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Template cations have been extensively employed in the for-
mation, stabilization and regulation of structural polymorphism
of G-quadruplex structures in vitro. However, the direct addi-
tion of salts onto solid surfaces, especially under ultra-high-
vacuum (UHV) conditions, to explore the feasibility and univer-
sality of the formation of G-quartet complexes in a solventless
environment has not been reported. By combining UHV-STM
imaging and DFT calculations, we have shown that three differ-
ent G-quartet-M (M: Na/K/Ca) complexes can be obtained on
Au(111) using alkali and alkaline earth salts as reactants. We
have also identified the driving forces (intra-quartet hydrogen
bonding and electrostatic ionic bonding) for the formation of
these complexes and quantified the interactions involved. Our
results demonstrate a novel route to fabricate G-quartet-relat-
ed complexes on solid surfaces, providing an alternative feasi-
ble way to bring metal elements to surfaces for constructing
metal-organic systems.

The formation of G-quadruplex structures in vivo via stacking
of G-quartets, which requires template cations to interact with
the G-quartets involved, has been proven to be of significance
in cellular life processes, and thus has been an intriguing topic
for decades."™ NMR spectroscopy®'” studies have evidenced
that in solution, various template cations (normally from differ-
ent kinds of salts), ranging from monovalent cations (typically
alkali cations such as Na*, K*, Rb*) over divalent cations (like
alkaline earth cations, namely, Ca?*, Sr**, Ba’") to even triva-
lent lanthanide cations (like La*", Eu®"), may play important
roles in the formation, stabilization and regulation of structural
polymorphism of G-quadruplex structures. Recently, the G-
quartet structure has been attractive in the surface science
community. For example, several studies demonstrated that G-
quartet structures can be induced by Na* and K* cations from
salts and adsorb at liquid-solid interfaces, as revealed by ambi-
ent scanning tunneling microscopy (STM) with real-space mor-
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phology.""'? On the other hand, it has been shown by ultra-
high-vacuum (UHV) STM that an empty G-quartet network
structure™™ can be formed on the Au(111) surface, which
could be further stabilized by interacting with K atoms result-
ing in the formation of a G-quartet-K network structure.™™ Very
recently, an isolated G-quartet-Fe complex was also achieved
on an Au(111) surface under well-controlled UHV conditions."®
Note that in these cases, the metal atoms were brought onto
the surfaces to facilitate the formation of the G-quartet struc-
tures and stabilize them. To mimic solution chemistry, it would
be of utmost interest to directly add salts onto solid surfaces,
especially under UHV conditions, to explore the feasibility and
universality of the formation of G-quartet complexes in a sol-
ventless environment.

In this study, we have selected the 9-ethylguanine molecule
(shortened as 9eG, see Scheme 1) as a guanine (G) analogue
because: 1) the possible G/9H to G/7H tautomerization process
can be inhibited by modifying the ethyl group to the N9
site;'"”? 2) the 9eG molecule itself forms a G-ribbon structure
(see upper panel of Scheme 1 and Figure S1 of the Supporting
Information) rather than a G-quartet structure."® With respect
to the salts, it was recently reported that NaCl and LiCl thin
films grown on solid surfaces can directly interact with organic
molecules by providing cations and may then form ionic self-
assemblies,"®2" which is quite different from their traditional
application as insulating layers.”>> Inspired by this, herein,
NaCl, KBr and CaCl, (typical alkali and alkaline earth
salts)®> "2 gre transferred onto an Au(111) surface to facilitate
the subsequent investigation on the formation of possible G-
quartet-M complexes (where M denotes Na, K, and Ca, respec-
tively) in such a solventless UHV environment. From the inter-
play of sub-molecularly resolved UHV-STM imaging and density
functional theory (DFT) calculations, we have shown that three
sorts of G-quartet-M complexes can indeed be achieved on the
Au(111) surface, as schematically depicted in the lower panel
of Scheme 1. Charge-density difference and projected density
of states (PDOS) analyses qualitatively demonstrate the interac-
tions between M (i.e. Na, K, Ca) and 9eG molecules within G-
quartet-M complexes. Furthermore, Bader charge and binding
energy analyses allow us to identify the nature of the funda-
mental interactions involved (that is, electrostatic ionic bond-
ing between positively charged metals and negatively charged
oxygen together with intra-quartet hydrogen bonding), and
quantify the balance between these two interactions. As
a result, we find the stability of G-quartet-M complexes is in
the order of G-quartet-Ca> G-quartet-Na> G-quartet-K. These
findings demonstrate a novel route to fabricate G-quartet-relat-
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Figure 1. STM image and DFT-optimized structural model showing the formation of a G-quartet-Na complex on Au(111). a) Large-scale STM image showing
the formation of the close-packed structure of the G-quartet-Na complex. b) Close-up STM image providing more details of the structure, where two individu-
al G-quartet-Na complexes are depicted by the dashed contours. c) High-resolution STM image of the G-quartet-Na complex superimposed with the DFT-opti-
mized structural model. Scanning conditions: /,;=0.9 nA, V,=2.1 V. d) Top and side views of the DFT-optimized structural model of the G-quartet-Na complex
on Au(111). Au: yellow; H: white; C: gray; N: blue; O: red; Na: azure. e, f) Charge-density-difference maps of the complex showing the intra-quartet hydrogen
bonding and the interactions between Na and O [where four 9eG molecules are treated as four individual species in (e) at the isosurface value of 0.0023 eA~®
and as a whole (G-quartet) in (f) at the isosurface value of 0.0018 e A~*]. The red and blue isosurfaces indicate charge accumulation and depletion, respective-
ly. g) Simulated STM image of the complex at a bias voltage of 2.1 V.
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molecules and different salts on a solid surface. We first added
NaCl onto the Au(111) surface held at room temperature (RT),
and NaCl islands were observed to grow on the surface (Fig-
ure S2), as previously reported.”?® Then, 9eG molecules were
deposited onto the NaCl-precovered Au(111) surface and sub-
sequently annealed to ~350 K. Interestingly, the formation of
ordered close-packed nanostructures (at a coverage of ~0.9
ML) composed of G-quartet-Na complexes was successfully
achieved, as shown in Figure Ta. A close-up STM image (Fig-
ure 1b) allows us to identify the individual G-quartet-Na com-
plexes, as depicted by the dashed contours where the brighter
round protrusion and the darker part are attributed to the
tilted ethyl group and the guanine moiety, respectively. Note
that the central Na can only be visible in the special tip state,
as illustrated in Figure S3. The individual complexes bind with
neighboring ones via ethyl groups through weak van der
Waals (vdW) interactions and mainly form “four-leaf clovers”.
The bright protrusions in the center of the “four-leaf clovers”
may be attributed to the Cl decomposed from NaCl. To get fur-
ther insight into the complex, we performed detailed DFT cal-
culations based on the high-resolution STM image, as shown
in Figure 1c. The energetically most favorable structural model
involving the Au(111) substrate is shown in Figure 1d and also
superimposed on the STM image with a good agreement (Fig-
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ure 1c). Charge-density-difference maps (Figures 1e and 1f)
based on the structural model display the intra-quartet hydro-
gen bonds and the interactions between Na and four O atoms.
Furthermore, a corresponding STM image simulation (Fig-
ure 1 g) was performed at the same bias voltage as the experi-
mental one and a good agreement was also achieved.

We also changed the deposition order of NaCl and the 9eG
molecules and found that the formation of the G-quartet-Na
complex was not dependent on this. Coverage-dependent ex-
periments were performed as well, where the formation of iso-
lated G-quartet-Na complexes (at a coverage of ~0.2 ML) and
grid-like nanostructures composed of the complexes (at a cov-
erage of ~0.5 ML) was observed owing to the weak vdW inter-
actions among the tilted ethyl groups, as shown in Figure S4.
Different ratios of NaCl and 9eG molecules were tried and we
found that the formation of the G-quartet-Na complex has
nothing to do with the ratios.

To further investigate the universality of using alkali salts for
the formation of G-quartet-M complexes and compare other
systems with the case of NaCl, we added KBr onto the Au(111)
surface held at RT and KBr islands were observed, as shown in
Figure S5. The subsequent deposition of 9eG molecules (re-
gardless of the deposition order) and annealing to ~350K, as
expected, also resulted in the formation of similar ordered

Figure 2. STM image and DFT-optimized structural model showing the formation of a G-quartet-K complex on Au(111). a) Large-scale STM image showing the
formation of the close-packed structure of the G-quartet-K complex. b) Close-up STM image providing more details of the structure, where two individual G-
quartet-K complexes are depicted by the dashed contours. ¢) High-resolution STM image of the G-quartet-K complex superimposed with the DFT-optimized
structural model. Scanning conditions: /;=0.9 nA, V,=2.1 V. d) Top and side views of the DFT-optimized structural model of the G-quartet-K complex on
Au(111). Au: yellow; H: white; C: gray; N: blue; O: red; K: purple. e, f) Charge-density-difference maps of the complex showing the intra-quartet hydrogen
bonding and the interactions between K and O [where four 9eG molecules are treated as four individual species in (e) at the isosurface value of 0.0017 e A3
and as a whole (G-quartet) in (f) at the isosurface value of 0.0012 e A~*]. The red and blue isosurfaces indicate charge accumulation and depletion, respective-

ly. g) Simulated STM image of the complex at a bias voltage of 2.1 V.
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close-packed nanostructures composed of G-quartet-K com-
plexes, as shown in Figure 2a. The individual G-quartet-K com-
plexes can be identified from the close-up STM image (Fig-
ure 2b), as depicted by the dashed contours, and such com-
plexes bind with neighboring ones via ethyl groups through
weak vdW interactions as well. Based on the high-resolution
STM image, as shown in Figure 2 ¢, we performed detailed DFT
calculations, and the energetically most favorable structural
model involving the substrate is shown in Figure 2d and also
superimposed on the STM image with a good agreement (Fig-
ure 2¢). Charge-density-difference maps (see Figures 2e and
2f) display the intra-quartet hydrogen bonds and the interac-
tions between K and four O atoms. A simulated STM image
was obtained, as shown in Figure 2 g, and is also in accordance
with the experimental one.

To move a step forward and extend the generality of the
salts to different main-group elements, CaCl,—a typical diva-
lent alkaline earth salt—was added onto the Au(111) surface
held at RT, and CaCl, islands were observed, as shown in Fig-
ure S6. After subsequent deposition of 9eG molecules on the
Au(111) substrate (regardless of the deposition sequence) and
further annealing to ~350 K, ordered grid-like nanostructures
(like in the case of G-quartet-Fe)'® composed of G-quartet-Ca
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complexes were successfully formed, as shown in Figure 3a. A
close-up STM image (Figure 3b) allows us to identify the indi-
vidual G-quartet-Ca complexes, as depicted by the dashed con-
tours, and such complexes bind with neighboring ones via
ethyl groups as well. Based on the high-resolution STM image
(Figure 3¢), we performed detailed DFT calculations and the
energetically most favorable structural model involving the
substrate is shown in Figure 3d and also superimposed on the
STM image with a good agreement (Figure 3¢). Charge-densi-
ty-difference maps (Figures 3e and 3f) illustrate the inter-quar-
tet hydrogen bonds and the interactions between Ca and four
O atoms. A simulated STM image was obtained, as shown in
Figure 3 g, and is also in accordance with the experimental
one.

To gain a deeper insight into the interactions between metal
atoms and 9eG molecules within G-quartet-M complexes, the
PDOS of the metal atoms (i.e. Na, K and Ca) in the gas phase
on the s and p orbitals of the metal atoms and the PDOS of
the G-quartet-M complexes on Au(111) on the s and p orbitals
of the metal atom and four neighboring O atoms were calcu-
lated as plotted in Figure 4. By comparing these three rows we
could identify that the expected charge transfers from the
metal atoms to the four O atoms took place, as hybridization

Figure 3. STM image and DFT-optimized structural model showing the formation of a G-quartet-Ca complex on Au(111). a) Large-scale STM image showing
the formation of the grid-like structures of the G-quartet-Ca complex. b) Close-up STM image providing more details of the structure, where two individual G-
quartet-Ca complexes are depicted by the dashed contours. c) High-resolution STM image of the G-quartet-Ca complex superimposed with the DFT-optimized
structural model. Scanning conditions: [;=1.1 nA, V,=2.1 V. d) Top and side views of the DFT-optimized structural model of the G-quartet-Ca complex on
Au(111). Au: yellow; H: white; C: gray; N: blue; O: red; Ca: green. e,f) Charge-density-difference maps of the complex showing the intra-quartet hydrogen
bonding and the interactions between Ca and O [where four 9eG molecules are treated as four individual species in (e) at the isosurface value of 0.0025 e A=
and as a whole (G-quartet) in (f) at the isosurface value of 0.002 e A~°]. The red and blue isosurfaces indicate charge accumulation and depletion, respectively.
g) Simulated STM image of the complex at a bias voltage of 2.1 V.
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Figure 4. Top: Calculated projected density of states (PDOS) (in eV with respect to the Fermi energy E;) of the metal atoms in the gas phase on the s and p
orbitals of the metal atoms. Middle and bottom: Calculated PDOS of the G-quartet-M complexes on Au(111) on the s and p orbitals of the metal atoms and
the four neighboring O atoms, respectively. The Fermi level is marked as a dashed vertical line in each panel.

peaks of the p orbitals of metal atoms and the O atoms can be
observed (at about —2.2 eV for G-quartet-Na, —2.0 eV for G-
quartet-K, and —2.8 eV for G-quartet-Ca), and the density of
states of the central metal atoms are different from those of
the neutral ones in the gas phase (as the s orbitals move from
E- to —2.2eV for Na, Er to —2.0eV for K, and —0.46¢eV to
—2.8 eV for Ca), which is also confirmed by the charge-density-
difference maps displayed above.

From the above analyses of the PDOS and the charge-densi-
ty-difference maps we could qualitatively confirm that the
charge transfers occurred from the metal centers to the O
atoms within the G-quartet-M complexes. A further step would
be to identify the nature of the interactions and quantify the
driving forces for the formation of G-quartet-M complexes. We
then performed a Bader charge analysis based on DFT calcula-
tions, as shown in Table 1. The Bader charge analysis quantita-
tively indicates that: 1) in the empty G-quartet charge is accu-
mulated on the O atoms related to the intra-quartet hydrogen
bonds;" 2) within the G-quartet-M complexes on Au(111), all
three metal centers are positively charged (Na is in a +0.87
charged state, K is in a +0.84 charged state, and Ca is in
a + 1.58 charged state); 3) the four O atoms are all more nega-
tively charged after interacting with the metal centers; and
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Table 1. Bader charge analysis quantitatively showing the charged states
of the metal and O atoms in different environments.
Na/K/Ca (0]

9eG in the gas phase - —1.07
9eG on Au(111) - —1.05
G-quartet in the gas phase - -1.10
G-quartet on Au(111) - —1.15
G-quartet-Na in the gas phase 0.88 —1.17
G-quartet-Na on Au(111) 0.87 —1.15
G-quartet-K in the gas phase 0.87 —1.20
G-quartet-K on Au(111) 0.84 —1.18
G-quartet-Ca in the gas phase 1.57 —1.24
G-quartet-Ca on Au(111) 1.58 —1.21

4) the Au(111) substrate may partly screen such interactions re-
sulting in the overall neutrality of the whole system 202930
Note that similar systems based on tetracyanoquinodime-
thane (TCNQ) and carboxylate-functionalized molecules inter-
acting with NaCl/LiCl on Au(111) have also been reported, the
XPS data directly evidencing that charge transfers occur be-
tween Na/Li and the organic molecules resulting in the forma-
tion of Na'[TCNQ]/Li"[TCNQ]~, and dominantly Na*[TPA]*/

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. Binding energies of three different G-quartet-M complexes in the gas phase with the corresponding structural models.
G-quartet-Na G-quartet-K G-quartet-Ca
structural model M)ﬁy M"n t w
hydrogen bonding [eV] 3.95 3.96 3.95
electrostatic ionic bonding [eV] 232 1.81 2.70
total binding energy [eV] 6.27 577 6.65

Na " [BTA]*", ionic layers."®2" To compare this with our case, we
also performed a Bader charge analysis on one of the above
systems,"® that is, a Na-(TCNQ), structural motif on Au(111)
(Figure S7), where Na is also calculated to be in a +0.87
charged state, which is very similar to the case of the G-quar-
tet-Na complex. Thus, we can convincingly draw the conclu-
sion that the interactions between metal centers and O atoms
within G-quartet-M complexes should be attributed to electro-
static ionic bonding.!?*3”

To finally quantify the different interactions (i.e. intra-quartet
hydrogen bonding and electrostatic ionic bonding) involved
within these complexes, analyses of the binding energies of
the complexes were performed based on the gas-phase opti-
mized structural models, as depicted in Table 2. From the cal-
culations we could identify that the intra-quartet hydrogen
bonding within these complexes contributes almost the same,
about 3.95 eV (including the corresponding vdW interactions).
The electrostatic ionic bonding (including the corresponding
vdW interactions) between the metal centers and the O atoms
were calculated to be 2.32, 1.81 and 2.70 eV for G-quartet-Na,
G-quartet-K and G-quartet-Ca, respectively. As a result, among
these complexes, the G-quartet-Ca complex is the most stable
one with the highest binding energy of 6.65 eV. It is also no-
ticeable from the structural models that only K is bound above
the molecular plane, which may account for a lower electro-
static ionic and the final total binding energy (5.77 eV), as com-
pared to the case of the G-quartet-Na complex (6.27 V).

In conclusion, by combining high-resolution STM and DFT
calculations, we presented the formation of three different G-
quartet-M complexes on Au(111) using alkali and alkaline earth
salts as reactants in a solventless UHV environment. From the
detailed DFT calculations we identified that the driving forces
for the formation of G-quartet-M complexes are the coopera-
tive effects of intra-quartet hydrogen bonding and electrostatic
ionic bonding between the metal center and the oxygen
atoms; we further quantified the interactions involved. These
findings may serve as a prototypical system to investigate the
on-surface self-assembly or in situ chemical reaction process
by the direct introduction of salts, instead of metal atoms, and
may also open a promising way to effectively fabricate metal-
organic complexes or nanostructures on solid surfaces.
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