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Electronic structure of highly ordered films of self-assembled graphitic nanocolumns
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Highly ordered, several nanometers thick films of alkylated large planar, polycyclic aromatic hydrocarbon
(PAH) molecules have been grown on semi-metallic molybdenum disulfide substrates. The films are charac-
terized by a two-dimensional lateral arrangement of columns standing at the surface on a macroscopic scale.
The self-assembly of such insulated columns of face-to-face disks with surface-induced vertical alignment has
been achieved directly from solution processing. Angle-resolved photoelectron spectra revealed a highly an-
isotropic quasi-one-dimensional electronic structure with an extemdebbctronic wave function. An inter-
molecular dispersion of the highest occupied band of at least 0.15 eV along the stacking direction has been
measured. A partial breakdown of the concept of quasimomentum due to the finite size of the nano-objects
perpendicular to the stacks is observed.
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[. INTRODUCTION from solution into highly ordered architectures on a
surface’>™* Dry monolayers of HBC-g, (compound 1b
Self-assembled, nanostructured films of polycyclic aro-shown in Fig. 1 could be physisorbed on ti@001] plane of
matic hydrocarbongPAH’s) with unique electronit? and  highly oriented pyrolitic graphitqfHOPG. The disk like
opto-electronit properties can be designed by tuning themolecules were found to lie flat on the substrate surface,
size and shape of the aromatic core and of the attached siésembled into supramolecular anisotropic structures ori-
chains. The latter allow solution processing which, in theented in preferential directions according to the threefold
framework of organic-electronics applications, has great adsymmetry of the substrafe.In contrast, for thicker films
vantages due to low manufacturing costs and process sinfrocessed from solutions with a higher molecular concentra-
plicity. Control of molecular order is critical for optimizing tion, a lower degree of azimuthal order was obtaittedn-
the performance of organic electronic devices such as oider proper solution processing conditions employing
ganic field-effect transistorOFET'’s),* sensors;® and solar ~ temperature/concentration gradients, it is possible to produce
cells Photovoltaic devices based on spin-coated blends dhin films with near perfect alignment of columns parallel to
phase segregated organic crystal networks have reached hifie substrate, as is optimal for OFET performahce.
external quantum efficienciédithin the individual phases,
an efficient transport of charges away from the exciton dis-,
sociation site was achieved due to stacking of the molecules
in self-assembled liquid-crystallindLC) and crystalline
structures. In the LC phase, discotic columnar structures of
substituted hexaeri-hexabenzocoronend$lBC’s) possess R R
coaxially insulated, conductive pathways, with a coherence R=1b n-CyH,
length approaching 500 nfn.Even in nonoptimally pro- et
cessed HBC materials, the sum of all intracolumnar charge(c)
mobilities reaches up to about 0.4 tvM ! s71.22 These
columns are true nanostructures, with a diameter of about :
nm given by the size of the aromatic HBC core which con-
tains 42 carbon atoms. Their quasi-one-dimensional nature
should allow the exploration of novel effects related to quan-
tization in the directions perpendicular to the main columnar
axis. Furthermore, in the stacking direction, these columns
have electronic properties that resemble graphite, witho-
lecular orbitals originating from the overlap of the atomic
orbitals oriented parallel to the column axis. In this regard,
the HBC stacks can be seen as “quasi-one-dimensional F|G. 1. Chemical structure aB) HBC's and(b) derivatives of
graphite,” complementary to carbon nanotubes whererthe C,,. (c) Schematic illustration of typical thermotropic behavior of
orbitals are perpendicular to the afis. substituted derivatives of discotic PAH'&) The geometry of the
Alkylated HBC’s have been previously self-assembledphotoelectron emission experiments.
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It is also desirable to prepare films with columns perpen+ation temperatures a subtle balance between a sufficient
dicular to surfaceghomeotropi¢. Such films of standing solubility and a suitable evaporation rate of the solvent was
graphitic nanocolumns might serve as field emitters utilizingattained.

a high electric-field strength at the tip of the columns such as As-prepared samples were introduced to the UHV system
in carbon nanotube field-emission displagsn the case of of the spectrometer and annealed at temperatures between
photovoltaic devices conducting columnar pathways could®0°C and 140°C, over successive 10-min intervals, each
connect parallel large-area transparent electrodes. The impdellowed by spectroscopic characterization as described be-
tance of alignment in this geometry has been made clealpw. For each heating period, the temperature was increased
where short-circuit photoconductivities of thin films of an by 10 °C in order to detect possible phase transitions and the
alkylated HBC sandwiched between two indium-tin oxidetemperatures at which they occur. In the thin films of 1c, a
electrodes is about five times increased in areas with goodistinct irreversible change in the spectra occurred between
homeotropic alignmerit It was recently shown for a variety 80 °C and 90 °C. That is, upon cooling to room temperature,
of columnar phase-forming materials that this alignment is irthe spectral features did not revert to those of the as-prepared
fact thermodynamically favored, but can be achieved at dilm. For 2b, annealing at about 130 °C made an even more
single surfacgnot sandwich only after cooling sufficiently — significant change in terms of the intensity of the relevant
thin films from the melt* Vertically stacked columns of un- features.

substituted HBQ1a), a few molecules in height, can also be  As a reference system for the alkylated PAH’s, highly
grown by ultrahigh vacuunfUHV) vapor depositiort® uti- ordered films of HBC(1a) molecules, similar to films al-
lizing a first-formed face-on monolayer as the ground floorready characterize, were prepared by vapor deposition in
Given the sometimes practically inaccessibly high temperalHV onto similar MoS [0001] substrates.

tures needed for isotropization or sublimation of columnar

discotics, it is important to address whether substrate- .

induced order characterized by columns oriented normal to B. Spectroscopy and microscopy

the substrate can be achieved upon the complementary solu- Angle-resolved ultraviolet photoelectron spectroscopy
tion processing. (ARUPS was carried out using polarized synchrotron radia-

In this paper, we report on the solution processing of 2—6tjon from the MAX-II storage ring of the MAX Laboratory
nm-thick films of alkylated PAH molecules exhibiting ho- for Synchrotron Radiation Facility in Lund, Sweden. Spectra
meotropically ordered architectures at a flat, semimetalliGvere taken with the angle-resolving photoelectron spectro-
substrate surface and the determination of their electronigheter at the beam line 1411, using 60-eV photons. The back-
structure by photoelectron spectroscopy. Two PAH's of dif-ground pressure in the end station was lower than 8
ferent size and shape, namely, he@-dimethyl- x1071° mbars. A detailed description of the beam line 1411
octany)hexaperi-hexabenzocoronene, or HBGE (1¢),  and its end station is given elsewhé?eThe experimental
and G3zCy64 (2b) (Fig. 1) are chosen. Other derivatives of geometry is sketched in Fig(d. The electron energy ana-
HBC and G3, would be difficult or impossible to align ther- |yzer and the sample are rotatable around the axis of the
mally due their high isotropization temperatures400°C incident light, which limits the available photoelectron emis-
and >600°C, respectively and may not be sublimed sion angled to the range between 15 deg and 90 deg. The
cleanly due to thermally labile side chains. Although mono-angle between the electric-field vector of the incident light
layers and doublelayers of 1a and 2a have been formed hd the sample surface normal is fixed to 15 deg. An angular
solution processing, thicker films are unlikely to be resolution of about 5 deg and an energy resolution of about
achieved due to the vanishing solubility of the molecules.100 meV was employed_ The Spatial resolution was on the
Both 1c and 2b studied here carry racemic-branched sidgrder of 1 mm. The spectra are normalized to the incoming
chains which grant good solubility in organic solvents. photon flux. They are plotted on a binding-energy scale rela-

tive to the Fermi level [EF) of the spectrometer, as deter-
mined from a sputtered and annealed gold substrate prior to
Il. EXPERIMENT the measurements for a set of polar photoelectron emission
angles g, as defined with respect to the substrate surface
normal. No radiation damage of the samples was observed

The synthesis of 1c was carried out as publistfatiat of  since the shape and energy of valence-band spectral features
2b will be published separately.The molecules were dis- were unchanged even after a few hours of irradiation.
solved in boilingp xylene, in a concentration of 0.02 g/l. The ~ The work function of similarly prepared films was mea-
solutions, kept at about 70 °@or HBC-Cg,) or 90°C(for  sured from the cutoff of the secondary electf@nis Hel
C13-Ci6.4, Were then deposited onto freshly cleaved MoS spectra employing a home-built photoelectron spectrometer.
[000]] substrate$JEOL, B. V. Belgium, which were held at For the determination of the ionization potentidP), the
the same temperatures, in order to prevent precipitation. Tavork function was added to the onset of the spectral weight
minimize kinetic trapping of columns randomly oriented at low binding energies as measured with respedgo In
relative to the surface during solvent evaporation, the dryingrder to determine the nominal film thickness from the sup-
process was slowed~10 min) by performing the process- pression of the substrate core-level lines, measured by x-ray
ing in an almost saturated atmosphere of the solvent. Bphotoelectron spectroscopy, molybdenum disulfide was cho-
choosing the particular solveptxylene and suitable prepa- sen as substrate instead of HOPG that has been employed in

A. Film preparation
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FIG. 2. Topographical TM-SFM image of an annealed %i?]dzih% ;hser;yo(eo\'/s)
multilayer 1c film.

FIG. 3. ARUPS spectra of annealéll line, circles and as-
previous works:!! The nominal thickness of the 1c and 2b Prepareddotted ling HBC-Cg, (10 films in a wider(a) and nar-
films was estimated to be betweer:2 and 62 nm by "ower (b) energy range. Additionally, the shift of peaksand D
applying tabulated values for the inelastic mean free pati{/!th the polar photoelectron emission anglén the annealed films
obtained for materials containing aromatic rirﬁ.‘;s. is |nd|cate_d by a thick _fuII line. Peaks in the spectrg of the as-

The morphology of 1c pristine films is studied in air by prepared fllms_do not disperse. Uppgrmost spectrufb)inthat of
tapping-mode scanning force microscofyM-SEM) in a the annealed film af=70 deg magnified by a factor of 10.

Nanoscope llla systerfDigital Instruments, Santa Barbara, least-bound states in HBE A high density of states leading

CA). BOth the height and the.phase signal have been %0 the relatively broad and intense featlre&entered at 2.55
corded with a scan rate of 0.2 lines/s and a lateral resolution

. \ o . eV is very similar to the one observed for graphite and car-
of 512 pixels. Surface profiles were quantified using thebon nanotube$where it corresponds to states at the M point
NANOSCOPE software. Noncontact “golden” silicon cantile- ' P b

o . : of the hexagonal Brillouin zone of the graphene lattité
vers(NT-MDT, Russid with a tip height of 10-2um and a o' iher aromatic systems, including grapfité.>fea-
typical curvature radius of less than 10 nm were used.

tures in the binding-energy region between 4 and 8 eV cor-
respond to a mixture of states afando- symmetry'8 which
IIl. RESULTS AND DISCUSSION also appear at higher emission angles.
A. HBC-Cg, Figure 4 shows the angular distribution of the photoelec-

) ) " tron intensity (peak height of distinct features of the 1c
_ Figure 2 displays a TM-SFM image of an annealed 1Gjims, namely, peak, which is derived from the highest
film. The film is flat within 1—2 nm, over severalm? large occupied molecular orbita HOMO), and of peak D. The
areas. This i; different from 1b films produceq by fast SO'”'intensity ofAis high in a narrow angle range, between about
tion processing on HOP@001] (Ref. 11 which are not 15 deg<g <35 deg, wheread is intense in a wider range,
ordered on a macroscopic scale. Since the nominal thickne$g,m pelow = 15 deg to high angles with decreasing inten-
is 3 to 6 nm(between 10 and 20 layeysve conclude that the gities in the tail. The pronounced angular dependence of the

substrate is completely covered. Very small grains can b@notoelectron intensity in both cases indicates a high degree
recognized on the top of the film probably resulting from fast

solvent evaporation in the final stage of film preparation. Kk, (A k(A1)
H |l (l

Figure 3a) shows valence-band photoelectron spectra re- 0713 19 25 0713 1.9 2.5
corded on as-preparedotted ling and annealed(full B —
circles, full line 1c films. The latter were kept at 140°C
during the time of the measuremenfsubsequent spectra
measured at room temperature are identicklgure 3b)
shows parts of the spectra on an expanded scale. Features at
binding energies up to 4 eV are predominantly due to
m-electronic states. They appear at small angles with a re-
markably high intensity up t@~35-40 deg, above which
they decrease with increasiry Films produced with non-
optimal processing gave spectral features of significantly di-
minished intensity, and no angular dependence. Individual
features at low binding energy are recognizable at 1IBR5
=5.5 eV, labeledA), 1.70 (labeledC), 2.55 (labeledD),
3.65 and 4.10 eV, and as a shoulder at 1.40(laXeledB).
Featured\, B, andC, which contribute to a broader feature in  FIG. 4. Angular distribution of the photoelectron intensity(af
the spectra of 1b monolayer filmis;orrespond to the three peaksA andB* and (b) peaksD andD*.
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[ 0 (deg) fined as normal to the substrate surface. Therefore it is rea-

M*_ 80 sonable to plot, and to discuss, the spectra in terms of an
| e 70 in-plane wave numbek;= (kZ+k3)*?xsin(). For photo-
-‘§ 28 electrons with a kinetic energy of about 54 eV, photoionized
g 20 by 60-eV photons, the anglé~25.4 deg corresponds to a
S 30 wave number of the escaping electron similar to that of the
5 e N\ N P size of the Brillouin zone of graphene which is about
2 : 25 1.63 A1, The observation of emission at higher angles can-
B . %-5 not be attributed to the angular resolution of the spectrometer
%‘ alone(5 deg, but additionally suggests initial-state smearing
£ N 175 of ke andk,, and thereby;, by aboutAk~0.55 A™* (i.e.,
2 A 6~10 deg, due to the restriction of the electronic wave

P S RS e 15 function over the finite size of the molecular cdebout 11

A). That is,k, and k, of the individual electronic states do
not correspond exactly to those expected for a wave function
FIG. 5. ARUPS spectra of ordered HBC3) films prepared by in an infinitely extended graphene lattice. This phenomenon
vapor deposition on a MgS000] surface, as a function of the is discussed in detail for films gf-sexiphenyl molecule® a
polar photoelectron emission angle system which represents a one-dimensional counterpart of
the quasi-two-dimensional electronic system of the nano-
of molecular order in the surface region of the filfig’  graphenes. In this regard, the electron emission pattern re-
Differences between the pattern farand D indicate an or- flects the graphenelike nature as well as the finite size of the
bital dependence of the emission. For another type of diskmolecules and their supramolecular nanostructures.
like aromatic molecules, phthalocyanines, photoelectrons Figure 3b) shows a close-up of the low-binding-energy
from = orbitals are emitted essentially in a cone symmetricaregions of the HBC-g, spectra of Fig. G). Subtle but im-
around the normal of the molecular plane, with the highesportant differences in the electronic structure of the two sys-
intensity at angles other than zéfbits exact shape depends tems are revealed. Only for films after heating to 80-90°C,
on the particular orbital, the photon energy, and the directiora clear shift of all peaks towards lower binding energy with
of the electric-field vector with respect to the orientation ofincreasingf is observed. Since in both films molecular cores
the moleculé® For the flat PAHs, the emission pattern is are oriented flat with respect to the substrate surface normal,
expected to be related to the graphene-derived nature and ttid@s shift is not related to an in-plane “quasidispersion”
finite size of the molecules, as proposed further below. which is reflected in a observable different angular emission
The photoelectron emission pattern in Figgl3esembles pattern for the feature& andD (Fig. 4). Rather, the shift in
that of ~20-nm-thick highly ordered films of 1a molecules the annealed films is attributed to a dispersion of electronic
sublimed on Mo$ substrates, as displayed in Fig. 5. Suchstates along columns of HBCgG molecules, that is, with
relatively thick HBC films consist of tightly packed, atomi- respect to the wave vectér, =k,. This band formation is
cally flat domains with a diameter between 100 and 70Celated to acolumnar arrangement with the axis perpendicu-
nm!® On single islands, monomolecular steps with heightdar to the substrate surface and a significant intermolecular
of 3.3-3.6 A have been observed, in good agreetferith -1 overlap Note that the observation of peak shifts to-
the interplanar distancé3.42 A) between molecules in a wards higher binding energies with in the spectra of 1a
HBC single crystaf® The HBC molecules most likely form films might indicate a band dispersion as well. Such a con-
supramolecular columns with the axis oriented normal to thelusion, however, is not straightforward since the corre-
substrate surface such as in HBC films on[QWL1] and Au  sponding ordered reference systénithout an intermolecu-
[111] surfaces?® The similarity in the photoelectron angular lar band dispersiondoes not exist.
pattern between the HBCla) and the solution processed  Thek, component of the photoelectron momentum is not
HBC-GCg, (10) films suggests thereforeraolecular orienta-  preserved when passing through the film-vacuum interface.
tion parallel to the substratéor both the as-prepared and For this reason it is unclear whether or not in the annealed
heated 1c films? films the dispersion within one of the higher Brillouin zones
The polar angular dependence of the photoelectron emiss complete in the spectrum between angleg-efl5 deg and
sion can now be discussed in more detail. The momentum of0 deg. However, for the least bound states, derived from the
the photoelectron corresponds to the initial-state wave vectdHOMO, a peak shift of about 0.350.05 eV is observed.
of the electron inside the solid.The in-plane componenks ~ This might serve as a lower estimate of the HOMO elec-
andk, are preserved, and can be derived from the pdlar, tronic one-particle bandwidt. Since the shape of the peak
and azimuthalg, electron emission angles. For layered sys-does not essentially change with the observed dispersion
tems, k, and k, have a meaning in terms of the two- might even correspond to that of each single vibrational sub-
dimensional band structure of the individual layers. For lay-state. A value ofV of about 0.1-0.2 eV is of the same order
ered films of HBC molecules, on the macroscopic scaleof magnitude as those observed for the only other, to our best
probed by the photon beam, all the individual molecules dknowledge, single-component organic systems, namely,
not have the same single in-plane orientation. This is becaussis(1,2,5-thiadiazolp p-quinobig1,3-dithiole,** where dis-
of the rotational degree of freedom around thaxis’ de-  persing bands could be observed in the bulk of the solid. The

2
Binding energy (eV)
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observed value is, however, substantially smaller than that o
graphite which is about 1 €k For thin annealed films of 1c
the observed intermolecular band dispersion indicates, first’g
that columnar stacks are indeed formed on a macroscopig
scale and, second, that within these colurtins electronic
wave function is highly extended in the stacking direction

3]

o

s)

nsity (a

Clearly, highly oriented quasi-one-dimensional stacks ofg

molecules represent one of the best systems for basic studieg »
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of the formation of extended electronic states in moleculars | ~
solids. A large electronic intermolecular-7 overlap of up £
to 1 eV was predicted to occur for discotic liquid crystals of
substituted triphenylefi2and HBC® which is thought to be
responsible for the anisotropic, high mobilitiésobserved
for a number of discotic mesogenes of aromatic hydrocar-
bons. At finite temperatures, W is significantly reduced due
to geometric fluctuations, which involve intramolecular as FIG. 6. ARUPS spectra of the;6;-Cy¢ 4 (2b) films before(dot-
well as rotational and translational degrees of freedom of théed ling and after heatindfull line, circles of the solution pro-
individual molecule$® cessed films in a widgia) and narrowerb) energy range. Addition-
The phase behavior within these ultrathin films is dramati-2ly: the shift of peak8™ with ¢ in the annealed films is indicated
cally different from that observed in the bulk. Below its PY @ thick full line. Uppermost spectra iib): those atg==80 deg
isotropization temperature<400 °C) 1c undergoes a single Magnified by a factor of 10.
reversible thermal transition at80°C.2° In the bulk, the
disk planes are tilted by 40—50 deg relative to the columnathe angle-dependent valence-band spectra §fCi¢ 4 films.
axes below this temperatutéand perpendicular to the co- It is intriguing that even the spectra of films of such large
lumnar axis above, as depicted in Figa)l It is a common  molecules, bearing 66 occupied-electronic levels, are
feature of 7 systems stacked in a face-to-face manner tastructured. It exhibits peaks at 0.68beledA*) and 1.30 eV
maintain a lateral offset to optimize orbital interactions, (labeledB*), a shoulder at about 1.80 elabeledC*), a
which is accomplished by tiltingf In the crystal structure of relatively broad and intense feature centered at 2.60l&V
HBC, this center-to-center lateral offset corresponds tdeledD*), as well as peaks at about 3.8 and 5.1 eV. For this
nearly 40% of the molecular cross sectin. larger molecule more dramatic changes occur upon heating
It is remarkable that not only homeotropically aligned above 120-130°C, than were observed for 1lc. For the
films could be produced here by simple solution processingieated films, kept at 140 °C, the angular dependence of the
but also that the tilting of the disks within the columns is spectra resembles that of the smaller 1c. As shown in Fig.
suppressed. Thick filmgmicrong can be homeotropically 4(a) featureB* disappears fo® higher than 30 deg, again
aligned between glass slides starting from the Meliut  indicating an orientation of the individual molecules parallel
random nucleation of the low-temperature phase occurs ofp the substrate surface, in the form of a one-dimensional
further cooling, producing a polycrystalline sample. In thestacking. As for the 1c films, the angular dependencB’of
solution processed films here, itis likely that a tightly packedis different and more pronounced than that of the dominant
face-on monolayer is first formed, typically exploited for peakD* shown in Fig. 4b), which contains a larger density
scanning tunneling microscopy measurements of HBC’s abf + levels. For the as-prepared films of 2b, on the other
solution-solid interfaces. This layer serves to nucleate vertihand, the spectra in Fig. 6 show a less-pronounced angular
cal growth of columns, corresponding to the melt process oflependence and lower intensity, suggesting a lack of one-
homeotropic growth. A similar growth process from the gasdimensional arrangement in stacks normal to the substrate
phase was proposed in UHV deposited films of HB@."*  syrface. Likewise, no thermal transition could be detected in
The irreversible spectral changes observed here are proballye bulk material by differential scanning calorimetfy.
not due to a phase transition similar to that observed in thWide_ang|e X_ray_scattering Spectra obtained from oriented
bulk because the disks remain parallel to the surface at aflpers reveal an increase in intracolumnar order upon anneal-
temperatures, but instead to an increased perfection of thag above 100 °CY the reflex corresponding to the disk-disk
columns. In the as-prepared films, the disks may instead bgacking distance+3.5 A) sharpens and increases in rela-
regularly offset relative to the column axis, as was also protjye intensity.
posed for the above-mentioned UHV deposited films. The electronic structure of the;&-Cy6 4 columnar stacks
can be rationalized as follows: The broadening in the in-
B CoonC plane wave number, ok ~0.3 A~ is about 1/6 of the
1877164 size of the graphene Brillouin zone. As expected, for a mol-
The strongm- interaction between individual molecular ecule with about double the diameter of HBC, the smearing
systems within stacks is one of the major forces that governef the in-plane quasimomentuky is less pronounced. Com-
the formation of columnar structures. Molecules with an ex-pared to HBC, this leads to a decrease of about 10 deg of the
tended aromatic core, such as 2b, can be expected to exhilsihgles at which strongr-electron emission is observed. As
a strong tendency for columnar packing. Figure 6 displaygor the HBC derivative, the individual spectral features dis-
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perse withd (and thusk, ). Interestingly, the energy position individual 7= states are extended and form bands along the
of peak B turns back towards lower binding energy at anstacks, while there is quantization of the electronic states in
anglef#=17.5 deg which might be related to the fact that thethe directions perpendicular to the axis. The observation of
end of a Brillouin zone(not necessarily the first opgs  an initial-state smearing &€ suggests that the components
reached. The energy shift &* between 17.5 deg and 70 of the in-plane quasimomentuky andk, of the individual
deg amounts to about 0.220.05 eV, which suggests a electronic states do not correspond exactly to those one
bandwidthW of this magnitude. However, due to the high would expect for a wave function in an infinitely extended
number of electronier levels involved, this interpretation is graphene lattice. In this respect, these columns only partially
not unambiguous. As expected, the IP of the films of theconstitute “one-dimensional graphite.” Considering their
larger molecule 2H4.8 eV) is smaller than that of the 1c high charge mobilities and the possibility of processing from
films (5.5 eV). In both cases, the IP changes only marginallysolution these highly ordered, nanostructured films may cer-
upon heating. tainly be expected to be of importance for future organic-
electronic applications.
IV. CONCLUSIONS

In conclusion, the investigated substituted PAH's are
prone to self-assemble in ordered supramolecular architec-
tures at surfaces. Solution processed nanometer thick films The authors thank J. SadowskChalmers University,
on solid substrates exhibit columnar order on a macroscopiSweden, T. Balasubramanian(MAX-Lab), M. Tschap-
scale which is improved upon heating to moderate temperdyguine and G. @rwall (both Uppsala University, Swedgn
tures. Supramolecular organization is considered to be driveN. Keil (Obducat A.B., Malmp Swedef, C. Siss and R.
by a strongw-7 interaction between the aromatic cores. InMurdey (both Linkgping University, Sweden and the
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strate induced, initiated by the flat orientation of the mol-lar Materials, CAMM, funded by the Swedish Foundation
ecules in the first layers. Unlike for thicker films, the for Strategic ResearctSSH, X.C. by a Marie-Curie Con-
columnar axis remains normal to the substrate throughout thigeact No. HPMF-CT-2000-00646, and W.O. by the European
multilayer. A broader view of homeotropic columnar growth Community Research Training Network LAMINATE
is now available, where proper conditions allow growth from (Project No. 0013p Work in Linkoping, Berlin and Mainz
a ground floor, most likely a face-on monolayer of diskswas supported by the EU-Growth project MAC-MES
formed either in the melt, by UHV deposition, or now by (Project No. GRD2-2000-302420therwise, molecular and
solution processing. These molecular films exhibit interestpolymer research in Linkaing was supported by the Swed-
ing, highly anisotropic electronic properties. The intermo-ish Science Research Coun¢¥R), that in Mainz by the
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