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Based on high-resolution STM imaging/manipulations and DFT
calculations, we display the dynamic hydration process of adenine
networks on Au(111) in real space, which results in controllable
scission and stitching of adenine structures by water molecules.

Water, with many oddities in its physical and chemical made-up,
plays a pervasive and also unique role in nature.1 Various physicochemical phenomena with the participation of water (e.g. the
adsorption and dynamics of water adsorbed on solid surfaces) are
vital for many scientific and technological areas such as catalysis,
electrochemistry, and corrosion.1–3 Pioneering studies demonstrated
the versatility of scanning tunneling microscopy (STM) under ultrahigh vacuum (UHV) conditions and theoretical calculations in
investigating water on surfaces. By virtue of both experimental
and theoretical evidence, the structures of water clusters3–8 and
overlayers,9–14 and also dynamic behaviors of water such as diffusion
and clustering on surfaces,5,15 have been extensively explored.2
Recently, the interactions between water and organic molecules on
surfaces were studied, in which water is found to play a vital role in
determining the molecular conformation of a single molecule,16
influencing the supramolecular network of azobenzene molecules,17
and also inducing the tautomerization of guanine molecules.18
However, detailed explorations of dynamic hydration of organic
molecules on surfaces, to the best of our knowledge, has not been
reported hitherto. It is thus intriguing to explore the interactions
between water and organic molecules and further unravel the waterinduced dynamic process of organic molecules on the surfaces, which
may shed light on the fundamental understanding of the interactions
between water and organic molecules on the atomic scale.
As revealed from previous theoretical studies,19,20 the canonical
form of an adenine (A) molecule is the global minimum in the gas
phase, in a microhydrated environment and also in the bulk water.
It has also been well established that DNA molecules are hydrated
in vivo and derive their structures, functions, and activities from
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their interactions with water molecules.21 We thus choose adenine
as the potential candidate to investigate the interaction between
water and adenine molecules. From the interplay of highresolution STM imaging/manipulations and density functional
theory (DFT) calculations, we display the dynamic hydration
process of adenine molecular networks on Au(111) in real space,
which results in controllable scission and stitching of adenine
structures by water molecules. Dosing water on the A-islandprecovered Au(111) surface held at room temperature (RT) in a
controlled stepwise manner results in the breakage of A islands
by perturbing the weakest hydrogen bonding sites and the
simultaneous formation of single adenine rows in the first step
(i.e., water-induced scission process), and then a larger amount
of water leads to the gradual growth of A-H2O islands which are
composed of such adenine rows bridged by water molecules via
hydrogen bonds (i.e., water-induced stitching process). Interestingly,
reversible formation and breakage of such A-H2O islands is achieved
as water molecules in the islands can be removed via thermal
treatment and re-adsorb by further dosing. Moreover, lateral STM
manipulations enable us to remove or move water molecules in the
islands, thus presenting dynamics of the hydration process. These
findings provide the real-space determination of interactions
between water and organic molecules adsorbed on a surface.
Such results may also provide implications for biological processes
and heterogeneous catalyses which are strongly dependent on or
even driven by solvent eﬀects.
After deposition of adenine molecules on Au(111) held at RT
at B0.5 monolayer (ML), ordered A islands are formed (Fig. 1a)
as reported.22,23 Subsequent exposure of the A-precovered
sample (held at RT) to the water atmosphere at a pressure of
B1  10 6 mbar for 10 min surprisingly leads to the disassembly
of the A islands and simultaneous formation of molecular rows
(Fig. 1b). It can also be seen that each row is made up of
characteristic six-membered rings of A molecules (detailed in
Fig. S1, ESI†), and the blurs around the rows show their mobility
and trajectories. Along the edges of the rows, the water molecules
may also diﬀuse8 (typically indicated by the white arrow in Fig. 1b).
It is important to emphasize that even at B4.8 K, water molecules
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Fig. 1 Scission and stitching processes of adenine islands by gradually
increasing water dosages on Au(111). (a) STM image showing the formation
of ordered adenine islands (B0.5 ML) after deposition of adenine molecules
on Au(111) held at RT. (b) STM image showing the appearance of single
adenine molecular rows after exposing the A-precovered surface (held at RT)
to the water atmosphere at a pressure of B1  10 6 mbar for 10 min. (c) STM
image showing the growth of small patches of rectangular islands after
exposing the above sample (at RT) to the water atmosphere at a pressure of
B1  10 5 mbar for 10 min. (d) STM image showing the formation of larger
rectangular islands by further increasing the water dosage at a pressure of
B3  10 5 mbar for 10 min. Scanning conditions: It = 0.7 nA, Vt = 1.5 V.

were still able to walk along the edges of a pentagonal water chain
on Cu(110) (with the formation and breakage of OH  O hydrogen
bonds) as reported,8 indicating the diﬃculty in trapping single
water molecules at the edges. Besides, it is also reported5 that after
the deposition of water molecules (D2O) on the cooled Au(111)
(25 K), water monomers or larger clusters can adsorb at the
elbow sites of the herringbone reconstruction, where STM
imaging was performed at 5.5 K. However, water molecules
are so weakly bound on Au(111) that they can be easily moved
even at the elbow sites during scanning. What’s more, a
combined experimental and theoretical study24 has demonstrated
that the Au(111) surface is hydrophobic and the interaction
between the water molecules and the surface is very weak. In the
most recent paper,25 Au(111) is also revealed to be low-interacting
with water molecules. Thus, the reported water models on Au(111)24
can be treated as the adsorption of water on Au(111) at lower
temperatures, while in our case it is diﬃcult for water molecules to
be trapped on Au(111) at RT if there is no A molecules.
Note that such rows are the characteristic components of A
islands as can be identified from the joint of rows and islands
in Fig. 1b and also in Fig. S1 (ESI†). Such a process thus
displays the scission of A networks induced by water molecules.
Moreover, sequential STM images scanned in the same region
display that two rows can wobble around reforming the A island
structure via inter-row hydrogen bonds (Fig. S2, ESI†), further
indicating the dynamic processes between single rows and islands.
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Then we expose such a sample to the water atmosphere at a
pressure of B1  10 5 mbar for 10 min, and small patches of
rectangular islands appear with some single rows coexisting (Fig. 1c).
Further exposure to the water atmosphere at a higher pressure of
B3  10 5 mbar for 10 min results in the structural transformation
from molecular rows to the rectangular islands (Fig. 1d). Such
islands, which are apparently diﬀerent from the original A islands,
tend to grow larger with more and more water. It is worth noting that
after water molecules are dosed in the preparation chamber and the
sample is transferred to the STM, normally, no further changes in
the structures will take place during scanning (from 150 K to RT,
except the rare cases of the dynamic processes between single rows
and A islands), if no water molecules are further dosed or no further
thermal treatments are performed. It is also notable that codeposition of A molecules and water (at the corresponding dosages) results
in characteristically the same structures as shown above. On the
basis of the above observations together with the previous studies,17
we assign the rectangular islands to A-H2O islands, which means
water molecules further stitch the A molecular rows by forming new
hydrogen bonds.
To gain more structural information of the A-H2O islands,
we have made a detailed comparison between the A-H2O structures
and the original self-assembled A structures (Fig. 2). It is known that
A molecules can form both heterochiral and homochiral network
structures on Au(111)22,23 (Fig. 2a and d). The diﬀerent apparent
heights of the A molecules are attributed to herringbone reconstruction, indicating the weak molecule–substrate interactions.22,23 The
corresponding DFT-optimized structural models can be seen in
Fig. 2b and e. By systematically analyzing a series of STM
images, we also find two kinds of A-H2O islands with heterochiral or homochiral A molecules involved (Fig. 2c and f) (will be
detailed in Fig. 3). Besides, we identify that the A-H2O structures
are constructed by the bright protrusions (highlighted by white
circles in Fig. 2c and f) in between, which are distinct from the
self-assembled A structures. However, in both heterochiral and
homochiral A-H2O islands, the A molecular rows are the same as the
corresponding rows in the self-assembled A islands before hydration.
Thus, it implies that water molecules may perturb the initial selfassembled A islands (by selectively breaking the specific hydrogen
bonds) and induce them to dissociate into molecular rows in the
first step (i.e., scission), and then reform the A-H2O islands via new
hydrogen bonds with A molecules (i.e., stitching). In some cases,
small patches of A self-assembled structures remain intact and
coexist with A-H2O structures in one island (Fig. S3, ESI†).
Note that such an A-H2O structure can only be obtained by dosing
large amounts of water (at a pressure of B3  10 5 mbar for 10 min)
at RT. Also, water molecules tend to interact with the polar groups of
organic molecules.16,17,25 Besides, the dimension and topography of
one bright protrusion are similar to those of the single water molecule
as reported.5–7,16,17,25 We then attribute each bright protrusion to a
water molecule. At the same time, we can observe some blurs at the
edges of the islands which may be assigned to the diffusing water
molecules.8 Also note that the canonical form of A is revealed to be the
most stable form in the gas phase, in a microhydrated environment
and also in the bulk water.19,20 Thus, we believe that these A-H2O
structures are formed by the canonical A molecules.
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Fig. 2 STM images and DFT-optimized structural models showing the
comparisons between self-assembled A islands and the corresponding
A-H2O islands. (a and d) STM images of heterochiral and homochiral selfassembled A islands. (b and e) The corresponding structural models. (c and f)
STM images of the corresponding heterochiral and homochiral A-H2O
islands. The white dotted lines in (a), (b), (d) and (e), and highlights in (c) and
(f) are depicted to clarify the corresponding molecular rows, respectively.

As displayed above (Fig. 1b and Fig. S1, ESI†), the single A
molecular rows are always surrounded by the blurs, leading to
the diﬃculty in identifying the chiralities involved. Instead,
such chiralities can be identified from the submolecularly
resolved STM images (Fig. 3b and c) of the further formed
A-H2O islands. Herein, Fig. 3c is displayed with some vacancy
sites (of water) only to make the chiralities of A molecules to be
easily identified. An individual A molecule looks similar to a
triangle, where the NH2 group is resolved as a sharp corner. The
diﬀerent chiralities are highlighted by the red and green
molecular contours to guide the eye. Based on the STM images,
extensive DFT calculations have been performed to reveal the
atomic-scale structures. The DFT-optimized structural models
together with STM simulations are partially superimposed on
the corresponding STM images with good agreements, respectively
(Fig. 3d and e). From the structural models and charge-densitydiﬀerence maps (Fig. 3f and g), we can identify that in the
heterochiral structure, water molecules interact with the neighboring A molecules via double NH  O and OH  N hydrogen bonds,
while in the homochiral one, only double OH  N hydrogen bonds
are formed. It is also noticeable that the water molecules are
shown as bright protrusions in both A-H2O structures, which are
related to their configurations above the A molecular plane
(O atoms are positioned at the highest point). This can also be
confirmed from the line profiles (Fig. S4, ESI†). The periodicity
of the two networks is slightly diﬀerent (Fig. S5, ESI†) in
accordance with the experimental results (Fig. 3b–e). Despite
the weak interactions between Au(111) and water molecules as
discussed above, we have also optimized one of the A-H2O
structures including the substrate to explain the situation on
Au(111) (Fig. S6, ESI†), where the configuration is similar to that
in the gas phase demonstrating the little influence of the substrate.
Moreover, the total binding energies between A rows and
water molecules within the A-H2O islands (0.66 eV and 0.37 eV
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Fig. 3 STM images and DFT-optimized structural models of the A-H2O
islands. (a) Large-scale STM image showing the formation of the A-H2O
island. (b and c) Submolecularly resolved STM images of (b) heterochiral
and (c) homochiral A-H2O islands, respectively, allowing us to identify the
molecular chiralities on Au(111) (as indicated by L and R notations and also
red and green molecular contours, respectively). The water molecules are
indicated by white circles. (d and e) Close-up STM images superimposed
with the corresponding DFT-optimized structural models, respectively.
The STM simulations (the gray parts) are partially superimposed on the
corresponding STM images, respectively. H: white; C: gray; N: blue; and
O: red. Scanning conditions: It = 0.7 nA, Vt = 2.0 V. (f and g) Charge-densitydiﬀerence maps of the corresponding structures showing the intermolecular
hydrogen bonds at the isosurface value of 0.002 e Å 3. The red and blue
isosurfaces indicate charge accumulation and depletion, respectively.

per unit cell for the heterochiral and homochiral ones, respectively)
are calculated to be higher than those between neighboring two A
rows within the initial self-assembled A islands (0.40 eV and 0.32 eV
per unit cell for heterochiral and homochiral A islands, respectively).
This means that the newly formed hydrogen bonds with the
involvement of water molecules are more stable than the initial
ones, leading to the evolution to the A-H2O islands. More
importantly, according to the systematic theoretical calculations
on 21 possible planar A dimers in the gas phase involving the
energetics, geometry and electron density as reported,26 the
perturbed A–A binding site in this system (also refer to Fig. 2b
and e) is exactly the one with the lowest stabilization energy
within these involved A pairs. Thus, the hydration scenario of A
networks is speculated to be that (1) at lower water dosages
(B1  10 6 mbar for 10 min) water molecules first perturb the
initial A islands (at the weakest hydrogen bonding sites) by forming
stronger hydrogen bonds with A molecules, resulting in the scission
of islands into rows (the water molecules may diffuse along the
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Fig. 4 (a and b) Sequential STM images showing the spontaneous mobility of
the water molecule. (c)–(f) Lateral STM manipulations demonstrating the
mobility of the water molecules in the island. Scanning conditions: It = 0.9 nA,
Vt = 1.7 V. The ellipses highlight the target water molecules.

edges of A rows due to the one-sided interactions between water
molecules and A rows, which failed to stabilize or trap the water
molecules) and (2) then at higher dosages (B3  10 5 mbar for
10 min) such neighboring A rows are stitched together by water
molecules via two-sided hydrogen bonds forming A-H2O islands
and water molecules are also trapped.
Interestingly, sometimes it can be observed that the water
molecule trapped in the A-H2O island may spontaneously diﬀuse
to the vacancy sites (i.e., without binding water molecules) during
scanning (Fig. 4a and b). Note that such a situation can only take
place when there are vacancy sites in the islands. Inspired by this,
we also tried to explore the feasibility of disturbing the water
molecules in the A-H2O island via STM manipulations. Using such
a strategy, we succeeded in removing the water molecule away
from the island (Fig. 4c and d) or moving it to the neighboring
vacancy site (Fig. 4e and f). Based on these (Fig. 4), it is further
confirmed that the bright protrusion should be attributed to one
water molecule as it always moves as a whole entity. Thus, we have
successfully achieved the dynamic hydration of self-assembled A
structures by the regulation of the amount of water and also by the
controlled removal of single water molecules.
Since we are able to manipulate single water molecules, in the
next step, we explore the feasibility of removing more water
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molecules in the A-H2O structure. Then we try to anneal the sample
(precovered with A-H2O islands) at 350 K, and obtain the formation
of isolated A rows (Fig. 5a and b). Further exposing such a sample to
the water atmosphere (B3  10 5 mbar for 10 min) leads to the
reformation of the A-H2O islands (Fig. 5b and c). By the removal and
addition of water molecules, continuous interconversion of A-H2O
islands and A rows is successfully achieved.
In conclusion, based on high-resolution STM imaging and
DFT calculations, we have achieved the controllable scission
and stitching of A structures by water molecules representing
the dynamic hydration processes, and the water molecules can
be removed precisely via STM manipulations and thermal
treatments. Such results may shed light on the fundamental
understanding of water-dependent or water-driven biological
processes and heterogeneous catalysis.
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Fig. 5 STM images showing the interconversions between the A-H2O
islands and isolated A rows. (a and b) Structural conversion from A-H2O
islands to A rows by annealing the sample at 350 K. (b and c) Reformation
of A-H2O islands by exposing the sample to the water atmosphere
(B3  10 5 mbar for 10 min). Scanning conditions: It = 1.0 nA, Vt = 1.7 V.
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