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We demonstrate the effective confinement of surface elec- already demonstrated for networks formed via H-bénds-
trons in the pores of molecular networks formed by de-  valent bonds® or metal coordination bondsbut not for net
hydrobenzo[12]annulene (DBA) molecules with butoxy works built via van-der Waals interactions.

groups (DBA-OCy) on Au(111). Investigation of the net- DBA-based molecules, which consist of a triangule=~===
work formation starting from single molecules reveals a  wijth three benzene rings, have previously been inveswy..
considerable interaction of the molecules with the sub-  ypon porous network formation at the liquid-solid int¢ =~
strate, which is at the origin of the observed confinement.  mostly on graphite surfaces, using scanning tunneling mi-
_ = _ croscopy (STM$+12 DBA porous molecular networks =~
Molecules have the extraord|_nary c_apablhty to self-oigan already been successfully used to trap a variety of e t
on surfaces_ and cr(_eate two-dimensional (2D) molecular crysyglecules in the poréé. More recently, porous networks o
tals. By tuning the intermolecular and the molecule-satetr A and DBA-OC, molecules that are built via intermole st -
interactions one can create various molecular self-as#@nb |5, yan-der Waals interactions on Au(111) have also beeb sw
at surfaces like porous networks or close-packed layett. Se jgq in ultra-high vacuum (UHV) conditions by ST¥HS. Thic
assembled molecular networks in general have great appegjectronic properties of these networks and their potea’ a
to fundamental science and promise towards new nano- a’“ﬁhantum dot arrays have, however, not been addressed | - .
biotechnological devicés® for various applications such as In this study we investigated single DBA-Q(DnoIecuIel

L(T;rmtirgOrg,rosjsniqoéIZZSI;P:\né:\(/)\/glfksgrr)gcleréﬁ; igrgg':iuc_ s adsorbed on Au (111) and their organization into molec_..r
’ P y ™ SY networks. The formation of large 2D molecular networ’ s iz

tems because they provide nanometer sized voids (pores) Lehieved by post-annealing at a temperature close to the _ub

a highly organized 2.D arrangement. The_se voids permit aC%imation temperature of the molecules. The lateral cor .inc
cess to .the. underlying surface and proy|de ways tp Iocallyment of the 2D surface state (SS) electrons of the Au sub.™ .«
and periodically decorate the surface with nano-objects. | within the pores of the network is evidenced by scannino * .-
addition, the confinement of the surface electrons insidé su neling spectroscopy (STS), illustrating the potential &.
voids will allow the creation of regular arrays of quantunisdo . )

with a rich and versatile electronic structdré The elec- networks to generate highly ordered quantum dot arrays.

tronic structure of the dots can be tuned by varying the size. Al eﬁenments are conductid In aIUHV (base pressure in
of the nanopores and the strength of the intermolecular-inte "€ 10 ~"mbar range) system that includes an Omicron ow-

actions. Electronic confinement in porous structures haa be temperature STM operated abK. Au(111) films grown ¢
mica are cleaned by Arsputtering and annealing cyclés

1 Electronic Supplementary Information (ESI) available:Ghemical model DBA'OC?4 IS synthe5|zed as des_crlbed in Réf. DBA-OC.

structure of DBA-OG; Il. STS spectra during molecule manipulation; Ill. powder is sublimated at 480K using a Knudsen celland « oo d

\oltage-dependent STM topographies and height profilesCldtckwise and onto the Au(lll) substrate held at room temperature T

counterclockwise chirality; V. Additional I&dV maps of nanopores]. See : : o
DOI- 10.1039/b000000X/ STM tips we used mechanically cut Ptlr (10% Ir) and p .,

a | aboratory of Solid State Physics and Magnetism, KU Leuven, 3001 Lewven,  Crystalline W Wire_s- The W tips are eleCtrOChemi_Ca”y et he
Belgium. Tel: +32 16 32 28 69; E-mail: koen.schouteden@fys.kul euven.be and cleaned in situ by thermal treatment. All bias vo*agrs
b Extreme Light Infrastructure-Nuclear Physics (ELI-NP)/Horia Hulubei Na- mentioned are with respect to the Samp|e' and the ST v t|p 3

tional Institute for R&D in Physics and Nuclear Engineering (IFIN-HH), - -
Bucharest-Magurele, RO-077125, Romaria. virtually grounded. The STM images are analyzed usi., ...e

¢ Graduate School of Engineering Science, Division of Frontier Materials Nanotec WSxM softwar¥.
Science, Osaka University, Toyonaka, Osaka 560-853L, Japan. Figure 1 (a) presents an STM topography of the Auf ...,

d Molecular Imaging and Photonics, KU Leuven, 3001 Leuven, Belgium. i
€ These authors contributed equally to this work. surface after low-coverage DBA-Q@eposition at room tel
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perature (deposition time: 1 minute). Only single DBA- compared to A5+ 0.01 nm for the planar molecule.
OC; molecules are retrieved and no networks are formed.

It can be observed in Fig. 1 (a) that the single DBA4C |
molecules are preferentially adsorbed on the face-cahtere
cubic (fcc) regions of the herringbone reconstructed Aij11
surface. Only few molecules are present on the hexagonal-
close-packed (hcp) regions and no molecules on the herring-
bone ridges between the fcc and hcp regions of the Au(111)
surface. This may be explained by the small electronic poten
tial energy difference that exists between the reconstnice-
gions (the potential in hcp regions is about 25 meV lower than
thatin fcc region$®). The observation of individual molecules y
points to a low mobility, which may be due to their large size [RE_—.
or due to a high diffusion barrier. However, the molecules .’ -
must have a certain mobility, since they are able to move from [

their random landing position towards a Au(111) fcc region.

It can be seenin Figs. 1 (a) and (b) that the single molecules
have a triangularly shaped appearance, reflecting thegtrian
larly shaped DBA core of the DBA-Ofmolecule. The sin-
gle molecules have two different orientations on the Auf111
surface that are rotated by ®@vith respect to each other
[highlighted by the blue triangles in Fig. 1 (c)], reflectitige
symmetry directions of the Au(111) support, similar to DBA
molecules (without O¢ legs) on Au(111)°. Remarkably,
for each single DBA-O¢ molecule one of the “corners” of
the observed triangular shape appears higher than the othe
two “corners”, suggesting that the single molecules adhere Fig. 1 (a) 30x 30nm? STM topography of individual DBA-OG
tilted conformation on Au(111), which is in contrast to DBA molecules with tilted conformation on Au(111) at low covgea
molecules without OClegs on Au(111¥°. This may indi- V =+0.20V;1 = 0.01nA. Inset: 3< 3nn? close-up view of a
cate that the legs of the DBA-QGnolecule are not parallel DBA-OC4 molecule with planar conformation. (b) Sequence of
to the Au(111) surface. Alternatively, the tilted confotina 3 3nm? STM topographies (top to bottom) of the same DBA+ /C
may be related to the incommensurability of the moleculé wit molecule with three different tilted conformations. THe ti
the substrate. The tilted conformation of the single DBAZOC SSE;‘;Z“SSI‘;’; iastiﬂ:?r?giiefliggnlgtr:]:titgntr(]te)lSéhfrro?sl)j ;pp(')yigr(')lf/“_"
molecules on Au(111) can be modified by locally applying o '

a moderate voltage pulse, as illustrated in Fig. 1 (bgl.o Sucl- = 0.5nA. (c) 22x 22nn? STM topography of DBA-OG

" . A . . . molecules on Au(111) at higher coverage for which small e -
cessful “reorientation” is witnessed as a sudden jump in thg . ~u 0 cccursy — —0.15V: | — 0.05nA. Inset: Close-up view

recorded tunneling current during STS measurements [typist 4 nanopore with a radius of 1.90 nm. (d) Annealing to 460 K

cal STS spectra are presented in Fig. S2 in the Supportingrther promotes the formation of large networkis= +0.50V;
Information (SI)]. A reorientation already occurs for pe8s | = 0.02nA. Image size is 7@ 70nn?. Inset: 27 x 2.7 nm 2

above 0.5 V and the success rate increases with increasirmurier-transform of the area enclosed by the dashed igetan
voltage. Uncontrolled reorientation of the molecules @lse  highlights the hexagonal organization of the molecules:ni@xima
curs during STM imaging at these voltages. Tip-induced lat-stem from the reconstruction of the underlying Au(111).

eral displacement of the single molecules did not occur in ou

experiments, indicating a considerable molecule-sutesina Upon increasing the amount of molecules (deposition u..c.
teraction and/or diffusion barrier of the molecule on (tbe f five minutes), very small networks can be retrieved e
regions of the) Au(111%°. Occasionally, a single DBA-OC Fig. 1 (c)]. The networks exhibit nanosized pores .
molecule with planar conformation is retrieved. For such pl have a hexagonal structure, consistent with previov- fir A-
nar conformation the six butoxy legs of the molecule can bengs!*. Remarkably, DBA-OG molecules that contribL e to
nicely resolved [see inset of Fig. 1 (a)]. A chemical modela nanoporous network favor planar conformations, in pan ue
structure of DBA-OG is superimposed on the image (see Fig.lar molecules that are part of a complete hexagon. Thi< > u-
S1 in the Sl for enlarged view). The apparent (maximum)lustrated in the high-resolutidAinset of Fig. 1 (c), on whi ..
height of the tilted molecule on Au(111) isZ+ 0.01nm, 3 model structures of DBA-Ofare superimposed. Sev:

2| Journal Name, 2010, [voll1-4 This journal is © The Royal Society of Chemistry [year]
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molecules located at the border of the network and thatareno ., i%'j odonm  Low -””%’j High

part of a complete hexagons still exhibit a tilted conforiorat
probably due to the missing neighbor(s). Moderate anngalin
to 370K for 90 minutes does not result in noticeable diffasio
effects. Annealing to about 460K (close to the sublimation
temperature of the molecules) for about 90 minutes is requir
to promote the formation of large networks of over 100nm in
size [see Fig. 1 (d)]. Both clockwise and counterclockwise
chirality structures are observed (see Fig. S4 it5I)

Ref.14 previously reported density functional theory (DFT) : w

calculations of DBA-OG molecules that reveal a pore ra- Home e E o
diusr of 1.65 nm (measured from center of pore to center of v :; oA innetork
molecule), i.e., a pore diameteéof 3.30 nm. The DFT result 2 X ¢ T
was in good agreement with the experimentally determined S
lattice constand = b =2.9+ 0.1 nm, corresponding to a pore <
diameterd = a/cos30 = 3.4 + 0.1 nm. Here we find that %
the pore diameter is somewhat larger, ice= 3.8+ 0.1nm. 3
The submolecular resolution in our STM topographies allows - ingle DBA
to clearly identify the organization of the molecules in tte- > DBA in network
work. We find that is consistent with that reported in R&f. P  Nanopore

1 L 1 L 1 " 1 L 1 " 1 " 1 L 1 L 1

which indicates that chain-chain van der Waals interastion

are the dominant forces in the network formation. The dis-

crepancy of our experimentally found pore diameter with the

previously reported result may be related to variationef t Fig. 2 (a) 18x 18nnm? STM topography and (b) the correspondi

Au(111) herringbone reconstruction, which can influen@e th constant-currentlddv map.V = —0.15V; | = 0.05nA. A

precise assembly of the molecules. Such local modificationschematic model structure of the molecular network is

of the herringbone reconstruction can be induced by defectsuperimposed on both images. (c) Particle-in-a-tdeé\dmap

and steps that exist at the Au(111) surface, as well as by intesimulations for a circular bo¥ at —0.15eV (top) and +0.80 eV

actions with molecular adsorbates. (bottom). (d) Open feedback loopl(dV)(V) spectra of individual
Next we investigated the electronic properties of the DBA-DBA-OCs, of DBA-OC, in the network, and of the pores. A

spectrum of the surrounding bare Au(111) is added as a refere
OC4 molecules on Au(111). The (@IV)(V) spectrum of the Each spectrum is the average of 10 spectra recorded onetliffer

(planar) DBA-OG molecules in the network in Fig. 2 (d) ex- |ocations (molecules/pores). Spectra are recorded witkilo

hibits a pronounced resonance around -0.75 V, which can bgetection using an amplitude of 20 mV and a frequency of 800 4z

assigned to the highest occupied molecular orbital (HOMO) 0nset: | (V) spectra of DBA-OG in the network and of Au(111).

the molecule. In contrast, the spectrum of individualdtl  Setpoints ar® = —0.90V andl = 0.50nA.

DBA-OC4 molecules is more or less featureless and often suf-

fers from instabilities related to its voltage-inducedrienta-

tion. Voltage-dependent STM imaging reveals an increase of

the apparent height of the molecules in the 2.5 to 3.5 V rangepC, network we measured the electronic structure in the ,»ores

i.e., from Q12+ 0.03nm to 015+ 0.03nm (see Fig. S3 in using (d/dV)(V) spectra and compared with that of the sur-

the SI). This is a significant increase when consideringrthe i rounding substrate. Thel(@V)(V) spectrum of the nanopores

creasing tip convolution effects with increasing voltdgeThe  in the network exhibits a pronounced resonance arounc -190

increased apparent height is accompanied by a (small) ehangneV [see Fig. 2 (d)]. The resonance energy is about the saine

of the appearance of the molecules. This voltage-dependefdr each pore. This resonance points to the existence of yuwn

behavior may be explained by orbital-mediated tunnéfng tum confinement effects in the pores, i.e., the molecule sc -

and points to the existence of the lowest unoccupied maecul rounding the pore act as an effective potential barrierlie. *

orbital (LUMO) of DBA-OC, around 3.0 V. When compared 2D SS electrons of the Au(111) surface. This locali-atic~

to DBA on Au(111)", this implies that the O£groups donot  creates discrete energy levels inside the pores. IAN( /)

strongly affect the HOMO-LUMO gap of DBA on Au(111), spectrum of the surrounding bare Au(111), showing the s.ep-

i.e., both HOMO and LUMO are shifted to higher energies bylike onset of the Au SS &, = -460 meV, is added as a  =i-

about 1 eV for DBA-OG on Au(111). erencé®. To a simplest approximation, the electron con”...c
To quantify the electron confinement capacity of the DBA- ment inside the pore can be modeled by a circular shape ~* x

-08 -06 -04 -02 00 02 04 06 08
Sample Voltage V (V)
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following the 2D particle-in-a-box model:

Action research program (BOF KU Leuven, GOA/14/00/,. £.

L. thanks the China Scholarship Council for financial su; pol

A
En=Eo+ ——

N=123,..
ka » =™ )

)

whereQ is the effective area of the confining surface, and

(No. 2011624021). K. S., V. I. and J. A. acknowledge suppui
from the FWO.

An denotes the eigenvalues that depend solely on the shafiéeferences

of the box. For a finite height of the confining potent@lcan
become somewhat larger than the actual surface area of the
nanoparticle because of “spill-out” of the particle’s whuec-
tions?*25 The resonance in the pores reflects the first eigen-3
state of the nanopore with eigeneneigy= —190me\?5.

The nanoporous network can thus be considered as a regulay
array of quantum dofs’.

The first eigenstate of the nanopores is visualized by the
bright maxima in the ddV map in Fig. 2 (b), of which the 6
corresponding topography is presented in Fig. 2 (a). Stand-
ing waves can also be resolved outside the network patch in
Fig. 2 (b), again indicating that the molecules are an dffect
scattering center for the Au(111) SS electrons. VAt 800
mV a ring of higher intensity with a local minimum at its cen-
ter can be observed in the pores in th&le maps (see Fig. S5
in the Sl). No clear standing-wave patterns are observeukin t
pores at more elevated voltages, which is related to the veryy
complex shape of the pore yet also to intrinsic tip convoluti
effects due to the finite size of the STM tip. 11

A value for the effective confining area of the nanopores
can be inferred from simulations using the particle-ine-b
software (available via Ret®) developed by K.-F. Braut{
(the Schrodinger equation is solved by treating adatorttesea
ing centers as zero-range potentials). Takigg= —460 meV
and the effective electron masg ~ 0.23me 16, we find good
agreement with the circular box model when taking a diam-
eter of 3.8 nm [see simulated/dV maps Fig. 2 (¢)]. The 16
good agreement between the simulations in Fig. 2 (c) and the
experiments supports interpretation of the results in $eofn 17
particle-in-a-box type confinement. We note that the diame-
ter value in the simulations is the same as the experimgntall
determined pore diameter and therefore interaction betwee;g
the nanopore quantum dots may exist. However, within our
series of experiments we did not observe a coupling betwee?p
the quantum dots. In situ photoemission experiments may be
better suited for the investigation of QD couplfig yet such
experiments are beyond the scope of our present work.

In conclusion, network formation of DBA-QQmolecules
on Au(111) is investigated, starting from single molecules?3
to large nanoporous networks that are built through van der
Waals intermolecular interactions. The nanopores revezﬁ4
pronounced particle-in-box-type confinement of the Au sur-,5
face state. Our findings open perspectives for use of DBA-
derivatives for obtaining highly ordered quantum dot asray 26
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