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Abstract

This document is the unedited author’s version of a Submitted Work that was subsequently accepted for

publication in Journal of Physical Chemistry C, copyright American ChemicalSociety after peer review.

To access the final edited and published work see http://pubs.rsc.org/en/journals/journalissues/tc.

The two-dimensional self-assembly of nonsymmetric adenine DNA base mixed with symmetric PTCDA

molecules is investigated using scanning tunneling microscopy (STM). We experimentally observe that

these two building blocks form a complex close-packed chiral supramolecular network on Au(111). The

unit cell of the adenine-PTCDA nanoarchitecture is composed of 14 molecules. The high stability of this

structure relies on PTCDA-PTCDA and PTCDA-adenine hydrogen bonding. Detailed theoretical analy-

sis based on the Density functional theory (DFT) calculations, reveals that adenine molecules work as a

“glue” providing additional strengthening to the PTCDA-based skeleton of this sophisticated multicompo-

nent nanoarchitecture. At the same time, we find that orientation and chirality ofAdenine molecules across

the monolayer is likely to vary leading to a disorder in the atomistic structure of the entire assembly.
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I. INTRODUCTION

Tailoring complex organic nanoarchitectures is the focus of recent research interest for devel-

oping novel nanostructured materials1. Two-dimensional (2D) molecular nanoarchitectures can be

engineered taking advantage of molecular self-assembly2. These structures can be tailored at the

nanometer scale by exploiting intermolecular interactions. Molecules forming hydrogen bonds (H-

bonds) are particularly interesting building blocks for creating sophisticated organic architectures3

due to high selectivity and directionality of these bindings. Various single4 and multicomponent5

H-bonded structures have been created using semiconducting as well as biomolecules6.

Engineering new molecular bioarchitectures is especiallyappealing for developing new ad-

vanced drug delivery devices and sensors. Engineering multicomponent biomaterials via attaching

one molecule to another requires deep understanding of molecular interactions. Molecular build-

ing blocks have to be chemically and structurally compatible to form specific structures. Over

the last decade a remarkable progress has been achieved in building on crystal surfaces molecular

assemblies. This has been largely based on a ’drop and see’ approach rather on the understand-

ing of the underlying processes and interactions. It is widely believed that a more intelligent

approach is now required which would allow “design” or “dial” a structure with specific prop-

erties. Molecular size and geometry, as well as interactionbetween molecules are some of the

key parameters determining whether or not molecular self-assembly is possible, and what the fi-

nal outcome will be. For instance, it has been shown that the mixture of adenine and cytosine,

both DNA bases, does not lead to the formation of ordered multicomponent structures7 whereas

several multicomponent structures have been obtained using semiconducting perylene-3,4,9,10-

tetracarboxylic-3,4,9,10-dianhydride (PTCDA) moleculesmixed pentacene8 and 2,4,6-Triamino-

1,3,5-triazine, sym-Triaminotriazine9.

In this paper we investigate the self-assembly of nonsymmetric adenine DNA base (Fig. 1(a))

mixed with symmetric PTCDA molecules (Fig. 1(b)) on Au(111)-(22×
√
3) surface at room tem-

perature in ultra high vacuum. We observed using scanning tunneling microscopy (STM) that the

molecules form a complex bicomponent chiral supramolecular network. The unit cell of the 2D

PTCDA-adenine architecture is composed of 14 molecules. Thehigh stability of this architec-

ture relies on PTCDA-PTCDA and PTCDA-adenine hydrogen bonding. Density functional theory

(DFT) modeling reveals that PTCDA based skeleton of this complex nanoarchitecture is stabilized

further by the adenine molecules which may take several orientations within the unit cell rendering
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the whole monolayer to be adenine-disordered.

II. EXPERIMENTAL SECTION

The substrates were Au(111) films grown on mica. The samples were introduced into the

ultrahigh vacuum (UHV) chamber of an STM (Omicron STM equipped with Nanonis controller)

operating at a pressure of10−7 Pa, and were then sputtered with argon ions and annealed at

500◦C. Molecules were sequentially deposited onto a room temperature gold surface. PTCDA

molecules (Fig.1(b)) were sublimated at 260◦C followed by adenine (Fig.1(a)) sublimated at

150◦C. Cut PtIr wire was used as STM tip to obtain constant current (It) images at room

temperature with a bias voltage (Vs) applied to the sample. STM images have been processed and

analyzed using FabViewer10.

III. RESULTS AND DISCUSSION

Experimental observation of Adenine-PTCDA Self-Assembly on Au(111) Surfaces

Figure 1(c) shows an STM image of the Au(111)-(22×
√
3) surface after sequential deposition

of PTCDA and adenine molecules onto the surface at room temperature. The semiconducting

PTCDA molecules and adenine DNA bases self-assemble into a complex 2D chiral architecture

(Fig. 1(c,d)) which drastically differs from pure herringbone or brick-wall PTCDA structure11 and

pure adenine networks7. The STM image in Fig. 1(c) reveals the reconstructed Au(111)-(22×
√
3)

surface next to the adenine-PTCDA supramolecular network. The gold cristaline directions are

indicated by black arrows in Fig. 1(c).

PTCDA molecules appear brighter than adenine molecules in the STM images. The unit cell of

the PTCDA-adenine network is represented in Fig. 1(e,f) by a yellow dashed lines; it has a shape

of a parallelogram with 4.1 nm and 3.4 nm sides and the acute angle of ∼75◦ between them.

This organic network is chiral, with two enantiomeric domains presented in the STM images of

Fig. 1(e) and (f). The unit cell of this multicomponent two-dimensional nanoarchitecture consists

of 14 molecules, namely of 10 PTCDA and 4 adenine molecules.

Modeling of Adenine-PTCDA two-dimensional architecture

The atomistic model of the supramolecular self-assembly ispresented in Fig. 1(g). The net-
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work is composed of rows of PTCDA molecules connected with each other through two O· · ·H-C

hydrogen bonds (along the red dashed arrows in Fig. 1(g). These molecules form a template or

external skeleton (called the Ske structure in the following) shown separately in Fig. 2(a); the

skeleton has rather large pores. A square composed of four PTCDA molecules connected with

each other in a domino-like manner is located in the full structure of Fig. 1(g) in the center of each

pore of the Ske structure. The four PTCDA molecules in the square are connected to each other

c

e

g

a b

d

f

[112] [110]

FIG. 1: (a) Adenine (9H-purin-6-amine) and (b) PTCDA (3,4,9,10-perylenetetracarboxylic-dianhydride)
molecules, where carbon, oxygen, hydrogen and nitrogen atoms are gray, red, white, and blue, respectively.
The PTCDA-adenine self-assembled chiral network on the Au(111)-(22 ×

√
3) surface: (c) 18×18 nm2;

Vs = -0.5 V, It = 0.4 nA, (d) 11×11 nm2; Vs = -0.8 V, It = 0.4 nA. The two enantiomeric domains are
presented in the high-resolution STM images: (e) 5×3 nm2; Vs = -0.5 V, It = 0.4 nA and (f) 5×3 nm2; Vs

= -0.8 V, It = 0.4 nA. The unit cell is indicated by a dashed yellow lines. (g) Model of the PTCDA-adenine
nanoarchitecture.
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through three O· · ·H-C hydrogen bonds. The external skeleton with squares of domino-attached

four PTCDA molecules is shown in Fig. 2(b). Finally, four adenine molecules contribute to the

supramolecular network unit cell. They are connected to PTCDA molecules through O· · ·H-N,

O· · ·H-C and N· · ·H-C hydrogen bonds. In total, the multicomponent unit cell consists of 14

molecules: 10 PTCDA and 4 adenine molecules. In comparison, the unit cell of pure PTCDA

network is composed of 2 molecules11 and the one assembled by pure adenine is composed of 2

or 4 molecules12. Our results show that mixing symmetrical and nonsymmetrical molecules could

be a method to increase the sophistication of hydrogen-bonded supramolecular architectures.

In the case of single-component architectures, hydrogen-bonds can lead to the formation of a

large number of adenine12 and many hydrogen-bonded PTCDA networks11. In all these structures

homodimers are the basic building blocks that can lead to numerous single-component networks

with various numbers of molecules in the unit cell. In comparison, the adenine-PTCDA network

shown in Fig. 1(d) is far more complex: the unit cell is composed of a large number of molecules

which are connected to each other in a sophisticated manner.Note that only a single structure has

been observed (also see below).

To understand the stability of this network, density functional calculations (DFT) have been

performed in the gas-phase approximation (without presence of the surface) which was demon-

strated to be appropriate for these molecules and the gold surface13. Four configurations have

been considered. The first configuration is composed of six PTCDA molecules in the unit cell,

see Fig. 2(a), and serves to reproduce the periodicity of theexternal skeleton. The second and the

third structures are composed of ten molecules in the unit cell: in one case we added to the skele-

ton structure four PTCDA molecules in the centre of the skeleton in the domino-like geometry,

Fig. 2(b), and in the other case four adenine molecules at thecorners of the skeleton were added

instead, Fig. 3(a). Finally, the full configuration composed of all fourteen molecules in the unit

cell that can reproduce the whole network observed in the STMimages has been considered, and

the DFT relaxed structure is shown in Fig. 3(b).

The first structure that we analyze is the skeleton (Ske) structure composed of solely six PTCDA

molecules, see Fig. 2(a). This structure serves as a template for all structures to be discussed below

and eventually for the final assembly. The stabilization energy of the relaxed structure is -1.34 eV

as shown in Table I. This corresponds to -0.22 eV per PTCDA molecule and is of the same order

of magnitude as the values found in Ref.11 for some other PTCDA structures. The lattice vectors

and the angle between the lattice vectors in this relaxed structure are somewhat larger that those
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FIG. 2: (a) The DFT relaxed structure of the external skeleton, referred to as Ske in the text. It contains
6 molecules in the unit cell. (b) The DFT relaxed structure (referred to as Ske+PTCDA) of the external
skeleton with added internal domino-like squares, containing 10 molecules in theunit cell.

a b

FIG. 3: (a) The DFT relaxed structure of the external skeleton and added adenine molecules with 10
molecules in the unit cell, referred to as Ske+Adenine. (b) The complete structure: the external skele-
ton with internal squares of PTCDA molecules and adenine molecules added in pores of it. Altogether,
there are 14 molecules in the unit cell. The structure shown has been obtained using geometry relaxation
with our DFT method; the unit cell and the lattice vectors are also indicated.

experimentally observed for the whole assembly, see Table II. If four PTCDA molecules are added

to the skeleton structure in a domino-like manner in the sameway as in the final structure, see the

structure Ske+PTCDA in Fig. 2(b), the stability per moleculeis increased by almost 0.1 eV, see

Table I. However, if instead of the square composed of four PTCDA molecules one adds to the

skeleton structure four adenine molecules as shown in Fig. 3(a), this structure (to be refereed to as

Ske+Adenine) on the whole becomes slightly more energetically favorable as the binding energy
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per molecule increases by additional 0.03 eV (both structures Ske+PTCDA and Ske+Adenine have

10 molecules in the cell). One can see that adding four PTCDA molecules to the skeleton brings

in 8 additional H-bonded “contacts” to the structure; the same number of additional contacts are

created if four adenine molecules are added instead; however, in this latter case the H-bonds are

relatively stronger due to presence of N-H groups in the adenine which form stronger H-bonds with

oxygen atoms of the PTCDA molecules. Interestingly, in all these cases the deformation energies

are found to be negligible (see Table I). Adding both PTCDA square and adenine molecules to the

skeleton structure, Fig. 3(b), stabilizes the final structure even more although the energy gain per

molecule is rather small.

If the squares of PTCDA molecules serve mainly to fill in the empty space in the large pores

of the skeleton structure, adenine molecules serve to stabilize the whole construction. This can be

seen from the density difference plot of the final structure shown in Fig. 4. Alternating regions

of depletion and excess of the density along the H bonds, the so-called “kebab” structures (see

computational details), characterize the strength of the Hbonding. If the kebab structures in con-

tacts between PTCDA molecules are underdeveloped and hence correspond to weak H-bonds, one

can clearly see well developed kebab structures formed between adenine and PTCDA molecules

which correspond to much stronger H-bonds15.

The lattice vectors of every structure we considered are compared with those obtained in the ex-

periment for the whole assembly in Table II. The calculated lattice vectors and the angle between

them for the skeleton structure are somewhat larger than those observed in our STM experiments

for the whole structure. Additional PTCDA and adenine molecules added in the pores of the

template expand the lattice vectors even more, although adenine molecules seem to bring some

reduction in the angle. On the whole, the relaxed final geometry of the entire network is in a rea-

sonable agreement with the STM observations. The obtained discrepancy may be explained by the

neglect of the non-local correlation effects or van der Waals (vdW) interaction between molecules

in our calculations; this extra attraction which is especially important to consider between weakly

bounded PTCDA molecules (see discussion in Ref.13), is expected to result in some contraction of

the lattice. One cannot exclude here also the effect of the surface which has not been accounted

for in our simulations.

Note that in the STM image of this system, Fig. 1(d), the exactorientations of the adenine

molecules and their chirality (adenine is prochiral as opposite to PTCDA) can not be unambigu-

ously determined, since the molecules appear as much smaller dim features compared to the well
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Ske Ske+PTCDASke+Adeninewhole
Estab -1.34 -3.03 -3.33 -4.37
EBSSE 1.43 2.20 1.79 2.48
Edef 0.06 0.04 0.08 0.05
Eint -1.41 -3.07 -3.41 -4.41

TABLE I: Calculated stabilization,Estab, deformation,Edef , and interaction,Eint, energies for the four
considered structures. The BSSE correction is significant in each case and is also given.

Ske Ske+PTCDASke+Adeninewhole experiments
a 3.7 3.7 3.6 3.7 3.4
b 4.2 4.4 4.5 4.5 4.1
β 76.2 77.1 74.4 75.9 75

TABLE II: Computed lengthsa andb of the lattice vectors (in nm) and the acute angleβ between them (in
degrees) for the four structures considered.

resolved rectangular PTCDA molecules. As usual, theoretical calculations should have come to

rescue as they indicate the most favorable orientations of the four adenine molecules within the

pores created by surrounding PTCDA molecules. Although the geometry shown in Figs. 3(b)

and 4 corresponds to the total energy minimum and hence may indicate the expected geome-

try of adenines, a closer examination shows that in fact a number of possibilities exist here for

adenine orientations. We notice that the four adenine molecules may be evenly split into two

a

b

FIG. 4: The electron density difference plot (corresponding to±0.01 electrons /̊A3) of the complete PTCDA
and adenine monolayer. Green colour corresponds to excess, while redcolour to depletion of the electron
density.
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groups corresponding to two distinct types of surroundingscreated by PTCDA molecules around

them, see Fig. 3(b). In order to understand the orientation of adenine molecules we performed

some additional calculations on characteristic finite clusters composed of six PTCDA and one

adenine molecule. One such surrounding (out of the two mentioned above) formed by six PTCDA

molecules and shown in Fig. 5 is considered as an example here. In the configuration considered

PTCDA molecules are placed as in the original structure and a single adenine molecule is added

in the pore as shown; in total there are seven molecules in theunit cell. Two chiralities of adenine

are possible and both were investigated. Moreover, different orientations of the adenine inside

the pore for both chiralities were investigated by rotatingthe adenine molecule with respect to

the surrounding PTCDA molecules and performing the corresponding constrained geometry re-

laxation, and the most favorable geometries found are shownin Fig. 5(a) and (b). In all these

calculations selected carbon atoms of the PTCDA molecules were fixed in the geometry of the

skeleton structure; also the carbon atoms of the adenine were fixed to keep the chosen rotation of

the molecule; all other degrees of freedom were allowed to relax. We find that for the chirality

of the adenine shown in Fig. 5(a) there are two distinct minima: one, shown in the Figure is by

about 0.2 eV lower in energy than the other one which corresponds to an additional 60◦ clockwise

rotation of the adenine molecule. In both cases the adenine makes a single H bond to either of the

two PTCDA molecules. In the case of the opposite chirality, shown in Fig. 5(b), there is only one

distinct energy minimum corresponding to the geometry shown; it is by nearly 0.4 eV more fa-

vorable than several others which are quite close in energy between them. In all cases the barriers

separating different minima are quite large - around 0.7 eV.The most favorable geometries shown

in Fig. 5 involve hydrogen bonds between the N-H groups of theadenine and the oxygen atoms

of the PTCDA which are known to be quite strong14–18. The high stability of these configurations

is illustrated in the electron density difference plots in Fig. 5(a,b), where the well defined kebab

structure of the adenine-PTCDA bonds is clearly seen comparedto the weak PTCDA-PTCDA

bonds. The structures shown in Figs. 3(a) and 3(b) correspond to a particular orientation of the

adenine molecules (which is in fact not the most energetically favorable).

These results indicate that there is a certain degree of randomness or disorder in the orientation

and chirality of the four adenine molecules within each unitcell as well as in different cells; be-

cause of that, strictly speaking, the whole structure is notperiodic, only the substructure formed by

the PTCDA molecules can be approximately considered periodic. This disorder however was not

possible to identify in our STM images in which adenine molecules are seen as dim protrusions.
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a b

FIG. 5: (a,b) Two geometries of the six PTCDA molecules and adenine relaxed with our DFT method. The
two structures correspond to two possible chiralities of the adenine. The electron density difference plot of
adenine and five PTCDA molecules corresponds to±0.01 electrons /̊A3 shows regions of access (green)
and depletion (red) of the electron density.

We experimentally explored the stability of this 2D nanoarchitecture to validate our calcula-

tions. We observed that surface post annealing does not leadto the formation of other Adenine-

PTCDA structures. We also did not observe that variation of the adenine-PTCDA ratio deposited

on the surface affects the adenine-PTCDA self-assembly. We indeed observed that high concen-

tration of adenine (as compared to PTCDA) leads to appearanceof local defects induced by ade-

nine molecules which completely segregate from the same adenine-PTCDA structure as discussed

above (Fig. 6). These observations also support our calculations in that, i.e. the observed architec-

ture appears to be formed preferentially and that adenine possible orientations weakly affects the

stability of the structure.

FIG. 6: STM image of the PTCDA-adenine self-assembly on Au(111)-(22×
√
3) surface (area 35×30 nm2;

Vs = -0.4 V, It = 0.4 nA) observed after deposition of higher adenine to PTCDA ratio.

IV. CONCLUSION

In this paper we have investigated the self-assembly of PTCDAand adenine on the Au(111)

surface at room temperature. We show using scanning tunneling microscopy that PTCDA and
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adenine self-assemble into a sophisticated supramolecular architecture, which unit cell is com-

posed of 14 molecules. A detailed theoretical analysis based on theab initio DFT calculations,

revealed that adenine molecules work as a “glue” providing additional strengthening to the

PTCDA network. At the same time, there is a certain freedom with which adenine molecule

may fill in the pores between the PTCDA molecules leading to thepartially disordered network.

These results illustrate that complex multi-component structures can be engineered by mixing

symmetric and nonsymmetric organic molecules on crystal surfaces. We believe that this route in

design of complex structures may result in new exciting assemblies with interesting properties.

Computational Details

The calculations were performed using theab-initio SIESTA method19, which is based on

localized numerical orbital basis set, periodic boundary conditions, and the first principles scalar-

relativistic norm-conserving Troullier-Martins20 pseudo-potential factorized in the Kleinman-

Bylander21 form. We used Perdew, Becke and Ernzerhof (PBE)22 generalized gradient approx-

imation for the exchange and correlation which was found previously to be adequate in represent-

ing hydrogen bonding between DNA base molecules14. In each calculation, atomic relaxation was

performed until forces on atoms were less than 0.01 eV/Å in the cases of dimers and 0.03 eV/Å in

the cases of monolayers.

A number of energies are worked out and used in the analysis. Firstly, the stabilization energy,

Estab, is defined as the total energy of the relaxed combined system(e.g. the PTCDA network)

minus the total energies of all its individual components (PTCDA molecules and adenine) relaxed

separately. The BSSE correction must be applied to this energy to account for the fact that the

localized basis set is used; the counterpoise method has been used here to correct for this23. The

system is considered stable ifEstab< 0. To characterize the interaction between the parts of a

composite system (e.g. a pair), the interaction energy,Eint, is used, which is defined as the energy

of the pair minus the energy of each individual molecule calculated in the geometry of the pair (i.e.

without relaxing them individually); this energy is alwaysnegative for a stable system. Finally, the

deformation energy,Edef , characterizes the total energy lost by all parts of the combined system

(e.g. by the two molecules of the pair) due to their subsequent relaxation in the composite system

(e.g. the pair). It is calculated as a sum of differences between the energies of individual molecules

in the combined system and when they are completely separated (at infinity),E0

i :
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Edef =
∑

i

(Ei − E0

i ) (1)

The interaction and deformation energies, as defined above,must sum up exactly to the stabi-

lization energy, i.e.Estab= Eint + Edef. In this way, one can see how the deformation energy

is compensated by the interaction energy if the structure isindeed stable. Note, however, that this

relationship would only be exact if plane waves were used in our DFT calculations. Since, we use

SIESTA which employs a localized basis set, this relationship would only be exactprior to the

application of the BSSE correction. Therefore, to simplify the analysis, the same BSSE correc-

tion was applied to the interaction and stabilization energies ensuring that this exact relationship

remains.

The stabilization energy gives an indication of the strength of the hydrogen bonds in the sys-

tem. The relaxed geometry also provides an indirect indication about the stability of the hydrogen

bonds enabled in the structure: the hydrogen bonds often prefer planar configurations and there

are preferential values in the hydrogen bonds of the donor-H-acceptor distances and of the angle

associated with them14–18; a general rule is that hydrogen bonds try to become as linearas possible

with the acceptor-H-donor distance, depending on the actual acceptors involved, being within the

range of 2.6-3.0̊A.

Another way of characterizing the strength of the hydrogen bonding between e.g. two

molecules is by analyzing the electron density difference plots11,14–18,24,25. Hydrogen bonds

were found to display the so-called ”kebab” structure of alternating regions of charge excess

and depletion, that represent the redistribution of the charge density due to the hydrogen bond

formation14. The stronger the bond, the more “regular” the ”kebab” structure is. This concept can

easily be generalized for complexes containing more than two molecules.
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