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ABSTRACT: Although tautomerization may directly affect
the chemical or biological properties of molecules, real-space
investigation on the tautomeric behaviors of organic molecules
in a larger area of molecular networks has been scarcely
reported. In this paper, we choose guanine (G) molecule as a
model system. From the interplay of high-resolution scanning
tunneling microscopy (STM) imaging and density functional
theory (DFT) calculations, we have successfully achieved the
tautomeric recognition, separation, and interconversion of G
molecular networks (formed by two tautomeric forms G/9H
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and G/7H) with the aid of NaCl on the Au(111) surface in ultrahigh vacaum (UHV) conditions. Our results may serve as a
prototypical system to provide important insights into tautomerization related issues, which should be intriguing to biochemistry,

pharmaceutics, and other related fields.

B INTRODUCTION

Tautomerization of organic molecules, which involves migra-
tion of a hydrogen atom or proton and subsequent
interconversion of constitutional isomers, is proven to be of
great importance in directly affecting the chemical or biological
properties of molecules.' > Such tautomerization phenomenon
also extensively exists in DNA bases resulting in the presence of
a variety of noncanonical tautomeric forms which may be
responsible for base mismatch, mutagenesis, and further genetic
damage.” 1267 Moreover, the rapid interconversion also leads to
the coexistence of different tautomers with altered properties,
which is an obstacle for the further synthesis and purification.
Therefore, tautomerization related issues are fundamentally
important and challenging within diverse chemistry subdisci-
plines from conventional organic chemistry, biochemistry, over
pharmaceutical chemistry to the emerging surface chemistry.
Relevant spectroscopic and theoretical studies on the possible
tautomeric forms and their stabilities were performed, and
tautomeric identification and separation were also achieved in
the past few years.*”'* Recently, on-surface tautomerization
processes have also been explored in ultrahigh vacuum (UHV)
conditions and mainly concentrated on the systems of (1) free-
based naphthalocyanine,'® phthalocyanine,'® porphyrin,'” and
diamine'® molecules triggered by electron injection; (2)
porphycene molecule'””’ induced by the single atoms or
molecules located nearby or induced via the excitation of
specific molecular vibrations or thermal activation. The
previous studies mentioned above were mainly focused on
the tautomerization of single molecules. However, simultaneous
tautomerization of a whole molecular network, to our
knowledge, has been scarcely reported to date. It is therefore
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of great interest and also challenging to systematically explore
in real space the tautomeric recognition, separation and
interconversion in a larger area of molecular networks in a
facile manner, which is complicated for the traditional
experimental methods yet crucial to biochemistry, pharmaceu-
tics and other related fields.

Guanine (G) molecule is known to have many different
tautomers and the two most stable ones are the canonical G/
9H form and the noncanonical G/7H form®”*' as shown in
Scheme 1. It thus may provide us a model system to investigate
the tautomerization related fundamental issues of G molecules
on a solid surface. Based on the previous literatures” > and
also specifically our own work,” it is known that (1) NaCl
islands grown on substrates can be employed as a sort of
reactant to effectively interact with the guanine derivative
resulting in the formation of G-quartet-Na complex; (2) G-
quartet structure can only be formed by the canonical form (G/
9H). Thus, in this study, we try to explore the feasibility of
using NaCl as an aid (by facilitating the formation of G-quartet-
Na structure) to achieve tautomeric recognition, separation and
interconversion of G molecular networks (formed by two
tautomeric forms G/9H and G/7H) on a Au(111) surface. For
this kind of study, scanning tunneling microscopy (STM) has
proven to be the technique of choice, since it allows a direct,
real-space determination of surface molecular nanostructures
with submolecular resolution.”*™*> From the interplay of high-
resolution STM imaging and density functional theory (DFT)
calculations, we have successfully achieved the following. (1)
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Scheme 1. Schematic Illustration on the Formation of G-Quartet-Na Network Structure (Composed of the Canonical G/9H
Form) and the Formation of a Close-Packed Noncanonical G/7H Structure on Au(111), and the Interconversion between G/
9H and G/7H
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Figure 1. STM images and DFT-optimized structural model showing the formation of predominant G-quartet-Na network structure coexisting with
small patches of close-packed G/7H structure on Au(111) with the aid of sufficient NaCl (the NaCl/guanine ratio is higher than 1:4). (a) STM
image showing the formation of disordered nanostructures after deposition of G molecules on Au(111) at RT. (b) STM image showing the
appearance of a small island of G-quartet-Na structure after deposition of NaCl on the G-molecule-covered surface at RT. (c) Large-scale STM
image showing the formation of predominant G-quartet-Na network together with small patches of close-packed G/7H structure after gentle
annealing of the sample at 350 K. (d) Zoom-in STM image showing the coexistence of the G-quartet-Na network and the close-packed G/7H island.
(e, f) Close-up high-resolution STM images of the G-quartet-Na network with the DFT-optimized structural model superimposed, where hydrogen
bonds are depicted by dashed lines. H, white; C, gray; N, blue; O, red; Na, azure. Scanning conditions: I, = 0.6 nA, V, = =12 V.

Recognition and separation of the two G tautomers from a structure”® with the aid of NaCl, while the G/7H ones form the
mixture phase: the G/9H molecules form the G-quartet-Na close-packed structure.”’ (2) Interconversion between G/9H
11796 DOI: 10.1021/jacs.5b07314
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Figure 2. STM images showing the formation of comparatively large islands of close-packed G/7H nanostructure with small islands of G-quartet-Na
network structure on Au(111) when NaCl is insufficient (the NaCl/guanine ratio is much lower than 1:4). (a) STM image showing the coexistence
of small islands of G-quartet-Na and G/7H structures (highlighted by the white and green ovals, respectively) with the remaining disordered phases
after deposition of small amounts of NaCl on Au(111) at RT and further annealing at 350 K. (b) STM image showing the coexistence of
comparatively large islands of G/7H structure and patches of G-quartet-Na structure (highlighted by the white contours) after subsequent annealing

the sample at 420 K. Scanning conditions: I, = 0.8 nA, V, = =12 V.

and G/7H forms: G/9H can be converted to G/7H by thermal
treatment forming a tautomerically pure G/7H phase, and G/
7H can be converted back to G/9H which is trapped by NaCl
forming a tautomerically pure G-quartet-Na structure. (3)
Structural transformation from the G-quartet-Na structure to a
more open porous G;Na; one by further reaction with NaCL
These interesting results demonstrate the feasibility of making
use of NaCl as an aid to recognize, separate, and even convert
different G tautomers in a larger area of molecular networks,
which provides important atomic-scale insights into the
tautomerization related issues in a variety of fields ranging
from organic to surface chemistry.

B RESULTS AND DISCUSSION

Note that though it was previously shown that the formation of
empty G-quartet network is possible on Au(111),>**” it has
been indeed very difficult. Instead, we normally get a disordered
phase as shown in Figure 1a after deposition of G molecules on
Au(111) at room temperature (RT). As mentioned above, we
speculate that the difficulty in producing the empty G-quartet
structure might be attributed to the influence of tautomeriza-
tion since it is known that the tautomerization of G molecule
extensively exists in the gas phase, aqueous solution and solid
state.”” It can also be observed from the STM image that the
herringbone reconstruction of the Au(111) surface is not
influenced upon the adsorption of G molecules, and the
interaction between the G molecule and the surface is mainly
vdW forces as reported previously.””

After subsequent deposition of sufficient NaCl (the NaCl/
guanine ratio is higher than 1:4) at RT, interestingly, a small
island of G-quartet-Na structure (highlighted by the white oval)
appears as shown in Figure 1b, which is similar to the empty G-
quartet’®*” and the G-quartet-K*® structures. Furthermore,
after gentle annealing of the sample at ~350 K, surprisingly, we
observe the formation of predominant G-quartet-Na structure
together with small patches of the close-packed structure as
shown in Figure lc. From a zoom-in STM image (Figure 1d)
we could identify the details of the close-packed structure and
assign it to the G/7H phase (highlighted by the white contour).
The typical zoom-in STM image of the small patch (as shown
in Figure S1) is completely consistent with the DFT-optimized
G/7H structural model superimposed and also agrees with the
STM morphology of the pure G/7H structure as reported
previously”" (also shown in Figure S2). Close-up high-

resolution STM images of the G-quartet-Na network structure
(where Na is visible as a dot in the center which is more clearly
resolved in Figure S3) with the DFT-optimized model
superimposed are shown in Figure le, f. Comparison of the
relaxed gas-phase model with the experimental STM image
shows a good agreement. Similar to the mechanism proposed in
our previous work,” we identify that the formation of the G-
quartet-Na networks is attributed to the cooperative effect of
intraquartet hydrogen bonding and electrostatic ionic bonding,
and additionally, the interquartet hydrogen bonding further
stabilizes the whole network structure, resulting in a quite high
binding energy of 1.90 eV/molecule from our DFT
calculations. Note that in this process the annealing temper-
ature (~350 K) is much lower than that for inducing on-surface
tautomerization from G/9H to G/7H (which takes place at
~420 K),”" therefore the G/7H phase observed during this
process originates from the initially existing G/7H molecules in
the disordered phase. Thus, with the aid of NaCl, we have
successfully achieved recognition and separation of the two G
tautomers (i.e., G/9H and G/7H) from a disordered phase by
forming a G-quartet-Na structure and a close-packed G/7H
structure, respectively.

To further verify the necessity of NaCl in the process of
tautomeric recognition and separation, a control experiment
with insufficient NaCl dosage (the NaCl/guanine ratio is much
lower than 1:4) has been performed. After deposition of small
amounts of NaCl followed by G molecules on the surface at RT
and subsequent annealing at 350 K, coexistence of small islands
of G-quartet-Na and G/7H structures with the remaining
disordered phase is observed as shown in Figure 2a. Due to the
relatively high total surface coverage of both G molecules and
NaCl (~0.9 ML), diffusion of G molecules and NaCl may be
limited resulting in the incomplete reaction. After further
annealing the sample at 420 K (the temperature for G
tautomerization from G/9H to G/7H), as expected, all of the
NaCl islands are consumed by interacting with G/9H
molecules forming G-quartet-Na islands, and moreover, the
remaining unreacted G/9H molecules are converted to G/7H
ones together with the original G/7H molecules forming the
comparatively large islands as shown in Figure 2b. It is
worthwhile to note that no structural transformation is
observed after further annealing such a sample up to the
temperature of 500 K (as shown in Figure S4) (then both
structures desorb from the surface). Moreover, STM images
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Figure 3. STM images showing the complete conversion from close-packed G/7H nanostructure to G-quartet-Na network structure on Au(111)
when the NaCl/guanine ratio is higher than 1:4. (a) STM image showing the coexistence of close-packed G/7H nanostructure merely and NaCl
islands at RT. (b) STM image showing the formation of G-quartet-Na network structure with the remaining G/7H nanostructure after subsequent
annealing the sample at 440 K. (c) STM image showing the formation of entire G-quartet-Na network structure after further annealing the sample at

460 K. Scanning conditions: I, = 0.6 nA, V, = =12 V.

obtained after deposition of NaCl and G molecules with
different ratios and further thermal treatment at 420 K have
also been shown in Figure SS. Based on the above, we could
draw the conclusion that when NaCl is sufficient, all of the G/
9H molecules can be recognized and separated from G/7H
ones in a mixture phase, however, when NaCl is insufficient,
only part of the G/9H molecules can be separated and the
remaining ones are forced to convert to G/7H form after
thermal treatment.

As it is known that G/9H can be converted to G/7H,*' a
step further, it is of utmost interest to explore the feasibility of
reversing the conversion. We then first deposit G molecules on
the surface followed by subsequent annealing at ~420 K which
results in the formation of the tautomerically pure G/7H
structure as reported previously”' (also shown in Figure S2).
After further introduction of sufficient NaCl (the NaCl/
guanine ratio is higher than 1:4) onto the G/7H-covered
sample at RT (Figure 3a) followed by annealing at 440 K,
surprisingly enough, we observe the formation of G-quartet-Na
network structure coexisting with the remaining G/7H
structure as shown in Figure 3b. Higher annealing temperature
of 460 K results in a complete conversion from the G/7H
structure to the G-quartet-Na structure (Figure 3c). Thus, we
assume that at high temperatures two tautomeric forms G/9H
and G/7H keep on interconverting with migration of a
hydrogen atom or proton. Once the G/9H form encounters
NaC], it will be trapped by forming the thermodynamically
more stable G-quartet-Na structure. If there is no NaCl, during
cooling down of the sample G/7H form is trapped via the
formation of the close-packed structure (with binding energy of
1.4 eV/molecule as reported, which is more stable than the
empty G-quartet network without metal center by ~0.3 eV/
molecule).”’ In view of the above, we conclude that the
tautomeric conversion from G/7H to G/9H is also feasible
with the aid of NaCl where formation of the G-quartet-Na
structure is the key to allowing the G/9H form to be trapped in
this process. Thus, the tautomerization process between G/9H
and G/7H is proven to be reversible.

As the G/9H form is sensitive to NaCl, to gain further insight
into the interaction between G molecules and NaCl, we have
also managed to prepare a tautomerically pure G-quartet-Na
structure followed by dosing sufficient NaCl (the NaCl/
guanine ratio is higher than 1:1) as shown in Figure 4a.
Interestingly, further thermal treatment at ~520 K results in the
structural transformation from the G-quartet-Na structure to a
more open porous structure as shown in Figure 4b. A close-up

Figure 4. STM images showing the transformation from the G-
quartet-Na structure to a more open porous structure on Au(111)
when further reacting with NaCl. (a) STM image showing the
coexistence of the G-quartet-Na structure and the NaCl island at RT.
(b) Large-scale STM image showing the formation of a new porous
structure after annealing the sample at 520 K. (c, d) Close-up high-
resolution STM images of the porous structure with the DFT-
optimized gas-phase model superimposed, where hydrogen bonds are
depicted by dashed lines. H, white; C, gray; N, blue; O, red; Na, azure.
Scanning conditions: I, = 1.0 nA, V, = =12 V.

high-resolution STM image shown in Figure 4c provides more
details where the triangular elementary structural motif can be
identified, which is similar to the G3;K, motif reported
previously.” To gain atomic-scale insight into this new
structure, further DFT calculations are performed. As shown
in Figure 4d, a relaxed gas-phase model is superimposed on a
close-up STM image where a good agreement is achieved.
From the model we identify that the elementary motif is
composed of three G/9H molecules and three Na binding
together via electrostatic ionic bonding between Na and O/N,
and intermolecular hydrogen bonds further link the triangular
motifs into this porous structure. Such metal—organic motif is
similar to the reported structures based on three-metal
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center'*™** and the formed structure is the balance between the

electrostatic ionic bonding and the Na—Na electrostatic
repulsion. From the DFT calculations, we obtain the binding
energy of this structure (~1.96 eV/molecule), which is slightly
more stable than the G-quartet-Na structure (~1.90 eV/
molecule) indicating that this structural transformation is a
thermodynamic process, and this porous structure can endure
higher temperatures up to 600 K.

Note that, as reported previously, after heating the
surface (at ~400 K or even above), a large amount of Cl species
disappeared from the surface and the remaining ones may
diffuse into the bulk lattice. Since most of Cl species disappears
from the surface, the experimental results in the whole process
should be independent of the halide ion used. Also as reported
in our recent work,”® other alkali and alkaline earth salts like
KBr and CaCl, should also be feasible but less efficient for this
tautomeric recognition, separation and interconversion scenar-
io. Besides, the charge imbalance in the G-quartet-Na and
G;Naj structures may be accommodated in surface studies by
charge screening and the presence of image charges in the
conductive surface as reported.”>*

24-27

B CONCLUSIONS

In conclusion, from the interplay of high-resolution STM
imaging and DFT calculations, we have successfully achieved
(1) the tautomeric recognition, separation and interconversion
of G molecular networks with the aid of NaCl on the Au(111)
surface; (2) the fabrication of tautomerically pure phases, that
is, the G-quartet-Na phase and the G/7H close-packed phase,
respectively; (3) the structural transformation from a G-
quartet-Na structure to a more open porous G;Naj structure by
regulating the reaction temperature. These findings may serve
as a model system to provide fundamental understandings on
both chemically and biologically intriguing topics about
tautomerism.

B METHODS

All STM experiments were performed in a UHV chamber (base
pressure 1 X 107'° mbar) equipped with a variable-temperature, fast-
scanning “Aarhus-type” STM using electrochemically etched W tips
purchased from SPECS,**** a molecular evaporator and an e-beam
evaporator, and other standard instrumentation for sample prepara-
tion. The Au(111) substrate was prepared by several cycles of 1.5 keV
Ar” sputtering followed by annealing to 800 K for 15 min, resulting in
clean and flat terraces separated by monatomic steps. The guanine
molecules (purchased from Alfa-Aesar, purity >98%) and NaCl
(purchased from Sigma-Aldrich, purity >99%) were loaded into glass
crucibles in the molecular evaporator. After a thorough degassing, the
G molecules and NaCl were deposited onto the Au(111) substrate by
thermal sublimation at 390 and 630 K, respectively, and the sample
was thereafter transferred within the UHV chamber to the scanning
tunneling microscope, where measurements were carried out at ~150
K. All the STM images were further smoothed to eliminate noises.

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;** the Perdew—Burke—Ermzerhof GGA exchange-
correlation functional was employed,*” and van der Waals interactions
were included using the dispersion-corrected DFT-D2 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.
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Typical zoom-in STM image of the small patch of close-
packed structure after gentle annealing of the sample at
350 K with DFT-optimized G/7H structural model
superimposed in a good agreement; STM images
showing the formation of close-packed G/7H phase
after deposition of G molecules on Au(111) and further
annealing at 420 K; close-up STM image showing the G-
quartet-Na network where the Na is clearly visible as a
dot in the center; STM image showing the thermal
stability of the G-quartet-Na network structure and the
close-packed G/7H structure after annealing up to 500
K; STM images after deposition of NaCl and guanine
molecules with different ratios and further thermal
treatment at 420 K (PDF)
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