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ABSTRACT Although the G-quartet structure has been extensively inves-

STM image of G-quartet-Fe complex

tigated due to its biological importance, the formation mechanism, in particular, -

the necessity of metal centers, of an isolated G-quartet on solid surfaces remains
ambiguous. Here, by using scanning tunneling microscopy under well-controlled
ultra-high-vacuum conditions and density functional theory calculations we
have been able to dlarify that besides the intraquartet hydrogen bonding a
metal center is mandatory for the formation of an isolated G-quartet.

Furthermore, by subtly perturbing the local coordination bonding schemes

Simulated STM image and relaxed model
of G-quartet-Fe complex

within the formed G-quartet complex via local nanoscale scanning tunneling microscopy manipulations, we succeed in modulating the d orbitals and the

accompanying magnetic properties of the metal center. Our results demonstrate the feasibility of forming an isolated G-quartet complex on a solid surface and that

the strategy of modulating electronic and magnetic properties of the metal center can be extended to other related systems such as molecular spintronics.
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ver since its identification in 1962," the

guanine quartet (G-quartet) structure

has attracted enormous attention
in many different fields ranging from struc-
tural biology to biochemistry and recently
to surface physical chemistry.>™® The
G-quartet is a planar macrocycle formed by
four Hoogsteen paired G molecules, and in a
cellular environment, G-quartets can stack
on top of each other with template cations in
between to form the so-called G-quadruplex,
which has proven to be crucial for several
biological processes.>*”~1° Recently, it has
been shown that the G-quardruplex can be
stabilized by small molecules and then vi-
sualized in human cells.*° In liquid or at
solid—liquid interfaces, metal cations are
usually needed to stabilize the G-quartet
structures.>'""'* Some conformationally
constrained G analogues can also self-
assemble into empty G-quartets due to steric
hindrance."”~"” On solid surfaces, it has
been shown that empty G-quartet network
structures can be self-assembled on Au(111)
by unfunctionalized G molecules,'®' and

WANG ET AL.

later on these network structures were used
as templates to investigate the interac-
tions between G molecules and potassium
atoms.?>?" As a simple model system, how-
ever, an isolated G-quartet structure with-
out additional large functional groups is yet
to be formed on solid surfaces under ultra-
high-vacuum (UHV) conditions, which would
allow for the atomic-scale real-space investi-
gation of the fundamental interactions and
intrinsic properties in the absence of dis-
turbing factors. More importantly, it is even
still ambiguous whether metal centers are
needed in such a formation process. It is
therefore of great interest to explore if
and how an isolated G-quartet structure
can be formed on surfaces under UHV
conditions to reveal the detailed formation
mechanism and moreover to investigate
the fundamental interactions and physical
and chemical properties of such a biologi-
cally relevant model system at the atomic
scale.

In this work, a 9-ethylguanine (9eG) mo-
lecule is chosen for the purpose of structural
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mimics of a natural G nucleoside; also, the ethyl group
screens the possible interquartet hydrogen bond-
ing."®'® The Fe atom, as a typical magnetic transition
metal,>>~%% is found to preferentially coordinate with
an O atom;”’ thus, it is chosen here as a control
parameter to probe its necessity in the formation of
an isolated G-quartet structure. Herein, from an inter-
play of high-resolution scanning tunneling microscopy
(STM) imaging and lateral STM manipulations com-
bined with density functional theory (DFT) calculations,
we show that (1) 9eG molecules self-assemble into the
well-known G ribbon structure (as depicted in the
upper panel of Figure 1)'?~3 rather than the G-quartet
structure on Au(111). (2) Interestingly, simultaneous
co-deposition of 9eG molecules and Fe atoms results in
the formation of isolated G-quartet-Fe complexes (as
depicted in the lower panel of Scheme 1). Local density
of states (LDOS) and charge density difference analyses

Figure 1. Self-assembled G ribbon structure formed by
9eG molecules on Au(111). (a) Large-scale STM image shows
the formation of a G ribbon structure (scanning conditions:
I, = 0.86 nA, V; = —1.77 V). The inset shows the chemical
structure of the 9eG molecule. (b) Close-up STM image
allows us to distinguish the submolecularly resolved topog-
raphy of individual molecule and molecular chiralities
(as indicated in the image by the R and L notation) (scan-
ning conditions: /; = 0.64 nA, V, = —1.25 V). The dashed
wavy lines separate the adjacent antiparallel ribbons. The
DFT-optimized structural model is superimposed on one of
the ribbons, where a good agreement is achieved.
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illustrate that the driving forces behind the formation
of such a complex is the cooperative effect of coordi-
nation bonding and intraquartet hydrogen bonding.
(3) Projected density of states (PDOS) and spin density
analyses further demonstrate that both adsorption and
coordination behaviors on the Au(111) surface result
in the increase of the spin magnetic moment of the
Fe center. (4) Further STM manipulations enable us to
gradually decouple the interactions between the Fe
atom and 9eG molecules within the formed G-quartet-Fe
complex, leading to the success of modulating the d
orbitals and the accompanying magnetic properties of
the Fe center. These findings thus unravel the formation
mechanism of the G-quartet-Fe complex on the inert
Au(111) surface, and in particular, lateral STM manipula-
tion provides us a unique approach to delicately mod-
ulate the electronic and magnetic properties of a metallic
center in metal—organic complexes.

RESULTS AND DISCUSSION

After the deposition of 9eG molecules on Au(111),
a well-ordered molecular nanostructure is observed
as depicted in Figure 1a. The close-up STM image
(Figure 1b) reveals that the nanostructure is formed
by laterally connected zigzag ribbons indicated by the
dashed wavy lines. The single molecule is imaged as
a relatively dark protrusion and a bright round protru-
sion, which are assigned to the guanine moiety and
the tilted ethyl group, respectively.?® From the submole-
cularly resolved STM topography of individual molecules
we can thus distinguish the molecular chiralities as indi-
cated by R and L in Figure 1b. Hence, we can identify that
each ribbon is formed by alternating R and L chiral forms,
and the adjacent ribbons are antiparallel with respect to
each other. On the basis of our experimental observations
we have built up the structural models and relaxed them
by DFT methods, and the most stable one is overlaid on

G ribbon structure
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Scheme 1. Schematic lllustration of the Formation of the G Ribbon Structure and G-Quartet-Fe Complex on Au(111)

WANG ET AL.

VOL.8 = NO.11 = 11799-11805 = 2014 ACIN\AN

N\

7N
@)

WWww.acsnano.org

11800



down YA

N/
Al
|
4 32101 2
E-E, (eV)

Figure 2. Formation of G-quartet-Fe complex on Au(111). (a) Large-scale STM image shows the formation of a close-packed
structure of the G-quartet-Fe complex (scanning conditions: /; = 0.85 nA, V, = 1.77 V). The inset shows the chemical structure of
a9eG molecule and an Fe atom. (b) Close-up STM image showing the details of the structure where four individual G-quartet-Fe
complexes are depicted by the dashed contours. (c) Submolecularly resolved STM image of an isolated G-quartet-Fe complex.
(d) Simulated STM image of the complex with the DFT-optimized structural model superimposed. Blue dashed lines represent
hydrogen bonds. (e and f) Charge density difference maps of the complex showing the hydrogen bonding and coordination
bonding, where red and blue isosurfaces indicate charge accumulation and depletion, respectively (four 9eG molecules are
considered to be four individual species and a whole in e and f, respectively). (g) Perspective view of the spin density distribution
of the complex. (h) Upper and lower panels show LDOS (in [eV] with respect to the Fermi energy E¢) of O atoms (sum of four O

atoms) and Fe atom in the optimized model, respectively.

top of the STM image, where good agreement is achieved
as depicted in Figure 1b. As seen from the model, we could
identify that along the ribbons each molecule binds to the
other two via double hydrogen bonds (N—H---N and
N—H- - -0),% and between the ribbons, molecules interact
with each other via van der Waals (vdW) forces from the
tilted ethyl groups.

Note that, according to previous work, the G mol-
ecules self-assemble into an empty G-quartet network
structure on Au(111)."® We would thus naturally antici-
pate the formation of an isolated G-quartet structure
by deposition of 9eG molecules on the same surface, in
which the intraquartet hydrogen bonding should be
exactly the same as the one in the original G-quartet
structure'® and the ethyl groups screen the interquar-
tet hydrogen bonding. In our experiments, however,
only a G ribbon structure is observed at various cov-
erages. To unravel the reason behind this discrepancy,
we have performed DFT-D2 calculations on the bind-
ing energy of each structure (see Supporting Informa-
tion, Figure 1). In comparison with the isolated
G-quartet structure, the G ribbon structure is energe-
tically more favorable by 0.17 eV per molecule. Conse-
quently, it appears that the intraquartet hydrogen
bonding alone is not sufficient for the formation
of a G-quartet structure, and then the resonance-
assisted hydrogen bonding (RAHB) effect described
previously'® might need to be revisited.?' Thus, with-
out the energy gain from interquartet hydrogen bond-
ing the 9eG molecules prefer to form the G ribbon
structure rather than the G-quartet structure on Au(111).
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To explore the possibility of forming an isolated
G-quartet structure on the Au(111) surface under
UHV conditions, we perform further experiments
by simultaneous co-deposition of 9eG molecules and
Fe atoms onto the surface. Interestingly, such co-
deposition leads to the formation of well-ordered
G-quartet-Fe complex arrays as shown in Figure 2a.
At low doses of Fe atoms, discrete G-quartet-Fe com-
plexes are found to coexist with the G ribbon struc-
ture mentioned above (see Supporting Information
Figure 2), and these two intrinsically different nano-
structures are sensitively dependent on the doses of Fe
atoms.>? Close-up STM image (Figure 2b) allows us to
observe the details of the structure where four adja-
cent G-quartet-Fe complexes are depicted by the
dashed contours and each one is packed with four
other neighbors by vdW interactions from the ethyl
groups. To get a deeper insight into the intrinsic
properties of the G-quartet-Fe complex, we obtain a
submolecularly resolved STM image of an isolated
complex (Figure 2¢) from a low-coverage sample. Note
that the ethyl groups in an isolated complex appear
smaller than the ones in the close-packed arrays
(Figure 2b), which is most likely due to their flexibility
(i.e., either tilted in the close-packed arrays or relatively
flat in an isolated one). It should also be noted that the
Fe center in the complex is usually not visible. Based on
the high-resolution STM images, we have obtained
the DFT-optimized energetically most favorable model
of the G-quartet-Fe complex, which is overlaid on
the corresponding simulated STM image as shown in
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Figure 3. PDOS on the d,;, d,; dy,, and do. orbitals of
(a) the Fe atom in the free G-quartet-Fe complex, (b) the Fe
atom in the adsorbed G-quartet-Fe complex on Au(111),
and (c) an isolated Fe atom on Au(111).

Figure 2d (the substrate included in the calculations has
been cut out for clarity). On the basis of the optimized
model, we perform further DFT calculations on the
electronic and magnetic properties of the G-quartet-Fe
complex. From charge density difference maps
(Figure 2e/f) we identify that the Fe center coordinates
with the four O atoms of 9eG molecules, and four 9eG
molecules form intraquartet hydrogen bonding similar to
that in the original G-quartet structure.'® The coordina-
tion bonding between the O atom and Fe atom can be
further illustrated by LDOS of the two elements shown in
Figure 2h, in which several hybridization peaks can be
observed below the Fermi energy. Hence, the formation
of the G-quartet-Fe complex is attributed to the coopera-
tive effect of intraquartet hydrogen bonding and coordi-
nation bonding. LDOS of the Fe atom also displays a large
splitting between the spin-up and spin-down states
(Figure 2h). As a result, the Fe center is strongly magne-
tized with a total magnetic moment calculated to be
3.63 ug, indicating a high-spin electronic configuration.
The corresponding spin density distribution of the com-
plex is also shown in Figure 2g. It is worth noting that
each O atom in the complex also exhibits a small mag-
netic moment of about 0.04 ug induced by the Fe center.

To get further insight into the effect of adsorption
and coordination behaviors on the electronic and
magnetic properties of the Fe center, we perform
systematic calculations on the PDOS on different
d orbitals of the Fe atom in various environments
as shown in Figure 3a—c. Upon adsorption of the
G-quartet-Fe complex on Au(111), the broadened d,
(ie., dy, and d,;) and d,. orbitals show an apparent
hybridization between the Fe atom and the substrate
(compare Figure 4a and b). Interestingly, the energy
interval in Figure 3a (from —1.70 to —0.49 eV) between
the spin-up and spin-down di., orbital increases by
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about 0.78 eV (Figure 3b), and as a result, the magnetic
moment of the Fe center increases from 3.14 ug to
3.63 ug upon adsorption on Au(111). On the other
hand, the magnetic moment of an isolated Fe atom on
Au(111) is calculated to be 3.27 ug, which means that
coordination with O atoms within the G-quartet-Fe
complex on Au(111) leads to an increase in the mag-
netic moment.?® It is worth noting that a small differ-
ence is observed for the d, orbitals of the Fe atom in a
free complex (Figure 3a) and on the surface (Figure 3b,c).
The peaks of the d,; orbitals of the Fe atom in the free
complex overlap each other, whereas they are sepa-
rated both in the on-surface complex and for the
isolated one. The difference in the d,, orbitals originates
from the local symmetry of the adsorption site, which is
similar to the lift of degeneracy in d, orbitals of a
bridge-site-adsorbed FePc molecule on Au(111).33
Going a step further, modulation of electronic
and magnetic properties of the Fe center would be
of utmost interest to explore, and naturally, a direct
way would be to locally perturb the coordination
bonding scheme between the metal center and the
molecules3* In fact, STM manipulations have pre-
viously been employed on TBrPP-Co or CoPc molecules
to either change the two-dimensional self-assembly>>
or break the peripheral chemical bonding of a single
molecule®® with the success of controlling electronic
and magnetic properties of the metal centers. Due to
the rigidity of TBrPP-Co and CoPc molecules, however,
directly changing the coordination bonding scheme
within a single molecule remains difficult. In this
aspect, the relatively flexible G-quartet-Fe complex
consequently renders the possibility to change the
coordination bonding scheme and furthermore to
probe the electronic and magnetic properties of the
Fe center in different bonding configurations. Experi-
mentally, we indeed succeed in constructing another
two transformed configurations of the G-quartet-Fe
complex via lateral STM manipulations (Figure 4b,c),
which are similar to the theoretical models proposed
previously.?” In comparison to the original G-quartet-Fe
complex (Figure 4a) one of the 9eG molecules (indicated
by the white arrow) is rotated counterclockwise with
an angle of about 50° (Figure 4b), and subsequently,
another molecule (indicated by the white arrow) has
undergone the same rotation (Figure 4c). From the DFT
relaxed models we identify that such manipulations
indeed result in local perturbations on the coordina-
tion bonding scheme within the G-quartet-Fe complex
where the interactions between the Fe center and 9eG
molecules are gradually decoupled (Figure 4d—f).
From the side view of the models we can also see that
the Fe atom adsorbs closer and closer to the substrate
as the decoupling with the molecules proceeds. Inter-
estingly, in the configuration in Figure 4c the previously
invisible Fe center can now be visualized as a dim
protrusion, indicating the change in the electronic
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Figure 4. Modulation of the d band structure of the Fe center. (a—c) Series of STM images showing the subtle structural change of the
G-quartet-Fe complex induced by lateral STM manipulations. In particular, the Fe center starts showing the electronic density of states
and can be visualized as a dim protrusion in the structure shown in c. (d—f) Corresponding DFT-optimized structural models of the ones
shown in a—c. Side views show that the Fe center gradually moves downward to the substrate as the decoupling with the molecules
proceeds. (g—i) Corresponding PDOS on the d,. and d;, orbitals of the Fe center in these three different structures. The vertical red
arrows indicate that the main peak of the d,. orbital in the spin-up state moves toward the Fermi energy as the decoupling proceeds.

density of states of the Fe center. To unravel the change
of electronic and magnetic properties of the Fe center
in different bonding configurations, we again perform
PDOS calculations based on the optimized models as
shown in Figure 4g—i. As indicated by the red arrows, we
can clearly identify that the main peak of the d,. orbital in
the spin-up states moves gradually toward the Fermi
energy (the dyo, Orbital shows the same tendency). Also,
the spin splitting of the orbitals of the Fe atom is reduced
along with the decoupling process, and as a result, the
magnetic moment of the Fe atom decreases from 3.63 g
0 3.53 ug to 3.36 ug in configurations in Figure 4d, e, and
f, respectively. Thus, we have successfully modulated the
d orbitals and the accompanying magnetic properties of
the Fe center within the G-quartet-Fe complex by directly

METHODS

All STM experiments were performed in a UHV chamber (base
pressure 1 x 10~ '° mbar) equipped with variable-temperature,
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perturbing the local bonding scheme with lateral STM
manipulations.

CONCLUSIONS

These findings give us further insight into the for-
mation mechanism of an isolated G-quartet structure
in which besides the intraquartet hydrogen bonding a
metal center capable of coordinating with O atoms is
mandatory. We propose that the strategy presented
in this work, that is, modulation of the electronic
and magnetic properties of the metal center by
subtly perturbing the local bonding schemes with
STM manipulations, can be extended to other related
systems and warrants further studies such as molecular
spintronics.

fast-scanning “Aarhus-type” STM,*33? a molecular evaporator,
and an e-beam evaporator, and other standard instrumentation
for sample preparation. The Au(111) substrate was prepared by
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several cycles of 1.5 keV Ar' sputtering followed by annealing
to 770 K for 15 min, resulting in clean and flat terraces separated
by monatomic steps. The 9eG molecules were loaded into a
glass crucible in the molecular evaporator. After a thorough
degassing, the molecules were deposited onto the clean sub-
strate by thermal sublimation at 440 K; the Fe atoms were
simultaneously deposited onto the surfaces at RT. After pre-
paration, the samples were imaged by STM over a temperature
range of 100—150 K. The lateral manipulations*® were carried
out by consecutively scanning on a close-up G-quartet-Fe
complex for the purpose of perturbing the ethyl groups, which
successfully resulted in the manipulation of the 9eG molecules.
The calculations were performed in the framework of DFT by
using the Vienna ab initio simulation package (VASP).*'*2 The
projector-augmented wave method was used to describe the
interaction between ions and electrons; the Perdew—Burke—
Ernzerhof generalized gradient approximation (GGA) exchange—
correlation functional was employed,”® and van der Waals
interactions were included using the dispersion-corrected
DFT-D2 method of Grimme™* for the calculations when including
the gold surface. 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.*>*®
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