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Tautomerization of nucleobases may induce
base mismatches resulting in the abnormal disturbance of
gene replication and expression, which has therefore
attracted widespread interests in many disciplines. Metal
atoms participating in a variety of important biological
processes are found to be able to affect the nucleobase
tautomerization as evidenced by many theoretical and
spectroscopic studies. To get the real-space evidence and to

Ni-induced
tautomeric
dehydrogenation

on Au(111)

unravel the underlying mechanism for the metal-induced tautomerization, especially from the keto form to the enol one,
the interplay of high-resolution scanning tunneling microscopy imaging/manipulation and density functional theory
(DFT) calculations has been employed. We present a process showing the Ni adatom-induced keto—enol tautomeric
dehydrogenation of thymine molecules on Au(111). The key to making such a process feasible is the Ni atoms which
greatly lower the energy barrier for the tautomerization from keto to enol form, which is rationalized by extensive DFT-

based transition-state search calculations.
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automerization, involving the transfer of a proton or

hydrogen atom of organic compounds, is a pervasive

phenomenon in biomolecules (e.g, amino acids and
nucleobases)”” and has significant impacts on various
functions of biomolecules in working biosystems. Generally,
nucleobases exist in their canonical forms in vivo which give
rise to the so-called Watson—Crick base pairing and further
govern high-fidelity replications of DNA molecules.” Never-
theless, tautomerization of nucleobases may induce base
mismatches resulting in the abnormal disturbance of gene
replication and expression.” In view of the potential biological
significance of nucleobase tautomerizations, a number of
studies have been performed to investigate the possible
tautomeric species and their relative stabilities under various
external stimuli. Among others, water” * has been proven to
play an important role in affecting the tautomeric stabilities of
nucleobases and further influencing the existence of non-
canonical tautomeric forms. Besides, metal atoms participating
in a variety of important biological processes are also found to
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be able to affect the nucleobases tautomerization as reported
by many theoretical and spectroscopic studies.””'> Moreover,
it has been theoretically proposed that the stability orders of
nucleobase tautomers could be greatly altered by the delicate
selection of different metal species.”'* Recently, scanning
tunneling microscopy (STM) has been employed to study the
roles of metals on the nucleobase tautomerization and revealed
that (i) Ni atoms are able to inhibit the formation of the
noncanonical G/7H form of guanine (G) molecules'® and (ii)
Na atoms could promote the conversion from the non-
canonical G/7H form of G molecules to the canonical G/9H
one.'® Most of the real-space studies are focused on the
formation of canonical forms of nucleobases, metal-induced
tautomerization from canonical forms to noncanonical ones,
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especially the well-known keto—enol tautomerization of
nucleobases has been less addressed.'” ™" It is therefore of
general interest to explore the metal-induced keto—enol
tautomerization of nucleobases and, more importantly, to
unravel the underlying reaction mechanism.

In this study, we choose a thymine (T) molecule as a
potential candidate to interact with metal atoms. As T
molecules contain diketo groups (02, O4) locating close to
two imino groups (N1, N3) (as illustrated in Figure 1), it thus
provides us a model system to explore the keto—enol
tautomerization. Subsequently, Ni atoms are selected to induce
the potential keto—enol tautomerization of the T molecule on
the basis of the following considerations: Ni atoms
preferentially coordinate to nitrogen atoms in comparison
with oxygen atoms,">'® which may catalyze the proton transfer
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Figure 1. Upper panel: Schematic illustration on the chemical
structure of the canonical keto form T/3 NH, the most stable
noncanonical enol form T/4 OH, and dehydrogenated enol form
T/4 O, and schematic illustration on the hydrogen-bonded T
dimer and the metal—organic T dimer. Middle panel: Close-up
STM images and the corresponding STM simulations super-
imposed with optimized models of hydrogen-bonded and metal—
organic T dimers. Lower panel: The corresponding top and side
views of the optimized models on Au(111). C, gray; N, blue; O,
red; H, white; Ni, indigo blue; Au, yellow (first layer) or brown
(second layer). Tunneling parameters for the left and right STM
image in the middle panel are V, = 1.25 V, I, = 0.47 nA and V| =
1.23 V, I, = 0.79 nA. The bias for STM simulation is 1.2 V.

from the imino to the keto group thus inducing the keto—enol
tautomerization. The Au(111) surface is chosen as the
template for the following reasons: In comparison with copper
surfaces, the Au(111) surface is relatively inert and normally
does not provide a lot of adatoms which may directly
coordinate with organic molecules. Besides, the corrugation
of the potential energy surface of Au(111) is sufficiently small,
allowing the molecules to easily diffuse on the surface and form
the self-assembled structures. On the other hand, the surface
itself can also be treated as a catalyst due to the 2D
confinement effect when molecules adsorbed on that, which
has shown to be able to lower the activation energy barriers of
in situ chemical reactions. From the interplay of high-resolution
STM imaging/manipulation and density functional theory
(DFT) calculations, we have explored a process showing Ni
adatoms induced tautomerization (i.e., from keto (T/3 NH)
form to enol (T/4 OH) one) and subsequent dehydrogenation
(enol T/4 O) of thymine molecules on Au(111) (cf. Figure 1).
The possible reaction pathways have also been rationalized by
DFT calculations, and the key to making such a tautomeric
dehydrogenation process feasible is the Ni atoms which greatly
lower the energy barrier for the tautomerization from keto (T/
3 NH) to enol (T/4 OH) and subsequently slightly facilitate
the dehydrogenation of enol (T/4 OH).

Deposition of T molecules on Au(111) held at room
temperature (RT) leads to the formation of previously
reported hydrogen-bonded T chains (Figure 2a).”” From the
high-resolution STM image (Figure 2b) together with the
overlaid DFT optimized model (Figure 2c), we identify that
the chains are composed of hydrogen-bonded T dimers (as
indicated by the blue contour in Figure 2b), where the T
molecules are in the canonical form. The canonical form of T
molecules is further verified by synchrotron radiation photo-
emission spectroscopy (SRPES) experiment, as shown in
Figure Slab in Supporting Information, which show single
peak for N 1s (B.E. = 399.8 eV) and O 1s (B.E. = 531.0 V)
that should be attributed to N—H and C=O species,
respectively.”” The SRPES data unambiguously reveals that
there are only N—H and C=O groups in the hydrogen-
bonded T chains, and no peaks related to pyridine N or —OH
groups are observed, which indicates that no keto—enol
tautomerization is involved within the hydrogen-bonded T
chains. Such self-assembled T chains stay unchanged after
annealing until the T molecules desorb from the Au(111)
surface.

Interestingly, if we introduce Ni atoms into the hydrogen-
bonded T chains with post-annealing at 390 K, another kind of
chain structure is formed as shown in Figure 2d. From the
close-up STM image (Figure 2e), we identify that such a
hybrid chain is composed of two kinds of alternating T dimers,
that is, the dim one (indicated by the blue contour) and the
bright one (indicated by the green contour). Closer inspection
allows us to identify that the dim ones resemble the hydrogen-
bonded T dimers both in the apparent height and the
morphology (cf. Figure S3), which should therefore be
assigned to hydrogen-bonded T dimers. The bright ones are
speculated to be related to metal—organic structures since they
never appeared before introducing Ni atoms. Based on the
above analysis, detailed DFT calculations including the
Au(111) substrate were carried out to unravel the atomic-
scale structures of the bright dimer and the hybrid chain. After
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Hydrogen-bonded T chains

Figure 2. (a—c) STM images showing the formation of hydrogen-bonded T chains at RT on Au(111). (a) Large-scale and (b) high-resolution
STM images showing that the chains are formed by the T dimer as indicated by the blue contour in (b). (c) The close-up STM image
overlaid with the DFT optimized model showing the chain is composed of hydrogen-bonded T dimers that are in the canonical form. (d—f)
STM images showing the formation of hybrid T chains after introducing Ni atoms and post-annealing at 390 K. (d) Large-scale and (e) high-
resolution STM images showing that the hybrid chains are formed by two kinds of alternating dimers as indicated by blue and green
contours, respectively. (f) The STM image overlaid with the DFT optimized model and the simulated STM image showing the chain is
composed of hydrogen-bonded T dimers in the canonical forms and the metal—organic T dimers in the tautomerically dehydrogenated
form. Tunneling parameters: (a—c) V, = 1.25 V, I, = 0.47 nA; (d—f): V, = 1.25 V, I, = 0.67 nA. The bias for STM simulation is 1.2 V.

an extensive structural search and comparison with high-
resolution STM images, we finally get an energetically
favorable model for the bright dimer as shown in Figure 1.
From this DFT relaxed model, we distinguish that the chemical
structure of T molecules has transformed from the canonical
keto (T/3 NH) form to the dehydrogenated enol (T/4 O)
one. After coordinating with Ni atoms, the molecules adopt a
slightly tilt adsorption configuration (cf. Figure 1), which
rationally accounts for the bright appearance of metal—organic
T dimers. These metal—organic T dimers and hydrogen-
bonded T dimers are further connected by two N—H--O
hydrogen bonds forming the observed hybrid chains, which is
also rationalized by the DFT optimized model and the STM
simulation (Figure 2f).

From the model of hybrid chains, we speculate that the
formation of metal—organic T chains would be possible if we
remove the hydrogen-bonded T dimers without perturbing the
metal—organic T dimers. Expectedly, annealing the hybrid
chain structures at 410 K for 1S5 min indeed results in the
formation of pure metal—organic T chains as shown in Figure
3a, which is also rationalized by the DFT optimized model and
the STM simulation as shown in Figure 3b. STM
manipulations allow us to controllably remove a metal—
organic T dimer from the chain (Figure 3c) or induce a
dislocation of the T dimer as a whole (Figure 3d). These
processes also indicate that the metal—organic interaction
within the T dimer is stronger than the hydrogen bonds in
between the T dimers. It should be mentioned that the
dislocation of metal—organic T dimers with respect to the
straight chain also exists in the original metal—organic chains,
as shown in Figure S4, and such a configuration is also
stabilized by the double N—H:--O™ hydrogen bonds between
the T dimers. From the model in Figure 3b, the metal—organic
dimers are formed by two dehydrogenated T/4 O molecules
coordinating with two Ni atoms at N3 and O2 site, and then
the metal—organic T dimers bind together by the N(1)—H:-

Figure 3. STM images showing the formation of metal—organic T
chains after annealing the hybrid chain-covered surface at 410 K.
(a) Large-scale and (b) high-resolution STM images overlaid with
the DFT optimized model and the simulated STM image showing
that the chains are formed by the metal—organic T dimer as
indicated by the green contour in (b). (c, d) Lateral STM
manipulations showing the metal—organic T dimer moving as a
whole. Tunneling parameters: (a—d) V, = 1.23 V, I, = 0.79 nA. The
bias for STM simulation is 1.2 V.

O(4)™ hydrogen bonds to form the observed metal—organic T
chains. To further verify such a model, we performed SRPES
analysis on the metal—organic T chains, as shown in Figure SI.
Compared with one single peak of N 1s within hydrogen-
bonded T chains, the N 1s core level spectrum of the metal—
organic T chains was fitted with two peaks (B.E. = 400.5 and
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Figure 4. DFT calculated reaction pathways for the tautomerization process from keto T/3 NH to enol T/4 OH without and with the Ni
atom on Au(111). DFT calculated pathways without Ni, with Ni coordinating with O4 as the initial state, and with Ni coordinating with 02
as the initial state are indicated by green, blue, and red lines in the right panel, respectively, and the corresponding models are shown in the
left panel. Relative energies of the local minima (initial state (IS), final state (FS)) and the transition states (TS) along the reaction path are

given with respect to the IS.
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Figure S. DFT calculated reaction pathways for the dehydrogenation process from enol T/4 OH to T/4 O without (see the green line) and
with (see the blue line) the Ni atom on Au(111). Relative energies of the local minima (IS, FS) and the transition states (TS) along the
reaction path are given with respect to the initial state IS. The corresponding models are shown in the upper and lower panels in the left

panel, respectively.

398.9 eV with equal intensity). The contributions for the
binding energy of 400.5 €V/398.9 eV should be assigned to the
pyridine N coordinating with Ni atoms®* and N—H group
forming strong N—H---O~ hydrogen bonds.”® The appearance
of the pyridine N-related peak indicates that keto—enol
tautomerization occurs.

Similarly, we also observed two predominant peaks of O 1s
core level spectrum (B.E. = 531.4 eV/530.5 V), which should
be attributed to C=0O group coordinating with Ni atoms™’
and C—O~ group forming N—H--O~ hydrogen bonds.*®
Again, no apparent peak related to —OH groups is observed
indicating dehydrogenation of T molecules from T/4 OH to
T/4 O. The combination of N 1s and O 1s SRPES data reveals
that the introduction of Ni atoms should have induced the
tautomeric dehydrogenation of T molecules from T/3 NH to
T/4 O.

To unravel the underlying mechanism for such a nickel-
induced tautomeric dehydrogenation process, extensive DFT-

based transition-state searches are carried out to discover
possible reaction pathways. First, we calculate the possible
reaction pathways for direct dehydrogenation from the
canonical T/3 NH form to T/3 N on Au(111) without and
with Ni atoms as shown in Figure SS. The calculated reaction
energy barriers for these two processes are determined to be
2.07 and 1.88 eV, respectively, which is obviously too high in
comparison with the experimental conditions (annealing the
sample at 390 K). According to the previous study by
Furukawa et al,”® tautomeric dehydrogenation reaction is
proposed to occur on guanine (G) molecules due to the
existence of the neighboring keto group (C=0) and imino
group (N—H). Inspired from that, we speculate that the
tautomeric dehydrogenation of T molecules might also
undergo similar processes due to the similar peripheral
functional groups.

On the basis of the above speculation, DFT-based transition-
state searches are further performed to figure out a rational
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Figure 6. DFT calculated reaction pathway for the formation of a metal—organic T dimer on Au(111). Relative energies of the local minima
(IS, FS) and the transition state (TS) along the reaction path are given with respect to the initial state IS.

tautomeric dehydrogenation process. First, we calculated the
possible reaction pathways for the tautomerization from keto
T/3 NH to enol T/4 OH without and with Ni atoms on
Au(111) as shown in Figure 4. It is seen that the calculated
energy barrier for this tautomerization process is determined to
be 1.61 eV without the Ni atom (cf. the green line). While,
interestingly, by introduction of a Ni atom into this process,
the energy barriers dramatically decrease to 0.85 eV (cf. the
blue line) or 0.42 eV (cf. the red line), respectively, depending
on the initial coordination site between the T molecule and the
Ni atom. Second, we calculate the energy barrier for the
dehydrogenation process from enol T/4 OH to T/4 O without
and with the Ni atom on Au(111) as shown in Figure S. It is
found that the energy barrier is also reduced from 1.35 eV (cf.
the green line) to 1.16 eV (cf. the blue line) with the assistance
of the Ni atom. Finally, we calculate the energy barrier for the
formation of a metal—organic T dimer on Au(111) as shown
in Figure 6. The energy barrier is determined to be only 0.16
eV, and this process is exothermic by 1.37 eV, which indicates
the formation of experimentally observed metal—organic T
dimers experiencing from a Ni-induced tautomeric dehydro-
genation process is thermodynamically favorable on the
Au(111) surface.

The presented data are performed under well controlled
UHV conditions on a single crystal surface, which is a rather
simplified model system in comparison with the real biological
system. From the literature,”” it was shown that the Ni often
exists in the form of Ni*" in cells. From our XPS experiments
and Bader charge analysis (cf. Figure S1 and S2), it is shown
that Ni is positively charged by +0.67 e within the metal—
organic T chains on Au(111). To further mimic the
biologically relevant system, we need to consider the influence
of other factors, like water. Along this direction, we have
previously studied the role of water in other nucleobase-related
systems and identified the rare guanine tautomer induced by
water.® Also, from the literature,”® it was shown that water-
soluble Ni salts penetrated cells poorly and therefore were not
carcinogenic in many living bodies, which indicated that water

may play positive roles in inhibiting the water-soluble Ni salts
to attack cells and further induce DNA damage. The Ni**
existed in the form of hydrated ions in cells. The hydrated Ni**
has been proven to have no effect on DNA damage,”” but the
introduction of H,O, may induce DNA damage. So, it would
be very interesting to further introduce H,0O or H,O, into the
system investigated here to study the role of Ni together with
water in the nucleobases tautomerization.

In conclusion, from the interplay of high-resolution STM
imaging/manipulation and systematic DFT calculations
together with SRPES/XPS experiments, we have provided
real-space experimental evidence on the metal-induced
tautomeric dehydrogenation process. These findings provide
fundamental hints into the role of metals in affecting the
nucleobase tautomerization, which may also help to gain
deeper understandings of more biologically relevant processes
from a single-molecule level.

All STM experiments were performed in a UHV chamber (base
pressure 1 X 107'° mbar) equipped with the variable-temperature,
fast-scanning “Aarhus-type” STM,”**" a molecular evaporator and an
e-beam evaporator, and other standard facilities for sample
preparation. The Au(111) substrate was prepared by several cycles
of 1.5 keV Ar" sputtering, followed by annealing to 830 K for 15 min
resulting in clean and flat terraces separated by monatomic steps. The
thymine molecules (purchased from Sigma-Aldrich with purity >98%)
were loaded into a quartz crucible in the molecular evaporator. After a
thorough degassing, thymine molecules were solely deposited or
thymine molecules and Ni atoms were co-deposited onto the clean
Au(111) surface held at RT. During deposition of thymine molecules,
the molecular evaporator was held at 350 K. There is no
thermocouple connected with e-beam evaporator, and we deposit
Ni atoms by keeping the emission current at about 8 mA and the high
voltage at 1.0 kV for 1 min. The sample was thereafter transferred
within the UHV chamber to the STM, where measurements were
carried out over a temperature range of 120—150 K to stabilize the
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formed nanostructures. The electrochemically etched, polycrystalline
W STM-tip was used for collection of data in this manuscript. The
lateral manipulations were carried out in a controllable line-scan mode
under specific scanning conditions (by increasing the tunnel current
up to approximately 2.0 nA while reducing the tunnel voltage down to
approximately 10 mV). During annealing of the sample, the
temperature is detected by a thermocouple connecting on the heating
stage.

The calculations were performed in the framework of DFT by
using the Vienna ab initio simulation package (VASP).*>** The
projector augmented wave method was used to describe the
interaction between ions and electrons,>*** and the Perdew—
Burke—Ernzerhof generalized gradient approximation exchange—
correlation functional was employed,36 and van der Waals (vdW)
interactions were included using the dispersion-corrected DFT-D3
method of Grimme.?” The atomic structures were relaxed using the
conjugate gradient algorithm scheme as implemented in the VASP
code until the forces on all unconstrained atoms were <0.03 eV/A.
The simulated STM images were obtained by the Hive program based
on the Tersoff—-Hamann method. The climbing image nudged elastic
band was applied to locate the transition state, and the transition path
was optimized until the forces acting on the path were typically <0.03
eV/A. The unit cells of DFT calculations for hydrogen-bonded T
dimer and metal—organic one in Figure 1 are a = 1.32 nm, b = 1.52
nm, @ = 90° and 4 = 2.02 nm, b = 2.02 nm, a = 90°, respectively. The
unit cells of DFT calculations in Figure 2¢,d are a = 1.32 nm, b = 1.52
nm, @ = 90° and a = 2.08 nm, b = 2.08 nm, a = 92.2°, respectively.
The unit cell of DFT calculations in Figure 3 is a = 1.26 nm, b = 1.89
nm, @ = 104.18°. The unit cells in Figures 4 and S are a = 1.44 nm, b
=144 nm, a = 120°% a = 1.32 nm, b = 1.52 nm, & = 90°, respectively.
The unit cell in Figure 6 is a = 2.02 nm, b = 144 nm, a = 120°.

The SRPES experiments were performed at the Catalysis and
Surface Science Endstation at the BL11U beamline in the National
Synchrotron Radiation Laboratory (NSRL) in Hefei, China.’® The
sample was transferred from the STM chamber to the endstation by a
transport suitcase with a getter pump to keep the pressure under S X
107 mbar. The core level spectra of N 1s, O 1s were recorded with a
VG Scienta R4000 analyzer using synchrotron radiation light. N 1s, O
Is core level spectra were taken with photon energies of 500 and 590
eV, respectively. The photon energies were calibrated and referenced
to the Au binding energy of a sputter-cleaned Au substrate. Before
every scan of the N 1s and O 1s spectra, we also measured the Au
binding energy of the Au substrate for calibration. The Ni 2p;),
spectra were recorded with the same VG Scienta R4000 analyzer by
using a monochromatic Al Ka X-ray source with the photon energy of

1486.6 eV.
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