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Abstract. The growth of 2,5-Di-4-biphenyl-thiophene (PPTPP) on the dielectric substrates 
NaCl, KCl, KAP, muscovite mica, and phlogopite mica is investigated by atomic force 
microscopy (AFM) and fluorescence microscopy. In all cases fibers are formed with several 
ten nanometers height and several hundred nanometers width, respectively. Only for PPTPP 
on muscovite mica the fibers are mutually parallel aligned along a single substrate 
direction, i.e. along muscovite 〈110〉. This uniaxial growth is explained by an electrostatic 
interaction between the molecules and surface electric fields in combination with epitaxy. 
The various growth directions on other substrates are dictated by epitaxy alone. 

1. Introduction 

Nanofibers from organic conjugated molecules such as bare and functionalized 
para-phenylenes [1,2], α-thiophenes [3], phenylene-thiophene co-oligomers [4,5], 
or coumarin derivatives [6] have a high application potential in future opto-
electronic devices [7]. Waveguiding [8–10], tunable light emission [11], gain 
narrowing and lasing [12–14], as well as frequency doubling [15,16] have already 

(p-6P) molecules on muscovite mica and on KCl has been investigated in detail 
[17–20]. For p-6P on muscovite mutually parallel aligned needles along a single 
〈110〉 substrate direction have been observed, their growth being steered by the 
anisotropic electric surface fields [21]. This 〈110〉 direction corresponds to the 
direction of grooves on the muscovite surface, which alternate by 120° in between 
consecutive cleavage planes. This direction is denoted as 〈110〉g, the non-grooved 
one as 〈110〉ng. The long molecule axis is oriented at ±76° with respect to muscovite 
〈110〉g, resulting in a single energetically favorable needle orientation. Low energy 
electron diffraction (LEED) and thermal desorption spectroscopy (TDS) have 
shown, that the first growth step is the formation of a wetting layer from lying 
molecules. Then clusters grow, and finally these clusters aggregate into needles. 
On KCl no such wetting layer and almost no clusters have been detected [22]. 
Needles grow along the two 〈110〉 substrate directions simultaneously [23].  

For the investigated rod-like molecules so far the possible needle directions on 
muscovite depend on the epitaxial orientation of the molecules on the substrate, 
and on the packing of these molecules within a needle [24]. Therefore para-
functionalized para-phenylenes show a very similar growth behavior compared to 
p-6P. The α-thiophenes quaterthiophene and sexithiophene, however, align with 
their long molecular axes along the two muscovite high symmetry directions without 

been observed. In the past the growth of the blue-light emitting para-hexaphenylene 
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a groove, i.e. along 〈110〉ng, and [100], and therefore three needle orientations  
are accomplished simultaneously. That way fortunate optical properties of an 
uniaxially aligned needle film such as polarized light absorption and emission 
are lost. To preserve some of the phenylene growth properties but, e.g., change 
the emission color substantially we therefore have investigated the growth of a 
thiophene phenylene co-oligomer: 2,5-Di-4-biphenyl-thiophene (PPTPP), Fig. 1. 
Here we show first results for growth experiments on different substrate surfaces 
under similar growth conditions, i.e. similar substrate temperatures Ts, deposition 
rates, and nominal film thicknesses. 

2,5-Di-4-biphenyl-thiophene has been synthesized in a two-fold Suzuki cross-
coupling reaction from commercially available 2,5-dibromo-thiophene and  
4-biphenyl boronic acid, using 5 mol% tetrakis(triphenylphosphino)palladium as 

product has been obtained in yields of 80% after refluxing for 50 h. The final 
product precipitated from the reaction mixture and was washed with water and 
organic solvents repeatedly for purification. By outgassing in vacuo residual 
organic solvents are removed to give the desired compounds in high purity. Note 
that PPTPP has been synthesized previously using very similar approaches 
[25,26]. 
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Fig. 1. Schematics of the synthesis of 2,5-Di-4-biphenyl-thiophene (PPTPP). 

As substrate materials five different single crystals have been chosen: potassium 
chloride (KCl), sodium chloride (NaCl), potassium acid phthalate (KAP) [27], 
muscovite mica [28], and phlogopite mica. All are cleaved in air and are trans-
ferred immediately into a high vacuum system (base pressure 2 × 10–8 mbar). 
Either right away or after annealing a clear low energy electron diffraction (MCP- 
LEED, Omicron) pattern is observed for each of them. Organic molecules are 
deposited from an effusion cell. The nominal deposited film thickness is estimated 
by a water-cooled quartz microbalance located next to the substrate. 

catalyst together with cesium fluoride as base in dry tetrahydrofurane. The desired 

2. Experimental Methods 
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After deposition the samples are characterized in situ by LEED, ex situ by 
atomic force microscopy (AFM, JPK NanoWizard) and fluorescence microscopy 
(excitation wavelength λexc = 365 nm from a high-pressure mercury lamp). 

3.  Results and Discussion 

Figure 2 shows 150 × 150 µm2 fluorescence microscope images of typical samples 
deposited at Ts = 350 K – 380 K with a deposition rate of 0.1 Å/s – 0.2 Å/s and 
nominal thicknesses up to 5 nm. On all of those substrates needle-like structures 
from PPTPP form. All emit blue-green light after normal incidence UV irradiation. 
The emitted fluorescence from the needles is strongly polarized, the polarization 
vector being oriented perpendicular to the local needle direction. Similar to the case 
of, e.g., p-6P [21,29,30] this points to fibers made from lying organic molecules, 
the long molecular axis being perpendicular to the long needle axis. In addition  
for all substrates except for muscovite mica a green light emitting background  
is visible. This can be clearly seen in Fig. 2(c), where the border between the bare 
substrate and the deposition area is imaged. Typical fluorescence spectra are pre-

 

 

Fig. 2. Fluorescence microscope images, 150 × 150 µm2, of PPTPP on (a) NaCl, (b) KCl, 
(c) KAP, (d) muscovite mica, and (e) phlogopite mica. The nominal thickness of all samples 
is between 2 nm and 5 nm, the surface temperature during deposition varies between  
Ts = 350 K – 380 K. 

(b) (c)

(d) (e)

(a) 

sented in Fig. 3. A well resolved vibronic progression is visible between 400 nm  
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Fig. 3. Unpolarized measured fluorescence spectra of PPTPP needle films on different 
substrates after excitation with unpolarized λexc = 365 nm light under normal incidence. The 
dotted vertical lines mark the peak positions at 437 nm, 463 nm, 493 nm, 529 nm, and 570 nm. 

and 600 nm with an energy spacing of approximately 1300 cm–1, being most 
prominent in the case of muscovite and phlogopite mica. Slightly different colors 
in the microscopy images stem from different relative intensities of the excitonic 
transitions. The reason for the distribution of intensity between the fluorescence 
peaks is still unknown, but might be related to different molecule–molecule inter-
actions for the molecules forming the patches of upright molecules, see below, 
and for molecules forming needles [31]. 

Although needle-like structures are formed in all five cases, the realized needle 
directions depend very much on the substrate. On NaCl, KCl, and KAP two needle 
directions evolve, with different angles in between. On NaCl and KCl the angle is 
90°, and the needles grow along the two substrate 〈110〉 directions simultaneously. 
On KAP the angle is 68°, corresponding to the angle between the two KAP 〈101〉 
directions [32]. On muscovite mica all of the needles grow along a single 〈110〉 
direction, with altogether two orientational domains being present on the whole 
sample. On phlogopite mica three different growth directions exist, most pro-
nounced at the very early growth stages and for deposition at room temperature. 
For larger coverages and higher substrate temperatures the needles tend to curl 
and to form rings. To a lesser extent this curling is also observed for PPTPP on 
NaCl and muscovite, Figs. 2(a) and (d), the tendency increasing with the overall 
needle length. 

Corresponding AFM images (see Fig. 4) provide widths and heights of the 
needles, but also show in more detail the greenish background from Fig. 3. This 
background results from patches of one or two multiples of approximately 2.2 nm 
height, suggesting that they are formed from upright molecules [25]. This back-
ground appears for all substrates except for muscovite mica, where clusters appear 
instead. These clusters are also found on phlogopite mica. They do not exist 
directly besides the needles (denuded zones). 
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Fig. 4. Atomic force microscope images, 40 × 40 µm2, of PPTPP on (a) NaCl, (b) KCl, (c) 
KAP, (d) muscovite mica, and (e) phlogopite mica, corresponding to the fluorescence 
microscope images from Fig. 2. The height scales are (a) – (c) 100 nm, and (d) – (e) 50 nm. 
Arrows emphasize substrate directions. In the 5 × 2.5 µm2 AFM images for muscovite (f) 
and phlogopite (g) the clusters from lying molecules as well as layers from upright ones are 
clearly visible. 

4. Conclusions and Outlook 

Obviously the growth directions of the needles depend strongly on the crystal 
structure of the underlying substrates. The symmetry of the substrate is retained  
in the needles’ growth directions. Similar to the case of p-6P we attribute this 
observation to an epitaxial relationship of the organic molecules with the corres-
ponding substrate. On NaCl and on phlogopite the alignment is not as perfect as 
for KCl and muscovite mica, respectively. 

The uniaxial growth on muscovite mica is explained by an electrostatic inter-
action between the molecules and surface electric fields in combination with 
epitaxy. Epitaxy leads to an alignment of the molecules along muscovite high 
symmetry directions, whereas the electric fields choose the energetically most 
favorable of the three possible growth directions: needles grow along 〈110〉g. 
Muscovite and phlogopite mica exhibit almost identical lattice constants and 
surface compositions, but differ in that phlogopite is a trioctahedral mica, whereas 
muscovite is a dioctahedral one. This leads to the already describe grooves along  
a single 〈110〉 direction on muscovite, which are missing on phlogopite [33]. 
Therefore on phlogopite three simultaneous needle directions exist, on muscovite 
only one. 

(b) (c)

(d) (e)

(a) 

(f)

(g)
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Not only the realized needle directions, but also the growth mechanism  
is similar to the case of p-6P. The observed clusters on muscovite and phlogopite 
are remnants from the initial growth stage. Only when the cluster number density 
reaches a critical value, needles start growing, mainly by agglomeration of the 
clusters. A LEED pattern from a wetting layer of lying molecules is observed for 
the case of muscovite mica. For all other cases no such diffraction pattern has 
been detected. 

As a conclusion the growth mechanism of PPTPP and the realized needle 
directions on the different substrates are similar to that of p-6P. Understanding 
such basic growth principles allows one to predict qualitatively nanowire surface 
growth from other conjugated molecules and thus allows for a sophisticated design 
of new devices. Adding, for example, another thiophene ring next to the existing 
one to form 5,5´-Di-4-biphenyl-2,2´-bithiophene (PPTTPP) does not alter the 
basic growth mode, but changes the epitaxial alignment on muscovite. From that 
two simultaneous needle directions on muscovite are predicted and are actually 
observed [24]. 
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