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(CNP4) are obtained upon vacuum deposition on muscovite mica. Two types of aggregates are
observed with fiber- and wing-like shape, respectively, both growing along distinct substrate directions.

The polarization of the emitted fluorescence, their morphology, and their electric surface potential
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differ, reflecting different polymorphs. The wings are chiral twins. The molecules orient within £5° along

www.rsc.org/softmatter

1 Introduction

Small conjugated organic molecules crystallizing into low-
dimensional assemblies by physical vapor deposition, template
assisted wetting of porous substrates, or by self-assembly in
solution phase have attracted considerable interest for a widespread
number of uses such as, e.g., templates for electrochemical
applications'™ or photovoltaics.® Self-organization into either
parallel or perpendicular to the substrate surface oriented
assemblies”® including chiral organization'® is of special
advantage for optical purposes such as waveguiding,"* exciton-
polariton coupling,’*"* frequency doubling,'* and lasing.'>*®
Functionalization together with epitaxy is used to control optical
and morphological properties of the assemblies."”” ™ In this
context, cyano-functionalization is of special interest due to the
asymmetric charge distribution and the electron-withdrawing
effect.”*! Cyano groups are capable of forming hydrogen bonds
in the solid state, impacting molecular packing and thin film
formation,* and consequently optical properties, e.g. enhancement
of fluorescence quantum yields.*® The effect of the cyano groups
on the crystal structure is, e.g., reported for thiophene/phenylene
co-oligomers and squaraines.>**®
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the same direction, templated by the substrate.

Fig. 1 (a) Structural formula of the cyano-functionalized para-quaterphenylene
CNP4. (b) In the bulk the molecules crystallize into a monoclinic unit cell
(solid lines).2®

Here, the formation of discontinuous thin films of the
prototypical, 1,4""'-dicyano-functionalized para-quaterphenylene
(CNP4) is investigated, together with their optical and electrical
properties. The molecules are vacuum deposited on muscovite
mica. The structural formula of CNP4 and the bulk crystal
structure®® are shown in Fig. 1. The molecule crystallizes into a
monoclinic unit cell (space group C2/c) with four molecules and
lattice constants a = 16.337(3) A, b = 16.855(3) A, ¢ = 7.4845(15) A,
and f = 112.68(3)°. Each molecule is not planar but exhibits a
screw-like structure.””

Muscovite mica has already served as a model substrate for
studies on organic nanofibers. It is mechanically flexible, optically
transparent in the visible wavelength region, and its cleavability
along the (001) planes allows the creation of macroscopic, atomically
flat surfaces.”® It supports - sometimes after the formation
of a wetting layer**?° - three-dimensional, epitaxial growth of
organic molecules. Due to its cm surface symmetry, this growth
is highly anisotropic®'™? as also observed for other anisotropic
surfaces such as TiO,(110)***> and Cu(110).>**” On the muscovite
(001) face, the mirror plane changes from along [110] to [110]
and back at consecutive cleavage planes.”’>***° The anisotropy
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changes accordingly, leading to two rotational nanofiber domains.
After formation, fibers can be wet-transferred to a substrate of
choice for further processing.’

2 Experimental

The synthesis of 1,4’'-dicyano-4,1:4/,1":4”,1'"’-quaterphenylene
(CNP4) has been described earlier.*® Briefly, the synthesis was
achieved in a twofold Suzuki cross-coupling reaction from
4-cyano phenyl boronic acid and 4,4’-dibromobiphenyl. The
CNP14 precipitate was collected by filtration and purified by washing
with solvents, resulting in the final, highly pure compound. At a
substrate temperature Ty, the molecules are deposited by thermal
sublimation in high vacuum (base pressure 1 x 10~ ° mbar) onto
freshly cleaved muscovite mica (grade V-4, Structure Probe, Inc.).>’
All given temperatures are sample holder temperatures. Ex situ, the
sample morphology and electric surface potential are investigated
by atomic force microscopy in intermittent contact mode with a
highly doped Si tip (AFM, JPK NanoWizard, NanoWorld Pointprobe
NCH tip), and by Kelvin probe force microscopy (KPFM) using
hover mode (lift height 50 nm) with either the same NCH tip or
with a Cr/Pt coated Si tip (BudgetSensors Tap 300E-G). For fluores-
cence microscope images a Nikon Eclipse ME-600 epifluorescence
microscope with a high-pressure mercury lamp (excitation wave-
length Zexe & 365 nm) and appropriate cut-off filters is used. The
polarization of the emitted fluorescence light is resolved spatially
with a linear polarizer in front of the microscope camera
(PixeLINK PL-B873-CU) and by a computer-controlled rotation
(Thorlabs PRM1Z8) of the sample.*® This in-plane rotation is
conducted over 360° in steps of 5°. From a discrete Fourier
analysis of the angle dependent fluorescence intensity, the angle
of maximum fluorescence ¢, is determined for each pixel.*"*?
Assuming that the transition dipole between the excited state S;
and the ground state S, of CNP4 is parallel to its long molecule
axis,**>** ¢, reflects the averaged orientation of the long
molecule axes for this image pixel. This direction is related to
the muscovite high symmetry directions [100], [110], and [110],
which are determined by means of a percussion figure.*>*°
Because the SiO, tetrahedra on the muscovite (001) face are
tilted, one of the two (110) directions is grooved. This direction is
denoted in the following by the index “g”.*”*® The non-grooved
(110) direction is marked by the index “ng”. X-ray diffraction is
performed in the Bragg-Brentano configuration with a PANalytical
X'PertPro MPD diffractometer (Cu-K, radiation, automatic
divergence slit).

3 Results and discussion

The vacuum deposition of CNP4 onto muscovite mica leads to
the formation of elongated nanoaggregates,*® as demonstrated
in Fig. 2 and 3. Within a single substrate domain, these
aggregates roughly show three growth directions. Two different
domains exist on a single sample, mutually rotated by 120°. The
three growth directions are not equivalent. Besides mutually
aligned fibers with a triangular cross-section, growing within
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Fig. 2 Fluorescence microscope images of CNP4 aggregates grown on
muscovite mica at different deposition temperatures T and with different
nominal thicknesses d. (a) and (b): T = 313 Kwithd = 2 nmand d = 10 nm,
respectively. (c) and (d): Ts = 343 K with the same nominal thicknesses as in
(a) and (b). The dashed green line in (b) depicts the grooved muscovite
direction (110)4, the dotted white lines [100] and (110)g.

0Onm

Fig. 3 Corresponding AFM images of the CNP4 aggregates presented in
Fig. 2. Muscovite high-symmetry directions are denoted in the upper right.

+10° along (110),, a second type of assemblies with increased
heights is visible. Their triangular shape is often less well
defined and reminds of wings. They grow approximately along the
other two muscovite high-symmetry directions, their fluorescence
being stronger than that of the fibers. No epitaxial wetting layer has
been detected by low energy electron diffraction (LEED).'***%
According to Fig. 2 and 3, for a substrate temperature of
Ts = 343 K and for a nominal film thickness of 10 nm, the fibers
possess a mean length of about 10 pm. Their typical width is
several 100 nm, and heights up to 100 nm are found. A single
wing exhibits a mean length of approximately 5 pm with a

This journal is © The Royal Society of Chemistry 2016
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similar width as the fiber-like structures. Note that whereas the
height of a single fiber is uniform, the height of a single wing
often increases by a factor of two from one end to the other.
This larger amount of material might be at least partly responsible
for the stronger fluorescence of the wings.

The samples show some aging under ambient conditions:
wings are growing at the expense of fibers, Fig. S1 and Movie S1
(ESIH).”" Directly after vacuum deposition, often clusters are
observed between the fibers. This is shown in Fig. S1 and S2(a)
(ESIt) and has been reported previously for the case of
other para-phenylenes, thiophenes, and naphthyl end-capped
thiophenes.'>"**° The clusters tend to vanish on the timescale
of days under ambient conditions due to Ostwald ripening. As
long as the aggregates are not too small, the overall morpho-
logical appearance of the samples stored under ambient con-
ditions as well as their fluorescence properties are stable over
the span of at least 9 x 10* hours.

After illumination with UV light, the aggregates emit polarized
blue fluorescence light; a spectrum is given in Fig. S3 (ESIt). For an
isolated para-phenylene molecule, its polarization is parallel to
the long molecule axis.**** Since the molecule orientation also
determines the optical indicatrix and polarization properties of fibers
and wings,*>* a spatially resolved polarization analysis reveals the
projection of the long molecule axis onto the substrate surface. From
the orientation of the long fiber or wing axis, Oorient, the angle of the
long molecule axis with respect to the long aggregate axis is
calculated, ol = $pol — Oorient- AN angle of f,o = 90° means, that
the emitted light is polarized perpendicular to the long aggregate
axis; for o = 0° and 180° it is polarized parallel to it.

On a global scale, Fig. 4(a), Fig. S4(a) and S5(a) (ESIt), three
growth directions are identified (solid black line). The fibers
growing along the grooved muscovite direction show an angular
distribution of +10°. The wings do not grow exactly along the
other high-symmetry directions (110),, and [100]. In general, a
rather large range of angles with respect to (110), between
+30(5)° and +£70(5)° is observed. The emitted light is, however,
for all of the observed growth directions within £10° polarized
perpendicular to the grooved mica direction, see the dashed red
line in Fig. 4(a). Here, the wings include angles of +35(5)° with
respect to (110),. The distribution of molecule orientations
within the aggregates peaks at three different values: fio =
90°, 50°, and 40°, Fig. 4(b), and at their mirrors at 180° — Sy
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Fig. 4 (a) Orientational (solid black line) and polarization (dashed red line)
analysis of a typical CNP4 sample grown on muscovite mica. Three
different values for o are preferred by the aggregates, (b). The fluores-
cence microscope image is shown in Fig. 5(a).
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Fig. 5 The lower part of (a) shows an unpolarized fluorescence micro-
scope image of CNP4 aggregates; in the upper part the orientational angle
Pmol is superimposed. Correlation plots (b)-(d) demonstrate the relations
between the different quantities from Fig. 4. Solid white lines mark
muscovite high-symmetry directions, red lines (110),.

Since three different aggregate orientations with similar
polarization properties are observed, the molecule orientations
within have to be correlated. This is already shown in the upper
part of Fig. 5(a): specific aggregate directions correspond to
distinct values of 0. Correlation plots confirm these observa-
tions. The polarization angle ¢, is within +10° independent
from the local aggregate orientation, Fig. 5(b). A correlation plot
of the local fiber orientation 0yene and of the orientational
angle S0, Fig. 5(c), shows that the optical properties of the
wings are different from that of the fibers. For the fibers f, is
90(10)°, i.e., the long molecule axis is perpendicular to the local
long fiber axis, whereas for the wings two values are observed,
50(5)° and 40(5)°. Since the angle between the fibers and wings
can vary between +35° and +£70°, depending on, e.g., deposition
temperature, also fi, varies accordingly, Fig. S4 and S5 (ESIT).
The polarization angle ¢, however, is always within £10° L
(110), Fig. 5(d). The molecule orientations within the two wing
directions are not identical, but differ consistently by £5° with
respect to the fibers. Such a behavior, where the substrate
induces a small range of molecule orientations, but different
aggregate orientations, is rather unusual. It has not been
reported for other functionalized para-quaterphenylenes, yet.

Opposite to the formation of aligned fibers on muscovite,
the vacuum deposition of CNP4 on glass leads to the disordered
growth of short fibers and crystallites, see Fig. S6(a) (ESIT). At
higher deposition temperatures the crystallites become taller,
but more separated. This Frank-van der Merwe growth is in
opposite to, e.g., the epitaxial growth of a para-quaterphenylene
functionalized with electron-donating methoxy groups,*® where
islands and layers from upright standing molecules form.>*

Contact planes and d-spacings of the films are determined
by X-ray diffraction; diffractograms for CNP4 deposited on
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Fig. 6 X-ray diffractograms of CNP4 powder (black line), CNP4 deposited
on glass (upper blue line), and on muscovite mica with subsequent wet
transfer to glass (middle red line). Vertical dashed green lines mark the
positions of some of the bulk reflections. The “T" denote weak reflections
which cannot be related to the bulk structure. Dotted orange vertical lines
finally mark strong reflections from muscovite mica. For the CNP4 films
the glass background has been subtracted.

muscovite, for CNP4 powder, and for CNP4 deposited on glass are
shown in Fig. 6. For a comparison with a calculated diffractogram
derived from the bulk crystal structure see Fig. S6(b) (ESIt). For
this characterization technique, the amount of deposited organic
material has to be considerably larger than for, e.g, the optical or
morphological investigations. AFM images of a nominally 60 nm
thick sample, Fig. S7 (ESIt), show a similar morphology than
observed for a few nanometer thin samples, except that fibers and
wings are taller and wider. To get rid of strong diffraction peaks
from the muscovite substrate, which might overlap with ones
from CNP4, Fig. S8 (ESIt), the CNP4 aggregates often have been
wet-transferred to glass prior to their XRD characterization.>® By
control experiments it has been assured that the same diffraction
peaks are observed for fibers and wings still remaining on the
mother substrate, so that the wet transfer does not significantly
change the contact planes. Most of the observed diffraction peaks
can be assigned to the bulk structure. For CNP4 deposited on
glass, the (111), (040), and (240) faces are observed to be parallel to
the substrate. All those correspond to lying molecules. Most peaks
are slightly shifted to larger diffraction angles compared to the
measured counterparts from CNP4 powder, resulting from a
slightly shortened d-spacing by approximately 0.04 A. This slightly
more dense packing of the molecules is probably due to a surface-
induced modification of the crystal phase. A similar trend is
observed for CNP4 on muscovite. Opposite to the deposition on
glass, additional diffraction peaks with varying intensities are
observed, which cannot be assigned to the bulk, Fig. S8 (ESIT).
They are marked by a “T”. Diffraction from mica is still visible,
probably from wet-transferred mica flakes. Their positions are
marked by vertical, dotted orange lines.

In the bulk structure of CNP4 the molecules are packed in
rows along the CNP4 [001] direction,>® as depicted in Fig. 1(b).
Due to the oblique angle of the molecules long axes with the
CNP4 [001] direction and due to the arrangement of the
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Fig. 7 (a) Possible alignment of the CNP4 (040) and (111) faces on the
hexagonal muscovite mica lattice (orange solid lines), forming wings. The
muscovite (110)4 direction is emphasized by a vertical green, dashed line,
its surface unit cell by a solid blue line. Pink solid arrows mark the unit cells
of the two CNP4 faces shown in (b) and (c) together with their mirrored
counterparts, the dashed cyan lines denote the long molecule axes. In (b) the
arrangement of CNP4 molecules on the (040) face is shown, in (c) for the (111)
face. Proposed aggregate directions are along the short unit cell axes.

molecules in the unit cell, it is not straightforward to assign a
possible fiber direction for a given contact face as for the case
of, e.g., para-hexaphenylene.” The optical polarization properties
of the wings can be reproduced with some of the observed bulk
crystal faces. For, e.g., the identified (040) contact plane, the angle
of the long molecule axis with respect to the fiber axis is probably
37°, as shown in Fig. 7(b), assuming that in this case the fiber
direction is along CNP4 [001]. Assuming further on, that the long
molecule axis is either at 5° or —5° perpendicular to (110),, the
fiber direction is about 47° off from (110),. For the CNP4 (111)
face, Fig. 7(c), an assumed aggregate growth direction along CNP4
[110] leads to aggregates 32° off, which agrees satisfactorily with
the measured angle of 35(5)°. For the identified contact planes
(240), (040), (111), and (311) values for o between 30° and 37°
are estimated, which can explain other observed wing directions.
Similar to the growth of the methoxy-functionalized para-
quaterphenylene MOP4, the two wings resemble twins with a
chiral organization into single-handed aggregates, induced by the
substrate surface.'® For any of the observed bulk contact planes,
CNP4 high-symmetry directions and close packed faces seem not
to be compatible with an orientational angle f,,, close to 90°.
Therefore, we suggest that the fibers are formed by a surface
induced phase.”® The two orientations along (110), then also
resemble chiral twins. Under ambient conditions in contact with
water vapor, the fibers are prone to aging and faceting,”” the latter
one especially during wet-transfer, Fig. S2(b) and S1 (ESIT).
Both suggest a less stable crystal phase of the fibers in contact
with water.

To characterize the electrostatic properties of the samples,
KPFM is a powerful tool to obtain high-resolution maps of the
contact potential difference (CPD).”**° The mapping of the CPD
for CNP4 aggregates is demonstrated in Fig. 8. In Fig. 8(a) the
topography of a CNP4 sample of fibers and wings is shown. The
electrical properties are shown in Fig. 8(b). A clear contrast is
observed between the muscovite substrate on one hand, and the
two different aggregate types on the other hand: The fibers exhibit
an up to 50 meV more positive surface potential than muscovite,
the taller wings an 100 meV more negative surface potential.

This journal is © The Royal Society of Chemistry 2016
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Fig. 8 AFM microscopy (a) and Kelvin probe force microscopy (b) of
CNP4 aggregates. The KPFM image has been leveled to the muscovite
surface potential.

These results suggest, that the wings either obtain a positive charge,
or a dipole moment pointing out of the substrate surface, whereas it
is opposite for the fibers.®! This strong difference supports the
assumption of different crystallographic contact faces for fibers and
wings, as already discussed above. The size of the shift is comparable
to other organic nanofibers. For, e.g., nanofibers from a methoxy-
functionalized para-quaterphenylene grown on muscovite mica, also
a negative shift of 100 meV has been observed.*”

4 Conclusions

A clear preference of the CNP4 molecules to adsorb flat lying
with their long molecule axis within +10° perpendicular to the
muscovite mica (110), direction has been observed. However,
still a number of growth directions are realized. This growth
behavior is different from other fiber forming molecules on
muscovite, where usually a single molecule orientation either
leads to aggregates which are aligned parallel to each other, or
where different fiber orientations are realized due to different
preferred molecule orientations on the substrate. Here, the
quasi parallel alignment of the molecules within all aggregates
of different contact planes is probably due to the strong
electron-withdrawing cyano groups. Electrostatic interactions
dictate the growth, not necessarily epitaxy. Still, an epitaxial
metric can be used to predict the growth by, e.g., point-on-line
or line-on-line epitaxy”® and in fact often reproduces the right
aggregate orientation for the observed contact planes. For a
quantitative model though the epitaxial relationships and contact
planes for individual aggregates have to be obtained by, e.g., single
area electron diffraction or by the X-ray pole figure technique.®*
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