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Abstract: The structural transformation of supramolecular
nanostructures with constitutional diversity and adaptability by
dynamic coordination chemistry would be of fundamental
importance for potential applications in molecular switching
devices. The role of halogen doping in the formation of
elementary metal–organic motifs on surfaces has not been
reported. Now, the 9-ethylguanine molecule (G) and Ni atom,
as a model system, are used for the structural transformation
and stabilization of metal–organic motifs induced by iodine
doping on Au(111). The iodine atoms are homogeneously
located at particular hydrogen-rich locations enclosed by G
molecules by electrostatic interactions, which would be the key
for such an unexpected stabilizing effect. The generality and
robustness of this approach are demonstrated in different
metal–organic systems (G/Fe) and also by chlorine and
bromine.

of iodine onto metal surfaces under UHV conditions has been
successfully achieved to decouple covalent networks from the
surface as an intercalation.[25] However, to our knowledge, the
influence of halogen atoms on the formation of elementary
metal–organic coordination motifs on surfaces has not been
reported so far. It is thus of general interest to introduce
halogen atoms to metal–organic coordination systems and
explore the potential role of halogens in affecting the surface
nanostructures.
In this study, we choose the 9-ethylguanine (G) molecule
and the transition-metal atom Ni as a model system because
1) the G molecule has two neighboring binding sites (that is,
O6 and N7, see Scheme 1) for forming metal–organic

Supramolecular chemistry,

[1]

which relies on non-covalent
interactions, has been widely employed as an appealing
strategy for controllable fabrication of surface nanostructures.[2, 3] Owing to the advantage of dynamic characteristics of
non-covalent interactions, the transformation of supramolecular nanostructures with constitutional diversity and adaptability would be of fundamental importance for potential
applications in molecular switching devices.[4, 5] Among others,
by virtue of coordination selectivity and diversity with respect
to different metals,[6, 7] various static metal–organic structures
can be fabricated on the surface, and furthermore these
structures could be responsive to metal/molecule stoichiometric ratios, coverage, and/or temperatures resulting in
structural transformations via dynamic coordination chemistry.[8–13] In addition to the abovementioned intrinsic regulation
factors (that is, constituent molecules and metals), the
introduction of a third agent may offer another train of
thought to obtain structural transformations.[14, 15] It is well
known that halogen doping is a widely utilized method in
polymer chemistry to transform polyacetylene and polyaniline to conductive polymers.[16, 17] For on-surface chemistry,
iodine atoms usually act as byproducts of on-surface dehalogenative reactions[18–23] or can be trapped as guests in the selfassembled structures.[24] Very recently, the direct introduction
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Scheme 1. Illustration of iodine-induced structural transformation and
stabilization of elementary metal–organic motifs. Inset: chemical
structure of the 9-ethylguanine molecule.

coordination bonds; 2) the Ni atom is able to coordinate
with both sites, which makes it possible for the formation of
multiple metal–organic motifs on the surface; and 3) the ethyl
group could help to ascertain the molecular chirality within
the formed nanostructures. On this basis, iodine (I2) is
introduced onto the coordination system. Herein, from the
interplay of high-resolution scanning tunneling microscopy
(STM) imaging and density functional theory (DFT) calculations, we show that 1) co-deposition of G molecules and Ni
atoms with different stoichiometric ratios on the Au(111)
surface results in the formation of two typical nanostructures
composed of G3Ni1 and G2Ni2 motifs, respectively, as depicted
in Scheme 1. Moreover, reversible transformations between
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these two structures are achieved in response to both G and
Ni; 2) introduction of I2 vapor to either of these two structures
surprisingly induces the transformation to a different honeycomb structure composed of the G3Ni3I3 motif where the
iodine atoms are homogeneously located at specific hydrogen-rich harbors enclosed by G molecules via electrostatic
interactions; 3) a control experiment demonstrates that
introduction of I2 vapor to the bare G3Ni3 structure (only
formed under harsh conditions) also results in the formation
of the G3Ni3I3 structure and the existence of iodine atoms are
found to be able to further stabilize the G3Ni3 structure; and
4) as a step forward, we have demonstrated the universality of
this approach in regulation of metal–organic motifs by
performing comparative studies with other coordination
systems (for example, G/Fe), and other halogen atoms
(namely, Cl, Br), which surprisingly result in characteristically
the same honeycomb networks composed of the corresponding G3Fe3I3, G3Ni3Cl3 and G3Fe3Br3 motifs, respectively. These
experimental findings provide an example showing the role of
halogen doping in facilitating the formation of specific
elementary metal–organic coordination motifs on the surface.
Deposition of G molecules and Ni atoms (at a G/Ni ratio
of ca. 4:1) on Au(111) at room temperature (RT) and further
annealing at 390 K for 10 min results in the formation of
a rhomboid network structure as shown in Figure 1 a. From
the close-up STM image (Figure 1 b), we identify that the
network structure is composed of two kinds of elementary
motifs (that is, the trimeric and the dimeric ones as indicated

Figure 1. Formation of the rhomboid network and chain structure after
deposition of G molecules and Ni atoms at a G/Ni ratio of ca. 4:1 and
ca. 2:1 followed by further annealing at 390 K on Au(111). a) A largescale STM image of the rhomboid network. b) A close-up STM image
allowing us to identify the individual molecular chiralities (as indicated
by L and R notations). The elementary G3Ni1 motifs with different
chiralities are depicted by green and blue contours, respectively, and
a G dimer is depicted by a white contour. c) High-resolution STM
image of the G3Ni1 motif superimposed with the DFT-optimized model
on Au(111); the substrate is omitted for clear presentation. d) A largescale STM image of the chain structure. e) A close-up STM image
allowing us to identify the elementary G2Ni2 motifs and G hydrogenbonded dimers as depicted by the blue and white contours, respectively. f) High-resolution STM image of the G2Ni2 motif superimposed
with the DFT-optimized model on Au(111); the substrate is omitted
for clear presentation. Hydrogen bonds are depicted by blue dashed
lines. H white, C gray, N blue, O red, Ni light blue.
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by the corresponding contours). Two enantiomers of the
trimeric motif are also observed as indicated by green and
blue trimeric contours where the individual molecular
chiralities are denoted by R and L. As experienced with
coordination schemes between DNA bases and transition
metals,[7, 9, 26–28] after extensive structural search, we assign this
trimeric motif to a G3Ni1 metal–organic structure as highlighted in Figure 1 c. From the DFT-optimized model superimposed on the corresponding STM image, we distinguish
that it is formed by three G molecules (with different
chiralities) coordinating with one Ni atom via one N7 site
and two O6 sites, and the intermolecular NH···O and NH···N
hydrogen bonds further stabilize the structure. The dimeric
structure (depicted by the white contour in Figure 1 b) is
assigned to a hydrogen-bonded dimer according to the
morphology and the well-established NH···O hydrogen
bonds involved. These two elementary structural motifs are
also linked together via hydrogen bonds.
By virtue of coordination diversity, deposition of G
molecules and Ni atoms (at a G/Ni ratio of ca. 2:1) on
Au(111) at RT and further annealing at 390 K for 10 min
results in the formation of a chain structure as shown in
Figure 1 d. From the close-up STM image (Figure 1 e), we
identify that the chain structure is composed of two kinds of
elementary motifs as depicted by the blue and white contours.
Again, based on DFT calculations, we assign the dimeric
motif in blue contour to a G2Ni2 metal–organic structure as
highlighted in Figure 1 f. From the DFT-optimized model
superimposed on the corresponding STM image, we distinguish that it is formed by two homochiral G molecules
coordinating with two Ni atoms via both N7 and O6 sites. The
other dimeric structure (white contour) is the same hydrogenbonded dimer as the one discussed above. These two
elementary structural motifs are also linked together via
hydrogen bonds. It is worth noting that the formation of such
hybrid structures involving alternating metal–organic motifs
and hydrogen-bonded dimers may be originated from the
registry between metal–organic motifs with respect to the
substrate lattice as reported previously.[9]
Furthermore, owing to the dynamic characteristics of
coordination bonds, we have achieved reversible structural
transformations between the above mentioned G2Ni2 and
G3Ni1 motifs on Au(111) as shown in the Supporting
Information, Figure S1 by adding G molecules or Ni atoms
followed by annealing at 390 K for 10 min. Note that in the
structural transformation processes we do not observe the
formation of any other typical metal–organic motifs by
changing either the G/Ni ratios or the post annealing temperatures. Furthermore, based on a thorough inspection of the
obtained G3Ni1 and G2Ni2 structures, we find that the Au
herringbone reconstruction remains intact indicating a weak
interaction between metal–organic structures and surface
(compare with the Supporting Information, Figure S2a).
To investigate the influence of halogen atoms on the
formation of elementary metal–organic coordination motifs
on the surface, we introduce I2 into the system. After doping
iodine (at a vapor pressure of ca. 10@7 mbar for 1 min) on
either the G3Ni1 or G2Ni2 phase and further annealing such
a sample at 490 K, interestingly, we observe the formation of
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Figure 2. Formation of a typical honeycomb network structure composed of G3Ni3I3 motifs after iodine doping on either the G3Ni1 or
G2Ni2 phase and then annealing at 490 K on Au(111). a) A large-scale
STM image of the honeycomb network. b) A close-up STM image
allowing the identification of elementary G3Ni3I3 motifs as depicted by
the white contours in which the iodine atoms are indicated by the blue
circles. c) The DFT-optimized gas-phase model of the hydrogenbonded honeycomb network. d) The high-resolution STM image of the
G3Ni3I3 motif superimposed with the DFT-optimized model on Au(111). e) The simulated STM image of a G3Ni3I3 motif. f) Top and side
views of the relaxed model of G3Ni3I3 motif on Au(111). H white,
C gray, N blue, O red, Ni light blue, I purple.

a new honeycomb network structure as shown in Figure 2 a.
From the close-up STM image (Figure 2 b), we identify that
the honeycomb structure is composed of well-ordered elementary motifs as depicted by the white contours. As
reported previously, I2 would dissociate into atomic form
and chemisorb on the surface under ultra high vacuum
(UHV) conditions.[25] According to the previous findings[20, 22, 23] that halogen atoms are imaged as pronounced
protrusions in STM images, we thus assign the bright spots
indicated by the blue circles to iodine atoms. Moreover, the
elementary motif also shows a protrusion in the center which
is naturally assigned to metal. According to the restraints of
molecular geometry ensured by the ethyl groups, both N7 and
O6 sites of G molecules should coordinate with metal atoms
and only a three-metal center could meet such a criterion as
reported in previous literatures.[27–29] On this basis and further
DFT calculations, we assign the elementary motif to a G3Ni3I3
structure as highlighted in Figure 2 d (see also the energetically most stable model on Au(111) in Figure 2 f). From the
DFT-optimized model, we distinguish that the motif is formed
by three homochiral G molecules coordinating with three Ni
atoms via both N7 and O6 sites, and three iodine atoms are
located homogeneously at the specific hydrogen-rich harbors
via electrostatic interactions.[24, 30] The corresponding simulated STM image (Figure 2 e) shows pronounced density of
states of iodine atoms which is in a good agreement with the
experimental image. These G3Ni3I3 elementary motifs are
then linked together by hydrogen bonds as shown in Figure 2 c. Furthermore, a control experiment was performed by
deposition of G molecules and Ni atoms (at a G/Ni ratio of ca.
1:1) and I2 at the same time on the Au(111) surface at RT
followed by further annealing at 390 K, which expectedly
Angew. Chem. Int. Ed. 2017, 56, 5077 –5081
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results in the same G3Ni3I3 phase. It is also worth noting that
the temperature applied to transform either the G3Ni1 or
G2Ni2 phase to the G3Ni3I3 one is higher than that of direct
formation of G3Ni3I3 phase (490 K vs. 390 K). Such a higher
temperature is most probably required to desorb the excess G
molecules from the surface to reach the G/Ni ratio of about
1:1 for the formation of G3Ni3I3 phase, as pure G molecules
desorb at 490 K. It is important to note that these findings
show the first example where the halogens are found to be
able to facilitate the formation of specific elementary metal–
organic motifs on the surface, in which the particular
adsorption sites for iodine atoms should be the key.
To further confirm the particular adsorption sites and
explore the role of iodine atoms with respect to the specific
metal–organic motifs, we tried to form the pure G3Ni3 phase
by delicately controlling the growing process. After simultaneous codeposition of G and Ni (at a G/Ni ratio of ca. 1:1) on
Au(111) held at a higher temperature of 430 K, interestingly
we also observe the formation of another honeycomb network structure, as shown in Figure 3 a. From the close-up
STM image (Figure 3 b), we identify that the honeycomb
structure is composed of trimeric elementary motifs as
depicted by the white contours. The three-metal center of
the motif is also resolved as a spot protrusion. We thus assign
this elementary motif to a G3Ni3 structure as highlighted in
Figure 3 c. The G3Ni3 motif has the same coordination pattern
as that of G3Ni3I3, and more importantly, it allows us to
directly identify the iodine adsorption sites. The simulated
STM image shown in Figure 3 d is in a good agreement with
the corresponding STM image. Note that the G3Ni3 phase can
only be obtained in such a harsh condition mentioned above
instead of general annealing procedures. The motif seems

Figure 3. a)–d) Formation of another honeycomb network structure
composed of pure G3Ni3 motifs after co-deposition of G and Ni
simultaneously on Au(111) held at a high temperature of 430 K. a) A
large-scale STM image of the G3Ni3 honeycomb network. b) A close-up
STM image allowing the identification of elementary G3Ni3 motifs as
depicted by the white contours. c) High-resolution STM image of the
G3Ni3 motif superimposed with the DFT-optimized model on Au(111).
d) Simulated STM image of a G3Ni3 motif. e) STM image after iodine
doping on the G3Ni3-precovered surface at RT; the triangular motifs
are depicted by white contours. f) Formation of the G3Ni3I3 honeycomb
network structure after annealing the surface at 370 K for 10 min; the
G3Ni3I3 elementary motifs are depicted by the white contours in which
the iodine atoms are indicated by the blue circles.
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unfavorable thermodynamically, and after further annealing
at 370 K for 10 min, it turns to disarray.
To experimentally ascertain the iodine binding sites, we
deposit I2 onto the G3Ni3-precovered surface at RT, and find
out that the Au reconstruction is slightly modified (Supporting Information, Figure S2b). A close-up image of the iodinedoped structure composed of triangular motifs is shown in
Figure 3 e. Further annealing the sample at 370 K for 10 min
results in the same G3Ni3I3 structure as shown in Figure 3 f,
where the herringbone reconstruction has been lifted which is
clearly shown in a larger scale STM image as shown in the
Supporting Information, Figure S2c. We thus unambiguously
confirm that the iodine atoms prefer to bind at the hydrogenrich harbors among G molecules. More interestingly, the
G3Ni3I3 phase can stand much higher temperature (ca. 490 K)
than G3Ni3 (ca. 370 K) during thermal treatments, which
indicates that the iodine doping not only facilitates the
formation of the specific G3Ni3 metal–organic motif, but also
stabilizes it in a lock-and-key mode. To provide an overview
of these abovementioned four structures, a series of STM
images in a larger scale are provided in the Supporting
Information, Figure S3, which show good yields and represent
the efficiency of the structure formation.
In a step forward, to explore the generality of the
unexpected effect of iodine on regulating the formation of
metal–organic motifs on the surface, we performed comparative studies to extend this approach to other coordination
systems, and other halogen atoms (Cl, Br) are also investigated. As reported previously,[31] the G molecule and Fe
atoms can form various metal–organic structures attributed to
the dynamic characteristic of coordination bonds, while
formation of the pure G3Fe3 network is rather difficult.
Interestingly, when iodine is introduced to this system (at a G/
Fe ratio of ca. 1:1) followed by annealing at 390 K for 10 min,
we also observe the formation of a honeycomb network as
shown in Figure 4 a. From the close-up STM image (Figure 4 b), we identify that the structure is composed of wellordered elementary motifs as depicted by white contours. In
comparison with the G3Ni3I3 motif (compare Figure 2), we
thus assign this motif to G3Fe3I3.
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To explore whether other halogens would play a similar
role in regulation of metal–organic motifs, we tried to
introduce Cl and Br atoms onto surfaces. As reported
previously,[32] direct deposition of salts (like NaCl, KBr,
CaCl2) onto surfaces could serve as an alternative method to
introduce both metal and halogen atoms. We just deposit the
corresponding salts as NiCl2 and FeBr2 in the following
experiments to construct metal–organic systems and dope
halogens simultaneously. Deposition of G molecules and
NiCl2 on Au(111) followed by annealing at 390 K for 10 min
also results in a characteristically the same honeycomb
network as shown in Figure 4 c, from the close-up STM
image (Figure 4 d), we assign the individual motif depicted by
the white contour to G3Ni3Cl3. Another control experiment
has been carried out by deposition of G molecules and FeBr2
on the surface followed by the same thermal treatment.
Expectedly, a honeycomb network was observed (Figure 4 e)
and the individual motif (depicted by the white contour in
Figure 4 f) should be assigned to G3Fe3Br3.
In conclusion, from a combination of submolecularly
resolved STM imaging and DFT calculations, by employing
different halogens and metal–organic systems, we therefore
have demonstrated the generality and robustness of the
unexpected effect of halogen atoms on regulating the
formation of specific three-metal center coordination motifs
on surfaces. These findings would make a step forward
towards understanding the importance of halogen doping as
a structure formation parameter, which provides a novel and
universal strategy to controllable fabrication of surface
nanostructures. In the future work, we attempt to investigate
the influence of halogen doping effects on alkali and/or
alkaline earth metal–organic structures to extend such
a strategy to other systems.
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Figure 4. Large-scale and close-up STM images showing the G3Fe3I3
(a, b), G3Ni3Cl3 (c, d) and G3Fe3Br3 (e, f) phases. The corresponding
elementary motifs are depicted by white contours and the halogen
atoms are indicated by blue circles.
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