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A chiral organic insulator, (R)-a-phenylethylammonium-oxalate (RAPEAQO), was prepared in the forms of
single-crystal, powder and spin-coated layers on silicon substrate surfaces modified by plasma treatment
or a (3-aminopropyl)triethoxysilane (APTES) polymer layer. For spin-coated samples, different deposition
conditions have been investigated — various thicknesses controlled by speed and the number of
repeated cycles, deposited continuously or by a layer-by-layer technique. The chemistry of this
compound did not allow the deposition of the continuous thin film, yet, it caused the formation of a few
nuclei on the substrate surface. Modification of the substrate with low temperature plasma caused the
increased number of nuclei as well as enabled the growth of the nanowires, which was confirmed by
atomic force microscopy (AFM) images. The same effect has been observed from the X-ray diffraction
(XRD) measurements, where preferential growth of the studied compound in one direction was
confirmed by grazing incidence, as well as wide reciprocal space mapping (WRSM). XRD studies
confirmed the structural similarity of the compound, disregarding the compound form ranging from
nanowires on the substrate to the bulk. Finally, the substrate covered by APTES thin film has had
increased coverage of the substrate surface by the studied compound. Impedance spectroscopy
revealed that the electrical conductivity of the sample in bulk at 20 °C is 6.3 x 10~ (Q cm)™, indicating
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Introduction

It is well-known that the same compound in the shape of a thin
film and bulk can exhibit differences. When going from bulk to
the nano regime, the surface to volume ratio of the material
becomes high, which is one of the main causes of alteration of
the numerous physical as well as chemical properties. From
a gas sensing point of view, the high-textured thin film is more
suitable towards the selectivity of the particular gas in a mixture
of several gases. Moreover, the high surface area of the thin film
provides more active sites for the adsorption of analyte gas
molecules. Differences between bulk and thin films can also be
observed in atomic diffusion and chemical reactivity, stress,
degradation and wear; nucleation growth and grain size, effects
on the interfaces of the film or film/substrate and different
properties.*
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the insulating properties of the material.

Deposition of the layer implies processing above the
substrate surface, by chemical or physical vapour deposition,
sputtering, thermal evaporation or spin coating. Spin coating is
a simple, relatively inexpensive, method of centrifugal deposi-
tion of the solution on a substrate that is fixed to a plate by an
aspirator. After spinning the plate, centrifugal force spreads
material uniformly across the whole substrate surface. The
material is quickly dried during the rotation process or by
additional evaporation during steaming of the sample. Accel-
eration and speed of rotation control the thickness of the layer.
This method is quick, and the loss of material is not as much as
it is in vapor-phase deposition, but it has the drawback of
keeping the contaminants, such as traces of solvents, inside the
film. Additionally, homogeneity and roughness, as well as the
formation of extra thin films are still quite challenging.>™* By
changing the number of cycles, as well as the speed of rotation
in the spin coating process, the thickness of the film is
changing, as well as the properties of the deposited material. Li
and co-authors reported how concentration and spin speed
during the deposition affect the optical and electrical properties
of silver nanowire transparent electrodes. Their results showed
that the distribution of silver nanowires on the substrate
increased the density with increasing solution concentration
and the decrease in spin speed.®’ Na and co-authors revealed
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that lamellar stacking and m-7 stacking interactions in the
most widely studied semiconducting polymer, poly(3-
hexylthiophene) (P3HT) thin films were enhanced due to the
slow growth process caused by the remaining solvent following
a short spin-coating period. This process allows for the creation
of polymer thin films that are highly crystalline, homogenous,
and reproducible without the need for any additional treat-
ments. Additionally, they showed how volume, boiling point,
and dissolving power of the solvents introduced significantly
impacted both the solidification process of the P3HT film and
the electrical properties of the resulting P3HT films.*

Nanostructured thin films are important in numerous fields
of modern technology and science because of a strong correla-
tion between their chemical and physical properties, such as
electronic, optical or mechanical properties, and their struc-
tural features of the material, such as crystallinity, size and
shape.®® Thus, film structural properties are crucial to the
stability and functionality of thin films." X-ray measurement
techniques are most often used for the structural characteriza-
tion of various thin-film materials and devices. However, due to
the characteristics of thin films, such as strong preferred
orientation, which limits the detection to only one set of specific
lattice planes, measurements of thin films are more compli-
cated than powder samples. An essential feature of X-ray
methods in the characterization of thin films is the possibility
of modifying the analysis depth by changing the incident angle
onto the surface and characterizing the buried interface struc-
ture. Compared with 26/6 scan of a powder sample, where one
can get only the information from lattice planes parallel to the
sample surface, with thin films, it is necessary to pay attention
to the orientations of the lattice planes and the direction of the
X-ray beam, which impinges onto the sample. This information
is often insufficient for the epitaxial thin film or any strongly
preferred-oriented thin film, and lattice planes inclined to the
sample's surface, such as reciprocal space maps, should be
measured.™

Through the morphological studies of thin films, the idea
about the growth mechanism arises, this understanding is
crucial for the fabrication of nanostructured materials in
a controlled way for creating nanomaterial with desired
properties.”>™ It is not always easy to produce epitaxial thin
film, however different formations are possible, such as bound
nanoparticles, nanoclusters or nanowires. Nanoparticles can be
used in many fields of research and technology; from catalysis,
cancer therapy and diagnosis to water purification and other
biological and environmental applications.'*?* With different
morphology of the deposited layer, different results can be ex-
pected depending on the formed shape. As an example, Broit-
man and co-authors used quartz crystal microbalance placed in
a vacuum chamber to quantify the amount and kinetics of water
adsorption onto the samples and results showed that nanowire
samples, which have higher surface areas than the thin films,
adsorb significantly more water. ZnO structure is of the same,
wurtzite type, both in nanowires and thin films.***

Atomic force microscopy (AFM), as one of the most popular
scanning probe microscopy methods, enables imaging topog-
raphy of almost any type of surface, such as polymers, ceramics,
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and composites. The substrate surface greatly affects the anal-
ysis of the sample, therefore, deposition on a very rough
substrate disables the straightforward small particle size anal-
ysis. Additionally, nanoparticle agglomeration and self-ordering
also influence the analysis of obtained AFM data. Intermittent
contact mode was used in this work, where the AFM cantilever is
vibrating above the sample surface so that the tip is in contact
with the surface only intermittently in the tapping mode. This
mode helps to reduce wearing off the cantilever and therefore
obtain as sharp image as possible during the whole measure-
ment, also we do not damage the studied samples because the
contact with them is minimal. As a result, the AFM gives
a surface topography profile.”® By AFM, it is possible to analyse
nanoparticles on rough substrates or those that are not isolated,
but for this purpose, it is necessary to use a simple particle
deposition modelling technique, together with a tip-sample
convolution algorithm, and then one can get relatively easily
estimation of uncertainty components related to data process-
ing methods in nanoparticle analysis.**

Treatment of the substrate by polymers can improve the
coverage of the substrate surface by deposited studied material
but also can change the properties of the deposited material.
Author's previous paper investigated differences in the electro-
chemical properties of the PbO, deposited on the bare gold
electrode and PbO, deposited on the gold electrode covered
with polymer Nafion®. Results showed that there was no
structural change of deposited PbO, with or without polymer,
but electrochemical behaviour was drastically different.
Nafion® layer showed a favourable effect on the efficiency of the
deposition process which was caused by both thermodynamic
and kinetic reasons. At Nafion® covered gold electrode, elec-
trodeposition process goes via Pb(m) intermediate species
which are stabilized within Nafion® membrane.*

Transition towards a metal-free materials for different
applications - from transistors, sensors to whole field of
batteries is highly represented in the research.’®* Nowadays,
electroactive organic materials present a promising alternative
to inorganic electrode materials for the new generation of green
Li-ion batteries. This is enabled by their sustainability, envi-
ronmental benignity, and low cost. A great example of organic
nanowires application as electrodes is presented in the work of
Luo and collaborators where they have synthesized and used
croconic acid disodium salt (CADS) wires with diameters from
150 nm to 10 pm by facile antisolvent crystallization method.
Those wires with a smaller diameter and larger surface area
were of higher capacity, longer cycle life and excellent rate
capability. Additionally, the authors managed to retain the
initial capacity after 110 deep charge/discharge cycles.”® The
work of Watanabe and co-authors showed that graphite-based
carbon electrodes may be applied and designed directly on an
organic single-crystalline thin film via electrostatic spray
coating, forming completely organic thin-film transistor
(OTFT), a promising building blocks of flexible printable elec-
tronic devices, constructed entirely from carbon-based mate-
rials.*?*® Organic conductor, bis(ethylenedithio)
tetraselenafulvalene have been explored as a part of topological
insulators.®* A distinct type of organic semiconductors that
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serve as a versatile foundation for electrical, spintronic, and
energy-harvesting devices show dependence of structural
modifications, particularly in terms of electrical, optical, and
dielectric properties.** Very popular application of organics is as
an insulators. Insulators in semiconductors have two main
functions: providing electrical insulation between metallization
levels and passivating the semiconductor structure electrically,
chemically, and mechanically. During the initial phase of
semiconductor development, insulation and passivation were
carried out using only inorganic insulators such as frit glass,
sputtered SiO, and Sb,S;, which were deposited using chemical
vapor or plasma deposition methods. During the early 1970s,
the initial trials to use organic materials for device insulation
and passivation were documented. Currently, organic insula-
tors are becoming the cutting-edge standard in the semi-
conductor industry. Organic insulating materials offer benefits
such as cost-effectiveness, easy manufacturing, strong
mechanical and electrical insulation properties. They are widely
used in transmission and transformation lines across different
voltage levels and equipment, contributing significantly to the
power grid's safe operation. Chemically, popular in use are
polyimides, epoxy resin, polycarbonates and many others.**~*°
Multifunctional materials are formed by combining different
constituents. As an example, it is possible to introduce proton
carriers by adding a counterion like hydronium (H;0%),
ammonium [NH,*, (CH;),NH,",...], or an anion (SO,>") during
synthesis, which leads to the formation of charged compounds.
The oxalate anion, C,0,>", plays a crucial role in designing and
synthesizing multifunctional materials because of its various
coordination choices with metal centers and its ability to
influence electrical phenomena. Oxalate-based compounds
with consistent structures and robust frameworks typically
demonstrate strong water and chemical resistance when
exposed to varying levels of humidity and temperature.***
Many of the organic compounds have optical activity what
was investigated in numerous cases. One of them is research of
Boskei and collaborators where salts of eight achiral dicarbox-
ylic acids with a-phenylethylamine are synthesized and
analyzed using IR spectroscopy, density measurements, and X-
ray crystallography to differentiate between racemic compound
and conglomerate formation. Conglomerate formation occurs
when protonated and deprotonated carboxylic groups create
hydrogen bound chains instead of cyclic intramolecular
hydrogen bonds.*®
Motivated by the above-referenced examples, amine and
oxalate group properties, we investigated the structure and the
properties of RAPEAO, material formed from amine and oxalic
acid, reported as a chirally pure material in the research of
Kozma and collaborators.**>* The same group investigated
optical properties and crystal structures of those optically active
racemic forms. The crystal structures of (R)-a-phenyl-
ethylammonium oxalate [C,; a = 10.786(1), b = 7.4300(6), ¢ =
11.4930(7) A, beta = 98.661(6)%; Z = 4] and (R,S)-a-phenyl-
ethylammonium oxalate (Pca2(1); a = 12.237(4), b = 6.786(5), ¢
= 21.859(4) A; Z = 4) were determined and are compared.”
Optical behaviour of this compound and similar to it has
been thoroughly investigated in previous literature. Kozma and
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co-authors studied the enantiomeric enrichment of a-
phenylethylamine enantiomeric mixtures using achiral dicar-
boxylic acids. Oxalic, malonic, fumaric, and phthalic acids were
utilized as achiral agents. The study compared the effectiveness
of enantiomeric enrichment via partial salt production followed
by distillation with enantiomer separation using crystallization
of the neutral salt. It was concluded that enantiomeric separa-
tion cannot occur in the absence of a solid phase. RAPEAO
shows good solubility in water and poor in ethanol, similar to
other oxalic acid salts.**>*

A narrow area of investigated properties together with known
information about a compound and chemical constituents of
RAPEAO which offer wide application window, gave us the
reason to explore and compare the structural characteristics, as
well as properties of the same compound in the shape of single-
crystal, powder and spin-coated film. Additionally, in order to
see the possible differences in morphology, deposition was
done on pure silicon substrate surfaces or those modified by
plasma treatment or polymer layer and characterized by X-ray
techniques, as well as by AFM. To determine the feasibility of
incorporating organic substances into electronic devices, the
conductivity of the sample was measured by impedance
spectroscopy.

Results and discussion
Structural characterization

Synthetic procedures included both slow evaporation crystalli-
zation from the solution prepared in glass, and deposition on
the substrate by spin-coating technique. In each case, the same
compound was formed, which was confirmed by IR spectros-
copy and X-ray diffraction measurements. After single crystal
diffraction, it was realized that the prepared compound is
already known, RAPEAQ, that crystallizes in the monoclinic C,
space group deposited in the CSD database, but its properties
are unexplored, except optical characteristics, wherefrom was
known that this is chirally pure compound. The other enan-
tiomer of it crystallizes in the orthorhombic Pca2; group. The
comparison of the structures is shown in Fig. S1.T The purity of
the powder sample was confirmed by Rietveld refinement on
PXRD data (Fig. 1a).”*

The fact that this compound has never been prepared in the
shape of a thin film, nor there is any reported detailed structural
analysis, motivated us to compare the structural properties in
single-crystal, thin film and powder samples. A similar struc-
tural analysis was done for all our samples, prepared under
different conditions as described in the Experimental section
(samples S1-S4), and there was no difference regarding the
structure (Fig. S27), therefore we are showing/presenting
measurements from sample S1.

Since the layer was expected to be very thin and poly-
crystalline, sample S1 was measured in parallel beam geometry,
but no intensity from the layer was observed. Therefore, the
sample was remeasured in symmetrical Bragg-Brentano
geometry and only 00L peaks were observed. This indicated that
there could be a single-crystal epitaxial layer or polycrystalline
layer with (001) out-of-plane oriented crystallites (still it could

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 (a) Rietveld refinement®? of sample P1. Experimental data are given in red line, the calculated pattern is shown in blue and difference plot in
grey. Green vertical marks show the positions of diffraction lines belonging to monoclinic RAPEAO (C, space group). (b) Comparison of the PXRD
data from sample P1 (blue curve) and BB measurement on the thin film of sample S1 (red curve).

be in-plane oriented similarly to epitaxial one). The comparison epitaxial layer, even the short WRSM measurement in signifi-
of diffractograms of the polycrystalline sample P1 and the spin- cant azimuthal orientations (determined for the substrate)
coated sample S1 on the substrate is shown in Fig. 1b. would show asymmetric Bragg reflections of the layer corre-

In order to determine the exact orientation of the crystallites, sponding to its epitaxial relation, however, this was not the case
wide reciprocal space maps were measured. For a truly compact here. Thus, only two symmetrically non-equivalent azimuths
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Fig.2 WRSMs for sample S1 measured in two azimuthal directions. Upper maps correspond to the vertical cut in reciprocal space along Si [100],
while bottom maps correspond to the cut along Si [—110] direction. Full experimental data (left images) are zoomed to the region where we
observe asymmetric Bragg reflections from the crystals on the surface. On the right, both the raw and overlaid experimental data are shown in
zoomed regions. The size of the red markers corresponds to the calculated squared structure factors, which roughly correspond to the intensity
of the observed spots.
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Fig. 3 Simulated PB (omega = 1.5 deg) (black) and BB (green) paths in
WRSM.

(according to the surface symmetry of the substrate; 0° and 45°)
were chosen to be remeasured with significantly longer count-
ing time to suppress the noise in the data (Fig. 2).

Indeed, several diffraction spots from the layer were
observed, their intensity and the positions were identical in
both maps indicating that the in-plane orientation of the crys-
tallites is random (fibre texture). The WRSM simulation
considering both the expected crystallographic structure and
the fibre texture orientations fitted the data well and the
simulated and measured intensities are more-less comparable,
thus we can tell that the structure of the deposited sample is the
same as in the single-crystal.
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Due to the fibre texture, there were no lines in PB geometry
since the path of the scan in reciprocal space does not lead
through any intense spot, but the Bragg-Brentano scan does

(Fig. 3).

Topological characterization

The sample S1 prepared by layer-by-layer deposition was char-
acterized by the AFM technique to determine its topology.
Although a very thin film was expected to be on the substrate
surface, the AFM measurement showed that instead of a thin
film, we synthesized nanowires (Fig. 4). This finding agrees both
with reflectivity measurement (Fig. S31) where no reflection
from the layer was observed, meaning that the layer either is not
there or it has negligible mean density, and with WRSM
measurements (Fig. 2) confirming the fibre texture of the
sample. For this molecule, the nanowires occur when growth in
one direction is preferred, which causes the fibre texture.
According to the AFM measurement, the nanowires had
a width of 150-300 nm and were 200-3000 nm long when
sample deposition was done layer-by-layer. That means that one
layer of one reactant solution was deposited, after that substrate
was spinned, and above that one layer of another reactant
solution was deposited and the substrate was again spinned till
the complete drying of the layer. The process is repeated to get
a thicker layer. The top of the nanowire is not flat, but the
difference in the height on individual nanowires is quite small
(around 10 nm for the long ones), the top rather consists of
several little hills, this again supports the fact that the layer is
grown from inhomogeneities in the wafer, see the inset of Fig. 4.
The height of wires ranged between 10 and 30 nm with the
occasional presence of nanopillars which were up to 60 nm in
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Fig.4 AFMimages of sample S1(RAPEAO on a bare silicon substrate); graphical representation of the measured height of the highest nanopillars.
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Fig. 5 Substrate treatment by (a) plasma torching and (b) APTES
polymer.

height (Fig. 4). The nanowires have been formed most probably
on inhomogeneities on the wafer, which served as starting
seeds for the growth of the nanowires.

These observations led us to modify the silicon substrate
(Fig. 5) for the next depositions, so more nanowires or optimally
a flat layer of the molecule could be grown.

When the deposition was done from the final solution, by
spin coating the RAPEAO solution in methanol prepared in the
glass (S2), we got almost no material on the surface, just a few
nucleation centres and small nanoparticles growing into height
by increasing number of cycles (Fig. 6a). To eliminate these, we
treated the substrate with a plasma torch (sample S3). This was
done to create more hydrogen bonds on the surface (Fig. 5a) so
that amine groups from our molecule could connect to the
surface more easily. Despite the increased number of nucle-
ation centres after ozone treatment, there was still no thin film
formed on the substrate and we observed just an increased
number of particles (Fig. 6b).

Another tested treatment of the substrate was a modification
by polymer (sample S4), APTES, that was supposed to enable an
increase in the surface coverage by adding amine groups to the
surface resulting in easier attachment of our amine on a pure
silicon (Fig. 5b).

Although we still did not succeed in the formation of
a continuous film, we obtained circular structures with

b}

175 nm @ 4.03 nm

0nm 0nm

0 1 ] 1

Fig. 6 2D and 3D AFM images of samples (a) S2 (RAPEAO on bare
silicon substrate) and (b) S3 (RAPEAO on substrate modified by ozone).
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22.3nm

Fig. 7 2D and 3D AFM images of sample S4 (RAPEAO on substrate
modified by APTES) showing the circular layer of above mentioned
molecules. The ring structures have a much bigger surface area than
nanowires.

diameters up to 1000 nm, which were quite homogenous in
height of 12 nm on average on 4 nm substrate layer. The height
homogeneity is disrupted by a few hills that are of the height of
60-120 nm (Fig. 7). These structures show that instead of the
nanowire structure we tend to grow planar structures, but still,
the covering of the substrate layer is inhomogeneous. The
possible cause of this is either inhomogeneities in the APTES
covering or more probably the presence of impurities from the
starting solutions. If we look closely at individual rings we can
see structures resembling flower petals where some of them are
quite flat with relatively big area which has holes inside them
but otherwise, their size is much bigger than the nanowires
presented in this work.

Thermal characterization and electrical conductivity

From the single-phase powder sample, the thermogravimetric
curve was measured. The decomposition started at 40 °C. This
low decomposition temperature is caused by the solely organic
composition of the compound.

Motivated by the popular application of organics in elec-
tronic devices, a pellet was used for measuring the conductivity
of the sample by impedance spectroscopy. The complex
impedance plot of the sample exhibits an arc with high values of
impedance indicating very low electrical conductivity, see Fig. 8.
The obtained impedance data can be well approximated by the
equivalent circuit consisting of a parallel combination of
resistor and capacitor. The parameters of the equivalent circuit,
i.e. electrical resistance (R) and capacitance (C), obtained by the
complex non-linear least squares fitting are given in the legend
in Fig. 8. From the value of electrical resistance (R) and elec-
trode dimensions (4 is the electrode area and d is the thickness
of the pellet), DC conductivity, opc, was calculated according to
the relation: opc = d/(A x R). The electrical conductivity of the
sample at 20 °C is 6.3 x 10~ (Q cm) " indicating insulating
properties of the material, therefore enabling its application in
separators in batteries or other small electronic devices.*
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Fig. 8 Complex impedance plot of the sample at 20 °C and corre-
sponding equivalent circuit.

Earlier investigated optical characteristics of RAPEAO
confirmed its' chiral activity.**** From the literature, it is known
that organic thin films capable of emitting and absorbing
circularly polarized light have been shown to offer potential for
significant technological advancements, such as efficient high-
performance displays, 3D imaging, and all-organic spintronic
devices. Until date, the source of the significant chiroptical
effects remained elusive. In the research of Wade and co-
authors, it has been confirmed that under conditions relevant
for device fabrication - the large chiroptical effects are caused
by magneto-electric coupling (natural optical activity), not
structural chirality as previously assumed.** It is also known
from the literature that w-stacking results in high mobilities in
devices such as transistors, which is reported to be the result of
increased overlap between the electronic wave functions of
neighbouring molecules in the stack.**** Bandwidth increases
as the overlap in electronic wavefunction is stronger, which
directly correlates to electrical conductivity in the coherent
transport regime.>® RAPEAO showed insulating properties of the
material that can be corroborated via van der Waals interactions
and hydrogen bonds or, in other words, by lack of the -
stacking.”” The visualizations of the crystal structures were
made by program VESTA (Fig. 9).>

Fig. 9 RAPEAO structure with van der Waals interactions and
hydrogen bonds. Carbon is shown as a brown ball, oxygen as red,
nitrogen as blue and hydrogen as pink balls.
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Conclusions

The similarity of the (R)-a-phenylethylammonium-oxalate
(RAPEAO) crystal structures prepared by different conditions
was confirmed by the X-ray diffraction measurements. By spin
coating of RAPEAO no epitaxial film was formed, however, by
tuning the substrate functionalization, we obtained the circular
structures, homogenous in height and more or less forming
a layer. Deposited material has in general a polycrystalline
nature with a strong preferred orientation, caused by the growth
of nanowires, especially on plasma or APTES-treated wafers.
Although the fact, that nanowires have a very large surface-to-
volume ratio when compared to bulk materials, implies that
properties can be quite different from those of bulk materials,
similar structural features of both sample states and the elec-
trical conductivity of 6.3 x 10> (Q cm) " indicated insulating
properties of the material and possibility of application in
separators in batteries or other small electronic devices. The
ease of application and pattern formation (costs) is the advan-
tage of RAPEAO for this usage, as well as the reason for the wide-
spread usage of organic insulators. Once the origin of impuri-
ties that are forming the seeds on the substrate is found, we
could specifically grow nanowires only in the zones where an
insulator is needed.

Experimental
Materials and synthesis

Experiments were designed so that same compound is prepared
in the shape of single crystal, powder and deposited samples
with or without modification of substrates. Detailed instruc-
tions have been described in the Table 1.

The methanol solution (1.5 ml) containing H,C,0,-2H,0
(0.0379 mg; 0.30 mmol) and methanol solution (1.5 ml) con-
taining (R)-(+)-o-methylbenzylamine ((R)-a-phenylethylamine)
(C¢H5CH(CH;3)NH,) (85 pl; 0.67 mmol) were mixed in the glass.
The reaction mixture was stirred for 10 min when a cloudy
colourless solution formed and was used for a deposition on the
substrate. For the single-crystal diffraction purposes, a cloudy
colourless solution was filtered and white fluffy single-crystals
(sample SC1) of (R)-a-phenylethylammonium-oxalate formed
immediately. Fluffy single crystals were ground into the fine
powder for purposes of X-ray powder diffraction (sample P1),
infrared spectroscopy (IR) and thermogravimetric measure-
ments (TG). All used chemicals were procured from commercial
sources and used without further purification.

The infrared spectrum was recorded using a KBr pellet by
a Bruker Alpha-T spectrometer in the 4000-350 cm ™" range. The
two bands at 747 cm ™' and 760 cm " correspond to H out of
plane vibrations, the interesting band is 1291 ecm™"' and the
corresponding zone 1480-1535 cm™'; the presence of both
bands is quite strong evidence that in RAPEAO molecule formed
aliphatic azoxy compound, explaining how the two molecules
are connected in one crystal structure. The band around
1498 cm™' corresponds to C=C stretching vibrations in
benzene ring. The band around 2089 cm ™" corresponds to NH".
The band of several peaks in zone 2250-2700 cm ™' corresponds

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Listed samples and methods of formation
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Sample Method of preparation

SC1 and P1 (1) Prepare the final solution of (R)-o-phenylethylammonium-oxalate by mixing methanol solution (1.5 ml) containing
H,C,0,-2H,0 (0.0379 mg; 0.30 mmol) and methanol solution (1.5 ml) containing ((R)-a-phenylethylamine)
(C¢H5CH(CH3)NHS,) (85 pl; 0.67 mmol) in the glass and stir it for 10 min
(2) Filter the cloudy colourless solution and white fluffy single-crystals of (R)-a-phenylethylammonium-oxalate which
form immediately (sample SC1) and ground into the fine powder (sample P1)

S1 Layer-by-layer spin coating:
(1) Spin the substrate 1500 rpm
(2) Drop 25 pl of methanol solution (1.5 ml) of oxalic acid (0.0379 g; 0.30 mmol) and afterwards 25 pl of methanol
solution (1.5 ml) of ((R)-a-phenylethylamine) (85 pl; 0.67 mmol)
(3) Repeat 10 times

S2 One step deposition:
(1) Prepare the final solution by mixing (R)-a-phenylethylammonium-oxalate(1.5 ml) containing H,C,0,-2H,0
(0.0379 mg; 0.30 mmol) and methanol solution (1.5 ml) containing ((R)-a-phenylethylamine) (CcHsCH(CH;3)NH,) (85
ul; 0.67 mmol) in the glass and stir it for 10 min
(2) Drop 25 pl of the prepared solution
(3) Spin 300 s by 1500 rpm

S3 (1) Treat the silicon substrates by low-temperature atmospheric plasma created by plasma torch
Repeat the steps for S2 preparation:
(2) Prepare the final solution by mixing (R)-a-phenylethylammonium-oxalate(1.5 ml) containing H,C,0,4-2H,0
(0.0379 mg; 0.30 mmol) and methanol solution (1.5 ml) containing ((R)-a-phenylethylamine) (CsHsCH(CH3)NH,) (85
ul; 0.67 mmol) in the glass and stir it for 10 min
(3) Drop 25 pl of the prepared solution
(4) Spin 300 s by 1500 rpm

S4 (1) Treat the silicon substrates by creating a surface APTES layer (10 pl of 5% APTES solution in ethanol) on the

substrate in order to increase the hydrogen bonds on the surface and consequently improve the formation and

homogenization of the thin film
Repeat the steps for S2 preparation:

(2) Prepare the final solution by mixing (R)-a-phenylethylammonium-oxalate(1.5 ml) containing H,C,0,-2H,0
(0.0379 mg; 0.30 mmol) and methanol solution (1.5 ml) containing ((R)-a-phenylethylamine) (CsHsCH(CH;3)NH,) (85
ul; 0.67 mmol) in the glass and stir it for 10 min

(3) Drop 25 pl of the prepared solution
(4) Spin 300 s by 1500 rpm

to NH vibrations. The peak at 2987 cm ™"

vibrations in -CH groups.

Thermal properties were investigated from room tempera-
ture (RT) to 373 K in synthetic air, with a Shimadzu DTG-60H
analyzer (heating rate of 10 °C min™ ).

Spin coating. Deposition of the material onto the substrate
was done in two different ways:

(1) As a layer-by-layer deposition where 25 pl of the first
reactant solution 1.5 ml of a methanol solution containing
H,C,0,4-2H,0 (0.0379 g; 0.30 mmol) were dropped in the centre
of the spinning silicon substrate (orientation (100), type P/B
with resistivity 1-5 Q cm™* from Siegert wafer), and after-
wards the same amount of the other reactant, the methanol
solution (1.5 ml) containing (R)-(+)-a-methylbenzylamine ((R)-o-
phenylethylamine) (CsH;CH(CH3)NH,) (85 pl; 0.67 mmol) was
dropped. The procedure was repeated 10 times by a velocity of
1500 rpm in order to get a thicker layer. By this method, sample
S1 was prepared.

(2) As a one-step deposition of the 25 pl of the final solution
of (R)-a-phenylethylammonium-oxalate in methanol (prepared
in the glass, same as for SC1 crystallization, spinning for 300 s
by a velocity of 1500 rpm). By this method, sample S2 was
prepared.

corresponds to H

© 2024 The Author(s). Published by the Royal Society of Chemistry

Surface treatment. Silicon substrates (orientation (100), type
P/B with resistivity 1-5 Q cm ™" from Siegert wafer) were cleaned
prior to any further treatment or deposition by immersing the
wafer in the acetone and afterwards in isopropanol (IPA); again
in the clean acetone, put in the ultrasound bath for 1 min
shaking, and then in the clean IPA, put in the ultrasound bath
for 1 min shaking. Afterwards wafer was blown with N, gun, in
order to remove the dust and drops. Substrates were treated by
low-temperature atmospheric plasma (diffuse coplanar surface
barrier discharge (DCSBD) created by Plasma torch RPS40-25
from company Roplass s.r.o Czech Republic) in case of
(sample S3) and in case of (sample S4) we subsequently created
a surface APTES layer (10 pl of 5% APTES solution in ethanol) on
the substrate in order to increase the hydrogen bonds on the
surface and consequently improve the formation and homoge-
nization of the thin film.

Crystallography

Single-crystal X-ray structural study. Single-crystal measure-
ment was performed on sample SC1 on Bruker D8 VENTURE
diffractometer (A = 1.54179 A, Cu tube). Structure solution by
SHELX2019 revealed that already known compound, RAPEAO is
formed.

RSC Adv, 2024, 14, 8434-8444 | 8441
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Powder X-ray structural study. X-ray powder diffraction
measurements were done on P1 sample on a Smartlab diffrac-
tometer (Rigaku corp., Japan) equipped with a 9 kW copper
rotating anode (A = 1.54179 A) and a single-photon-counting
hybrid detector HyPix-3000. Measurements were performed in
Bragg-Brentano (BB) geometry using 1D integrating detector
mode. The axial divergence and acceptance were limited by
5deg Soller Slits in the primary beam and in front of the
detector, respectively.

Data were collected in the 26 range 5-150°. The crystal
structure was refined using the Rietveld method in High-
ScoreXpert Plus (Version 4.5, March 2016).

Thin film X-ray structural study. The sample deposited onto
the substrate was characterized by X-ray techniques, both by
diffraction methods, including parallel beam (PB) and BB
geometry as well as wide reciprocal space mapping (WRSM),
and X-ray reflectivity measurements. All experiments were per-
formed using Smartlab diffractometer as in the case of powder
samples. Except BB geometry, parabolic X-ray mirror was
employed to produce the parallel primary beam. In the PB setup
we used parallel plate analyser with acceptance of 0.5 deg in
front of the detector (set to 0D mode). For X-ray reflectivity
measurements we used a pair of two consecutive receiving slits
in front of the detector (0D mode). WRSM were measured with
a collimated primary beam in both directions (0.5 x 0.5 mm?)
and open 2D detector without any secondary optics. WRSM
were combined from several symmetrical §-26 scans performed
for different axial tilts of the sample (various x) using inte-
grating 2D detector mode.

WRSM data were visualized and overlaid by a numerical
simulation in MATLAB software using our own code.

Morphological investigation

AFM characterization of the samples. The samples were
measured within a few days upon synthesis when the layer was
not visibly wet without any further treatment. The samples were
measured by ACTA cantilever (from AppNano) in intermittent
contact AFM AC mode on JPK NanoWizard® 3 (now Bruker).

Electrical conductivity measurements. Electrical conduc-
tivity of the sample was measured using impedance spectros-
copy (Novocontrol Alpha-N dielectric analyser) at 20 °C in the
frequency range from 0.01 Hz to 1 MHz. The measurement was
performed on polycrystalline sample pressed into a 1.14 mm
thick pellet. For the electrical contacts, gold electrodes (2.4 mm
in diameter) were sputtered on both surfaces of the pellet using
Sputter Coater SC7620. The impedance spectrum was analysed
by equivalent circuit modelling using the complex nonlinear
least-squares fitting procedure (ZView software).
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