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ABSTRACT Chemical-vapor-deposited large-area graphene is
employed as the coating of transparent substrates for the growth
of the prototypical organic n-type semiconductor perfluoropenta-
cene (PFP). The graphene coating is found to cause face-on growth
of PFP in a yet unknown substrate-mediated polymorph, which is
solved by combining grazing-incidence X-ray diffraction with theo-

retical structure modeling. In contrast to the otherwise common
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films, we report a 7z-stacked arrangement of coplanar molecules in “flat-lying” films, which exhibit an exceedingly low 77-stacking distance of only 3.07 &,

giving rise to significant electronic band dispersion along the sz-stacking direction, as evidenced by ultraviolet photoelectron spectroscopy. Our study

underlines the high potential of graphene for use as a transparent electrode in (opto-)electronic applications, where optimized vertical transport through

flat-lying conjugated organic molecules is desired.
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grazing-incidence X-ray diffraction

raphene, the two-dimensional hexa-
gonal arrangement of sp>-hybridized
carbon, attracted unprecedented global
research interest during the past decade." ™
This is due to its outstanding mechanical' 3
and electronic® properties, which may be
exploited in a broad range of applications,
including field-effect transistors,” gas sensors,®
optical modulators,” or organic electronics.®®
In particular, its high optical transparency
together with its large charge-carrier mobi-
lity and low sheet resistance'®'? renders
graphene an ideal electrode material for
(opto-)electronic applications’ with the poten-
tial to replace high-cost tin-doped indium oxide
(ITO) as standard transparent cathode.'*®
For organic electronics, in particular, one
key charge-transport parameter is the trans-
fer integral t expressing the ease of charge
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transfer between adjacent molecules, which
depends on intermolecular distance and
mutual orientation.'*™'® As molecular or-
ganic semiconductors (OSCs) are generally
anisotropic—exhibiting a layered bulk crys-
tal structure with a typical edge-to-face
herringbone (HB) arrangement”'18 of mol-
ecules within one layer—also t and the
charge transport are highly anisotropic:'®
the mobilities are generally higher within
the HB layers. In order to increase t in that
direction, considerable research efforts have
been put toward modifying the molecular
packing of OSCs from HB to a parallel
arrangement of the molecular planes, re-
ferred to as -stacking.?® Indeed, such stack-
ing can be favored over HB by the attach-
ment of functional side groups,*® as shown
for bis(triisopropylsilylethynyl)pentacene
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(TIPS-PEN).2"?? Furthermore, it was recently demon-
strated that, in such z-stacked films, reducing the
intermolecular stacking distance from 3.33 to 3.08 A
and, hence, increasing t, increases hole mobilities in
transistors from 0.8 to 4.6 cm? V™' s~'.23 However, on
common substrates like oxides (e.g., ITO), the m-
stacking direction lies parallel to the substrate plane,**
while out-of plane s-stacking is actually desired for
(opto-)electronic applications, where current flows
through the device vertically.

In contrast to ITO, typical OSCs adopt a face-on
orientation on residue-free graphene, as evidenced
in several studies for the monolayer regime.?>?° In
thicker films, however, where the intermolecular inter-
action predominates over the molecule—substrate
interaction, a transition to the OSC bulk crystal struc-
ture, that is, the typical HB arrangement, is generally
observed,?® 3" thereby limiting the vertical charge-
carrier mobility, which is detrimental for (opto-)electronic
applications, such as vertical organic field-effect tran-
sistors (v-OFETs).3>27>* In standard OFETSs, the channel
typically lies parallel to the dielectric substrate and,
therefore, within the high-mobility directions of proto-
typical p- and n-type transistor materials like pentacene
(PEN)* or perfluoropentacene (PFP),*® respectively,
which adopt a standing molecular orientation in such
devices. For v-OFET, in contrast, enhanced vertical
transport through both a molecular arrangement par-
allel to the substrate and optimized intermolecular
orientation is sought.

In this study, we report on vertically mz-stacked
growth of PFP in films of application-relevant thickness
with an exceedingly small -stacking distance, which is
induced by coating quartz substrates with graphene.
This packing motif is in contrast to all reports so far,
where a HB arrangement of PFP with an edge-to-face
herringbone angle of almost 90° both in the single-
crystal polymorph®® and in a thin-film phase (TFP)—
present on oxide substrates—prevails.3”*® We carried
out a full structure solution of this s-stacked poly-
morph (PSP) on graphene (and of the TFP on SiO,; see
Supporting Information) by combining X-ray diffrac-
tion (XRD) methods with theoretical structure model-
ing. We provide evidence for the long-range epitaxial
growth of this polymorph on graphene, that is, orien-
tational registry of the molecules in the film with the
underlying graphene layer. Furthermore, all of our
experiments are corroborated by measurements on
highly oriented pyrolytic graphite (HOPG) as reference,
where an identical growth is evidenced by comple-
mentary experimental techniques. Finally, by employ-
ing ultraviolet photoelectron spectroscopy (UPS), we
report electronic band dispersion of the highest occu-
pied molecular orbital (HOMO) derived band in the
m-stacking direction, which allows determining the
value of the transfer integral t and, finally, estimating
the hole mobility . >°
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RESULTS AND DISCUSSION

Graphene used throughout this work was synthe-
sized through chemical vapor deposition (CVD) of
methane on copper foil at 1020 °C substrate tempera-
ture with an ensuing wet transfer procedure to sup-
porting quartz glass.*’ A representative Raman spec-
trum of the sample is depicted in Figure 1a, which
shows a symmetric 2D band at 2686 cm™' with an
intensity ratio to the G peak of 3.4:1. It can be fitted by
a single Lorentzian (full width at half-maximum =
39 cm™ "), thus evidencing the sample to be predomi-
nantly single-layer graphene. The D band contribution
at 1355 cm ™' is related to crystal size effects*? due to
defects and grain boundaries from the CVD growth
process.**** This graphene-coated quartz sample
served as the substrate for a vacuum-deposited PFP
film with 30 nm nominal film thickness, as measured by
a quartz crystal microbalance.

Figure 1b shows a specular XRD scan of the film
compared to that of a PFP/HOPG reference. (For an
explicit comparison between specular X-ray diffraction
on graphene-coated and noncoated quartz, see the
Supporting Information.) Both films show a strong
diffraction feature at g, = 2.06 A~", which cannot be
explained by either of the two known HB polymorphs
of PFP, that is, the single-crystal polymorph*® as well as
the TFP (see Supporting Information), evidencing the
presence of the yet unknown PSP. Note that in a recent
study for PFP on Ag(111), the same reflection was
observed;*> however, the structure was not solved by
grazing-incidence X-ray diffraction. This finding is corrobo-
rated by supporting confocal Raman microscopy,
which points toward the presence of a PFP phase
significantly different to the single-crystal polymorph
(see Supporting Information). To determine its unit
cell parameters, we performed grazing-incidence X-ray
diffraction (GIXRD); the corresponding reciprocal space
map (RSM) is depicted in Figure 1c (top). The map can
be indexed with the triclinic unit cell parameters of
a=1513A b=894 A c=651A o =7856°p =
108.14°, and y = 92.44°, yielding a cell volume of 820 A3,
which is essentially identical to that of the (monoclinic)
TFP (816 A3). This similarly suggests the presence of
two molecules per unit cell (Z = 2) also for the PSP; for
the PFP/HOPG reference, identical growth was found
via GIXRD-RSM (see Supporting Information). Coming
back to Figure 1b, the unit cell parameters allow assign-
ment of the specular peak to the PSP(002) reflection.

While the peak positions in GIXRD investigations
(Figure 1c) allow precise determination of the unit cell
dimensions, the peak intensities provide information
on the molecular orientation within the unit cell. One
has to bear in mind, however, that taking the experi-
mental intensities from GIXRD as a measure for the
structure factors of the PSP requires a perfectly fiber-
textured film. This makes the straightforward approach
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Figure 1. (a) Representative Raman spectrum of the graphene/quartz substrate. (b) Specular XRD scans of PFP/graphene
(top) and PFP/HOPG as reference (bottom) both showing the PSP(002) reflection. For PFP/HOPG, the HOPG(002) reflection
dominates the spectrum (higher harmonics of the substrate marked by stars), while no such diffraction is observed for
PFP/graphene; there, minor contributions of standing PFP grown in the TFP, likely related to nucleation on substrate
defects,* are found. (c) Top: GIXRD-RSM of PFP/graphene yielding the PSP unit cell dimensions. Bottom: Results of the full
structure solution of the PSP; blue and orange half-circle areas compare the calculated to experimental structure factors
deduced from the RSM of the PFP/HOPG reference (Supporting Information); values normalized to the (600) peak. (d)
Supporting NEXAFS spectra of PFP/HOPG recorded at different incidence angles 6 of the beam indicate a strong dichroism of
PFP; spectra were corrected by a subtraction of weighted HOPG substrate contributions. (e) Quantitative evaluation of the
dichroism indicates an essentially lying molecular conformation; E denotes the electric field vector of the beam, and o the
angle between the transition dipole moment T and the sample normal.

of fitting the molecular orientation against the experi-
mental intensities?* problematic on graphene, where
neighboring grains might exhibit a nonrandom angu-
lar relation. Recently, we presented a method to model
the molecular orientation of a similar rod-like OSC by
force-field calculations, where the only experimental
input was the unit cell dimensions deduced from
GIXRD.*® Following the same approach for rigid PFP
molecules confined in the PSP unit cell, we derive a full
structure solution for the PSP, which is characterized by
almost parallel molecular axes and planes (deviations
below 4°), as illustrated in Figure 2b. To further validate
this surprising result, we followed three independent
approaches: (i) We employed crystal structure predic-
tion methods* constrained to the experimental PSP
unit cell with an ensuing comparison to the experi-
mental peak intensities determined for the PFP/HOPG
reference, which is fiber-textured; subsequently lifting
the constraints corroborates the PSP being a local
minimum crystal structure. (ii) We carried out a direct
fit of the molecular orientation against the experimen-
tal intensities using the software package FOX,*® which
became feasible owing to the large number of reflec-
tions in the corresponding map on the (fiber-textured)
PFP/HOPG reference. Both approaches led to essentially
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identical results and fully confirm our structure solution
(see Supporting Information for further details). Note that
our structure solution fully covers the absence of the
PSP(001) reflection in Figure 1b despite the triclinic crystal
class of the PSP, where no systematic extinctions occur.
The calculated intensity ratio of the PSP(001) to the
PSP(002) reflection is 1:10000, which cannot be ex-
perimentally observed. Furthermore, the high intensity
of the (113—1) in-plane reflection (Figure 3b) corre-
sponding to planes perpendicular to the long molec-
ular axis is covered by our solution. (iii) Entirely
independent from X-ray diffraction, we performed
near-edge X-ray absorption fine structure spectrosco-
py (NEXAFS). Because identical growth on both gra-
phene and HOPG is evidenced by XRD, we carried out
NEXAFS on the PFP/HOPG reference to avoid known
issues of NEXAFS on (large-area) epitaxial, azimuthally
anisotropic organic films,***° hence exploiting the fiber
texture of the HOPG substrate (Supporting Information).
The spectra in Figure 1d show a strong dichroism
indicating a preferential molecular orientation in the
film. Because the lower-energy peaks correspond to
excitations of C1s electrons into unoccupied 7t* orbitals
(7r* resonances) and the corresponding transition di-
pole moments in PFP (denoted as T in Figure 1e) are
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Figure 2. Comparison of the molecular arrangement in the two polymorphs of PFP determined in this work. (a) Herringbone
arrangement of the TFP on SiO, viewed along the long molecular axes (left), illustrated within the unit cell (middle), and as a

top view on the (100) texture plane®’38

(i.e., along the a* axis) (right). (b) 7z-Stacked arrangement of the PSP viewed along the

long molecular axes (left), within the unit cell (middle), and as a top view on the (001) texture plane parallel to graphene
(i.e., along the c* axis) (right). Similar 7z-stacked motifs are shaded in red; z-stacking distances are indicated. (c) Calculated
atomic charges on the constituting atoms of a PFP molecule. (d) Calculated molecular electrostatic potential map (in atomic
units) of an individual PFP molecule with an adjacent molecule within the parallel-displaced stacked motif of the PSP.

oriented perpendicular to the molecular plane,’ their
gradual intensity change from grazing (30°) to normal
incidence of the primary beam confirms essentially
flat-lying molecules in the PSP. This is clearly seen by a
comparison of the experimental angle dependence
of the z* resonance intensity to calculated values, as
shown in Figure 1e.

Although exceedingly different from both the TFP
and the single-crystal polymorph, where a HB arrange-
ment with a HB angle of almost 90° is found (Figure 2a),
the severe change in molecular arrangement appears
counterintuitive only at first glance. Noncovalently
bound molecular assemblies, be it of HB or zz-stacked
type, result from a competition of electrostatic and
dispersion interactions. It is understood that a parallel-
displaced stacking motif of z-conjugated molecules is
due to an interplay between a favorable dispersion
component through the s-electron system (frequently
termed — interaction) and unfavorable electrostatic
effects, which are minimized by lateral displacement.>?
PFP exhibits strong intramolecular polar bonds (IPBs)
between the highly electronegative fluorine atoms
carrying a negative partial charge F[0 ] and the back-
bone carbon atoms C[0"], which translates into local

SALZMANN ET AL.

dipole moments pointing symmetrically toward the
molecular core,>>~>* as sketched in Figure 2c. In addi-
tion to dispersion forces, such local dipoles/multipoles
impact the intermolecular arrangement,**~>° and in
the present case, attractive dipole—dipole interactions
between adjacent PFP molecules further stabilize the
parallel-displaced s-stacked arrangement of PFP, as illu-
strated by the electrostatic potential map in Figure 2d.
Note that this is in stark contrast to (nonfluorinated) PEN,
where such strong IPBs do not exist and HB arrange-
ment is found in all polymorphs with mutually inclined
molecular planes; for GIXRD of PEN/HOPG and a dis-
cussion of growth (dis-)similarities between PFP and
PEN, see the Supporting Information. A closer inspec-
tion of the PFP polymorphs reveals that a similarly
stacked motif is, in fact, present in both the HB and
the m-stacked arrangement, as highlighted in red in
Figure 2a,b. On graphene, the molecules are laterally
shifted such that four fluorine atoms of one molecule
lie exactly in the ring center of the other while being
translated by one ring along the long molecular axis,
which optimizes the mutual orientation of the local
dipole moments associated with the IPBs (Figure 2d).

The remaining major difference between the two
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Figure 3. (a) Cartoon of the principle of GIXRD texture analysis. For epitaxially ordered films, discrete peaks are observed,
which degenerate to circles for fiber-textured films. (b) Scans around the azimuthal angle ¢ for the three strong reflections
(—111), (100), and (11 3—1) of the PSP, each showing 12 maxima (top). Integration of the data along the out-of plane
component of the scattering vector (q,) yields line scans (bottom); ¢ axes were transformed from the experimental 2 + 2
geometry®® to common pole figure geometry (Supporting Information). (c) Cartoon of the two suggested alignments of PFP
in multilayer films (top view on the PSP(001) plane) with the graphene lattice along its two high-symmetry directions (100)
and (210). As these directions are crystallographically and energetically highly different but the observed intensities (b) do
not alternate, an alignment with (210) appears improbable (see text).

polymorphs is merely the ~90° HB angle in the TFP,
which can, in principle, be thought of as being con-
structed by mirroring the stack at the dotted lines in
Figure 2. Importantly, the s-stacking distance is sig-
nificantly reduced from the HB structures (single-
crystal phase, 3.26 A; TFP, 3.17 A) to 3.07 A in the -
stacked PSP on graphene, which is among the lowest
sr-stacking distances ever reported for organic semi-
conductor crystal lattices.”

Clearly, since identical preparation parameters on
SiO, and graphene lead to the growth of stable films in
two highly different crystal structures, the nature of the
substrate emerges as the decisive factor for the selec-
tion of the respective polymorph during growth. 5!
Recently, the surface unit cell of the closely packed PFP
monolayer on HOPG®? and on metallic substrates was
determined by both scanning tunneling microscopy® ¢
and electron diffraction’ to be almost identical to that
found here for the molecules on the (001) texture plane
of the PSP (17.2 A x 89 A, £61°), as illustrated in
Figure 2b. In analogy to metals and HOPG, the forma-
tion of a flat-lying PFP monolayer is expected for the
graphene substrate and subsequent multilayer growth
is kinetically stabilized by the monolayer arrangement®
in the almost identical 3D packing motif of the PSP. As
the PSP crystal structure results also from our crystal
structure prediction approach, where the substrate is

SALZMANN ET AL.

not taken into account (vide supra), the PSP is indeed a
local energetic minimum that is selected by the sub-
strate. Note that in a previous study*® the PSP was
observed also in significantly thicker films on HOPG
without any evidence of a thickness-driven phase
transition to HB. This finding demonstrates the im-
portance of control over the initial OSC growth to
achieve desired structural properties in functional films.

Graphene as a substrate not only induces growth in
the m-stacked polymorph but also further leads to
three-dimensional epitaxial growth of uniaxially aligned,
flat-lying PFP molecules. This is best envisioned em-
ploying GIXRD texture analysis®” via sample rotation
around the texture axis (sample normal) by ¢ = 360°, as
illustrated in Figure 3a. There, modulations in peak
intensity for given net planes appear in ¢ scans if the
crystallites exhibit a preferential azimuthal orientation
around the texture axis instead of a perfect fiber
texture (“2D powder”) that would occur as homoge-
neous intensity distribution instead. Clearly, for PFP/
graphene, we find a strong intensity modulation with
12 equidistant maxima for three selected strong PFP
reflections [(—111), (100), and the strong in-plane
reflection (11 3—1)], which exhibit an angular relation
in ¢ that perfectly agrees with the PSP unit cell
determined above (Figure 3b). Given the active spot
size of the X-ray beam in the range of 1 mm?, this result
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implies epitaxial order of the adsorbate in 12 prefer-
ential rotational domains at this length scale, which is
possible due to the correspondingly large grain size of
the copper foil upon thermal annealing (close to the
melting temperature of Cu) during CVD graphene,
which is reported to be beyond several millimeters.*3
Importantly, the finding of 12 reflections instead of 6,
as it would be expected from the 6-fold symmetry
of the graphene lattice, can have two causes, which,
however, cannot be directly discriminated by the pre-
sent area averaging experiments. First, the CYD-grown
graphene substrate itself exhibits 12-fold symmetry
caused by its growth on the copper foil, which is pre-
dominantly (100)-textured due to thermal treatment
prior to graphene formation.®® Therefore, there are two
equivalent ways for the (6-fold symmetric) graphene
layer to align with a supporting (4-fold symmetric)
copper grain, finally leading to the observed 12-fold
symmetry of the graphene layer.**** The epitaxially
grown PFP film aligns to graphene in a single-well-
defined manner, thus adopting the substrate's fold-
ness. Second, there exist two high-symmetry directions
for the 6-fold symmetric graphene itself, the (100)
(“zigzag”) and the (210) (“armchair”) directions.®® The
long molecular axis of PFP might align with either
(Figure 3c), yielding a total of 24 orientations, of which
only 12 are distinct. However, given that these two
directions of graphene must be expected to be both
crystallographically and energetically different, while
no azimuthal alternation in intensity of the diffraction
peaks (Figure 3b) is observed, we prefer explanation
one. Note that growth in the (00—1) mirror texture
cannot explain the observed 12 reflections, as upon
molecular alignment with the high-symmetry directions
the reflections of both textures coincide (Supporting
Information). We stress that epitaxial growth on gra-
phene observed here for PFP is by far not self-evident,
as, for example, the related organic semiconductor
perylene-3,4,9,10-tetracarboxylic acid dianhydride (PTCDA)
does not epitaxially arrange with graphene.”

Having established the crystal structure of zz-stacked
PFP, we finally turn to investigating its impact on the
electronic properties, that is, in particular, the transfer
integral t crucial for charge transport, as outlined
above. To that end, we carried out ultraviolet photo-
electron spectroscopy (UPS) on the PSP under variation
of the energies (hv) of the incident photons at normal
emission (Figure 4) to observe intermolecular energy-
band dispersion along the surface normal. To avoid
sample-charging issues due to the insulating quartz
substrates coated by graphene, we performed UPS
on PFP/HOPG, where growth in the PSP was likewise
found by XRD (vide supra). For UPS experiments, a lower
nominal film thickness of 10 nm was chosen, which is, on
the one hand, sufficiently low to avoid sample charging
issues and, on the other hand, large enough to avoid an
influence of the HOPG substrate on the PFP electronic
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Figure 4. Electron band dispersion of the s-stacked PFP
polymorph along the sample normal. (a) Second derivative
of the UPS spectra for different excitation energies in the
range of the HOMO emission; data represented as photo-
emission intensity map with fitted peak maxima indicated
as white dots (intensity normalized to the respective maxima);
binding energy (E,) given with respect to the Fermi level (E;).
(b) Experimental dispersion of the HOMO band depicted in
the extended zone scheme with parameters of d, = 6.11 A,
E2=1.89 eV, t=0.05 eV, and Vo = —11.7 eV, which compare
well to literature values of related systems.> The dispersion
is illustrated by two tight-binding cosine functions (red and
blue curves with d,/2) as the PSP unit cell contains two
molecules; the derived value of d, equals the (001) lattice
spacing of the PSP.

structure. From the UPS data, a value of the ionization
energy of 6.0 eV is determined, which is in line with lying
PFP”" (see Supporting Information for raw data). Accord-
ing to the tight-binding model (assuming a parabolic free-
electron-like band as the final continuum state), the
energy-band dispersion relation is given by**” E (k) =
B — 2t cos(k,d,) with k, = @myh)"(En — Vo',
where Eg, = hv — E, is the kinetic energy of the
photoelectron, E, its binding energy from the vacuum
level, k, its wave vector component along the surface
normal, E2 the energy of the band center, t the transfer
integral, d, the lattice spacing normal to the surface
(here, the (001) spacing of the PSP), m. the effective
mass of the photoelectron in the final continuum state
(approximated by the free electron mass my), and V,
the inner potential. For experimentally assessing t, we
varied hv from 27.5 to 75 eV (at room temperature) and
determined the maxima of the HOMO band by forming
the second derivative of the UPS data for each hv, as
depicted in Figure 4a. The HOMO emission maxima
shift toward lower binding energy with a minimum
around hv = 50 eV, where the shift is reversed. These
data translate into a dispersion relation Ey(k,), as
illustrated in Figure 4b in the extended zone scheme,
where the investigated hv range corresponds to ex-
citation in the 4th—6th Brillouin zones. For the experi-
mentally observed (001) lattice spacing, the data can
be fitted with a cosine function according to the tight-
binding model, which yields a value of 0.05 eV for the
transfer integral t of the PSP; this value equals that
for likewise vertically s-stacked PTCDA analogously de-
termined on HOPG as substrate”> and is even larger than
that recently found for picene single crystals.”* Finally, in
a broad-band model (W > kgT), this allows estimating the
hole mobility at room temperature for the PSP in the
vertical direction to uy, > 20(mg/my) & 9.6 cm?/(V - s), with
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the (tight-binding approximated) effective hole mass of
my, = h%/(2td?) ~ 2.08 my3°7°

CONCLUSIONS

We demonstrated that coating transparent quartz
substrates with graphene induces lying and coplanar
mr-stacked growth in thin PFP films. We determined the
unit cell parameters of this substrate-mediated PFP poly-
morph by GIXRD and carried out a full structure solution
both by theoretical structure modeling and fitting
experimental data. Compared to the herringbone-type
polymorphs of PFP, our structure solution reveals a
significantly reduced z-stacking distance of 3.07 A for
PFP on graphene, which is among the lowest values

METHODS

Materials and Sample Preparation. Perfluoropentacene (PFP)
(Kanto Denka Kogyo Co., 99% purity) was deposited via eva-
poration from resistively heated quartz crucibles (deposition
rate = 0.5 nm/min monitored with a quartz crystal microba-
lance, base pressure <5 x 10~8 mbar). Graphene-coated quartz
pieces (2 x 2 cm?) served as substrates that were established in
analogy to the procedure reported in refs 41 and 42 using a
Cu foil (7 x 7 cm?, 25 um thickness, 99.8% purity, Alfa Aesar,
product no. 13382, annealed for 40 min at 1020 °C) for
CVD graphene growth with an ensuing wet transfer to the
quartz support. Highly oriented pyrolytic graphite (ZYA-grade,
1 x 1 cm?) that was ex situ cleaved was used as the reference
substrate.

Characterizations. Specular and grazing-incidence X-ray dif-
fraction (GIXRD) were performed ex situ at beamline W1.1 of
the synchrotron radiation source HASYLAB (DESY, Germany;
hv = 10.5 keV, inert He atmosphere) with an incident beam
angle of 0.15° using a MYTHEN 1D detector. Data processing
was carried out using the self-implemented software package
PyGid,”® including intensity corrections according to ref 66 and
a correction of refraction effects.

NEXAFS was performed at the HE-SGM dipole beamline
of the synchrotron storage ring BESSY Il in Berlin (Germany)
providing linear polarized light (polarization factor = 0.91;
energy resolution at the carbon K-edge = 300 meV). All NEXAFS
spectra were recorded in partial electron-yield mode using a
channel-plate detector with a retarding field of —150 V. For the
calibration of the absolute energy scale, the photocurrent from
a carbon-coated gold grid in the incident beam (absorption
maximum = 284.9 eV) was recorded simultaneously. To deter-
mine the average tilt angle of the molecules relative to the
sample surface, measurements were carried out at three differ-
ent angles of incidence (30, 55, and 90°); for further details, see
the Supporting Information.

Ultraviolet photoelectron spectroscopy (UPS) experiments
were performed under ultrahigh vacuum conditions at the
endstation SurlCat at the synchrotron light source BESSY I
(Helmholtz Zentrum Berlin fiir Materialien and Energie, Germany)
with an energy resolution of 120 meV using excitation photon
energies of 27.5—75 eV; the secondary electron cutoff was
recorded at —10 V sample bias.

Force-Field Calculations. To determine the molecular orienta-
tion within the experimentally determined unit cell of the -
stacked polymorph, we utilize a global total energy minimiza-
tion scheme employing force fields as described in detail in ref
46.To summarize our approach, we consider the PFP molecules
as rigid bodies and search for the molecular orientations, which
minimize the total energy. We consider the three spatial coordinates
of the molecular center of mass as well as the three Euler angles
representing the molecular orientation with respect to the unit
cell frame as degrees of freedom. Thus, in total, there are 6Z
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reported so far for organic semiconductors, giving rise
to distinct electronic band dispersion along the -
stacking direction, as observed by UPS. Finally, we showed
that substrate coating with graphene induces large-scale
epitaxial growth of the vertically s-stacked molecules,
which is expected to maximize the vertical sr-orbital
overlap being beneficial for the out-of-plane charge-
carrier mobility. Our study underlines the versatility
of graphene and its high potential as coating for
establishing transparent electrodes in future opto-
electronic applications, where vertical charge trans-
port is generally disfavored by an edge-on standing
molecular orientation on ITO-coated glass as a typi-
cal substrate.

degrees of freedom, where Z is the number of molecules in the
unit cell. To calculate the total energy of the PFP crystal, we use
empirical interatomic force fields, in particular, the MM3 force
field”” =7 as implemented in the TINKER code,®® and further
checked the influence of the particular choice of force field on
the structure solution. To this end, we also utilized the DREIDING
force field®' as implemented in the GULP code,® which led to
the same structure solutions as already found with MM3. For the
global minimum search, we utilize a genetic algorithm (GA) for
exploring the configuration space. Details on our implementa-
tion of the GA are given in the Appendix of ref 46. In order to
ensure that the best crystal structure solution is indeed found,
the GA optimization run has been repeated a sufficient amount
of times.

Comparing the total energies of the crystal structure solu-
tions, that is, the herringbone (HB)-type thin-film polymorph
(TFP) observed on SiO, and the sr-stacked polymorph (PSP) on
graphene (and HOPG), the energy per molecule in the PSP is
found to be ~24 meV higher than that in the TFP. In fact, this
result confirms the observation that, apart from the PSP ob-
served here on graphene coatings, all known PFP polymorphs
tend to form a HB arrangement. Otherwise, the strong inter-
action of the molecules with graphene (or HOPG), which is
considered only indirectly in our simulation by using the
experimental crystal structure, is responsible for stabilizing
the s-stacked packing in the molecular assemblies.

Crystal Structure Prediction. Possible crystal structures are pre-
dicted by systematically searching the potential energy hyper-
surface to identify its local minima. These minima represent the
possible configurations of mechanical equilibrium and thus
constitute the “natural” or “inherent” structures that the crystal-
line system can exhibit®> About 20000 initial configurations
were generated for PFP films on graphene, evenly distributed
among the various possible arrangements consistent with the
known structural information, that s, a triclinic unit cell (with the
experimental lattice parameters reported in this article) contain-
ing two molecules (Z = 2). The triclinic lattice allows only two
space groups: P1 (no symmetry) and P1 (inversion symmetry
only). In P1, the molecules have inversion symmetry and are
therefore allowed (but not required) to lie on one of the eight
possible inversion sites (with coordinates x,y,z equal to 0 or 1/2).
The various possibilities thus are PT with Z=2 (1) (a molecule on
a generic site “1”, plus a second equivalent molecule obtained
by inversion), PT with Z= 2 (1,1) (two independent molecules on
inversion sites “1"), or P1 with Z = 2 (1,1) (two independent
molecules, one chosen as the origin, the other at generic
coordinates).

Starting from each initial configuration, we minimize the
potential energy. The molecules are treated as rigid units with
the Dy, planar geometry determined with Gaussian 03,34 using
the B3LYP/6-31G* combination of density functional and basis
set. They interact through a pairwise additive atom—atom
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TABLE 1. Experimental®®*” and Computed Lattice
Parameters (axes in A, angles in degrees)

lattice structure a b ¢ o s y

P2/cZ=2 (1) single-crystal
PFp3®
PFP on Si0,
(TFP)*7

expt 1551 4.49 11.45 90.00 91.57 90.00
expt 15.76 4.51 11.48 90.00 90.40 90.00

caled 15.69 4.53 12.03 90.00 90.15 90.00

P1Z=2(11) PFP on graphene expt 15.13 8.94 6.51 78.56 108.14 92.44
(PSP)

caled 15.20 9.00 6.87 75.92 108.33 92.16

potential model of the form V(r) = A,«j/r12 — B,»,-/r6 + gig;/r, which
combines a Lennard-Jones potential model with the DREIDING®’
parameters (A; and B;) with a Coulombic contribution described
by atomic charges g, These parameters are fitted to the
electrostatic potential in the isolated molecule®* Structural
optimization initially proceeded with lattice parameters fixed
to the experimental values. Once found all distinct constrained
minima [see the Supporting Information (511) for one in perfect
agreement with the experimental intensities], we then contin-
ued the energy minimization without constraints, by adjusting
also the unit cell axes and angles. We suppose that surface-
induced polymorphs, although not necessarily coincident with
genuine local minima of the potential energy, cannot be too
unstable. Structures which move too far (once removed the
constraints on the lattice parameters) or that fail to converge to
stable bound states (i.e., to high-density structures with nega-
tive potential energy) are unlikely to be correct and are there-
fore discarded. Bulk crystal structures were also searched, using
the methods extensively discussed in previous work®>%¢ to
obtain information on the global stability of the minima and
to validate the potential model. We have, thus, generated and
optimized (without constraints) several thousands of additional
monoclinic structures in the space group P2;/c with Z = 2 (the
structure of both the TFP and the single-crystal phase). The
potential model appears quite realistic since these two known
structures (single-crystal phase36 and TFP on SiOX37) both
converge to very deep minima (rank 2) and are reproduced
extremely well by the calculations (see Table 1).

We suppose that surface-induced forms should closely
resemble local minima of the potential energy (inherent
structures). The idea is that the interactions with the surface
will mostly increase the energetic and/or kinetic stability of
minima that already exist, rather than creating brand new
minima. This idea is almost certainly correct for weakly inter-
acting surfaces such as SiO,, where the known structure (TFP)3”
is closely related to the single-crystal structure.*® The idea is
probably also correct also for PFP on graphene, where a flat-
lying monolayer is expected and subsequent multilayer growth
is kinetically stabilized by the monolayer arrangement in the
almost identical 3D packing motif of the zz-stacked polymorph
determined in this work (with significant initial theoretical input
but fully confirmed by the X-ray diffraction experiments). In fact,
it converges to a very deep minimum (rank 3), and again, the
computed lattice parameters are in good agreement with the
experiments (see Table 1).

Calculation of Atomic Charges. Density functional theory (DFT)
calculations of the atomic charges on the atoms forming a PFP
molecule and of the molecular electrostatic potential map
(Figure 2c,d) relied on the hybrid exchange-correlation func-
tional PBEO®” and a 6-31G** contracted Gaussian basis set.35°
Atomic charges reported in Figure 2 were obtained through a
Mulliken analysis;90 calculations were performed with the
Gaussian 09 quantum chemistry suite.”’
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