?, and the acute angles are 63 and 64°,
respectively, which are both in a very good agree-
ment with the experimental cell dimensions.
According to our DFT calculations, each CZ structure
consists of unit cells with 6 molecules and can be
considered as one-dimensional (1-D) zigzag stripe
compositions. It is sufficient to consider the p-chiral
models only, shown in Figure 6c,d, as L-models are
obtained simply by reflection. When parallel stripes are
brought together, 2-D self-assembled structures are
formed. One can see that both stripes consist of an
identical zigzag assembly formed by the particular pair
of xanthine molecules bound to each other via sites 5
(see Figure 1a,b). This particular 5—5 dimer is indicated
by the dim blue oval in Figure 6, as well as in Figures 3
and 5. Additional molecules are placed in the spaces
between the blue ovals, and two such molecules exist
in each unit cell. In fact, the particular orientation of
these two molecules is what makes the - and 5-stripes
(as depicted in Figure 6c,d) different. This is also why
the p-CZ-a (Figure 5b) and b-CZ-f3 structures (Figure 5d)
are different. The two stripes can be regarded as being
tiled by di-pentamer-a and di-pentamer-£ units (see
Figure 6a,b), respectively, which in turn consist of
pentagons a1, a2, and 31, 2. So, a single zigzag stripe
of the p-CZ-o structure consists of the pentagon
sequence ..-a1-a2-a1-02-.., while the sequence ..-
B1-$2-$1-p2... is characteristic of any stripe in the p-
CZ- structure. Hence, the L-chiral pentamer units in a
flipped conformation are denoted as &1, &2 and 81, 32.
In Figure 3a,b, STM images for the sunflower struc-
ture (named so due to the characteristic 10-molecule
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circular rings) are depicted. Each unit cell (marked by
the white rhombus) is composed of 12 molecules with
the dimensions of (3.0 £ 0.2) x (2.7 £+ 0.2) nm”and the
acute angle of 57 + 1°. Interestingly, it is noticeable
that the network is also tiled by di-pentamer units, but
in two orientations (marked in white and blue). Each
unit is also composed of 8 molecules with 2 molecules
shared between neighboring units as in the CZ struc-
tures. DFT models for the sunflower structure are
depicted in Figure 3¢,d. Different from the CZ structure,
both the di-pentamer-a. and di-pentamer-/3 units are
involved in this sunflower structure. Similarly to the CZ
structure, the most stable configuration here is also
formed by the homochiral xanthine structures. The
model in Figure 3c is composed of only t-xanthines,
while the mirror-image structure in Figure 3d is formed
by p-chiral molecules and obtained by flipping the
former structure. It should be stressed that we are not
able from STM images to distinguish between these -
and p-chiral structures. In Figure 3b, we have super-
imposed the p-chiral calculated model with a calcu-
lated unit cell of the dimension 3.2 x 2.8 nm? and the
acute angle of 56°, on the STM image, and the calcu-
lated model is in excellent agreement with the experi-
mental results. Twelve xanthine molecules exist in each
unit cell: 10 are involved in the sunflower ring structure
and two molecules serve as “connectors” between
rings, emphasized by yellow ellipses. As in the CZ
structure, each xanthine molecule including the con-
nectors is coordinated with its three nearest neighbors
interacting via double hydrogen bonds. Within the
ring, each xanthine molecule interacts with the
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TABLE 1. Stabilization, Interaction, Deformation, BSSE, and Per Molecule Stabilization Energies (in eV) for All Considered
Clusters: Each Column Corresponds to the Structure Shown in Figure 7

(a) (b) (0 (d) (e) U}
Esiab —0.66 —1.25 —3.06 —2.84 —2.68 —2.67
Eose 0.17 0.36 0.93 0.95 0.92 091
Eqet 0.07 0.15 0.36 0.28 0.33 0.34
Eint —0.73 —1.40 —342 —=3.13 —3.00 —3.01
Ernol —033 —0.42 —0.51 —0.57 —0.54 —0.53

TABLE 2. Stabilization, Interaction, Deformation, BSSE,
and Per Molecule Energies (in eV) of the Extended
Periodic Models

compact-zigzag-1 compact-zigzag-2 sunflower
Eqta —6.03 —585 -8
Epsse 1.67 1.65 335
Eget 1.38 1.21 2.58
Eine —7.41 —7.06 —14.39
Enal —1.01 —0.96 —098

neighboring two ring molecules in the same way as in
the CZ structure showing N—H- - - O bonds in the outer
andthe N—H- - -Nbond in the inner rings. One can also
regard this sunflower structure as packed by parallel
1-D stripes of zigzagged identical 5—5 xanthine di-
mers, as depicted in Figure 6e. One can recognize the
same di-pentamer-o. and di-pentamer-f building
blocks as in the CZ structure but tiling alternatively
the entire stripe via an infinite sequence ...-(52-41)-(a1-
2)-(2-1)-... of pentamers.

To understand in greater detail the formation of
these particular xanthine structures by the di-penta-
mers and in order to examine their stability, a large set
of different xanthine 2-D clusters and assemblies with
various numbers of molecules were calculated using
our DFT approach. We calculated formation energies
(per molecule) for a fairly large number of planar
clusters of xanthine molecules and compared them
with the corresponding energies for the extended CZ
and sunflower structures. For direct comparison, all
calculated structures were relaxed with either DMol or
SIESTA method. Although numerous structures have
been relaxed using the DMol package, including var-
ious pentamers and hexamers, only the SIESTA results
(which include the BSSE correction) are given below to
demonstrate the general trends. The geometries of the
considered xanthine clusters are shown in Figure 7. For
each system, we present a number of useful energies in
Table 1: Egap, the total stabilization energy; Eqer, the
deformation energy characterizing the energy loss all
molecules experience, as compared to the isolated
molecules when combined in the actual system; E;.,
the interaction energy calculated as the total energy of
the whole cluster minus energies of all constituent
molecules in the geometry of the combined system.
The stabilization energy is exactly equal to the sum of

YU ET AL.

(9) (h) 0] @ (k) U]
—3.36 —3.80 —3.66 —5.00 —5.17 —752

m 0.80 1.16 1.67 174 2.24

0.38 038 0.41 0.59 0.64 0.86
—3.74 —4.18 —4.12 —5.59 —5.82 —838
—0.56 —0.63 —0.61 —0.62 —0.65 —0.63

the latter two energies. We also present in each case
the stabilization energies per molecule, E,,, to facil-
itate a direct comparison between the different
structures.

In addition, in order to characterize the strength of
the hydrogen bonding between molecules in any of
the gas-phase structures, the electron density differ-
ence is shown, which is obtained by subtracting the
electron densities of every isolated molecule in the
structure from the density of the latter. These plots
present “kebab” structures between molecules of alter-
nating regions of depletion and excess of the electron
density, characteristic for the hydrogen bonding.®* In
all cases, the kebab structures are well-developed,
demonstrating strong double hydrogen bonds be-
tween any two molecules, as confirmed by the high
stabilization energies shown in Table 1. As the number
of hydrogen bonds per molecule increases, so does the
per molecule stabilization energy for the different
clusters in Figure 7: (a) a dimer has only 2 bonds; (b)
a trimer has 4; (c) the di-trimer has 10 hydrogen bonds;
(d—f) the pentamers have 10, as well; (g,h) these
structures contain 12 bonds in total; one of the mol-
ecules is fully saturated, that is, is three-coordinated; (i)
this hexamer also contains 12 bonds, however, neither
of the molecules is fully saturated; (j k) these di-penta-
mers have 18 bonds and two fully saturated molecules;
(I) this element of the sunflower structure contains 24
bonds with two molecules being fully saturated, as in
the previous two cases. It is revealed that in the larger
clusters the possibility of hydrogen bonding is in-
creased, leading to the increase of the stabilization
energy per molecule.

Clearly, the extended self-assembled CZ and sun-
flower structures consisting of all three-fold coordi-
nated molecules are expected to be more stable than
the finite xanthine clusters because in either of these
two structures the binding of each molecule with
neighbors is fully saturated via strong double
N—H---0 and N—H- - -N hydrogen bonding. To con-
firm this, the stabilization and other relevant energies
of extended compact-zigzag and sunflower structures
were calculated by SIESTA method. The SIESTA results
are shown in Table 2, which are consistent with the
results based on the DMol code. The stabiliza-
tion energies (per molecule) are found to be close to
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Figure 8. Electron density difference plots of (a,b) the pentamer (as shown in Figure 7d) and (d,e) the hexamer (as shown in
Figure 7i) calculated using (a,d) model A (at £0.01 electrons/A3) and (b,e) model B (at £-0.006 electrons/A3), respectively. The
green surfaces correspond to the regions of positive electron density difference (excess), and the red areas correspond to the

regions of negative electrons density difference (depletion). The calculated STM images of (c) the pentamer and (f) the

hexamer are both consistent with experimental results.

1.0 eV, and as expected, they are significantly larger
than the similar stabilization energies calculated for the
xanthine clusters above. This is because every xanthine
molecule in either of the periodic structures is fully
coordinated; that is, the hydrogen bonds are fully
saturated in the considered monolayers. Moreover,
we find that the stabilization energies per xanthine
molecule in each structure are very close (around
0.67 eV). For this reason and also because either
structure is composed of a similar number of hydrogen
bonds between the molecules, the probability to form
of any of these homochiral structural domains on the
surface are most likely identical.

The building blocks of the two extended structures,
that is, the xanthine pentamers and the hexamer
adsorbed on the Au(111) substrate, have also been
studied theoretically by our DFT SIESTA method on the
Au(111) substrate to provide direct comparison with
experimental STM images. In all cases, these xanthine
clusters were first relaxed in the gas phase, then placed
on the Au(111) surface and relaxed again using the
vdW/DF method. Two methods have been adopted to
characterize the electron density of the clusters on the
gold surface. (i) Method A: between the complete
system (molecules + gold surface) on the one hand
and all the individual parts (individual molecules and
the gold slab) on the other. (ii) Method B: a similar
approach is considered, however, instead of the in-
dividual molecules, their gas-phase clusters are con-
sidered as a whole. Method A is useful to visualize the
hydrogen bonding between molecules on the surface,
while method B clearly reveals the interaction of the
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cluster with the surface ignoring the redistribution of
the density between molecules due to the hydrogen
bonding between them. The density difference plots
using both methods for one of the three pentamers (as
shown in Figure 7d) and the hexamer (as shown in
Figure 7i) in the actual relaxed geometries on the gold
surface are shown in Figure 8a,b and 8d,e, respectively.
We notice that in all cases the kebab structures for the
xanthine clusters on the gold surface (Figure 8a,d) are
very similar to those in the gas phase shown in
Figure 7d,i. Also, the plots due to method B clearly
reveal that there is no charge transfer between the
xanthine molecules and the surface. These results are
consistent with the expected physisorption character
of the binding of the molecules to the surface, which is
predominantly due to the vdW interaction as men-
tioned above. Calculated STM images of the pentamer
and the hexamer are depicted in Figure 8¢,f, which are
both in good agreement with experimental STM re-
sults. Similar results for the other two pentamers
placed on the gold surface are given in Supporting
Information.

In fact, we find that the sunflower and CZ structures
can not only coexist on the surface in different
domains as described above but also combine with
each other within the same island, as depicted in
Figure 9a,b. The atomistic models explaining these
intricate possibilities, that is, of how these two struc-
tures can be connected with each other, are sug-
gested in Figure 9¢,d. Remarkably, the chirality of
xanthine molecules is preserved across each of these
mixed structures.
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Figure 9. STM images showing a combination of the sunflower structure (marked in white dashed ellipse) and the compact-
zigzag structure (emphasized by dark green rectangles). (a) Iy = 0.28 nA, V, = 1250 mV; (b) I, = 0.24 nA, V; = 1250 mV. (c,d)
Atomistic models showing examples of two possible connections between the sunflower and compact-zigzag structures.

A detailed analysis reveals that the sunflower and CZ
structures, on the whole, do not consist of the most
stable dimers. In particular, the 5—5 dimer (see Figure 4)
highlighted by a dim blue oval in Figure 5 is over 0.3 eV
less stable than the most stable 7—7 dimer, whose only
single occurrence (per unit cell) can be found in the o-
CZ- and L-CZ-f structures. The most frequent dimer
structure 3—7 in all three assemblies is approximately
0.2 eV less stable than the 7—7 dimer. Although one
can envisage that the most stable dimers 7—7 would
be formed first upon deposition of xanthine molecules
at room temperature, apparently upon the subsequent
annealing, these dimers would break up and others
would form, leading to the formation of CZ and sun-
flower structures as well as the corresponding mixed
structures. This rearrangement is facilitated by the
high mobility of the molecules (see Supporting
Information). Due to the huge number of possibilities,
itis not possible to prove that the observed structures
are the most energetically favorable. However, we
speculate that in these structures an overall balance is
established; if structures were based on the most
stable dimers like 7—7, this would need to involve
many much weaker connections, leading eventually
to the less favorable assemblies with overall smaller
binding energies (per molecule).

The adsorption-induced chirality of the xanthine
molecule may from the first sight resemble that of
guanine, where - and p-guanine molecules form
homochiral structures on the Au(111) surface upon
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evaporation at room temperature.'®?° However, in the
case of guanine, upon annealing a heterochiral struc-
ture composed of both L- (left-handed) and R- (right-
handed) chiral quartets of guanine can be formed.?
Since in the present case of xanthine it is not possible
to identify any heterochiral xanthine structural models
of comparable stability, which would agree with the
observed homochiral structures, we conclude that
formation of homochiral domains is strongly favored
in xanthine assemblies on the Au(111) surface.

CONCLUSIONS

We have demonstrated that, under well-controlled
UHV conditions, the xanthine molecules can be self-
assembled on the Au(111) surfaces into two distinct
structures tiled by two types of di-pentamers. There-
fore, the deamination of guanine into xanthine can
result in decomposition of the guanine quartet struc-
ture, leading to a totally different periodicity, packing,
and symmetry of the resultant structures. Furthermore,
we have shown that the extended xanthine self-as-
sembled structures are homochiral and that all mol-
ecules are three-fold coordinated to nearest neighbors
by intermolecular double hydrogen bonding.

It is well-known that environmental toxins, radia-
tion, or endogenous products can directly damage
DNA bases in vivo by spontaneous and nitrosative
deamination,' ~® resulting in mutagenesis upon repair
of affected DNA, which may cause cellular defects
implicated in a number of human diseases.>*3¢ Our

A N N 72n
VOL.5 = NO.8 = 6651-6660 = 2011 A@@L%{\j

WWW.acsnano.org

J1D1LdY

6658



findings therefore indicate that the deamination of
guanineinto xanthine leads to a very different base
pairing and the chemical properties of the base.
Replication of xanthine-containing DNA template
most frequently leads to T misincorporation, which
will lead to a G to A mutation in the genome,?” and
it may disrupt the guanine quartet structures
formed by the telomere sequences at the termini
of chromosomes. In the RNA, functionally impor-
tant secondary and tertiary structures may be
disrupted, leading to nonfunctional ribonucleic
complexes. Hence, base pairing properties of
xanthine play a very important role for the function
of the cell and potential development of human
diseases.

METHODS

All experiments were performed in a UHV chamber with a
typical base pressure of 1 x 10~ '° Torr and equipped with a
variable-temperature Aarhus STM*® as well as facilities for
single-crystal sample preparation. The Au(111) single-crystal
sample was cleaned by repeated cycles of 1.5 keV Ar' ion
bombardment and annealing to 850 K for 15 min. Xanthine in
powder form was purchased from Sigma-Aldrich and deposited
following a thorough degass procedure from a thermal eva-
porator held at 400 K onto the clean Au(111) sample kept at 300 K.
A postannealing of the sample at 350 K for 10 min was then
applied. All STM data presented here were collected in the
constant current mode in a temperature range of 110—150 K,
and an electrochemically etched polycrystalline W tip was used.

For most of the gas-phase systems, the first-principles DFT
calculations were performed using the DMol module in Materi-
als Studio.***" The generalized gradient approximation with the
PW91 density functional and a high-quality numerical basis set
were used. Separate calculations on a single molecule, various
pentamers and hexamers adsorbed on the Au(111) surface
were performed using the SIESTA method,*? also implementing
a localized basis set. In these calculations, the vdW/DF density
functional was used,’***** which takes self-consistently into
account the vdW interaction between the molecules and the
surface. The basis set superposition error (BSSE) correction has
been calculated in all cases considered with SIESTA using the
counterpoise correction method.** These calculations revealed
relatively strong binding of the molecules to the surface with
negligible lateral corrugation rendering molecules to be very
mobile at room temperature. This fact also justifies the gas-
phase models we adopted for verifying supramolecular assem-
blies. The STM images were calculated using the Nt_STM code
(NANOTIMES) based on the scattering method.*®

More detailed information on the methods used and the
discussion of the results are given in Supporting Information.
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More importantly, since xanthine is a purine which
may have existed in early Earth as a raw extraterres-
trial source, our findings may suggest that the ad-
sorption of xanthine on a simple inorganic grain
surface may have resulted in the formation of homo-
chiral self-assembled networks at early stages of life,
which might potentially have served as precursors
for oligonucleotide synthesis. Similar networks may
have formed on montmorillonite clay where the
extended patches of homochiral xanthine would
have ensured a high local concentration of homo-
chiral nucleobases known to undergo oligomeriza-
tion under these conditions.'*3® Further studies on
adsorption of organic molecules at clay surfaces
carried out at ambient conditions are in progress.

results on the high-coverage close-packed phase of xanthine on
Au(111); (2) theoretical gas-phase calculations, including com-
putational method and calculated stability of xanthine tauto-
mers; (3) calculations of xanthine molecules on the Au(111)
surface, including computational method, and results of a single
xanthine and xanthine clusters on the Au(111) surface. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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