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Abstract: Discotic liquid crystals emerge as very attractive materials for organic-based (opto)electronics
as they allow efficient charge and energy transport along self-organized molecular columns. Here, angle-
resolved photoelectron spectroscopy (ARUPS) is used to investigate the electronic structure and
supramolecular organization of the discotic molecule, hexakis(hexylthio)diquinoxalino[2,3-a:2',3'-c]phenazine,
deposited on graphite. The ARUPS data reveal significant changes in the electronic properties when going
from disordered to columnar phases, the main feature being a decrease in ionization potential by 1.8 eV
following the appearance of new electronic states at low binding energy. This evolution is rationalized by
guantum-chemical calculations performed on model stacks containing from two to six molecules, which
illustrate the formation of a quasi-band structure with Bloch-like orbitals delocalized over several molecules
in the column. The ARUPS data also point to an energy dispersion of the upper z-bands in the columns
by some 1.1 eV, therefore highlighting the strongly delocalized nature of the z-electrons along the discotic
stacks.

1. Introduction conjugated core substituted by saturated chains, are highly
soluble and easily processed into organic thin films by spin-

Discotic liquid crystals are currently widely considered for ) ki A | def. b ired
applications in organic-based (opto)electronic devices, such ascoating or ink-jet printind, ii) structural defects can be repaire

light-emitting deviceg; 2 field-effect transistord solar cells>6 by the_ self-healing_propertig; of quui_d (_:rysta_l phas_gs; (iif) the
and sensor& This originates from their unique combination of materials can be highly purified to eliminate impurities and/or

properties: (i) the molecules, typically made of a central chemical defects that are detrimental for charge transport; (iv)
a high (supra)molecular order can be spontaneously achieved

t Department of Physics and Measurement Technology, Idinigp in films,*® leading to charge mobilities in the discotic phase
Un;VSrslty- tede Mons.Hainaut comparable to those in amorphous silicon (around 0.4/\ém
niversitede Mons-Hainaut. 10,11 . ;
s Georgia Institute of Technology. s);*i.e., up to 3 orders of magnitude larger than typical values
U UniversiteLibre de Bruxelles. ) o in conjugated polymers; and (v) the exciton diffusion length, a
, Department of Science and Technology, Lipktg University. highly relevant parameter for sensors and photovoltaic applica-
Chalmers University of Technology. tions, is 1 order of magnitude larger than in conjugated
vV Chiba University. ) g g9 Jug
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Discotic molecules are known to pack into one-dimensional a
columns in both the crystalline and liquid crystalline phases.
The molecular organization in thin films is influenced by the
substrat&15 and can therefore be different than in the bulk.
The formation of such columns is governed by the strong
intermolecular interactions among the cores and among lateral
chains of adjacent units and induces an efficient one-dimensional
charge transport along the stacks. Recent theoretical studies hav
pointed out the main parameters controlling the charge mobility s
in organic semiconductors at the molecular staknd, in
particular, inz-conjugated discotic liquid crystal$.2° Due to
the large degree of geometric fluctuations within the columns,
leading to modulations in the inter-disk distance and/or rotations
of the disks around the stacking afischarge transport in
discotic liquid crystals is usually expected to correspond to a
phonon-assisted hopping regime, as is the case in amorphout

organic thin film&2 or molecular crystals at high temperatéfe.

In such a regime, the charges are localized over a single

molecule and jump from site to site to yield a current. A major
parameter governing the charge mobility, be it in a (localized)
hopping or (delocalized) band regime, is the transfer integral

The transfer integral describes the strength of the interactions
between adjacent molecules and can be estimated to a very gooi

approximation for hole [electron] transport as half the splitting
of the highest occupied molecular orbital, HOMO [lowest
unoccupied molecular orbital, LUMO], level in a dimer made
of two neutral molecule¥24-26 |n the context of a tight-binding

Substrate

molecular plane

model, the widths of the valence and conduction bands of a Figure 1. (2) Chemical structure of the HATNA-SOmolecule. (b)

neutral infinite stack equal 4 times the corresponding transfer

integralst®2527The width of the valence band can be probed
by ultraviolet photoelectron spectroscopy (UPS). Similar con-

siderations apply to the conduction band; however, the latter is

less accessible at the experimental level.
Here, we study by means of angle-resolved ultraviolet

Geometry of the ARUPS experiments and ¢, are the azimuthal angles

for electrons and photons, respectively.and 6, are the polar angles for
electrons and photons, respectively, defined with respect to the surface
normal. The position of the molecule is defined by two angles: the molecular
tilt angle 8 with respect to the surface and the molecular azimuthal angle
Om.

m:

properties; the sum of the hole and electron mobilities varies

photoelectron spectroscopy (ARUPS) the electronic structure from 0.01 to 0.6 cr¥fVs at room temperature, depending on

of hexakis(hexylthio)diquinoxalino[2,8:2',3-c]phenazine (HAT-
NA-SCs) molecules and its evolution when the molecules order
into columns upon heating in ultrahigh vacuum. The choice of
HATNA derivatives is motivated by their very good transport
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the alkyl chain lengti3® This discotic molecule is larger than
the well-known triphenylene molecule and incorporates six
nitrogen atoms within the conjugated core (Figure 1a). Note
that UPS allows us to probe the electronic structure of the
columns in the geometric structure characteristic of the neutral
state, since the photoemission process is much fasted (6

s) than the nuclear geometry relaxation induced by the creation
of the photohole{10-14-10"13s). The spectroscopic data are
interpreted with the help of the independent atomic center
approximatiof® in order to shed light onto the preferential
molecular orientation in the films, and with quantum-chemical
calculations performed on the isolated molecule and model
stacks containing from two to six molecules in order to
characterize ther-electron delocalization.

2. Experimental Section

The synthesis of the HATNA-SCmolecules has been reported
earlier®® Six alkyl side chains, composed of six carbon atoms each,
are attached via a sulfur atom to the HATNA conjugated core. The
purity of the material used in this work is better than 99%. The
impurities observed by nuclear magnetic resonartee NMR) are
nonconjugated solvent residues remaining from the purification by

(28) Warman, J.; Piris, J.; Debije, M., personal communication.

(29) Grobman, W. DPhys. Re. B 1978 17, 4573-4585.

(30) Kestemont, G.; Halleux, V. d.; Lehmann, M.; lvanov, D. A.; Watson, M.;
Geerts, Y. HChem. Commur2001, 2074-2075.
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column chromatography. No large aromatic side products are detectedintramolecular electronic relaxation and correlation effects, as
by thin-layer chromatography. The films are formed by evaporating, used and justified in previous studi®sThe broadening of the

at room temperature, a drop of a HATNA-CHCI; (0.1 mg/mL) UPS features is introduced with the help of Gaussian functions
solution deposited onto a freshly cleaved highly oriented pyrolytic (with a full-width at half-maximum set at 0.3 eV if not otherwise
g;gphit(elo(g)o Ol)f surf(ace .(ZYIIB E;Iqualitgl) or or:ta nat.urslls;] O?idizfd stated) centered on each eigenvalue.

sticon surtace {previously cleaned in an Utrasonic bamh o1 aceione angle dependence of the photoelectron emission of the

and 2-propanol). The thickness of the thin films is estimated from the | le is simulated within the ind d
suppression of the substrate core-level line by additional X-ray HATNA-SH molecule is simulated within the independent

photoelectron spectroscopy measurements and is typically arourd 100 atomic center (IAC) approximation developed by Grobrifan.
200 A. This type of analysis has been shown to be reliable in
The angle-integrated UPS measurements have been carried out irfletermining the orientation of large conjugated molecules such
Linképing with a spectrometer of our own design and construction, as phthalocyaninésand bis(1,2,5-thiadiazolg)-quinobis(1,3-
with a base pressure less thanx110° mbar. The UPS spectra are  dithiole) (BTQBT) deposited on graphité,or In-[perylene-
recorded using monochromatized He | (21.2 eV) and He Il (40.8 eV) 3,4,9,10-tetracarboxylic dianhydride] on Mo3X In this model,
radiations from a helium discharge lamp. The energy resolution is photoelectrons are considered to be coherently emitted from all
estimated te£0.1 eV, as determined by the width of the gold Fermi  the atoms involved in a given molecular orbital of the HATNA-
edge. The work function is determined by the position of the secondary SH core. Note that our simulation does not take into account
electron cutoff, here the alkane side chains. Since the analysis spot of the
The_ angle-resolved photoelectron spectra have been recorded a xperiments probes a surface area of about 1 snamm on
beamline 41 of MAX-l at the MAX-Laboratory for Synchrotron L . . ..
Radiation Research in Lund, Sweden. The overall energy resolution is the samples_, the photo_emlss_lon signal is expected to originate
about 100 meV for an angular resolution of aboutThe geometry of fro_m a multitude of orientations of the molecules along the
the ARUPS experiment is sketched in Figure 1b. The electric field @Zimuthal angle. Therefore, the calculated ARUPS spectra have
vector of the incident photon beam, the surface normal, and the sample been integrated over the molecular azimuthal arglén the
detector axis are kept in the same plane. In other words, the azimuthalrange 0—360C° in 3° steps. The molecular azimuthal anglg
angles for ejected electrongs,, and incident photongjy, relative to a defines the rotation of the molecular axisy(z) with respect to
reference axis on the surface are the same and kept constant. In all the fixed axisa on the surface of the substrate. As for the
of the measurements, the photon beam hits the surface at grazingexperiments, we set the photon polar angléat 80° and¢,

incidence with a polar anglé, = 80°, While_ the photqelectrons are  — 4. The total amplitudeA; of the photoemission from the
collected at a chosen polar andle The binding energies refer to the nth molecular orbital is given by

vacuum level, as obtained by adding the work function of the samples
to the energy scale of the UPS spectra initially measured with respect
to the Fermi level.

ikR

— —ikl P
A(R) = = Zcma e "N, (K) (1)
3. Theoretical Approach

The first term is the damping factor of spherical waves at the
getector positiofR (=RR). The sum over the contributions from
each individual atona yields At Canis the linear combination

of atomic orbitals (LCAQO) coefficient of theth molecular
orbital on atom a, as provided by the INDO calculations
performed on a single HATNA-SH molecule. The termi&

is the phase factor taking into account the difference in the path
length to the detector from each atomic positigg with k
(=kR) being the wavevector of the photoelectron. The factor
Na(k) = 31,m M y["is the so-called atomic factor, wit]", |

O [Pegn €T loniml] The right-hand term is the transition dipole
moment for the optical excitation from the initial staggm to

the final continuum stateg,;, k of kinetic energyEyi» and wave
vectork. € [=(exey,€7)] represents the direction of the photon

The model molecule HATNA-SH chosen for the electronic
structure calculations has the same conjugated core as the actu
HATNA-SC;s discotic liquid crystal molecules. The geometric
structure of the HATNA-SH molecule has been optimized at
the density functional theory (DFT) level using the B3LYP
functionals and a 6-31g(d,p) basis ¥e¥Model stacks are built
by superimposing HATNA-SH molecules, separated by 3.4 A,
without any further structure optimization. The theoretical UPS
spectra of the isolated molecule and of stacks containing
from two to six molecules have been simulated with the help
of the intermediate neglect of differential overlap (INDO) semi-
empirical Hartree-Fock method developed by Zerner and co-
workers3® The general procedure used to calculate the UPS

spectra has been described in detail else Briefly, we polarization. The full expression of the atomic factor has been

S'r_”“'at_e the spectra \.N'th'n Koopmans _approxm_1ano_n (ie. described elsewhere and depends on the angles specifying the
using eigenvalues as binding energies), without estimating cross

sections, and by matching the HOMO of the single molecule ﬁ]i?ézirtmshs?n g;ffec“on and the polarization direction of the
to the experimental spectrum obtained for the disordered phase photons

in order to account for solid-state polarization effects. For the
single HATNA-SH molecule, the energy scale has been
contracted by a factor of 1.3 to compensate for the neglect of 4.1. Molecular Order in “As-Prepared” Films. Figure 2
displays the experimental ARUPS data for “as-prepared” films
(31) Lee, C.; Yang, W.; Parr, R. Ghys. Re. B 1988 37, 785-789. (just after the solvent has evaporated) deposited on highly

(32) Becke, A. DJ. Chem. Phys1993 98, 1372-1377.
(33) Zerner, M. C.; Loew, G. H.; Kichner, R. F.; Mueller-Westerhoff, UJT.

4. Results and Discussion

Am. Chem. Sod98Q 102, 589-599. (35) Kawaguchi, T.; Tada, H.; Koma, A. Appl. Phys1994 75, 1484-1492.
(34) Cornil, J.; Vanderdonckt, S.; Lazzaroni, R.; Santos, D. A. d.; Thys, G.; (36) Hasegawa, S.; Tanaka, S.; Yamashita, Y.; Inokuchi, H.; Fujimoto, H.;

Geise, H. J.; Yu, L. M.; Szablewski, M.; Bloor, D.;'gdlund, M.; Salaneck, Kamiya, K.; Seki, K.; Uneo, NPhys. Re. B 1993 48, 2596-2600.

W. R.; Gruhn, N. E.; Lichtenberger, D. L.; Lee, P. A.; Armstrong, N. R.;  (37) Azuma, Y.; Akatsuka, S.; Okudaira, K. K.; Harada, Y.; UenoJNAppl.

Brédas, J. L.Chem. Mater1999 11, 2436-2443. Phys.200Q 87, 766—769.
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) . . Figure 3. Calculated ARUPS spectra of a single HATNA-SH molecule in
Figure 2. INDO-simulated UPS spectrum (bottom curve) of a single e independent atomic center (IAC) approximation. The molecular tilt angle

HATNA-SH core and ARUPS valence level spectra of a HATNAcSIi B is set to 12. The photoemission signal is integrated over the molecular
depo_sned on HOPG just after evaporation of the solvent. The phpton beamazimuthal anglem. The theoretical spectrum is obtained by matching the
(w = 80 eV) hits the surface at grazing incidendg, & 80°); the position of the HOMO level to the first ionization potential in the

distribution of the photoelectrons from the valence levels is characterized gyperimental spectra. A Gaussian function is centered on the calculated

by tuning the polar anglé.. The binding energies are relative to the vacuum |NDO eigenvalues to simulate solid-state broadening.
level (Evag. The theoretical spectrum is obtained by matching the position

of the HOMO level to the first ionization potential in the experimental . . .
spectrum and by contracting the energy scale by a factor 1.3 to account forindicates that the shape of the photoelectron spectra in as-

correlation and relaxation effects. A Gaussian function is centered on the prepared films is dominated by contributions from weakly
calculated INDO eigenvalues to simulate solid-state broadening. interacting molecules.

The ARUPS spectra show some spatial anisotropy for the

oriented pyrolytic graphite (HOPG), as well as the calculated photoelectron emissions originating from the different orbitals,
electronic structure of the core portion of a single HATNA which implies that a slight preferential molecular order is present
molecule. The onset of the lowest UPS feature occurs at 5.9 the as-prepared thin films. We have interpreted the ARUPS
eV, while the calculated HOMO is at 6.5 eV after the rigid data within the IAC approximation in order to shed light onto
shift. Although the theoretical value is subject to caution due this preferential orientation of the molecules in the film. The
to the use of Koopmans' theorem and the simple account of best semiquantitative agreement with the experiments is found
polarization effects, we estimate the line width of this feature for @ single HATNA-SH molecule tilted by = 12° with respect

to be 0.6+ 0.2 eV from the comparison of the theoretical and 0 the HOPG §urfgce. . '
experimental spectra. The HOMO is doubly degenerate and We pr_esent in Figure 3 the calculated s.pectra a§SOC|at§d with
delocalized over the conjugated core. The ARUPS shows one@ SPecific electron polar anglée, as obtained by integrating
feature at 7.2 eV attributed to a sum of contributions from the the photoemission signal over all the possible azimuthal

HOMO—1, doubly degenerate HOME2, and HOMG-3 orientations of the molecule tilted by 12vith respect to the
levels, all of which arer-levels delocalized over the conjugated ~Surface. Between 6.5 and 7.5 eV, the frontiearbitals (HOMO,

core. This signal increases for lower emission anglgand HOMO—1, HOMO-2, and HOMO-3) reach their maximum

reaches its maximum around©10n contrast, the peak seen at Intensity at 10, and their emission is suppressed at.3the

8 eV corresponds ta-type orbitals, the doubly degenerate ¢-Orbitals at 8 eV (HOMG-4 and HOMG-5S levels) display a
HOMO—4 and HOMO-5 levels, arising mainly from the maximum around 40-50°. The z-orbital HOMO-6, located
nitrogen lone pairs. The UPS features associated to these?! 8.5 €V, is visible atlow polar angles. However, its maximum
o-orbitals display a maximum at 30The peak at 8.5 eV in the at 20, found in the experiments, is not properly reproduced by
INDO spectrum originates from the HOM@ z-level, which the calculations. The region between 12 and 13 eV is enhanced
is delocalized on the conjugated core (with a significant @t low emission angles {8-20°). Note that discrepancies
contribution on the sulfur atoms); it shows a maximum in between theory and experiment in terms of peak intensities and
photoemission intensity at 20The strong feature observed in ~@ngles defining the maximum intensity of peaks might arise
the UPS spectra between 9 and 11 eV originates from both due to (i) the low degree of molecular order in the film since
andz-orbitals delocalized on the conjugated core with signifi- Molecules oriented randomly remove the sharpness of the
cant electronic density on the sulfur atoms. When going to €XPerimental photoemission angle dependéfied (ii) the
higher binding energies, the orbitals acquire a predominant theoretical approximation that is to 0neglect the scattering
o-character; it is worth noting that the intensity in the region Phenomena in the ARUPS simulatiétr:

beotween 12 and 13 eV is enhanced at low en’,“SSIOn angIeS(SB) Morikawa, E.; Saile, V.; Okudaira, K. K.; Azuma, Y.; Meguro, K.; Harada,
(0°—10°). The good agreement between the experimental photo- Y.; Seki, K.; Hasegawa, S.; Ueno, N. Chem. Phys200Q 112, 10476~
electron spectra and the peak positions in the theoretical o oL

. . . . . ) Hasegawa, S.; Inokuchi, H.; Seki, K.; Ueno INElectron Spectrosc. Relat.
simulation obtained for a single conjugated HATNA core Phenom1996 78, 391-394.
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molecules in the as-prepared sample (dotted line) represents the

(@) starting point of the experiment and is similar to that described

i in Figure 2 on the HOPG substrate. As discussed above, the
E Fiom 146°C to 206 C spectrum shows the electronic signature of weakly coupled
% ':_% discotic molecules, with the HOMO level located at 6.5 eV in

= the shoulder of the lowest binding energy peak. Raising the
& I g T\ * /20°C ‘ Fempe_rature from 20 to 120C leads to an increase in _the

_%' 1000 e ’.i after annealing intensity of the feature around 7.2 eV (see dotted lines) without
8| 200 ) o changing the global shape of the spectrum. This evolution might
£ gr?;cé;e"ng AN\ Il be related to a change in the orientation of the alkyl chains close

.

R ~ ;* to the surface. Indeed, at room temperature, the alkyl chains of
discotic molecules are known to be oriented toward the sufface,
thus screening the conjugated cores from being seen in UPS.

Due to the lower number of neighboring molecules at the surface

" " (b) compared to the bulk, alkyl chains could start melting at the
v surface at a lower temperature than in the bulk. In this way,
.\ “ they could unprotect the conjugated cores at high temperatures

"-.'_. \v T /jf?;‘fannea“ng and make them more visible in the UPS spectrum.

Between 140 and 20TC, the electronic structure (full lines)
changes in the energy range between 7.2 and 8.7 eV, as
evidenced by the fact that the valley previously observed at 7.7
eV is now filled. Beyond 210C, the intensity in the 7:28.7
eV region is further enhanced; moreover, a new peak appears
in the gap of the disordered film around 5.5 eV (dashed lines).

Intensity (arbitrary units)

Sio, before after We attribute this new electronic feature to the formation of
60 55 50 45 40 columns in the LC phase and the simultaneous formation of
Binding Energy (eV) vs. E, orbitals delocalized over several molecules rather than localized

Figure 4. Angle-integrated UPS spectra showing the modification in the ©ON @ single mo!ecule (vide infra). Cooling_ the sample_ to_ room
upper part of the valence band of a HATNA-SC6 film deposited on,SiO  temperature in its crystal columnar phase increases significantly

:Jp?hn the anne;’i"nﬁllcoo"ns ttfe?rt]mtenltl-t;he bi”?ing 9””92929_5 fiL‘? f?'ative this low-binding-energy contribution and leads to the appearance
o ey fvef), ot it e specta cleced 13 441 ofavalle around 8.2 eV (crossed Ine). W siress that severa
Enlargement of the low-binding-energy region of (a), where the position annealing-cooling cycles performed around the transition-phase
of the Fermi level is indicated before and after annealing. temperature shows the reversibility of the process, as confirmed
o ) ) by the systematic appearance of the valley at 8.2 eV charac-
The close similarity between these simulations and the teristic of the K< LC transition. The main feature of the ordered
experimental observations indicates that, although a high degreg¢ phase at 20°C is thus a new photoemission signal lying
of disorder is present in the as-prepared films, some moleculespyatween 4 and 6 eV, i.e., in the electronic gap of the cast
have a preferential orientation in which the conjugated cores (disordered) film. The onset of this new peak (Figure 4b) yields
are slightly tilted § ~ 12°) with respect to the HOPG surface. g jonization potential of 4.1 eV, i.e., 1.8 eV lower than in the
4.2. Change in the Electronic Structure upon Annealing.  gisordered phase before annealing. To our knowledge, this is
HATNA-SCs is known to undergo a bulk phase transition from - the first time that such a large variation in ionization potential
a crystalline phase (K) to a liquid crystal columnar mesophase pas peen reported upon ordering of an organic material. During
(LC) at 206°C under atmospheric pressifeAnnealing of the  the cooling step, the increase in intensity of the new UPS feature
partially ordered organic thin film up to the LC transition s attributed to an increase in the number of molecules involved
temperature is thus expected to help the film self-organize in i, stacks with a good spatial overlap betweenherbitals of
its liquid crystal columnar mesophase. A subsequent cooling adjacent conjugated cores. This is expected when going from
to room temperature should provide a crystalline columnar phasehe Lc to the K phase as a result of the attenuation of the
where the free enthalpy of the system is minimized. Figure 4 4eometric fluctuations within the columf&Note that the work
shows the evolution upon heating of the angle-integrated UPSnction of the organic layer decreases from 4.1 to 3.8 eV after
(He 1) spectrum of the organic thin film deposited on 5i® annealing (which is why two differerr values have been
the low-binding-energy region. We stress that dewetting and/ reported in Figure 4b). Hence, the ionization potential of the
or formation of pinholes take place in thin organic films spin-  annealed organic layer becomes very close to its work function.
coated on HOPG substrates at a temperature slightly above thegjpce gl experiments were performed in ultrahigh vacuum, a
transition temperature, thus allowing for a possible contribution aterial with such a low ionization potential does not have an
of the substrate in the spectra; the Sgdbstrate is chosen here opportunity to react with dioxygen.
on the basis of the fact that its electronic density of states (DOS)  Tpe changes in the electronic structure upon heating and

does not appear in the energy region of therbitals of the  q4jing cannot be explained by quantum-chemical calculations
discotic molecule. The electronic structure of the discotic

(41) Hiesgen, R.; Scimherr, H.; Kumar, S.; Ringsdorf, H.; Meissner, Thin

(40) Ueno, N.; Kitamura, A.; Okudaira, K. K.; Miyamae, T.; Harada, Y.; Solid Films200Q 358 241—249.
Hasegawa, S.; Ishii, H.; Inokuchi, H.; Fujikawa, T.; Miyazaki, T.; Seki, K. ~ (42) Herwig, P.; Kayser, C. W.; Mlen, K.; Spiess, H. WAdv. Mater. 1996
J. Chem. Physl1997, 107, 2079-2088. 8, 510-513.
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Figure 5. (a) Angle-resolved UPS spectra of the HATNA-S@m deposited on HOPG after the anneatingpoling treatment, i.e., after the transitions
from the disordered K phase to the ordered K phase passing by the LC phase. The photomtread® €V) hits the surface at grazing incidenég €
80°); the distribution of the photoelectrons from the valence levels is characterized by tuning the polaf.aiigie binding energies are relative to the
vacuum level Eyag). (b) Enlargement of the low-binding-energy region of (a).

performed on a single conjugated molecular core. However, about 20—30°. The feature appearing as a shoulder at 6.9 eV
since the SiQ substrate has no DOS in the region of interest, reaches a maximum in intensity at®20he peak visible at 7.9
this new feature can safely be attributed to the organic layer. eV between 70 and 40 and reaching a maximum at 505
We note that similar modifications in the electronic structure attributed to the emission fromr-orbitals localized on the
are observed when the HATNA-gyer is deposited on other  nitrogen lone pairs, as found in the as-prepared film. The
substrates, such as HOPG, Au,,Ouand AgO. A new feature interactions between adjacent conjugated cores in the column
in the forbidden electronic energy gap of the molecule could do not modify their local character. As is the case for the
arise from a degradation mechanism involving UV light or z-region between 5 and 8 eV, the peak at 8.4 eV shows a
secondary electrons, creating, for example, a radical by bondmaximum at 20. Above 10 eV, theo-character becomes
cleavage. A degradation process can be ruled out by thepredominant and the photoemission originates mainly from
following experimental observations: (i) the changes observed orbitals localized over a single molecule. Within the angular
in the electronic properties when heating the sample t6@Q20 portion (70—20°), the maximum intensity of the-orbitals at
are not sensitive to the time of UV light exposure; (ii) the new 11 eV is detected at 40Below 20, the emission is suddenly
feature at 5.5 eV is never detected at room temperature, beforeamplified at 10 and then diminishes toward°Owhere the
any annealing, even after a long UV light exposure; (iii) the intensity is shifted to higher binding energies.
electronic modifications can be observed at room temperature The pattern of photoemission from-orbitals in organic
after a heatingcooling cycle undergone in UHV without molecules is sharp when using a photon energy of 86°a@we
exposure to UV light; and (iv) X-ray photoelectron spectroscopy, photoemission distribution from localizedorbitals in the highly
which is also a surface-sensitive technique, does not show theordered annealed film can be compared to the emission pattern
appearance of new C(1s), N(1s), or S(2p) signals expected ifcalculated on a single molecule. The neglect of the alkane chains
bond cleavage were to occur. in our simulations could cause some slight deviations with
4.3. Molecular Orientation after Annealing. Figure 5 respect to the experimental ARUPS spectra since the€C

displays the angular distribution of the photoelectron emission
from the organic film deposited on HOPG following annealing.
The low-binding-energy feature (at 5.5 eV) observed for the
annealed film when deposited on $iS well reproduced. The
ARUPS pattern is sharp for theorbitals lying between 9 and
14 eV, as well as for tha-orbitals (in the 5-9 eV range). The
intensity ratio between the ands-orbital contributions changes
dramatically with the electron emission angle (e.g’, 290),
which underlines the high molecular order obtained after
annealing. From the orbital analysis of a five-molecule stack,
we assign the spectral features between 5 and 8 eaiditals

bonds in the side chains likely have a slight preferential
orientation. In contrast, the €H bonds are expected to be
randomly oriented, thus contributing a constant weight to the
spectrum for various electron polar angles. The ARUPS spectra
of a single HATNA-SH molecule have been calculated for
several molecular tilt angles with respect to the surface. The
theoretical photoemission pattern (Figure 6) displays the best
semiquantitative agreement with the experimental ARUPS
spectra when the HATNA conjugated core is parallel to the
HOPG surface £ = 0°). Although thes-orbitals have an
intermolecular character in the film, the polar angle of maximum

delocalized over several molecules in the columns. The lowest photoemission in ther-region (5-8 eV) of the annealed film

binding energy peak (at 5.5 eV) has a maximum intensity at

11894 J. AM. CHEM. SOC. = VOL. 126, NO. 38, 2004
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Figure 6. Calculated ARUPS spectra of a single HATNA-SH molecule in
the independent atomic center (IAC) approximation. The molecular tilt angle
Bissetto 0, i.e., the conjugated core is parallel to the HOPG surface. The
photoemission signal is integrated over the molecular azimuthal argle
The theoretical spectrum is obtained by matching the position of the HOMO
level to the first ionization potential in the experimental spectra. A Gaussian
function is centered on the calculated INDO eigenvalues to simulate solid-
state broadening.

(6—8 eV) of a single molecule. The-feature originating from
the localized nitrogen lone pairs (8 eV) grows fronf 1® 40°—

(B)
Tm=60°
1=30°

Figure 7. Sketch of the various orientations of the columns with respect
to the HOPG surface for a molecular tilt angle= 0° of the HATNA
cores. The orientation of the one-dimensional columns is characterized by
the tilt angler. relative to the HOPG surface, while the tilt anglg defined

with respect to the columnar axis, specifies the orientation of the HATNA
molecules within the columns.

perpendicular to the substrate. & 0°), the conjugated cores
being packed in a cofacial manneg,(= 90°); this structure
yields the most efficient orbital overlap and leads to a HOMO
splitting 2 = 0.99 eV.

On the basis of these three examples, it is clearly seen that
the electronic coupling decreases when the columnar tilt angle
7¢ is reduced. This leads to the conclusion that the columns’
axes are (nearly) perpendicular to the HOPG surface in order
to promote significant electronic coupling between adjacent

50°, and then decreases at lower angles, in agreement with theconjugated cores that generatesorbitals delocalized over

experimental data. In the range betweeh &@d O, the spectral
weight related to the~-states in the 1811 eV region reaches
a first maximum at 48 and then is reduced before reaching
another maximum at 20 The very good agreement between

several molecules responsible for the appearance of the low-
binding-energy feature in the experimental spectra (Figure 4).
This columnar axis orientation is experimentally confirmed by

the absence of any energy dispersion of the low-binding-energy

the calculated and measured photoemission patterns proves thefeature when the polar emission angle is tuned (see section 4.5).

a high molecular order is achieved after annealing. Moreover,
the results indicate that the HATNA-g@olecules likely pack
in columns with the conjugated cores parallel to the HOPG
surface. Such a preferential orientation in thin films (3@00
A thick) may be induced by the substrate, as found recently for
hexabenzocoronene derivatives deposited on MoS

4.4. Electronic Structure of a Column.The analysis in the
section above provides only the tilt angle of the HATNA cores

Since the calculated HOMO splitting is quite similar for a
column with a slightz. tilt, we have considered for the
subsequent analysis an ideal stack standing perpendicular to the
HOPG substrate (in addition, we have not considered any
rotation between adjacent didRs This model maximizes the
electronic coupling between adjacent disks and allows for a
simple analysis of the electronic structure of the stacks without
removing the underlying physics in the actual HATNASC

with respect to the HOPG surface. Since the one-dimensionalcolumns formed on the HOPG substrate. Note that a rotational

columns could be tilted by any angte with respect to the
HOPG surface, the tilt anglg, of the HATNA molecules with

angle of 28 between two adjacent HATNA-SCores provides

the energetically most stable columnar organizatfdghis results

respect to the columnar axis is still unknown (Figure 7). Below, from a balance between the repulsion of the negatively charged
we compare the results expected for three different columnar nitrogen atoms of the two adjacent cores and the van der Waals

orientations. (i) Structure A: the columns are tilted y=

attraction of the alkyl chains. The INDO calculations performed

60° (versus the surface normal) on the HOPG surface, the on HATNA dimers show that the HOMO splitting is still

HATNA molecules being then tilted by, = 30° with respect
to the columnar axis. In that case, we calculate a very small

significant for such a rotational angle of 282t = 0.4 eV at
25° vs 0.9 eV for the cofacial packind}.We will come back

HOMO splitting of 0.15 eV (corresponding to a transfer integral to this point below.

of 0.075 eV) in a dimer made of two HATNA molecules with

The INDO-simulated UPS spectra of one-dimensional stacks

a separation of 3.4 A between their planes. Structure A modifies containing up to six unsubstituted HATNA-SH molecules are

the least the electronic structure of individual molecules due to presented in Figure 8. The cofacial distance between two
the poor overlap between the electronic wave functions of adjacent cores is set at 3.4 A, a value corresponding to the
adjacent units; it is therefore not the most likely. (i) Structure typical intermolecular distance reported for triphenylene-based
B: the columns are tilted by, = 30°, the HATNA cores being discotic columng$~5 the neglect of the lateral chains in these
tited by 7, = 60°; here, the electronic coupling between
adjacent cores becomes significant and characterized by a*3)
HOMO splitting of 0.62 eV. (iii) Structure C: the columns stand

Reitzel, N.; Hassenkam, T.; Balashev, K.; Jensen, T. R.; Howes, P. B.;
Kjaer, K.; Fechtenktter, A.; Tchebotareva, N.; Ito, S.; Man, K.;
Bjornholm, T.Chem. Eur. J2001, 7, 4894-4901.
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Figure 9. Top view of one of the two degenerate HOMO orbitals in a

single conjugated HATNA-SH core (upper-left panel). The other figures
\/\n' 3 represent a side view of the delocalized orbitals in a stack made of five

Intensity (u.a.)

(51533

HATNA-SH molecules packed cofacially, as generated by the interaction
of the chosen HOMO level of the individual units. The missing levels are
associated with the other degenerate HOMO level or with interactions
between lower orbitals of the single molecule. The reported quasi-
momentumkeo corresponds to the value at the intersection between the

n=2
\/L energy level, represented by a horizontal line, and the tight-binding band
dispersion in Figure 10.

n=1 hence an increase in the polarization energy that can shift the
photoelectron signal of the-orbitals toward lower binding
energies. Such a shift due to a change in polarization energy
following a change in molecular packing can exceed 0.3 eV,
as reported for perylene crystdfsThis explains at least partly
Figure 8. INDO-simulated UPS spectra of one-dimensional stacks< why the theoretical shift of the HOMO level is underestimated

90°) containing from one to six unsubstituted HATNA molecules. The : . PP .
vertical line corresponds to the energy of the HOMO level of the single with respect to the experimental reduction in ionization potential

molecule. Peak broadening is introduced via Gaussian functions (fshm by 1.8 €V upon annealing.
0.2 eV) centered on the orbital energies. To describe the nature of the molecular orbitals in the one-
) ) o ) dimensional stacks, we display in Figure 9 the frontier orbitals
simulations is justified by the absence@molecular orbitals  of 5 five-unit stack generated by the interaction of the HOMO
in the low-binding-energy side of the UPS spectra, which is |eye| of the individual conjugated cores. We focus here only
the prime focus of this theoretical section. The results illustrate 51 gne of the two degenerate HOMO orbitals since they yield
that the electronic structure of the single conjugated core is jgentical splittings in cofacial configurations. The stack orbitals
strongly modified when the stack progressively builds up and gpnear to be delocalized Bloch-like functions and display a
that the energy of the highest occupied orbital saturates after gispersion behavior typical of electronic band formation: the
about five molecules. Most importantly, the UPS spectrum |5rger the number of nodes in the interchain overlap, the higher
simulated for the largest stack rationalizes the appearance of gpeir energy (the lower their binding energy). The HOMO of
new feature in the band gap of the single molecule, in full {he stack has a fully antibonding pattern between adjacent
agreement with the experimental spectra obtained upon annealyonjygated cores (four nodes), while the most stable orbital
ing (see Figure 4). The two highest occupied levels of the single (HOMO—11 of the stack) shows a fully bonding pattern

HATNA molecule are degenerate and splitin a similar way in - yithout node); these two extreme cases mimic the limits of
stack with cofacial configurations. In such model stacks, the e first half-Brillouin zone at the scale of an infinite column.

splitting of the two degenerate HOMO levels is estimated to
be 0.99 eV for the dimer, corresponding to an interchain transfer
integral of 0.49 e\2> The HOMO bandwidth is thus extrapolated

to be 1.98 eV (i.e., equal tct_)4for an infiniFe stack. The shift (Huckel) tight-binding level, the energy dispersion for an infinite

of the HOMO level upon going from the isolated molecule to column is expected to follow a cosine evolutioi(keo) = € —

the infinite stack is estimated to be 0.99 eV when changes in 2t coskeod), Wheree is the energy of the level of a single
(o] 1

the solid-state polarization effects are not considered. However
the increase in electronic coupling upon ordering is expected
to promote a higher electronic polarizability of the material,

7.7 1.2 67 -6.2 -57 52
Energy (eV)

Since the orbitals are delocalized over several molecules in
the column, the quasi-momentum of an electron in a given
orbital has a componerit,, along the columnar axis. At the

"HATNA molecule that creates the baridhe transfer integral,
andd the intermolecular separation (3.4 A). The transfer integral
is estimated from the orbital energy splitting, Bpon dimer

(44) Allen, M. T.: Diele, S.: Harris, K. D. M.; Hegmann, T.. Kariuki, B. M.. formation6:24-26 |n the first half-Brillouin zone for an infinite

Lose, D.; Peerce, J. A.; Tschierske, L.Mater. Chem2001, 11, 302 stack (betweerkss = 0 and ke = a/d), the four z-bands
311.

(45) Gearba, R. I.; Lehmann, M.; Levin, J.; Ivanov, D. A.; Koch, M. H. J.;
Babefa J.; Debije, M. G.; Piris, J.; Geerts, Y. FAdv. Mater. 2003 15, (46) Friedlein, R.; Crispin, X.; Pickholz, M.; Keil, M.; Stafstroem, S.; Salaneck,
1614-1618. W. R. Chem. Phys. LetR002 354, 389-394.
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50 First Brillouin Zone on each unit along the stack; the quasi-momentum of HGMO
L HOMO 11 is thus close to the edge of the Brillouin zon&kgt = n/d

~ 551 —._HOMO-1 > = 0.92 A1 for an infinite column.
E 6.0 FI—= HOMO-4 é)';‘ 4.5. Energy Dispersion of thes-Bands. The calculations
> = HOMO-8 - described in the section above have shown that the shape of
g 851 HOMO-11 the UPS spectrum does not change significantly as soon as a
g 70 —_ 4 stack made of more than five to six molecular layers is
2 5] _ T considered. This indicates that a quasi-dispersion should be
K] 2 | measured even if the columns are short. ARUPS measurements
@ 801 locaized olorbiais 3 have demonstrated the formatiorvetlectronic bands between

85 | — | graphitic plane8%5tin organic crystal§253and in monolayers

00 , ’ . . . . 4| chemisorbed on metal surfaces (CO on>Cor thione 2-mer-

captobenzoxazole, AsNOS, on C&). Indications of the
delocalized character of states along molecular columns have
been pointed out previously:#2

Figure 10. lllustration of the band structure in the upper part of the valence To describe the energy dispersion of tirdands, we have
region for an infinite stack as expected from a tight-binding theory. The 5qgnted a three-step model for the photoemission prefcdss
energy levels (dashes) for a stack of five HATNA-SH molecules packed p_ . fth P id . f P ical diool P L
cofacially and separated by a distance of 3.4 A are inserted in the band _00”5'5“”9 of the consideration of an optical dipole exc!tat_lon
structure. The range of the quasi-momentum associated with each orbitalin the bulk, followed by transport to the surface, and emission.
is represented by the lines and obtained as half the fwhm of the function We assume that (i) the momentum of the electrons is conserved
2 2 i i 3 . . " " ) .

Keas(k)? wheres is the structural factor of the systefhThe first half during the optical transition, and (ii) the final continuum state
Brillouin zone is defined in the momentum range between 0 mafad= . ) . . . .
0.92 A-L. The higher energy band is two-fold degenerate and stems from IS @ parabolic free-electron-like band in a constant inner potential
the interaction of the HOMO level of the individual HATNA-SH cores. V(.51 V, represents the potential step to be crossed by the
The second (two-fold degenerate), third, and fourth bands are generatedphotoexcited electron to leave the surface. The compadkent

respectively from the HOM©1, HOMO-2, and HOMG-3 levels of the fth t f the phot ited elect in th i
HATNA-SH molecule. The binding energy scale is obtained with a rigid Ot the momentum or the photoexciied electron in the soRd IS

shift of the calculated orbital energies such that the localizéénd is at

00 01 02 03 04 05 06 07 08 09
A-1
Momentum k_, (A™)

8 eV, as observed in the ARUPS experiments. k, = v 2mh? (E, cos 0, + V)2 (2a)
originating from the interaction of the HOMO, HOML, E,=hv—E,, (2b)

HOMO-2, and HOMG-3 levels of the isolated cores have

bandwidths #labout 1.99, 2.02, 2.42, and 2.36 eV, respectively. wherem is the electron mass artf}, is the binding energy of
These four stack bands are sketched in Figure 10. It is seenthe electron in the solid. The value chosen for the inner potential
that the more stable the band, the larger the bandwidth (or thev, is 14.5 eV; this has been deduced from similar experiments
corresponding transfer integral) since there is a progressivecharacterizing the inter-plana-band energy dispersion in
reduction in the number of nodes when going from the HOMO HOPG®° and from low-energy electron diffraction measure-
to the HOMO-3 level of the isolated conjugated cdfeAn ments® We believe that it is reasonable to use the same value
overlap of the various quasi-bands occurs along the energy scalgor the HATNA-SG; layer in view of the similarr-electron
because the bandwidths are significantly larger than the energydensities, intermolecular distances (3.40 A vs 3.35 A for
separation between the frontier molecular levels of an isolated HOPG)43-45 and work functions\opc = 4.1 eV, Wihatna =
HATNA core. 4.1 eV).

When considering a finite number of repeat units, the  We focus here on the properties of the low-binding-energy
calculated orbitals cannot be described by a single wavevectorfeature. On the basis of the theoretical calculations, this region
(sincekis no longer a good quantum number due to the lack of is associated withr-orbitals delocalized along the columns and
translational symmetfy and each orbital actually translates into  js expected to show energy dispersion. Fhband dispersion
a finite width in momentum space). One thus refers here to a alongkgs in the organic layer may be investigated by changing
quasi-dispersiof with quasi-momenta having the same physi-  the electron emission angi or the kinetic energyyi, of the
cal meaning as momenta in infinite systeth3he calculated  photoelectrons (via the energy of the incident photons), see eqs
orbital energies for the stack are inserted on the cosine curves2. The ARUPS spectra collected in Figure 5b have been obtained
(dashes in Figure 10), a procedure that allows estimating thefor different emission angle8,, using in all cases an incident
quasi-momentum of the orbitals in the finite-size stack. As beam tw = 80 eV) hitting the surface at, = 80° in order to
expected from Bloch’s theorem, valid for an infinite stack, the
fully antibonding HOMO level of the stack corresponds to the (50) [4-‘25‘9""9 A. R. Johnson, M. T.; Hughes, H.Phys. Re. B 1986 34, 4289~
periodic repetition of the HOMO of the single molecule and is (51) Himpsel, F. JAdv. Phys.1983 32, 1-51.
characterized by a value & close to 0 A™. On the contrary, (52 Efﬁf{%f‘r}’]";b SE ML LA K Taaka, %ﬁ;ﬁggfhl%ad vy mnokuchi,
the fully bonding HOMG-11 of the stack can be produced by 6973.
repeating the HOMO of a molecule with an inversion of sign (53) Yamane, H.; Kera, S.; Okudaira, K. K.; Yoshimura, D.; Seki, K.; Ueno,

N. Phys. Re. B 2003 68, 033102-033106.
(54) Greuter, F.; Heskett, D.; Plummer, E. W.; Freund, HPhlys. Re. B 1983

(47) Narioka, S.; Ishii, H.; Edamatsu, K.; Kamiya, K.; Hasegawa, S.; Ohta, T.; 27, 7117-7135.
Ueno, N.; Seki, KPhys. Re. B 1995 52, 2362-2373. (55) Mariani, C.; Allegretti, F.; Corradini, V.; Contini, G.; Castro, V. D.;

(48) Zojer, E.; Knupfer, M.; Resel, R.; Meghdadi, F.; Leising, G.; FinlRllys. Baldacchini, C.; Betti, M. GPhys. Re. B 2002 66, 115407111554,
Rev. B 1997, 56, 10138-10144. (56) Spicer, W. EJ. Appl. Phys1969 40, 1395.

(49) Zojer, E.; Knupfer, M.; Shuai, Z.; Bdas, J. L.; Fink, J.; Leising, Gl. (57) Feibelman, P. J.; Eastman, D.Bhys. Re. B 1974 10, 4932-4947.
Phys.: Condens. Mate200Q 12, 1753-1768. (58) Lander, J. J.; Morrison, J. Appl. Phys1964 35, 3593.
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Figure 11. (a) Angle-resolved UPS spectra of the HATNA-SEm in L . . . .
the ordered K phase on HOPG. The incident photon beam hits the surfaceWhich is consistent with the parallel dispersion of the four bands

at grazing incidencep = 80°), and the photoelectrons emitted normal to  predicted from theory. Since the evolution of feature A is not

the surface are analyzefi,t= 0%). The value of the momentulm, is tuned trivial to follow, we concentrate on its low-binding-energy edge
by using different energies for the incident photons. Energy dispersion of .

two spectral features, A and B, is observed. The binding energies are relative!” Figure llb_to probe the di_spersion of the upper band. The
to the vacuum levelH,4). (b) Energy dispersion of the low-binding-energy ~ edge of the dispersed band is expected to shift by a constant

edge. value (0.8 eV) with respect to the center of feature A. From the
_ o o four visible peaks observed at 115, 95, 85, and 70 eV, this

promote the maximal photoemission from thrbitals in the  gjfference is 0.8 eV, which is only slightly larger than the 0.6
ordered film. Under those conditions, bffandk; can change. ey peak width determined previously (as the difference between
The value okg estimated from eq 2a changes marginally 2.0 the center of the HOMO peak, 6.5 eV, and the edge, 5.9 eV,
2.3 A™) when the detector positiof is varied (0—70°). For for the nonannealed film, see Figure 2). The energy dispersion
columns standing perpendicular to the surfaceis equal to of the edge yields an estimate of the bandwidth of £.0.2
keo, and the theoretical band structure (Figure 10) predicts that gy for the upper band. The measured bandwidth is lower than
the spectral feature can disperse by up to 0.4 eV for this narrow the calculated value (1.99 eV), suggesting that the molecules
range ofkeo. The-features observed between 5.0 and 6.2 @V (g not interact as strongly as in the model columns, as expected
show only a weak energy dispersion (0.2 eV), thus confirming from possible molecular rotations along the stacks (see discus-
that the columns are almost perpendicular to the HOPG surface sion in section 4.4), lateral displacements, and/or fluctuations
Similar observations have been made for other discotic liquid i, jntermolecular distances. This experimental value has the
crystal thin films with columns standing on the substfate. same order of magnitude as the inter-planar bandwidth in

To tuneky and probe the electronic band formed within - graphite (1-1.4 €\5°59 and is much larger than those estimated
columns oriented perpendicular to the HOPG substrate, ourin molecular crystals+0.5 eV for BTQBT2and oligoacenés).
experimental setup is chosen such that the electrons are collectegsjyen the~1.1 eV bandwidth, it would be of great interest to
normal to the surfacef = 0°), while varying the energies of  jnyestigate whether a band regime of transport can actually be
the incident photons. The resulting spectra display two dispers-achieved in thin films of HATNA-SG
ing features, A and B, located around 5.5 and 7.0 eV,  Tne dispersion of the onset of the upper band is plotted in
respe.ctively' (Figure 11a). According to the theoretical models, Figure 12 using eq 2a and the energies of the low-binding-
four dispersingz-bands are expected to lie on the low-binding-  energy edge obtained for various photon energies. As expected
energy side of the localizegrorbital’s flat band at 7.9 eV. For  om the tight-binding model, a cosine functi@itk) = e — 2t
all the photon energies, feature A always has a lower intensity s d) fits the experimental data reasonably well if the repeat
compared to feature B. Since the top of the upper band (band it in the column is made of a single HATNA-$@olecule
1) has a lower energy than the three lower bands in Figure 10,separated from the adjacent disks by 3.4 A (this validates the
feature A has a dominant contribution arising from the band jytermolecular distance selected in the calculations). All together,
generated by the interaction of the degenerate HOMO levels of iq results suggest that the HATNA-S€olumns are highly
adjacent HATNA cores. The difference between the onset of orgered and maintain a periodicity in the columns, leading to a
feature A (at 4.8 eV) and the energy at the top of band 1 in pyanq following a cosine function. Slight rotational disorder and

Figure 10 (5.3 eV) has to be associated with the absence of afictyations in intermolecular distances and lateral displacements
proper treatment of the polarization effects in the simulations,

as mentioned previously. Feature B would then be formed by (59) Marchand, D.; Fretigny, C.; Lagues, M.; Batallan, F.; Simon, C.; Rosenman,

B ; B ; I.; Pinchaux, RPhys. Re. B 1984 30, 4788.
the dispersion of the three lower bands (2, 3, and 4 in Figure o) cpeng 'V ¢ " Silbey, R. 3- Filho, . A. d. S.: Calbert, J. P.: Cornil, J.:
10). Note that both features A and B disperse in a similar way, Brédas, J. LJ. Chem. Phys2003 118 3764-3774.
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can be responsible for the deviation of the experimental points dispersion (1.1 eV) of the upper-band of the columns, thus
from a cosine evolution. The band diagram also reveals that confirming the delocalized character of theelectrons. The
the ionization potential (i.e., the energy of the band edge) of cosine evolution of the measured energy dispersion implies that
the ordered film is only slightly lower than the sample work columns are highly ordered, with one molecular disk as a repeat
function (i.e., the Fermi energy), thus suggesting that the unit, and the columnar axis (nearly) perpendicular to the HOPG

columns have a reduced electronic band gap. substrate. The work function of the crystalline columnar phase
_ (3.8 eV) is almost equal to its ionization potential (4.1 eV).
5. Conclusions The electronic delocalization demonstrated in this work clearly

The electronic structure of hexakis(hexylthio)diquinoxalino- has to be taken into account when describing charge injection
[2,3-a:2,3-cJphenazine (HATNA-S@ thin films has been into discotic liquid crystals in (opto)electronic devices.
characterized using both angle-integrated UPS and angle-
resolved photoelectron spectroscopies (ARUPS) ComplementedR
by quantum-chemical modeling. The UPS spectra show that
films formed by the rapid evaporation of solvent are composed
of molecules in a macroscopically disordered phase where the
conjugated cores have a slight preferential orientation on HOPG
and are weakly electronically coupled. Subsequent annealing
in the liquid crystalline phase (LC) and cooling to the crystalline
phase lead to self-organization in columns oriented (nearly)
perpendicular to the HOPG substrate on a macroscopic scale
The organized organic thin films display new electronic features
in the -region of the UPS spectra and a lowering in ionization
potential by 1.8 eV relative to that of the disordered phase.
ARUPS measurements interpreted in the independent atomic
center approximation (IAC) indicate that the HATNA conju-
gated cores are parallel to the HOPG surface.

We have considered stacks made of molecules packed
cofacially to better understand the nature of thelectronic
levels in the columns. The electronic structure calculations of
such model stacks show that the column formation leads to the
appearance of new orbitals in the otherwise forbidden energy
gap of the isolated conjugated core, in full agreement with the
experimental observations. The theoretical results further il-
lustrate the formation of a quasi-band structure based on Bloch-
like orbitals delocalized over several molecules in the column.
This is also evidenced by ARUPS data showing large energy JA048669J
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