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assemblies would provide insights into the properties of the
first hydration shells. Herein, we investigate the solvation of
one of the DNA bases, cytosine, whose glassy-state network
formed on Au(111) contains diverse types of hydrogen-bonded
dimer configurations with hierarchical strengths. Upon water
exposure, a global structural transformation from interwoven | aad
chain segments to extended chains was identified by scanning
tunneling microscopy and atomic force microscopy. Density
functional theory calculation and coarse-grained molecular
dynamics simulation indicate that water molecules selectively
break the weak-hydrogen-bonded dimers at T-junctions, while
the stable ones within chains remain intact. The resulting hydrated chain segments further self-assemble into molecular chains
by forming strong hydrogen bonds and spontaneously releasing water molecules. Such an intriguing transformation cannot be
realized by thermal annealing, indicating the dynamic nature of water molecules in the regulation of hydrogen bonds in a
catalytic manner.
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elf-assembly plays a vital role in numerous biological and disordered states. Information of the dynamical

processes pertaining to specific biomacromolecules, e.g.,

DNA double-helix structure and high-fidelity replication,
protein folding, formation of a ribosome and phospholipid
bilayer, etc., which maintains cellular life."”” Such sophisticated
self-assembled structures are normally associated with the
cooperation and competition of various noncovalent inter-
actions,’ involving but not limited to hydrogen bonding,4
coordination bonding,s’6 electrostatic ionic bonding,7 and van
der Waals interactions.® Thus, detection and further regulation
of these noncovalent interactions within hierarchically self-
assembled structures is important for understanding the
fundamental mechanism in biological self-assembly processes.
As is known, water is one of the most important and
indispensable small molecules in vivo,” which plays a crucial
role in regulating functions and structures of biomolecules and
further driving the biological self-assembly processes. The
interactions between water and biomolecules have been
studied in detail by a range of techniques. For instance, X-
ray and neutron diffraction can provide time-averaged
equilibrium structures of hydrated molecules in crystalline
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structure of hydrogen-bonded networks is often obtained by
NMR and time-resolved infrared spectroscopy.'” However, the
inhomogeneity of the systems still poses a tremendous
challenge to these ensemble-averaged measurements. The
lack of spatial specificity hampers further elucidation of
intermolecular structural correlation. A single-molecule-level
understanding of how solvating water molecules mediates
intermolecular hydrogen bonds and transforms the structures
of molecular assemblies is still incomplete. On the other hand,
high-resolution scanning probe microscopy has been employed
to provide real-space structural information on water clusters
and hydrated organic molecules.'”'* Moreover, water
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Figure 1. Overview of water-induced phase transition from T-junction cytosine chains to extended one-dimensional chains on Au(111). (a)
Schematic illustration showing water molecules behaving as scissors selectively cut off the hydrogen-bonded dimer at the junction (depicted
by red dashed lines), and the unperturbed chain segments self-assemble into extended chains by forming strong hydrogen bonds (depicted
by green dashed lines). (b and c) Large-scale STM images and the corresponding FFT insets showing the water-induced structural
transformation from cytosine chains linked by various T-junctions to extended chains in parallel on Au(111).

molecules were found to be able to perturb hydrogen bonds in
a self-assembled molecular structure."

In this study, we choose one of the DNA bases, the cytosine
molecule, which forms a glassy-state molecular assembly on the
Au(111) surface that resembles a two-dimensional fluid at
room temperature and contains diverse types of hydrogen-
bonded dimer configurations with hierarchical strengths.'®
Herein, using scanning tunneling microscopy (STM) and
single-bond-resolved noncontact atomic force microscopy (nc-
AFM) imaging, we demonstrate that upon water exposure, a
global structural transformation from randomly interwoven
molecular chain segments to densely packed extended chains
surprisingly occurs. The connecting dimer structures at various
T-junctions are broken, and the dimers constituting molecular
chain segments remain intact under water perturbation, which
further self-assemble into longer molecular chains (Figure la—
c). The water-induced dynamics of hydrogen-bonded dimer
structures and the consequent self-assembled structures is
revealed by density functional theory (DFT) calculations and
large-scale simulation of the assembly dynamics based on a
coarse-grained model.

RESULTS AND DISCUSSION

A careful inspection of the disordered cytosine network
indicates that it is composed of molecular chain segments of
varying lengths randomly linked together by various T-
junctions as shown in Figure 2a and b. The STM and nc-
AFM images of two typical T-junction structures are shown in
Figure 2¢,d, 2f,g, respectively. The proposed structural models
are superimposed on the enlarged nc-AFM images (Figure 2e
and h). It is noted that only using the canonical form of
cytosine cannot rationalize the observed structures and the
accompanying hydrogen-bonding configurations determined

from nc-AFM images. As previously reported, tautomerization
of DNA base molecules on surfaces is a universal
phenomenon,'”~** and cytosine tautomers have also been
theoretically and experimentally verified.”""** Based on that, we
involve another two tautomers of cytosine (cf. the inset of
Table 1) in the proposed structural models. On the basis of the
above information, we propose that molecular chain segments
are composed of several characteristic hydrogen-bonded dimer
configurations of dimer 1—8, and T-junctions (indicated by red
arrows) are composed of hydrogen-bonded dimer config-
urations of dimer 9—14 (cf. Table 1 for the labeling).

After deposition of water molecules on such an interwoven
network at room temperature, all of the T-junctions disappear
and the extended molecular-chain array was observed as shown
in the STM images of Figure 2i and j (larger-scale STM images
of chains are shown in Figure S1). The FFT image shown in
Figure 2i depicts a pronounced periodicity (16.5 + 0.2 A) with
a specific direction corresponding to the distance between the
chains, indicating a long-range ordering. An example of the
one-dimensional chain is shown in Figure 2k—m, where the
proposed structural model is superimposed on the enlarged nc-
AFM image. We identify that the molecular chain is also
composed of characteristic hydrogen-bonded dimer config-
urations of dimer 1—8, which is intrinsically the same as the
chain segments before water deposition. More examples of
proposed structural modeling assignments of T-junction chains
and extended chains are also illustrated in Figure S2.

In order to understand the mechanism of water-induced
rearrangement of cytosine assemblies, we carry out extensive
DFT calculations by comparing each individual hydrogen-
bonding energy between the water-involved hydrogen bonds
(formed in hydrated cytosine) and the original ones formed in
the corresponding dimer structures. As shown in the upper
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T-junction cytosine chains

Figure 2. STM and single-bond-resolved nc-AFM images of T-junction cytosine chains (left panel) and one-dimensional cytosine chains
(right panel) with proposed models superimposed. (a) Large-scale STM image of cytosine chains linked by various T-junctions on Au(111).
(b) Close-up STM image showing the randomly existing T-junctions indicated by red arrows. (c, d) High-resolution STM image and the
corresponding single-bond-resolved nc-AFM image of a typical T-junction structure, respectively. (e) Enlarged nc-AFM image with a
proposed model in which weak hydrogen bonds (depicted by red dashed lines) form the fragile dimer 9 (cf. Table 1) at the junction and
strong hydrogen bonds (depicted by green dashed lines) form various stable dimer configurations of dimer 1—dimer 8 (cf. Table 1) within
the chains. (f, g, h) High-resolution STM image and the corresponding nc-AFM image of another T-junction structure, respectively. The
enlarged nc-AFM image with a proposed model showing the formation of the fragile dimer 13 at the junction and stable dimer
configurations within the chains. (i, j) Large-scale and close-up STM images of water-induced formation of extended one-dimensional
parallel chains on Au(111). (k, I, m) High-resolution STM image and the corresponding nc-AFM image of an extended chain structure,
respectively. The nc-AFM image with a proposed model showing the chain is also composed of stable dimer configurations of dimer 1—

dimer 8 (cf. Table 1). Structural model: H: white, C: gray, N: blue, O: red.

panel in Table 1, all of the hydrogen bonds within the dimer
9—14 at T-junctions are weaker than the corresponding water-
involved hydrogen bonds of at least one hydrated cytosine
molecule displayed beneath the dimers; thus these fragile
dimers are easily broken by water molecules from an energy
point of view. In the lower panel, for the dimer 1-8 in
molecular chains, at least one individual hydrogen bond within
each dimer is stronger than the corresponding water-involved
hydrogen bonds of both hydrated cytosine molecules, which
reveals that those dimers are stable and preserved under water
perturbation.

To further understand the process of this unexpected water-
induced structural transformation, a coarse-grained model is
proposed for simulation of large-scale collective dynamics of
cytosine molecules. Figure 3a—d show the simulated growth
process of the cytosine self-assembled structure from individual
molecules to T-junction chains (also see Movie S1). After
introducing water into the system, the number of T-junctions
gradually decreases and the growth of extended one-dimen-
sional chains prevails, as shown in Figure 3e—h (also see Movie
S2). Details of this process are elaborated in the snapshot
images at different stages in chronological order (Figure 3i—k
and Movie S3).

The whole process can be presented as follows: (i) Cytosine
molecules self-assemble into the glassy-state structure on the
Au(111) surface where both strong and weak hydrogen bonds
are formed as depicted by green and red dots, respectively
(Figure 3i); (ii) water molecules detect all of the possible
intermolecular hydrogen bonds formed in the structure and are
inclined to bind to all of the feasible sites of cytosine
molecules, and as a result, weak hydrogen bonds at T-junctions
are selectively broken (cf. Table 1); meanwhile stronger water-
involved hydrogen bonds are formed as depicted by blue dots
(Figure 3j); (iii) the molecular chain segments (binding with
water molecules at terminals) are unable to form T-junctions
again. In the next step, they diffuse as supermolecules on the
surface and further self-assemble into longer molecular chains
in an end-to-end manner provided that strong hydrogen bonds
are formed (c¢f. Table 1) (meanwhile, water molecules are
released), resembling the game “Gluttonous Snake” (Figure
3k). Thereafter, water molecules desorb from the Au(111)
surface owing to the low adsorption energy.B’24 (iv) Moreover,
the peripheral hydrogen atoms of molecules make chains
laterally arranged via van der Waals interactions, resulting in a
close-packed array.
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Table 1. DFT Calculations on Various Hydrogen-Bonded Cytosine Dimers Formed at Junctions and in Chains and the
Corresponding Hydrated Cytosine, Together with Each Individual Hydrogen-Bonding Energy”

Hydrogen-bonded dimers at junctions (water can break)

Dimer 10 Dimer 11

iy | AL

Dimer 9
Cytosine ‘ : : ﬁ“
Canonical form
Dimer 9 + H,0

Dimer 10 + H,0 Dimer 11 + H,0

e
o o |oasaf
g :

®

Dimer 14

Cytosine
Tautomer 1

e s

Dimer 12 + H,0

Dimer 14 + H,0

Cytosine .
Tautomer 2 4
Hydrogen-bonded dimers in chains (water cannot break)
Dimer 1 Dimer 2 Dimer 3 Dimer 4
Dimer 1 + H,0 Dimer 2 + H,0 Dimer 3 + H,0 Dimer 4 + H,0
=) QO
N 0.284 )
ik Sapes
L]
Q >
Dimer 5 Dimer 6 Dimer 7 Dimer 8
Ly | g | R | R
0.194 0.071
Dimer 5 + H,0 Dimer 6 + H,0 Dimer 7 + H,0 Dimer 8 + H,0
o z }
L4

“Inset: three cytosine tautomers involved: canonical form, tautomer 1, and tautomer 2. Upper panel: the fragile dimers 9—14 formed at various T-
junctions composed of relatively weak hydrogen bonds, which are easily broken by water. Lower panel: the stable dimers 1—8 formed in chains
composed of relatively strong hydrogen bonds, which cannot be broken by water. The corresponding hydrated cytosine with water-involved
hydrogen bonds using the same interaction sites is displayed beneath each dimer. The calculated energy values (eV) of each individual hydrogen

bond are listed nearby.

Note that such a structural transition cannot be realized by a
normal annealing treatment (cf. Figure S3). We thus propose
that annealing the sample (globally) to a certain temperature
results in the overall breakage of both strong and weak
hydrogen bonds without a precise selectivity. On the other
hand, as shown above, water molecules may efficiently detect
all of the hydrogen bonds in a very localized manner, i.e., at the
single-bond level. Meanwhile, the water molecule provides a
catalyzed pathway that reduces the activation energy barrier for
the hydrogen-bonding breakage by forming water-involved
hydrogen bonds, facilitating the conversion of intermolecular
hydrogen-bonding configurations to the thermodynamically
more favorable states, and no structural transformation would
happen after further thermal treatment.

10683

CONCLUSIONS

In conclusion, from a combination of high-resolution STM and
nc-AFM imaging, DFT calculation, and large-scale molecular
dynamics simulation, we demonstrate that water molecules are
able to effectively regulate self-assembled structures of cytosine
by precisely manipulating individual hydrogen bonds in a
catalytic manner. Water molecules discussed in this case are
mediators that selectively break the weak hydrogen bonds by
forming moderate ones in hydrated species, and the latter are
displaced when stronger intermolecular hydrogen bonds are
formed and thereafter desorb from the surface, behaving as a
catalyst in the overall structural transformation process. We
believe that the present results give a clear example of water
molecules in regulating intermolecular hydrogen bonds in a
hierarchical self-assembled system. The real-space information
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Figure 3. Dynamics simulations of the growth process of cytosine chains linked by various T-junctions and the water-induced transition from
T-junction chains to extended one-dimensional chains on the surface. (a—d) Simulated growth process of T-junction cytosine chains. (e—h)
Simulated growth process of extended 1-D cytosine chains induced by water. (i—k) Series of zoomed-in simulated images of one spot in
chronological order showing the details: (i) the formation of cytosine chains (via strong hydrogen bonds) linked by T-junctions (via weak
hydrogen bonds) (indicated by a red arrow), (j) the breakage of weak hydrogen bonds and meanwhile the formation of water-involved
hydrogen bonds (indicated by blue arrows), and (k) the re-formation of strong hydrogen bonds (indicated by green arrows) by releasing the
water molecules. Cytosine molecules are presented as unicolor species in light or dark green representing R or L chirality, respectively.
Green dots: strong hydrogen bonds; red dots: weak hydrogen bonds; blue dots: water-involved hydrogen bonds. Time is displayed in

arbitrary units.

at the single-bond level would be complementary to time-
resolved measurements and further improves our under-
standing of the dynamic interfaces between biomolecules and
incorporated water molecules.

METHODS

STM/nc-AFM Measurements. Experiments were carried out in
two independent ultra-high-vacuum (UHV) systems that host a
SPECS variable-temperature “Aarhus-type”>*® and a low-temper-
ature Omicron scanning tunneling microscope, respectively, where
the base pressure was ~1 X 107'° mbar. The Au(111) substrate was
prepared by several cycles of 1.5 keV Ar* sputtering followed by
annealing to 800 K for 10 min, resulting in clean and flat terraces
separated by monatomic steps. The cytosine molecules (purchased
from Sigma-Aldrich, purity >98%) were loaded into a glass crucible in
the molecular evaporator. The pure deionized water (purchased from
Sigma-Aldrich) was loaded in a dosing tube positioned in the
preparation chamber and further purified under vacuum by several
freeze—thaw cycles to remove the remaining impurities.”” After a
thorough degassing, cytosine molecules were deposited onto the

10684

Au(111) substrate by thermal sublimation at 370 K, and water
molecules were dosed onto the surface held at room temperature at a
pressure of 1 X 107> mbar for 1 min; the sample was thereafter
transferred within the UHV chamber to the STM, where measure-
ments were carried out at ~100—150 K. Scanning conditions: I, =
0.5-0.9 nA, V, = —1700 mV. All of the STM images were further
smoothed to eliminate noise. For the experiments performed in the
Omicron system, the STM images were taken in the constant-current
mode and the voltage was applied on the sample while the tip was
grounded. The nc-AFM measurement was carried out at liquid helium
temperature in constant-height frequency modulation mode with a
CO-functionalized tip (resonance frequency f, = 42.15 kHz,
oscillation amplitude A = 170 pm, quality factor Q = 8 x 10%).
Theoretical Calculations. As the interaction between molecules
and the Au(111) surface is relatively weak as proved by the integrity
of the herringbone reconstruction, we then perform the following
calculations in the gas phase. 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—Ernzerhof generalized gradient approximation (GGA) ex-
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change—correlation functional was employed;** and the dispersion-
corrected DFT-D3 method of Grimme™® was used for the calculations
when including the weak interactions. 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. Based on the optimized hydrogen-bonded
dimer configurations, the dispersion-corrected DFT-D3 was used to
calculate the single-point energy by the Gaussian 16 program
package.>* The single-point energies were calculated at the MO6-
2X-D3/6-31 1++G(d,£) level, which incorporates dispersion and long-
range corrections.”>® Multiwfn 3.2.1 was used to perform wave
function analysis and calculate the intermolecular hydrogen-bonding
energy.”’

To facilitate the large-scale simulation of the assembly process for
cytosine molecules without and with water, we proposed a coarse-
grained model where the cytosine molecules (including the canonical
form and two tautomers) are considered to be a rigid body (taking the
canonical form as an example) consisting of beads located at positions
of the contained atoms as illustrated in Figure S4. These beads
represent binding sites of possible hydrogen bonds listed in Table 1.
Due to the nonsymmetrical distribution of the hydrogen donor and
acceptor groups (i.., the corresponding hydrogen bond binding sites)
over the periphery of the cytosine molecule, we assign site 1, site 2,
and site 3 to strong hydrogen bond binding sites (annotated as S1, S2,
and S3) and S4, SS, and S6 to weak hydrogen bond binding sites.
Then, the relevant sites of each molecule involved in hydrogen bonds
will be indicated explicitly as, e.g., S1S1, etc. Moreover, the sites of
cytosine molecules with different chiralities are denoted as S and S for
clarity (cf. Figure $4).%%

As the hydrogen bonds are much weaker than covalent bonds, the
assembly processes should be attributed to the intermolecular
movement due to the hydrogen-bonding interactions and other
weak intermolecular interactions rather than the inner-molecule
movement. This allows us to describe the translational and the
rotational motions of a rigid cytosine molecule with exclusive volume
effects by

. 0
}/R,- = - _L]tot + é(t)
; o (1)

Wh== DT +n(t)
j (2)

where R, and 6, denote the position and the rotating angle of the ith
molecule, respectively, y and y, are the translational and rotational

friction coefficients, and U, is the total interaction potential of the

system, which leads to a force _—

ar Uior and a torque I exerting on the

bead located at r; in the molecule. Besides, both the translational and

rotational motions suffer from Gaussian white noise due to the finite
temperature, which reads £(t) and #7(t), respectively. To be specific,
the total interaction potential of the system includes hydrogen bond
interaction potentials Uy and effective exclusive volume potentials
Ugy. The effective exclusive volume potentials are

12 6
o o
4el — — — |, r. < Y20
U ( )_ 12 6 h
Ev\’) = Tij T

0, otherwise (3)

where 7;; is the distance between any pair of beads and € and care the

effective strength and repulsive length, respectively. As we aim to
understand qualitatively the effect of the hydrogen bond with water
on the assembly process of cytosine molecules, the relative strengths
of hydrogen bonds are important, which allows us to describe the
hydrogen bond interaction potentials in the simplest manner with the
relative strengths ensured to facilitate the large-scale simulation of the
whole assembly process, i.e.,

UHB(rij) = kq("i,’ - Ro.q)2 4)

where r;; is the distance between two sites that form a hydrogen bond
and k; and R, are the strength and the length of the hydrogen bond
of type g, respectively. By defining a characteristic length I, a
hydrogen bond is considered to be formed if ; < I, and to be broken
ifr;; > Iy. There are also other hydrogen bond models in conventional
molecular dynamics,® *' which describe accurately the intermolec-
ular interaction accompanied by inner-molecular changes. The coarse-
grained model should be further developed in the future if some
quantitative accuracies need to be ensured. When water was
introduced into the system, a hydrogen bond with a water molecule
will be formed with a probability taking into account the collision
frequency p = cPy o if the energy change is negative, where Py g is
the partial pressure of water and ¢ is the coeflicient. In simulations,
Ry 4 7, and kgT'were set to be basic units for dimensionless, where k
is the Boltzmann constant and T is the temperature. A total of 2500
molecules consisting of an equal number of L and R type ones were
placed randomly on the metal surface with size 290 X 290 and
periodic boundary conditions. Other parameters € = 200, ¢ = 1,
ly=157,=9,¢c=10%and Pyo = 10™° mbar were the same as that
in experiments. k, for the hydrogen bond formed by S1S1 is set to be
150, and others take values that keep the same ratio relative to the
S1S1 bond according to the DFT-calculated results shown in Table 1.
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