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ABSTRACT: The theory of adenine dimer chain assembly on Cu(110) surface is
controversial, due in large to the lack of an adequate description of the van der Waals
(vdW) interactions. Here, we show by a combined first-principles calculation and
experiment that the role of the vdW interactions is to tilt the energy balance at different
levels of chain hierarchy. We find that the stable chains are made of metastable dimers,
whereas the metastable chains, close in energy to the stable ones, are made of stable
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dimers. As such, at room temperate deposition, adenine dimers exist primarily in their

stable form. This leads to the formation of metastable chains. By annealing at elevated temperature, however, more dimers can
exist in the metastable form. This leads to the nucleation of the stable chains at a different orientation. The thermally controlled
chain rotation is expected to be of general importance to the understanding of amino acids assembly and functionalization at the

most elemental level.

B INTRODUCTION

Van der Waals (vdW) interactions are ubiquitous, and their
importance in biological structures and related systems cannot
be overstated. The assessment of vdW interactions requires a
fundamental understanding of their contributions at the single
molecule level”> but, even more importantly, at the pattern
assembly level.>* Biomolecules such as DNA base and peptides
on solid surfaces have been widely used to investigate vdW
interactions and self-assembly patterns.’™'> Among them,
adenine on copper has drawn much attention as a prototypical
system.”>”>* Adenine (C{NiH;) is an important nucleobase
molecule that combines a five-membered ring, a six-membered
ring, and an amino functional group. It is widely reported that
adenine molecules prefer to form a chainlike structure on
Cu(110) surface."*'® A stable chain with (+1, 2) orientations
with respect to the substrate has been confirmed by scanning
tunneling microscopy (STM) and low-energy electron
diffraction (LEED) experiments."> Theoretically, however,
how to reliably simulate the vdW interaction in such systems
remains unanswered. The widely used exchange correlation
functionals (Exc), such as the local density approximation
(LDA) and generalized gradient approximation (GGA), in the
density functional theory (DFT) either misrepresent or neglect
the vdW interaction. In the reported PBE calculation,"*’ the
binding energy of an adenine dimer on Cu(110) surface is 0.55
eV/molecule, whereas that of an isolated adenine is 0.56 eV/
molecule. The small negative energy difference (0.55 — 0.56 =
—0.01 eV) suggests that adenine molecules have little chance to
form dimers. In contrast, experiments have revealed that
adenine only adsorbs as dimer or dimer chains,"*"® not as
isolated molecules.

In recent years, various corrections have been applied to
standard DFT to describe vdW interactions efliciently. This
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includes GGA with interatomic correction (e.g, PBE-D** and
DFT-vdW®) and DFT plus local atomic potential (e.g,, DET-
LAP?®). First-principles vdW density functionals (e.g,vdW-
DF*’ and vdW-DF2®) have also been attempted. Progress has
been made. For example, it has been shown that unless vdW
interaction is explicitly included,* water molecules would not
wet Cu(110) and Ru(0001) surfaces, in contradiction with
experiment. vdW interactions are also important for the bindin:
energy and distance of benzene molecules on metal surfaces
and for the lattice constant of molecular crystals.”” Because of
the intrinsic lack of dispersion interaction in PBE functional,
the PBE results can be used as a reference to assess the effects
of vdW interactions.

In this paper, we combine quantum mechanical calculations
based on density functional theory with experiment to unveil
the role of vdW interaction on the self-assembly of adenine
dimer chains on Cu(110). It reveals that adenine molecules
form primarily two different types of dimer chains with
characteristically different orientations. The previously reported
dimer chains along the (*1, 2) directions are made of
metastable dimers, rather than stable dimers. This happens
because such an arrangement can maximize the vdW
interactions between adjacent dimers. The theory further
predicts the existence of a metastable dimer chain along the
(+4, 1) directions made of stable dimers. Experiments are
carried out in searching for the predicted metastable structure.
It reveals that the metastable chains form at room temperature
(RT). As the formation of the stable chains requires rotation of
the dimers, only upon annealing at or above 373 K, the
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metastable dimer chains transform into the stable chains. The
switch in the chain orientation may be viewed as an elementary
function that the system may utilize.*°

B METHOD

We employ a recently developed method known as the DFT-
LAP approach.®® It includes the vdW interaction without
significant extra computational cost beyond standard DFT and
has been tested in various systems.”****' Vanderbilt-type
ultrasoft pseudopotentials®* are used. We use four-layer copper
atoms to model the substrate. The top two layers of the
substrate and the adenine molecules are fully relaxed. The size
of the supercell is determined on a case-by-case basis. The slabs
are separated by more than 20 A vacuum. The electronic wave
functions were expanded in plane waves with a kinetic energy
cutoft of 400 eV. Gaussian smearing with a 0.01 eV smearing
width is used, and k-sampling is determined by the size of the
supercell. Binding energies are tested to converge to within 0.01
eV. We also perform calculations using two other popular vdW-
based methods, i.e., PBE-D** and vdW-DF2.%®

The experiments are performed in an ultrahigh vacuum
(UHV) system with a base pressure of 2 X 107*° mbar, which
provides controlled conditions for the sample preparation and
characterization.**** The Cu(110) single crystal is cleaned by
repeated cycles of Ar' sputtering (700 eV) and subsequent
annealing at 850 K. Commercially available adenine (Aldrich,
98% purity) in powder form is outgassed in a Knudsen-cell type
evaporator and then deposited onto the Cu(110) surface held
at RT. The temperature of the cell is kept at 420 K, as
measured by a thermocouple contacted with the cell. The
sample is then transferred from the preparation chamber to the
STM chamber, which comprises a variable-temperature STM
apparatus. STM measurements are carried out with an
electrochemically etched tungsten tip. The sample is returned
to the preparation chamber for annealing treatment at 373 K
for 15 min. STM images are then taken. All STM measure-
ments are performed at 300 K in the constant current mode.

B RESULTS AND DISCUSSION

Isolated Adenine Molecules. For isolated adenine
molecule adsorbed on the Cu(110) surface, there exist two
lower-energy configurations, Al and A2, whose top views are
given in Figures la and 1b, respectively. Figures 1c and 1d show
the side views of Al and A2 according to PBE; Figures le and
1f show the corresponding DFT-LAP results. Compare Figures
1c and 1d with Figures le and 1f, it is clear that the primary role
of vdW interactions is to flatten the adenine molecules against the
Cu(110) surface. When comparing the results of DFT-LAP with
those of PBE, we find that vdW interactions increase the
binding energy significantly (see Table 1) by drastically
reducing the average distance between adenine molecule and
Cu substrate. The tilt angle @ between adenine and substrate
may be used to characterize the average distance (see Table 2).
Without vdW interactions (i.e,, PBE), 8 is 50° for Al and 60°
for A2. With vdW interactions (i.e, DFT-LAP), however, 0 is
reduced to only 10° for Al and only 15° for A2.

We can qualitatively understand the larger 6 in PBE than in
DFT-LAP by considering the physisorption of a benzene ring
on Cu(110) for which experimental results are available. Here,
PBE gives a negligible binding energy of 0.02 eV, which is
significantly smaller than experiment, 0.53 eV. Accordingly, the
PBE binding distance of 4.2 A is also significantly larger than
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Figure 1. Two low-energy adsorption configurations of isolated
adenine molecule on Cu(110) surface. (a), (c), and (e) are for
configuration Al, whereas (b), (d), and (f) are for configuration A2.
(a) and (b) are top view. (c) to (f) are side view. Black, blue, and gray
balls are carbon, nitrogen, and hydrogen atoms, respectively, whereas
yellow balls are copper atoms. Surface lattice vectors are 2.56 A along
[1-10] and 3.62 A along [001]. A p(4 X 3) supercell is used in the
calculation.

Table 1. Calculated Binding Energy (in eV) per Molecule for
Adenine on Cu(110)“

PBE DFT-LAP PBE-D vdW-DF2
isolated adenine Al 0.72 1.30 1.67 0.86
A2 0.75 1.21 1.63 0.86
adenine dimer D1 1.44 3.03 3.74 2.30
D2 1.51 3.06 3.86 2.34
dimer chain C1 1.45 3.10 3.79 2.36
C2 1.51 3.07 3.77 2.34

“Lower energy states are indicated by bold.

Table 2. Adenine Angle @ (in deg) with Respect to the
Substrate

PBE DFT-LAP
isolated adenine Al 50 10
A2 60 15
adenine dimer D1 30 30
D2 30 25

experiment of 3.0 A. The same can be expected for a
physisorbed five-membered ring. The adenine is, however,
not purely physisorbed but is chemisorbed by the nitrogen
atom, N7 in Figure la, plus its chemisorbed amine group on
the surface. To increase the separation of the physisorbed rings
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from the substrate, the adenine molecule is forced to adopt a
larger tilt angle, although unphysically. The same is true for
other vdW systems, such as TBA/Ag(100)** and CoPc/
Cu(111).%¢

Adenine Dimers. Starting with Al and A2, and taking into
account various possible hydrogen-bonding configurations, we
find that there are only two possible low-energy dimer
structures on Cu(110), ie, D1 and D2. Figures 2a and 2b

to 25° The smaller angle change is expected to cause less
energy penalty, making the D2 dimer more stable than the D1
dimer.

Adenine Dimer Chains. According to literature, adenine
adsorbs on Cu(110) as chains of dimers'*'® whose chain
structure has been calculated previously using DET.'”'¥*° Qur
STM experiment also reveals the chain structure, labeled C1 in
Figure 3, along the (#1, 2) directions. Our DFT-LAP

Figure 2. Two low-energy adsorbed adenine dimer structures on
Cu(110) surface. (a) and (c) are top views, whereas (b) and (d) are
side views.

show the DFT-LAP results for D1 in top and side view,
whereas Figures 2c and 2d show the results for D2. In both
cases, the two adenine molecules in the same dimer have
identical 6. Upon dimerization, the @ difference between DFT-
LAP and PBE vanishes for D1, and 25 — 30 = —5° for D2.
Hence, in both cases, 6 has changed considerably with respect
to isolated adenine. While the angle change optimizes
hydrogen-bonding strength, it comes with an energy penalty
by weakening the adenine binding to the substrate. One may
write the total binding of the adenine as that with the substrate
and that with neighboring adenine. PBE is expected to
overestimate the repulsion between adenine and substrate. It
is also expected to underestimate the hydrogen bonding
between adenine pair. The calculated PBE binding energy for
D1 is 1.44 eV, which is twice the binding energy of isolated
adenine, 0.72 eV. Hence, PBE predicts no adenine dimerization
on Cu(110), in contradiction with experiment. In contrast, the
DFT-LAP binding energy for D1 is 3.03 eV, whereas the
binding energy of isolated adenine is 1.30 eV. There is therefore
a net gain of 3.03 — 2 X 1.30 = 0.43 eV. Without the substrate,
the binding between the two adenine molecules would be 0.9
eV. Hence, the energy penalty due to @ change in DFT-LAP is
estimated to be 0.9 — 0.43 = 0.47 eV for DI.

In the DFT-LAP calculation, isolated Al is more stable than
isolated A2; after their dimerization, however, D2 (consisting of
an A2—A2 dimer) becomes more stable than D1 (consisting of
an Al1—Al dimer). This may be qualitatively understood: in the
2A1 — D1 process, 0 changes by 20° from 10° to 30°. In the
2A2 — D2 process, however, 8 changes by only 10° from 15°
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Figure 3. Stable adenine C1 chains on Cu(110) surface. (a) is a large-
scale STM image, taken at U = —0.1 V and I = 0.06 nA. Here, the
black-line scale bar is S nm. (b) is a simulated STM image at U = —0.1
V, along with a magnified experimental image. (c) shows the calculated
atomic structure for C1. (d), taken at U = —0.1 V and I = 0.10 nA, for
comparison.

calculation, however, suggests that these stable dimer chains
consist of metastable dimers D1 in Figure 2a, rather than the
stable dimers D2 in Figure 2c. Within a C1 chain, the distance
between two adjacent dimers is 0.72 nm. Compared with an
isolated dimer D1, the binding energy per dimer in the Cl1
chain has increased from 3.03 to 3.10 eV. The simulated STM
images at —0.1 V in Figure 3b show agreement with experiment
in Figure 3d.

The results in Figure 3 raise an important question: if the
stable dimer chains are made of metastable dimers, what has
happened to the stable dimers? Our experiment reveals that
after the deposition of adenine molecules on Cu(110) at RT a
different dimer chain (labeled C2 in Figure 4) emerges. The C2
chain is along the (+4, 1) directions, instead of the (*1, 2)
directions for C1. Here, the distance between two adjacent
dimers can vary considerably from 0.89 to 1.06 nm. A large
density of kinks is also observed. In addition, dimers inside a
C2 chain can move. Figures 4a and 4b show two consecutive
images taken for the same area. Two dimers, indicated by the
larger black circle, have moved away during the time elapsed.
One of them has added on to a nearby chain, indicated by the
smaller blue circle. These observations are consistent with
DFT-LAP calculation in which the dimer binding energy is only
0.01 eV per dimer. Figure 4c shows the atomic structure of C2
chain and the corresponding simulated STM image. We
observe the transition from the metastable C2 chain to the
stable C1 chain after annealing at 373 K.
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Figure 4. Metastable adenine C2 dimer chains on Cu(110) surface.
(a) and (b) show time-lapsed STM images (U = —0.1 V and I = 0.04
nA). Here, the black-line scale bar is S nm. (c) shows the calculated
atomic structure for C2 (left) and the simulated image (right).

One may argue that the above experimental observations
support a stronger binding energy for C2 than what has been
predicted by DFT-LAP. While this is certainly possible, we
would like to point out that although the C2 chain has relatively
weak binding energy among its D2 dimers, isolated D2 dimers
are stable and hence abundant during sample preparation at
RT. In contrast, the formation of the stable C1 chain is
kinetically hindered at this temperature due to the lack of its
parent (metastable) D1 dimers. During annealing at elevated
temperature, however, more D2 are promoted to DI. This
appears to be a necessary step for the nucleation and formation
of the C1 chains thereafter. One may also wonder if the chain
direction can be reversed, for example, by disrupting the
hydrogen bonds between N1—HS8 in Figure 3c via a weak
electromagnetic wave excitation or a tiny local current injection.
Although being most elementary, such a tunability points to an
important direction to build up functions out of amino acid
groups.

At present, how to accurately calculate vdW interactions for
complex systems like the current one is still controversial.
Nevertheless, Table 1 shows that three vdW schemes, DFT-
LAP, PBE-D, and vdW-DF2, yield identical conclusions, except
for the formation of the metastable C2 chain from the D2
dimer. On this account, only the DFT-LAP results qualitatively
agree with experiment.

B CONCLUSIONS

In summary, DFT-LAP calculation predicts the possible
existence of a second (and metastable) adenine chain on the
Cu(110) surface, which is subsequently identified by experi-
ment. The application of the accurate vdW scheme, namely,
DFT-LAP, further points to an important fact that the stable
adenine chain is made of metastable dimers, whereas a close-in-
energy metastable adenine chain is made of the stable dimers.
Because of this, the adenine chain directions are temperature
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controlled as revealed by experiment. By comparing the results
between PBE and DFT-LAP, the critical role of the vdW
interactions also becomes evident: PBE predicts stable D2 and
C2. There is therefore never a chain rotation around the axis
perpendicular to the Cu(110) surface.
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