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Results of a systematic study of the growth of blue-green light-emitting 2,5-di-4-biphenyl-
thiophene (PPTPP) molecules on the (001) faces of the sheet silicates muscovite and phlogopite
mica are reported. This includes morphology, crystallography, and optical properties. It is shown
that small changes in the choice of the substrate lead to distinctly different growth behavior. On
muscovite, a commensurate wetting layer of lying molecules is initially formed with subsequent
formation of clusters, which assemble into mutually parallel nanowires. The wires grow along a (110)
muscovite direction, having the molecules oriented perpendicular to the wire direction and parallel to
the surface plane. On phlogopite mica, no wetting layer is observed, but diffraction from islands of
upright molecules, forming a coincidence lattice. Fibers grow along three different directions, until
they start bending. In comparison to similar organic molecules, it is found that overall PPTPP has a
growth behavior more similar to that of the p-phenylenes as compared to that of the a-thiophenes.

Introduction

Light-emitting organic nanowires (or ‘“nanofibers”,
“needles”) have evolved as a very active research field during
the last years.'> Waveguiding,® lasing,* electrical trans-
port,>® mechanical properties,’ and nonlinear optics®™!°
have been investigated. The organic aggregates have either
been grown directly on surfaces by organic molecular beam
deposition and by hot wall epitaxy,'" by solvent vapor
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annealing,'? or they have been assembled in solution and
then deposited onto a surface.'* ¢ The formation of up-
right nanowires on a substrate has been facilitated by, for
example, filling of mesoporous substrates'”'® or even by
vapor phase deposition.'*°

The most detailed experimental data exist for organic
molecular beam deposition and for hot-wall epitaxy of p-
hexaphenylene (p-6P) on various substrate surfaces.”'*?
Sheet silicates such as micas are known to promote
uniaxial growth.”> 2® On muscovite mica, for example,
p-6P forms clusters as well as mutually parallel nanofibers
from lying molecules, the fibers growing mainly by cluster
aggregation. The first step in the growth process is
the formation of a wetting layer from lying molecules.?’
The wetting layer is crystalline, resulting in a well-defined
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Figure 1. (a) AFM image, 20 x 20 um?, of 7.5 nm PPTPP deposited on muscovite mica at a substrate temperature of s = 370 K, demonstrating the overall

morphology. (b) Cross-section through the image (white line in a), depicting typical heights of the needles (“n”), flat islands (

peaks).

low-energy electron diffraction (LEED) pattern.”® On
other substrates such as KCl, a wetting layer has not been
observed, although similar needles grow.*” Similarly, for
other conjugated molecules such as a-quaterthiophene
and a-sexithiophene on muscovite, no wetting layer has
been detected by LEED, yet.*

Besides phenylenes and thiophenes, another class of
interesting molecules are the phenylene/thiophene co-oligo-
mers because of their fortunate optical and electrical proper-
ties.>' ** Field-effect transistors,*> amplified spontaneous
emission,” and lasing®®>” have been demonstrated. How-
ever, it is well-known that oriented nanofiber formation is
restricted to certain combinations of organic molecules and
growth substrates. Therefore, both from a fundamental
point of view as well as from the application side, it is of
interest to study the formation of thin films from thiophene/
phenylene co-oligomers on dielectric surfaces. Choosing
different sequences and numbers of thiophene and pheny-
lene rings, molecules more thiophene- or more phenylene-
like can be tested. Different shapes such as zigzag or
bananalike allow the exploration of structure—property
relationships.*®>° Reports about the overall morphology
of thin films grown from the zigzag-like co-oligomers 5,5'-
di-4-biphenyl-2,2’-bithiophene (PPTTPP) and 4,4'-di-2,2'-
bithienyl-biphenyl (TTPPTT) already exist.** On muscovite
mica, they form nanowires, growing simultaneously along
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two or more different directions, thus limiting the maximal
length but resulting in meshlike structures.*' In this paper
we will investigate in more detail the formation of thin films
from the banana-shaped 2,5-di-4-biphenyl-thiophene
(PPTPP) on the dielectrics muscovite and on phlogopite
mica.

Results and Discussion

Muscovite Mica. Deposition of a layer of a few nano-
meters nominal thickness of PPTPP on muscovite mica
(001) leads to three types of aggregates, shown exemplary
in Figure 1: mutually parallel needles of typically 50 nm
mean height, clusters of the same mean height in between,
and flat islands, only a few nanometers tall. These aggre-
gates do not coexist on the same area in the investigated
nominal thickness range, i.e., no clusters on top of needles
or flatislands, etc., are found. We also note that the height
distribution function for clusters is significantly wider as
compared to that for fibers.

In Figure 2, atomic force microscopy (AFM) and
fluorescence microscope images demonstrate the thick-
ness dependence for PPTPP deposited on muscovite
mica at an intermediate substrate temperature of 75 =
370 K. In the beginning, only clusters form, which
aggregate with increasing nominal thickness into short,
mutually parallel fibers. Around these fibers but also
around the flat islands, denuded zones of up to 1 um
width exist, demonstrated by the inset in Figure 2d, very
similar to the case of p-6P on muscovite.>! With increas-
ing nominal thickness d, the mean height of the islands
and clusters remains almost constant, whereas width
and particularly the length increases considerably.
In Figure 2, for example, their mean length increases
from 5 um at d = 0.3 nm to 30 yum at d = 7.5 nm.
Simultaneously, the mean width rises from 200 to
500 nm, whereas the mean height stays almost constant
at 40—50 nm. For low coverages, the needles are almost
straight, whereas for higher coverages, needles start
bending, see images ¢ and f in Figure 2.

The morphology of the deposited films also displays
a pronounced temperature dependence as shown in

(41) Schiek, M.; Balzer, F.; Al-Shamery, K.; Liitzen, A.; Rubahn, H.-G.
J. Phys. Chem. C 2009, 113, 9601-9608.
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Figure 2. ga—c) Fluorescence microscope images (150 x 150 um?® image size) and (d—f) corresponding AFM images (each 40 x 40 um? scan size with
a5 x 5um~insetin d) of PPTPP deposited on muscovite mica at a substrate temperature of 7s = 370 K. The nominal thickness increases from left to right
from d = 0.3 nm via 1.5 to 7.5 nm. The direction of the needles is along a muscovite (110) direction, see the arrow in c.
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Figure 3. Fluorescence microscope images ((a) 40 x 40 ,umz, (b) 150 x 150 ﬂmz, and (c) 20 x 20 ,umz) and corresponding AFM images ((d) 10 x 10 /Amz,
() 40 x 40 um?, and (f) 20 x 20 um?) of PPTPP deposited on muscovite mica at substrate temperatures (from left to right) of Ts = 293, 370, and 420 K. The
nominal thickness for all images is 7.5 nm. In f, four 1 nm tall cleavage steps for the muscovite surface run diagonally through the image, separating two

different needle directions.

Figure 3. For deposition at room temperature, only short
needles grow, forming a dense needle film. Almost no
clusters are found, because the denuded zones between
the needles overlap. Increasing T’ increases the length of
the needles up to more than 100 um but decreases their
number density, until a temperature of approximately 400
K is reached. Then, only short needles of a few hundred
nanometers length, about 10 nm height and 70 nm width,
or clusters together with few large crystallites (400 nm tall,
1 um long) form. The flat islands are seen only occasion-
ally on the surface, and then mostly for larger nominal
thicknesses.

Both muscovite (K,>Al4(SigAl,O50)(OH)4) and phlogo-
pite (KMg;(SizAlO;0)(OH),) mica possess a quasi-hexa-
gonal surface structure; the surface lattice constants are
almost identical. For the bulk the unit cells are mono-
clinic, the lattice constants being a = 5.204 A, b=9.018 A,
and ¢ = 20.073 A with y = 95.82° for muscgvite,42 and
a=5332A,b=9236A,and ¢ = 10.217 A with y =
99.98° % for phlogopite. A cartoon of the mica surface is
presented in Figure 5b: the surface is composed of silicon
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Figure 4. (a) Measured fluorescence spectrum of PPTPP on muscovite
after unpolarized excitation with UV light of energy E.. = 3.4 ¢V under
normal incidence. Pairs (00), (01), etc., mark the different vibronic
transitions. The solid lines resemble Gaussians, which fit the experimental
spectrum. (b) From polarized fluorescence measurements on several
PPTPP needles, the relative angle between the maximum in fluorescence
and the (local) long fiber axis S, & 90° is deduced.

oxide and aluminum oxide tetrahedra together with
potassium cations. Note that during cleavage, half of
the potassium ions remain statistically distributed on
the surface,** *® whereas in Figure 5, a full layer of K™
is shown. Locally, even negatively charged surface areas
might exist.*”*® The crystallographic directions of the
mica substrates are obtained by the Schlagfigur techni-

e 21:49.50

Two needle orientations are realized on the muscovite
surface, featuring an angle of 120° in between. In
Figure 3f, this is demonstrated for the high-temperature
case. Obviously, the two needle directions are directly
related to different muscovite mica cleavage faces. A
single cleavage step of 1 nm height changes the orienta-
tion of the needles. The needle orientations are along
either [110] or [110], but never along [100]. On muscovite
mica for the case of the most common 2M polytype, the
two (110) directions differ from the [100] direction.
Along one of the (110) directions, grooves exist.’!>>
These grooves change direction by 120° back and forth
from one cleavage face to the next, i.e., for an odd
number of 1 nm tall steps in between, the direction is
changed; for an even number, it is not. In the following,
the grooved (110} direction will be identified by an index
“g”, the nongrooved one by “ng”: (110), and (110),,.
Connected to the grooves are electric fields on the
surface that are approximately perpendicular to the
groove direction** and are supposed to align polarizable
molecules or molecules with an electric moment on the
surface.
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Figure 5. (a) Model for the arrangement of PPTPP molecules within a
single fiber. The blue arrow depicts the fiber direction. (b) In the same
scale as in a, the underlying muscovite mica surface is sketched, together
with the unit cell for the wetting layer (red line), the direction of the
grooves (blue arrow), and a single electric field direction (green arrow)
almost perpendicular to the groove direction. SiO4/AlOy tetrahedra are
represented by yellow triangles, K™ ions by blue dots.

The samples emit blue-green light after excitation with
UV light at 365 nm.>">* The main source of fluorescence
are the needles. Clusters emit less light, but mainly
because of their smaller volume as compared to a needle.
Emission from the flat islands is more than an order of
magnitude lower than emission from the needles. It is
well-known that the transition dipole moment along the
long molecules axis is more than 30 times larger than the
ones in the ab plane.** This, together with the observed
step heights and an existing phase contrast in AFM
images, suggest that the flat islands consist of upright
molecules, not lying ones.

In Figure 4a, a typical fluorescence spectrum after UV
irradiation under normal incidence is shown. Several
excitonic peaks are resolved, being fit by five Gaussians.
The peaks are situated at 2.838, 2.678, 2.515, 2.344, and
2.176 eV, agreeing with spectra known from the litera-
ture.’! The peak at 2.678 eV has been identified as the (01)
vibronic transition.*>->*

The peak positions do not depend on process para-
meters such as T or d, whereas their relative intensities
(Huang—Rhys factor) change. This results in films ap-
pearing either more bluish or more greenish. The emitted
light from the fibers is polarized and can be fit by Malus’
law. In Figure 4b, a histogram of measured angles 01
of the maximum in fluorescence light with respect to the
long needle axis is plotted, measured for several indivi-
dual needles. The distribution peaks at B, ~ 90°,
taking into account errors from, for example, depolari-
zation by the dichroic mirror in the optical microscope.
The transition dipole moment for the HOMO—LUMO
transition is along the long molecular axis connecting
the two outermost carbon atoms.’” Hence the long
molecular axis is oriented (at least on average) perpen-
dicularly (£5°) to the long needle axis. This even holds

(53) Yamao, T.; Ota, S.; Miki, T.; Hotta, S.; Azumi, R. Thin Solid Films
2008, 516, 2527-2531.
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Kobayashi, S.; Shimoi, Y.; Hotta, S. Phys. Rev. B2008, 77,045205.
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Figure 6. (a) LEED pattern from PPTPP on muscovite mica, taken at an
electron energy of E; = 62 eV. Superstructure spots exist in addition to
the hexagonal spots from the muscovite surface. The sample has been
tilted so that the specular reflection is visible (short arrow). The long
arrow points to one of the faint lines in between the lines of spots.
(b) Reciprocal lattice in which all the experimentally observed spots are
reproduced. Circles represent diffraction spots from the muscovite sub-
strate, squares spots from the organic overlayer. Here the specular
reflection is set in the center (short arrow). In both a and b, the hexagonal
diffraction pattern from the substrate is emphasized by a dashed line.

for the bent parts of needles, which appear at higher
nominal thicknesses.

For PPTPP grown on KCl previous measurements have
revealed lying molecules with bulk structure® and either
the (100) or the (010) face parallel to the substrate.’’
Assuming a similar bulk packing of the molecules within
the needles, molecules would arrange as shown in the sketch
in Figure 5a. Here, the PPTPP (100) face as contact face is
shown for simplicity, but other contact faces with slightly
different tilt angles with respect to the surface normal or
another polymorph cannot be ruled out by this simple
optical approach. The direction perpendicular to the long
molecular axis (i.e., the lamellae direction) is parallel to the
grooved muscovite direction (110),, and the molecule’s
long axis close to parallel to the electric surface field.

LEED images from muscovite mica reveal a hexagonal
diffraction pattern, the spots being distorted because of the
electric surface fields.”” After deposition of PPTPP the
hexagonal spots are still visible, but without any distortion.
Additional spots appear because of the deposited material,
demonstrated in Figure 6a. The new LEED pattern is
independent of both the deposited film thickness and on
the substrate temperature during deposition. Both for room
temperature as well as for 75 = 420 K, the pattern is visible.
This suggests that, similar to the case of p-6P, the pattern
stems neither from clusters and needles, nor from islands,
but from a wetting layer of lying molecules that is initially
formed. This superstructure pattern consists of spots ar-
ranged along rows, parallel to one of the sides of the
muscovite hexagon. Note that in between every two well-
resolved lines of spots, a rather faint additional line exists
that is not resolved into individual diffraction spots.

In Figure 6b, all the experimentally obtained LEED
spots are reproduced assuming a superstructure matrix

()
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for a hexagonal muscovite surface unit cell (¢ = b = 5.204 A,
y = 120°), suggesting a commensurate overlayer.”® The
corresponding surface unit cell with axes of length 10.4
and 22.67 A, and with an angle of 96.6° in between, is
drawn as a red parallelogram in Figure 5b. The direction
of the short unit cell axis is along the long fiber axes, i.c.,
along (110),. The reciprocal lattice in Figure 6b then
results from two domains of the wetting layer ((110), as
the mirror axis) within a single orientational domain of
the needles. As a result the number of spots in each second
row is doubled, leading to the unresolved lines in the
diffraction pattern. The lengths of the PPTPP unit cell
axes do not agree with the projection of the bulk unit cell
such as for (100) or (010), i.e., the wetting layer is
distorted. Along the long axis now only a single molecule
can be placed into the unit cell, compared to two mole-
cules for the bulk projections. Apparently the relative tilt
of the molecules in between two adjacent lamellae as
shown in Figure 11b, which results in a bulk c-axis of
two molecules length, is lifted.

The formation of two domains of uniaxially aligned
needles can be explained by electric field assisted epitaxy.
Epitaxy forces the crystallites to grow with the lamella
direction along a muscovite high symmetry (hs) direction
asalready sketched in Figure 5a. The electric fields select a
single direction out of three possible ones via a dipo-
le—induced dipole or dipole—quadrupole interaction
with the molecules, i.e., the grooved (110) direction.*’
PPTPP is thus more similar to the p-phenylenes than to
the o-thiophenes. For the latter ones, not the lamellae
direction but the molecules’ long axes are parallel to a
muscovite hs direction.*

For the flat islands, different step heights of 1.7 and 2.2
nm and sub-1 nm are observed. A step of 2.2 nm agrees
very well with the distance of the (002) planes, i.e., upright
molecules on the surface, though for a step height of 1.7
nm, the molecules have to be either tilted on the surface or
broken. There seems to be no specific alignment of those
islands on the muscovite surface, having a rather dendri-
tic shape and usually being associated with already exist-
ing needles. Apparently, the needles act as nucleation
seeds.

Phlogopite Mica. Phlogopite mica possesses a triocta-
hedral structure, in contrast to the dioctahedral musco-
vite. On phlogopite no uniaxial grooves exist,*’ and also
no uniaxial electric surface fields. Thus, the deposition of
p-6P on this substrate results simultaneously in three
different growth directions. Obviously, only the epitaxial
interaction is responsible for the orientation because no
uniaxial electric fields exist. Deposition of PPTPP under
the same conditions as for muscovite also leads to clus-
ters, flat islands, and needlelike aggregates, with a similar
thickness and temperature dependence, see Figures 7 and
8. The needles’ mean height is identical to the case on
muscovite, but the coverage of the substrate by flat
islands is considerably larger. These islands start their
growth later than the needles, but are not necessarily

(58) Hooks, D.; Fritz, T.; Ward, M. Adv. Mater. 2001, 13, 227-241.
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Figure 7. (a—c) Fluorescence microscope images (each 150 x 150 um? image size) and (d—f) corresponding AFM images (40 x 40 um? scan size) for
PPTPP deposited at various thicknesses of = 0.3, 1.5, and 6.0 nm on phlogopite mica. The deposition temperatureis 7s = 340 K. The inset in f shows the
phase contrast of this part of the image. In c, the three phlogopite hs directions are denoted by white arrows. Height scales for the three AFM images are

40 nm; for the inset in f, the phase scale is 10°.

nucleating at already existing needles, so needles do not
serve as nucleation seeds. Because of the higher island
coverage for the larger nominal thicknesses, needles can
grow over flat islands, opposite to muscovite. Then,
because of a decrease in surface energy,” their height
increases to a great extent, to 100—150 nm. As already
discussed above, the flat islands display a contrast in
AFM phase contrast images both with respect to the
fibers and to the substrate, shown in Figure 7.

The needlelike aggregates might be bent, leading
eventually to the growth of rings and loops. Ring and
loop formation, although resulting in up to six times
taller entities, has been observed for p-6P deposited on
water-rinsed muscovite.®” In that case as well as for
carbon covered muscovite,?” a large number of islands
from upright molecules form. Both are attributed to a
reduced interaction of the molecules with the sub-
strate.”? Although at a first glance the PPTPP needle
directions seem randomly distributed, a Fourier analy-
sis shows that three distinct growth directions are
preferred: the phlogopite hs directions [100], [110],
and [110]. This becomes most apparent for deposition
at room temperature as demonstrated in images a and d
in Figure 8. At higher growth temperatures and/or
larger nominal thicknesses, needles tend to grow in a
bent shape. On muscovite, this trend is observed, too,
but to a much lesser extent, compare Figure 2f and
Figure 3¢. Needles form only until a maximal deposi-
tion temperature. At this deposition rate for 75 above
approximately 360 K, 40 K less than for muscovite,
again only small clusters or short needles form, images ¢
and f in Figure 8.

(59) Balzer, F.; Kankate, L.; Nichus, H.; Frese, R.; Maibohm, C.;
Rubahn, H.-G. Nanotechnology 2006, 17, 984-991.

(60) Balzer, F.; Beermann, J.; Bozhevolnyi, S.; Simonsen, A.; Rubahn,
H.-G. Nano Lett. 2003, 3, 1311-1314.

The polarization properties of the needles on phlogo-
pite are rather similar to the ones on muscovite. The
maximum in fluorescence is perpendicular to the (local)
long needle axis, suggesting that the crystal structure is
similar or even identical. But opposite to the case on
muscovite, LEED does show only a very weak pattern
from a molecular overlayer, see the schematic in
Figure 9a. Green discs correspond to diffraction spots
from the hexagonal phlogopite surface, blue squares to
spots from the molecular overlayer. The pattern is fun-
damentally different from the pattern of the wetting layer
on muscovite. Instead of diffraction spots along a single
direction now groups of spots are observed, stemming
from several domains on the surface. The experimentally
obtained LEED pattern can be reproduced assuming the
(001) face of the bulk PPTPP to be the contact face to the
substrate, having a glide plane along PPTPP [010]. For
the hexagonal phlogopite surface unit cell (a=5b=5.33 A,
y = 120°), this results in the superstructure matrix

C - I 1.61
=1 0.18

using the bulk crystal structure from,®' c.f. the red
diamonds in Figure 9a. Note that the crystal structure
from™® leads to almost identical results. The unit cell is
rotated by 22° with respect to one of the phlogopite hs
directions, see Figure 9b, where the surface lattice of the
phlogopite substrate (dashed lines) together with a single
domain of the deduced PPTPP lattice (red diamonds) and
the PPTPP unit cell (solid lines) is sketched. Such an angle
of 22° in between PPTPP [100] and, e.g., phlogopite [100]
results in the parallelism of PPTPP [110] with phlogopite
[110]. All lattice points from the overlayer coincide with

(61) Dingemans, T.; Murthy, N.; Samulski, E. J. Phys. Chem. B 2001,
105, 8845-8860.
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Figure 8. Fluorescence microscope images ((a, ¢) 40 x 40 um?, (b) 150 x 150 um?) and corresponding AFM images ((d) 10 x 10 um?, (e, f) 40 x 40 um?) for
PPTPP deposited on phlogopite mica at different substrate temperatures: 7s = 293, 360, and 370 K from left to right. The nominal thickness is about d = 6

nm in all cases.
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Figure 9. (a) Schematic LEED pattern for PPTPP deposited on phlogopite mica. A very weak superstructure (blue squares) is visible, in addition to the
hexagonal spots from the phlogopite substrate (green discs). The red diamonds represent the reciprocal lattice from the proposed structure. (b) Model for
the orientation of the epitaxial layer of upright PPTPP molecules. Dashed green lines represent the surface lattice of phlogopite, red diamonds the lattice
(plus the additional molecule in the center, c.f. the inset) from a single PPTPP domain. The PPTPP [100] direction is rotated by 22° with respect to the

horizontal.

lattice lines from the substrate, the overlayer forms a
point-on-line coincidence lattice.%* Altogether twelve dif-
ferent domains are possible on the surface, leading to six
different diffraction patterns. The 12 inner spots from the
reciprocal lattice are not found in the LEED pattern.
They might be either too weak to be observed or they
might be extinct because of a second glide plane, now
parallel to PPTPP [100]. Step heights for the islands are,
as for PPTPP on muscovite, 1.7 and 2.2 nm with sub-1 nm
steps. These differences do not manifest themselves in
different LEED patterns, but are rather typical for thio-
phenes.*® A geometrical analysis using EpiCalc®® predicts
the same orientations for upright bulk PPTPP molecules
on phlogopite as observed experimentally. On muscovite
mica with its slightly shorter lattice constant, such a
geometrical analysis does not lead to preferred directions

(62) Mannsfeld, S.; Fritz, T. Phys. Rev. B 2005, 71, 235405.
(63) Hillier, A.; Ward, M. Phys. Rev. B 1996, 54, 14037-14051.

for upright molecules, because now the lattice points from
the overlayer do not coincide with substrate lattice lines.

In addition to the needles, the flat islands also obey
preferred growth directions, see Figure 10. The islands are
elongated and possess long straight edges as demon-
strated in Figure 10a, their elongation being along a
number of different crystallographic directions. In
Figure 10b, it is shown that along 180°, nine different
orientations are present: six close to the substrate hs
directions, three in between those directions. The six
directions close to the hs directions are along the pro-
posed PPTPP [010] directions from Figure 9, i.e., at &= 8°
with respect to the hs directions (dot dashed lines in
Figure 10b). From this, we conclude that the edges of
these islands are the PPTPP [010] directions. The addi-
tional three orientations are centered in between the hs
directions, i.e., close to but not exactly along PPTPP
[100]. Within experimental error, no anisotropy between
the average length of the two types of edges is observed.
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Figure 10. (a) 40 x 40 um> AFM image of PPTPP islands and needlelike entities on phlogopite mica. The white arrows represent the three phlogopite hs
directions. (b) Histogram of the directions of the flat islands’ long sides. In the AFM image in the inset, such a direction is marked by a gray line. The dashed
vertical lines label the phlogopite hs directions, the dot-dashed ones the PPTPP [010] directions from Figure 9 for all possible domains.

The coverage by flat islands for deposition under
similar conditions is larger for phlogopite than for mus-
covite. From this and from the bending of needles, it is
concluded that the interaction with the substrate is smal-
ler for the case of phlogopite as compared to muscovite.**
However, for p-6P on muscovite and phlogopite, no such
differences are observed except for the number of needle
orientations. In both cases, only very few islands are
generated from upright molecules, although a similar
coincidence lattice as for PPTPP would be possible on
phlogopite. For a better understanding, the surface en-
ergies of the different molecular faces together with the
substrate surface energies and the substrate/molecule
interaction have to be known. Whereas surface energies
have been measured for mica®®® and have been calcu-
lated for the p-phenylenes and o-thiophenes,®* they are
not yet accessible for the co-oligomers.

Conclusions

In this article, we demonstrate via extensive surface
growth investigations that after vacuum sublimation on
the basal surfaces of muscovite and phlogopite mica the
PPTPP molecules form aggregates such as fibers, clusters,
and islands. The observed overall growth mechanism of
the fibers from conjugated organic molecules seems to be
quite universal for the muscovite mica substrates. First a
wetting layer from lying molecules is formed. On this
wetting layer, clusters from lying molecules grow, which
finally aggregate into fibers made of lying molecules.
Islands made of upright molecules nucleate at already
existing needles. Morphology parameters such as widths
and heights of clusters and fibers are similar, but the
orientations of the fibers differ for different molecules.
Their growth directions are determined by two driving
forces: epitaxy and alignment due to surface electric
fields. Regarding the realized needle orientations PPTPP
behaves more like a p-phenylene: needles grow along a
single substrate hs direction as opposed to the thiophenes
0-4T and a-6T and the co-oligomers PPTTPP and

(64) Nabok, D.; Puschnig, P.; Ambrosch-Draxl, C. Phys. Rev. B 2008,
77,245316.

(65) Gutshall, P.; Phillips, J.; Bryant, P.; Cole, G. J. Vac. Sci. Technol.
1971, 8, 85-87.

(66) Christenson, H. J. Phys. Chem. 1993, 97, 12034-12041.
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Figure 11. (a) Synthesis of PPTPP. (b) Crystal structure for bulk PPTPP
crystallites from ref 61. Four unit cells are drawn.

TTPPTT, whose needle growth directions are consider-
ably off the hs directions and where several simultaneous
needle directions are realized.*® This opens up an easy
way to design needle films with, e.g., specific morpholo-
gical as well as light-emitting properties.

Experimental Section

Synthesis. Under an argon atmosphere, 484 mg (2.0 mmol,
0.22 mL) of 2,5-dibromo thiophene, 832 mg (4.2 mmol, 2.1
equivalents) of 4-biphenyl boronic acid, 1.200 g (8.0 mmol,
4 equivalents) of cesium fluoride, and 115 mg (0.10 mmol,
5 mol %) of [Pd(PPhs),] were dissolved in 80 mL of abs. THF
and refluxed for 50 h. After being cooled to room temperature,
the reaction mixture was diluted with petrol ether, and the
precipitate was filtered off and washed with ethyl acetate, water,
and dichloromethane to give 615 mg (1.58 mmol, 80%) of a
citreous amorphous solid, c.f. Figure 11a.

MS (EI): m/z 388.1 (M), 194.1 (M>").

HR-MS (EI): caled for CogH»0S, 388.1286; found, 388.1282.

UVvis (dichloromethane): A, = 356 nm.

Fluorescence (dichloromethane): 4,,,x = 413 nm.

Elemental anal. Calcd for Co3H»(S + 0.5 CH,Cl>: C, 79.42; H,
4.91; S, 7.44. Found: C, 79.40; H, 5.07; S, 7.80.

The crystal structure of bulk PPTPP crystals (or “BP1T”) has
been determined by two different groups.*®¢! In both cases, a
monoclinic unit cell (P2;/n symmetry) has been found, hosting
four molecules in a herringbone packing. Unit-cell axes agree
well. Either a = 7.4972 A, b = 5.7929 A, ¢ = 43.6290 A, and
B =93.342°0ra = 7.608 A, b = 5.8219A, ¢ = 43.76 A, and B =
93.51° have been found. That way, (002) planes have a distance
of ~2.18 nm. Four unit cells from ref 61 are shown in Figure 11b.
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Film Deposition and Characterization. Muscovite mica
(Structure Probe, Inc., West Chester, PA) and phlogopite mica
(Segliwa, Wiesbaden, Germany) are cleaved in air and are
introduced immediately into a high vacuum chamber with a
base pressure of p ~ 2 x 10~% mbar. The organic molecules are
deposited from a home-built Knudsen cell onto the correspond-
ing substrate after outgassing just below the sublimation tem-
perature for a few hours to remove contaminants.

Samples are characterized by the nominal thickness d of
deposited material, i.e., the thickness measured by a water
cooled quartz microbalance (Inficon XTC/2), positioned close
to the sample. Especially for high substrate temperatures, the
integrated thickness of the organic molecules on the surface is
considerably smaller because of the decreasing sticking factor.
The error in determining relative nominal thicknesses and
deposition rates is rather small, whereas the absolute values
might be wrong by a factor of 2, as estimated from AFM images.
Typical deposition rates are 0.02 nm/s — 0.03 nm/s. In situ, the
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grown thin films are characterized by low-energy electron
diffraction (MCP-LEED, Omicron). Ex situ, the samples are
investigated by polarized fluorescence microscopy (excitation
with light from a high-pressure Hg lamp, Ao = 365 nm) and
by atomic force microscopy in intermittent contact mode
(JPK NanoWizard). For the AFM measurements, highly doped
Silicon tips (Pointprobe NCH and NCL from NanoWorld)
shaped like a polygon base pyramid and with a tip radius of
less than 10 nm are used. Images consist of 512 x 512 pixels,
typical scanning speeds are less than 5 um/s. Note that all quoted
numbers regarding widths, heights, and lengths are measured
values that have not been tip-corrected.
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