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We investigated the adsorption properties and self-assembly of rubrene molecules on the copper oxide
nanotemplate formed by high-temperature exposure of Cu(110) to molecular oxygen. Using high-resolution

scanning tunneling microscopy under ultrahigh-vacuum conditions, we observed a complex variety of self-

assembled motifs, driven by competing effects such as the chemical affinity between the organic molecule
and the surface, surface coverage, and spatial confinement of the rubrene molecules within the rows of the
template.

Introduction because metallic stripes with a width approaching molecular
dimensions can be used to explore the effect of spatial

o L - confinement on the adsorption geometry and molecular pat-
last decades and are gaining increasing importance in mOdemterning7~8’9~34 Moreover, adsorption geometries and self-as-

science and technolody# Exciting and promising opportunities . .

rely on the use of nanostructured surfaces as templates for thesem_bled patterns_of organic molecules can be simultaneously
controlled growth of highly ordered inorganic or organic studied on t\{vo different surfaces, namely the clean and the
compounds. Surface nanotemplates are substrates that argxygen-passwated Cu(110).

artificially or naturally patterned at the nanoscale, where specific ~ Rubrene (5,6,11,12-tetraphenyltetracengHgg) is a model
functionalities provide surface cues that are able to drive self- System to study the self-assembly of nonplanar molecules on
assembly. There are several types of surface templates among crystal surfaces. The molecule consists of a tetracene backbone
which the most common are long-range reconstructiohstep with four phenyl substituents symmetrically attached to the two
bunching!®!! vicinal surfaced? ordered growth from de-  sides of the backbone (Figure 1a). It is being widely studied

Nanostructured surfaces have been widely studied during the

fects!34inorganic nanomeshég®organic porous networkg; 2 for applications in organic electronics, including light-emitting
metal-organic coordinated networ&2” and macrocycle mono-  diode$® 3" and field-effect transistors (FET$).4? The energy
layers?® level alignment of rubrene thin films on Au(111) has been

A long range reconstruction that results in an interesting one- recently studied and has been shown to depend on film
dimensional nanotemplate is thex(®) oxygen-induced recon-  thickness® Single crystals of rubrene exhibit values of the hole
struction of the Cu(110) surfad@The template is formed by field-effect mobility among the highest observed in organic
exposing the Cu(110) surface to relatively high pressures of materials {15 cn?/(V s)).33%However, no high mobility FETs
oxygen at elevated temperatures under ultrahigh vacuum (UHV) could be fabricated from vacuum-deposited or solution-
conditions. Early studies on this system revealed that the reactionprocessed thin films. Thin film FETs with mobility of 0.7 ém
between chemisorbed oxygen and surface Cu atoms leads tqV s) were fabricated by melt-processing of an eutectic mixture
the formation of G-Cu strings running along the [001] direction  of rubrene with 5,10-diphenylanthracefeThe steric interac-
of the Cu(110) surface. The strings organize in islands separatedions between the phenyl substituents in rubrene result in a
by two [110] lattice spacings (0.512 nrif)-32 Under appropriate  significant strain in the molecule which can be released either
substrate temperature and oxygen pressure, the islands arrangey twisting the tetracene core (i), as for the gas-phase geometry
themselves into stripes running along the [001] directfofhe of rubrene (Figure 1b), or by out-of plane distortion of phenyl
(2x1)0—Cu (oxygen-passivated) stripes are separated by substituents (ii), as established by X-ray analysis in rubrene
regularly spaced clean copper areas and form a periodic gratingsingle crystalg® The twisting of the tetracene backbone renders
The width of the stripes can be adjusted by varying the oxygen the molecule chiral in the gas phase (Figure 1b). The planar
pressure and the substrate temperature during the oxidationconformation provides efficient intermoleculas interactions
process. leading to high mobility whereas the twisted geometry is

The O-Cu nanotemplate can be used to drive highly ordered unfavorable for charge carrier transport. Therefore, understand-
patterns of organic molecules based on their higher affinity for ing the self-assembly of rubrene molecules on various surfaces
the clean Cu areas rather than the oxygen passivated stripesis of paramount importance to understand the growth of rubrene
The template represents an ideal tool for studying the self- thin films for organic electronic devices. In situ near edge X-ray
assembly and the electronic properties of organic molecules gbsorption fine structure (NEXAFS) studies of rubrene thin films
grown on Au(111) and on Sidemonstrated that it retains its

I'é"(")rrtr:; tgﬁd“iﬁiagt]ttr?orscé’[ﬁfaﬁ.esrfsce*}g;-mt eca twisted geometry in the early stages of growth whereas the
xUnive,Qfedu gu'é)ec_ ' ' R planar geometry, characteristic of the crystalline material, is
8 McGill University. found after deposition of several layéfsScanning tunneling
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Figure 1. (a) Molecular structure of rubrene and (b) 3-dimensional
rendering of rubrene in the gas phase as calculated with density
functional theory (B3LYP/6-31G(d)).

microscopy (STM) studies of rubrene on Au(111) carried out
at 5 K demonstrated that the twisted conformation of the
molecule and its chirality are retained upon physisorption and
can be exploited to drive the assembly of exotic chiral
hierarchical supramolecular structufésSTM investigations
were carried out also on single-crystal surfaces in ambient air
and revealed a herringbone-like motif similar to that found in
the bulk?8

In this paper, we investigate the adsorption and self-assembly
properties of rubrene molecules on the- OCu nanotemplate by
in situ high-resolution STM in UHV. We show that rubrene
adsorbs preferentially on the clean Cu(110) stripes. Coverage
of the stripes proceeds after their saturation with the formation
of multilayers. Due to the spatial confinement on the nanometric
Cu(110) stripes of the template, rubrene molecules are found
to form a different arrangement than that formed on pristine
Cu(110).

Experimental Section

STM observations were carried out in situ with an Omicron
variable temperature (VT) UHYSTM with a base pressureb
x 10~ mbar. The Cu(110) single crystals (Matek GmbH) were
cleaned by repeated 600 eV *Asputtering and annealing-825
K) cycles. The G-Cu nanotemplate was prepared by dosing
0.5—-1.0 langmuir, where 1 langmuir 107% Torr s2, of oxygen
via a precision leak valve onto the Cu(110) surface held at 623 _ . )
K. Higher doses{5 langmuirs) at the same temperature resulted 19ure 2. Rubrene adsorption on Cu(110). £515 nnf STM images
. of (a) structure A and (b) structure B. Tunneling parametérs: 0.3
in an almost completely (21) oxygen reconstructed surface. nA, Vi = —1.9 V (a): s = 0.34 nA,V; = —0.53 V (b).
Rubrene (Aldrich, purity 99%) was evaporated from a well

degassed Knudsen cell at temperatures ranging from 430 to 4505, mer region, corresponding to the tetracene backBbfike

K on surfaces qgld at room ;emperature at a pressure ranging,q structures are characterized by a different orientation of
between 5¢ 10%and 2x 10" mbar. The STM measurements o mojecules with respect to the underlying surface, as

were performed at room temperature (RT) with a chemically pighjighted by the superimposed molecular models. Structure
etched thp. In general, imaging of adsorbed rub_rene moI_ecuIesA can be represented as a sequence of rows running along the
was carried out at-—2 V and~0.3 nA. A negative polarity  1n01] direction, where all the molecules are oriented with the
|nd|c§1tes that the sample is b|ased negatively W|th.respect t0tatracene backbone lying alternatively along the [001] 06]11
the tip. All images were acquired on the topographic channel yirection. In structure B, all the molecules are oriented with

and later processed using WSxM softwét®acking densities ey tetracene backbone parallel to theqldirection. Adjacent

for the self-assembled patterns were estimated from several STMy,qjacules in the [001] direction are shifted with respect to each

Images. other by approximately one molecular unitX nm). The

packing density is about 0.60 molecules Tnfor structure A

and about 0.45 molecules n#for structure B. At equilibrium,
Self-Assembly of Rubrene on Pristine Cu(110)To under- the two structures are equally distributed across the surface. The

stand the effects of the -@Cu nanotemplate on rubrene self-assembly of rubrene on pristine low index copper surfaces

adsorption and self-assembly, we first briefly present data ((110) and (001)) will be discussed in more detail in a

relative to its adsorption on the pristine Cu(110) surface. The forthcoming pape?!

self-assembly of rubrene on Cu(110) leads to the two structures Self-Assembly of Rubrene on the ©-Cu Template. An

(A and B) shown in Figure 2a,b. Rubrene molecules within the STM image of the ©-Cu nanotemplate used for this study is

self-assembled motifs are imaged as four bright lobes, corre-shown in Figure 3a. It consists of a nanograting in which the

sponding to the four phenyl substituents, which surround a stripes of copper and 1)O—Cu have a width ranging between

Results and Discussion
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The molecules are adsorbed with the backbone oriented along
the [110] direction and self-assemble into a closed packed
structure. Depending on the width of the Cu stripes, rubrene
islands can be as narrow as one or two molecular units (Figure
3b). Increasing the coverage to 0.08 langmuir leads to saturation
of the copper stripes (Figure 3c). A comparison between Figure
2 and Figure 3 (panels b and c) reveals that the self-assembled
motif formed by rubrene on the copper stripes of the nanotem-
plate is different than those formed on the pristine Cu(110)
surface. Structure A does not form because the great majority
(more than 90%) of the molecules are aligned with the long
axis of the tetracene backbone along theO]ldirection. The
structure formed on the template also differs from structure B,
although the molecules are aligned along thed]idirection of
Cu(110). A close inspection of Figures 2b and 3b reveals that
the main difference between the two structures is the molecular
packing. On clean Cu(110) the molecules packed along th# [11
direction are spaced by approximately one molecular unit, which
results in the open structure shown in Figure 2b. On the
nanotemplate, the molecules are packed side-by-side forming
a more compact structure. The evaluation of the packing density
of rubrene on the copper stripes of the template is not very
accurate, because the values could only be averaged over small
areas. However we estimate a packing density~@f.55
molecules nm?, as compared te~0.45 molecules nn¥ of
structure B. These results demonstrate that confining the
adsorption into a region a few nanometers wide, i.e., close to
the molecular dimensions, can significantly modify the self-
assembly properties of organic molecules. The spatial confine-
ment effect is possibly also due to the presence of lateral
substituents with the consequent nonplanarity of rubrene. In
agreement with this hypothesis, the spatial confinement effect
was not observed for the linear and planar moleauguin-
Figure 3. Self-assembly of rubrene on the-@u nanotemplate: 12.6  quethiophene deposited on the same temglatpon further

x 12.6 nnt STM images of the ©Cu nanotemplate (a); 26 26 nn¥ increase of coverage to 0.10 and 0.13 langmuir (Figure 3d,e)

STM images (b)-(f) of the O—Cu nanotemplate exposed to increasing - - o
rubrene doses [0.03 langmuir (b), 0.08 langmuir (c), 0.10 langmuir (d), the Cu strlp_es _are progressively covered by Se_"e“”?' rubrene
0.13 langmuir (e), 0.20 langmuir (f)]. Tunneling paramete¥s= 1.05 layers, as highlighted by the blue dashed lines in Figure 3d.

V, ;= 1.03 nA (a); 2.09 V, 0.31 nA (b); 2.09 V, 0.38 nA (8); = 2.0 Raster noise (visible in Figure 3d,e) appears on theCO

V, I;=0.32 nA (d);Vi = —2.22 V,1; = 0.36 nA (e);V; = 2.62 V, I; regions, indicating the presence of rubrene molecules diffusing

= 0.28 nA (f). Inset of Figure 3b: % 5nm,Vi = —2.27V,l;=0.25 on the surface. Exposure to a significantly higher dose of rubrene
nA. (0.20 langmuir) resulted in the adsorption on theQu regions

of the nanotemplate. As highlighted by the circle in Figure 3f,
in this latter case we observe a new, flower-like pattern, different
from those observed both on pristine Cu(110) and on the copper
stripes of the template. The main difference between this

lipophilic (Cu) S“”‘?‘?es in the nanot_empl_ate represents a gOOdstructur(-:- and those found on Cu(110) is that the backbones of
model for FET devices, where the dissimilar adsorption proper- . .

. ; . the molecules are not oriented along the high-symmetry surface
ties of the organic semiconductor on metal electrodes and gate

dielectric, and at the interface between them, is a key issue ford|rect|ons.

5 and 10 nm. The ©Cu stripes, which develop along the [001]
direction and form a (1) structure, are imaged with atomic
resolution®? The coexistence of hydrophilic (©Cu) and

device performance. Self-Assembly of Rubrene on the (21)O—Cu Surface.
STM images of rubrene adsorbed on the nanotemplate were!© gain insight into the flower-like structure observed on the
obtained for increasing rubrene coverages (FigurefBbFor O—Cu regions of the nanotemplate, we studied rubrene adsorp-

an initial dose of 0.03 langmuir (Figure 3b), rubrene adsorbs tion on an almost completely {21) reconstructed ©Cu surface
exclusively on the bare copper stripes and decorates the Cu stefgwhere the width of G-Cu stripes exceeded 100 nm). As shown
edges (as seen in the center of Figure 3b). This result is in N Flgure.4b_,c, we found two different coeX|st|ng structures,
agreement with previous observations on otheronjugated equally distributed on the s.urface: a new ro_w-llke structure
organic molecules on the same surface. This is explained by(Figure 4b) and the flower-like structure previously observed
the higher affinity of ther-conjugated core of the molecules ©n the nanotemplate (Figure 4c).

for the metallic copper regions, compared to the@u ones.® The row-like structure is similar to that observed on the bare
The highly polarizable metal surface provides for stronger van copper stripes of the template. The molecules appear as two
der Waals interactions than the highly polar, and thus weakly lobes and have their backbones oriented perpendicularly to the
polarizable, G-Cu surface. A rubrene molecule adsorbed on a [001] direction of the Cu(110) surface (see superimposed
copper stripe of the template is highlighted in the inset of Figure molecular models). On the oxygenated surface the phenyl
3b. As on pristine Cu(110) (refer to Figure 2), each rubrene substituents could not be individually resolved, despite numerous
molecule appears as four lobes surrounding a dimmer region.attempts. Possible explanations could be (i) lower contrast (and
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Figure 4. Rubrene self-assembly on a-@u surface. (a) Molecular model for the adsorption geometry of individual molecules for the row-like
(upper portion) and the flower-like (lower portion) structure. The white circles represent Cu atoms and the red circles O atoms. (b) Row-like
structure. 13.4< 13.4 nn%, V; = 3.14 V, I = 0.19 nA. The vectors indicate Miller indices for the underlying Cu lattice. (c) Flower-like structure.
13.4x 134 nm¥, Vi = —19V, Iy = 0.3 nA.

therefore poorer resolution) resulting from an adsorption state in Figure 4a, where the dashed blue line represents a mirror
on a slightly more complex surface, or (ii) lower resolution due plane. Figure 4c shows a region of the-Ou surface covered

to a convolution effect from rapid switching between equivalent by the characteristic flower-like structure where the equivalent

twisted geometries. Investigations on other Cu surfaces as wellrubrene adsorption orientations phase-separate into reflection
as density functional calculations are in progress to clarify this twin domains, labeled | and Il. The dashed blue lines mark the

issue®! A tentative model for the adsorption geometry is domain boundaries. Molecular models are superimposed on the
illustrated in the upper portion of Figure 4a. The molecules image to clarify the two equivalent adsorption geometries. Rows

assemble side by side into a tightly packed structure forming of rubrene run along the [001] direction of the surface giving a

rows running in the same direction as the-Cu stripes (i.e., unit cell:

the [001] direction of the pristine Cu surface). This structure _ _
has a packing density 6f0.75 molecules ni?. The intra-row a;) _ (4 2)[as
and the inter-row periodicities arel nm, and adjacent rows b,) \0 4/\bg

are shifted by~0.65 nm with respect to one another, thereby
increasing the packing efficiency of this structure. The unit cell Domain Il is the same as domain | but reflected through the
for this molecular arrangement, with vectoas and b,, is (001) axis, so its matrix is

described in real space matrix notation as _ _
a)_[—4 2})[as
bl 0 4 bs

a\_ (4 2)(as
bl 04 bs . . . .
Ultimately, the overall adlayer structure is quite similar to a
where|aJ = 0.256 nm aanS| =0.361 nm and correspond to skewed version of structure B on the pristine Cu(110) surface

the underlying lattice vectors of the Cu(110) surface. The (see .Figure 2b). The flower-like structure is also similgr to the
orientation of rubrene molecules along the @1 lirection on row-like structure observed on the same surface with increased

the O-Cu surface reveals that, despite the weak molecule/ INt€r- and intra-row spacings. The packing density for this
substrate interactions, the substrate symmetry still plays a roleStTUcture was determined to be about 0.63 moleculesnm

in the formation of the self-assembled pattern. Such a molecular Our fes!i'ts show that upon ads.o.rptlon ona tgmplate, self-
orientation was not unexpected as the lattice spacing along the®SSembly is governed by a competition between intermolecular
direction of the O-Cu stripes is twice the [1 lattice spacing interactions, close packing requirements and the available

of Cu(110). This suggests a similar commensurability of rubrene Pinding sites on the surface. Therefore upon adsorption on a
with the two different surfaces. In the flower-like structure, nanopattemgd surface even a fairly S|rr_1ple molecule cangwvea
) complex variety of self-assembled motifs, with strong implica-

rubrene molecules exhibit an unusual arrangement (Figure 4c).” Lo

The molecules are not oriented along the high-symmetry tions on the growth Qf organic thin films. _Ind_eed, the crystal

directions of the surface. The individual molecules adsorb in a Structure of an organic single crystal or thin film on a smooth
SiO; surface (which is often used as a model system in studying

“tilted” geometry. The tilting here is intended as an in-plane - ) s . .
rotation with respect to the [001] direction of the surface. The the Properties of the active layer of hybrid/inorganic devices)
may not give a complete picture of molecular packing in the

imaged phenyl substituents are aligned along a line that forms . . Pe :
an angle of~53° with respect to the [001] direction of the real _deV|ce. We ha\_/e shown that a fairly realistic picture is
underlying copper lattice. If we assume that the molecule is Provided by adsorption on the nanotemplate, where electrode-
not completely distorted upon adsorption and the phenyl like (Cu) and dielectric like (&Cu) surfaces coexist.
substituents are positioned roughly as shown in Figure 1b, the
tetracene backbone will be aligned along thel[idirection of

the surface. Due to the symmetry of the-Ou surface, rubrene We have shown that an-@Cu nanotemplate on the Cu(110)
molecules should also adsorb with their backbone aligned alongsurface can be used to drive the self-assembly of rubrene into
the equivalent [41] direction. These two orientations are a variety of highly ordered patterns. At low coverage, due to
illustrated in the lower portion of the tentative model reported the high affinity of ther-electron rich molecular backbone for

Conclusions
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the metallic surface, rubrene molecules adsorb preferentially on  (19) Griessl, S. J. H.; Lackinger, M.; Jamitzki, F.; Markert, T.;

the bare copper stripes of the nanotemplate. Here we observe ﬁie(tzsg)h‘,’\'l‘;'th'\"f( ch-kll(/rs/ér'\]iléaggml\blj:\:vz:o; io_’ %‘;?% e Wuest 3. Do
self-assembled structure different from those observed on theyanci; A : Perepichka, D. F.; Rosei, £.Am. Chem. So@006 128 4212.

pristine Cu(110) surface: the molecules are disposed side by (21) Theobald, J. A.; Oxtoby, N. S.; Phillips, M. A.; Champness, N.
side possibly as a consequence of the spatial confinement intoR.; Beton, P. HNature 2003 424, 1029.

: : ; (22) Staniec, P. A.; Perdigao, L. M. A.; Rogers, B. L.; Champness, N.
the nanometric stripes of the template. At higher degrees of R.. Beton, P. HJ. Phys. Chem. @007 111, 886.

coverage, after the formation of molecular multilayers on the (23) Perdia, L. M. A.; Champness N. R.; Beton P. Bhem. Commun
metallic stripes, rubrene adsorbs on the@Qu regions, forming 2006 538.

a flower-like pattern. i . (24) Ruben, M.; Payer, D.; Landa, A.; Comisso, A.; Gattinoni, C.; Lin,
P SUbsequem observations of rubrene self N.; Collin. J. P.; Sauvage, J. P.; De Vita, A.; Kern, X.Am. Chem. Soc.
assembly on an almost completely-(2x 1) reconstructed Cu- 5406 128 15644.

(110) surface reveal the coexistence of two self-assembled (25) Pawin, G.; Wong, K. L.; Kwon, K. Y.; Bartels, [Science2006
patterns, characterized by a different alignment of the molecular 313 961.

backbone with respect to the substrate surface and a differenﬁnt(zlfg %%ig i‘{ ';ggj' S.; Brune, H.; Kern, K.; Barth, J Afigew. Chem.,

packing density. ) ) ) (27) Stepanow, S.; Lin, N.; Barth, J. V.; Kern, &hem. Commur2006
The O-Cu nanotemplate allows for simultaneous investiga- 2153.

tions of the adsorption geometries on two different surfaces at  (28) Mena-Osteritz, E.; Beerle, P.Adv. Mater. 2006 18, 447.

: : (29) Ertl, G.Surf. Sci 1967, 6, 208.
the nanoscale. These results contribute to the understanding of (30) Jensen, F.; Besenbacher, F.; Laesgaard, E.; StensgaBfysl.

the adsorption properties of rubrene on templated surfaces andkey. B 199q 41, 10233.
pave the way for the use of the-@u template to study the (31) Coulman, D. J.; Wintterlin, J.; Behm, R. J.; Ertl, Bhys. Re.

; . Lett. 199Q 64, 1761.
adsorption and sel_f assembly of more com_plex nonplanar (32) Besenbacher, F.. Jensen, F.. Leegsgaard, E.. Mortensen, K.
molecules such as biomolecules, metallo-organic complexes andsrensgaard’ . Vac. Sci. Technol. B991 9, 874,
nonplanar metalloporphyrins. (33) Kern, K.; Niheus, H.; Schatz, A.; Zeppenfeld, P.; Goerge, J.; Comsa,
G. Phys. Re. Lett 1991, 67, 855.

; (34) Koller, G.; Winter, B.; Oehzelt, M.; Ivanco, J.; Netzer, F. P;
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