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Abstract: In this work, we report manganese phthalocyanine (MnPc) films obtained by ultrasonic spray-
pyrolysis technique at 40°C deposited on glass substrate subjected to thermal annealing at 100 °C and 120°C.
The MnPc films were characterized by UV/Vis spectroscopy, Raman spectroscopy, X-Ray Diffraction (XRD)
and Scanning Electron Microscopy (SEM). The absorption spectra of the MnPc films were studied in a
wavelength range from 200 to 850 nm, where the characteristic bands of a metallic phthalocyanine known as B
and Q bands were observed in this range of the spectrum. The optical energy band (Eg) was calculated by the
Tauc equation. It was found that for these MnPc films, the Eg has the values of 4.41, 4.46 and 3.58 eV
corresponding to as deposited, annealing 100°C and 120°C, respectively. The Raman spectra of the films
showed their characteristic vibrational modes of the MnPc films. In X-ray diffractograms of these films, the
characteristic diffraction peaks of a metallic phthalocyanine are observed, presenting a monoclinic phase. SEM
images of these films were studied in cross section obtaining thicknesses of 2, 1.2 and 0.3 pum to as deposited,
annealing 100°C and 120°C, successively. Also, in the SEM images of these films, both the average particle sizes
ranging from 4 to 0.041 um and the average diameter from 4.8 to 0.091 um were obtained. The results agree
with those reported in the literature for MnPc films deposited with other techniques.

Keywords: manganese phthalocyanine (MnPc); ultrasonic spray pyrolysis; UV/Vis; Raman; XRD;
SEM

1. Introduction

Metal phthalocyanines (MPcs) belong to the group of organic compounds, which are usually
formed by carbon-carbon and carbon-hydrogen bonds '-5. Metal phthalocyanines are a type of
molecules studied in different fields due to their good physical and chemical properties 35-% and for
their chemical inertness and thermal stability which led to researchers explore the technological
utility of metallic phthalocyanines in fields such as: industrial dyes, catalysts, gas diffusion electrodes,
organic photoconductors, photovoltaic solar cells, organic light emitting devices, nonlinear optics,
data storage optics, electro photography, near infrared absorbers, photodynamic therapy, among
others .

Metal phthalocyanine organic semiconductor exhibits interesting optical characteristics due to
its ring structure’®. The MPc shows two characteristic bands one of them called B Band (known as
Soret Band) and the other one is called Q Band (known as a Band in porphyrin'). The latter is
characterized by m—m* transitions from HOMO (Higher Energy Molecular Orbitals Occupied by
electrons) to LUMO (Lower Energy Molecular Orbitals unoccupied by electrons)!!2 and in the case
of the B band it is known by deeper m—t* transitions in the UV/Vis spectrum 2.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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The MPc can be deposited in the form of thin films. Thin films are layers of thin materials that
grow from atoms or molecules that impinge on the surface of a substrate!>%. Thin films range in
thickness from a few nanometers to a few hundred micrometers'® and can be deposited by different
techniques®. The techniques for depositing thin films can be divided into chemical methods or
physical methods, according to the nature of the deposit, the most commonly used methods are:
Physical Vapor Deposition (PVD) which are thermal evaporation deposition, pulsed laser deposition,
molecular beam epitaxy and Sputtering; Chemical Vapor Deposition (CVD) which are organic metal
CVD, low pressure CVD, atmospheric pressure CVD and plasma enhanced CVD; Solution Based
Chemical (SBC) which are chemical bath deposition, sol-gel, spin coating, dip coating, screen printing
and ultrasonic spray pyrolysis®.

In chemical methods, precursor compounds are used, usually salts of some metallic element,
and it is desired that these precursors react chemically on the substrate to be coated®. In physical
methods, the material to be deposited is initially in powder form and when some type of energy is
applied to it, whether mechanical, electrochemical or thermodynamic, the material is removed from
the target and is then deposited on the substrate’. It is worth mentioning that physical methods
require the use of low pressures through vacuum generation to ensure proper deposition and are
therefore more expensive compared to chemical methods?. Chemical bath and ultrasonic spray-
pyrolysis are the simplest and cheapest chemical techniques, due to their simplicity'516. The ultrasonic
spray-pyrolysis is an easy process to handle. It can be used to deposit over large areas, in addition to
the fact that the deposit temperature is very low. It can be utilized for deposits on flexible materials,
in this process it is possible to use a wide variety of precursors, besides the cost of this process is low
respect to other techniques. Additionally it does not include a control of high-pressure process. This
process has the capability of growing multilayer structures and can have the freedom to calibrate
deposition variables such as: deposition temperature, deposition substrate, precursor composition
and concentration and solvent composition. In this context, we report in this research the obtaining
of MnPc films which were deposited by ultrasonic Spray-Pyrolysis at low temperatures. These films
were analyzed with different characterization techniques (UV/Vis, Raman, XRD and SEM) to know
their optical, morphological, and structural properties. It expected that these films may applied in the
field of optoelectronic devices.

2. Experimental work

Synthesis of MnPc films

Manganese phthalocyanine II was purchased from Sigma Aldrich at 90% purity and was used
as solute for the preparation of the solution with ethanol (J.T.Baker) used as a solvent. The reagents
were used without any further purification.

Baku BK 2000 ultrasonic bathtub was used to enhance the homogeneous mixing of the solution
in the form of suspension. Corning glasses were used as substrates for depositing the MnPc films and
a thermal grill (Chemat Technology, model TW-4H) was used for thermal annealing of the MnPc
films.

To obtain the manganese phthalocyanine II (MnPc II) films, manganese phthalocyanine II and
ethanol were used, where a solution of MnPc and ethanol with a concentration of 0.13 g/ml was made.
The solution was placed in the ultrasonic system at a temperature of 50°C. The films were deposited
on a thermal grill for a time of 30 min on a conventional Corning glass substrate at a deposition
temperature (TD) of 40°C (sample labeled as Al). The films were then thermally annealed on the
thermal grill to remove impurities at a temperature (Tr) considering two values, namely: at 100°C for
1hr (A21) and at 120°C for 2hrs (A22).

Characterization of the films

A Varian (Agilent) Cary 5000 wide range UV-VIS-NIR system (with a PbS mart detector,
measuring range from 175 nm to 3300 nm) was used to characterize the grown films. Absorption
spectra were measured at normal incidence in a spectral range from 200 to 850 nm. Raman spectra
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were measured in a range from 400 to 1800 cm! on a Horiba-JOBIN YVON MicroRaman system,
model LabRAM-HR, with a Helium-Neon laser at 632.8 nm. The diffractograms of the MnPc films
were measured by an X-ray diffractometer, model D2 Phaser, Bruker brand, with a Bragg-Brentane
geometry, Cu 1.54184 tube [A°], LYNXEYE detector. The measuring range of 26 is from 0 to 60° and
the sample measurement was horizontally. SEM images of the MnPc films were measured by an
Ultra-High Resolution Scanning Electron Microscope JSM-7800F Schottky Field Emission Scanning
Electron Microscope (JEOL). Cross-sectional measurements were performed for the MnPc films and
um-scale images were obtained.

3. Results and discussion

Figure 1 a) shows the UV-Vis spectrum of the MnPcs films. As can be seen, the absorbance
spectra of the samples Al and A2l are stronger than of the A22 film, besides they exhibit the
characteristic B band around of 261 nm, 263 and 224 nm. The decrease in the intensity of the B-band
absorption peak of the A22 sample around of 224 nm is due to the orbital overlap of the
phthalocyanine ring and the central metal ion'""”7. On the other hand, the three samples exhibit the
band Q which lies at 740 nm showing a weak intensity for the three films!'"17. Another band is
presented at 352 nm, it is a characteristic band of the MnPc. It is known that the ultraviolet-visible
(UV-vis) absorption spectra of metallic phthalocyanines are the result of their widely conjugated
electrons and the overlapping orbitals of the central metal ion. The B-band is associated with the
central metal arising from the m-d 8 transitions.
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Figure 1. a) Absorbance spectra of the MnPc films for samples A1, A21 and A22 and b) determination
of the forbidden energy band of the MnPc film (A21) obtained by the Tauc equation.

The optical band gap (Eg) of the samples was determined from the UV/Vis spectra using the
Tauc 0 equation (equation 1):

(ahv)}™ = €, (hv — Ej) 1)

where:

a = Absorption coefficient, & = Planck’s const., v = incident radiation frequency, C;=
proportionality constant, Eg = bandgap energy of the material and n= power whose value depends
on the electronic transition presented by the material (MnPc presents a direct allowed transition for
which n = 0.5 10),
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The Tauc extrapolation diagram for the abscissa gives the value of the optical band gap (Eg)™.
Figure 1 b) shows an example to obtain the forbidden band of the MnPc films, it corresponds to the
A21 sample for which Eg=4.4461 eV. The obtained remaining values of the MnPc films are as follows:
Eg=4.41 eV (Al) and Eg=3.58 eV (A22), we point out that all these values are very close to those
reported in the literature!0>-22,

On the other hand, Figure 2 displays the Raman spectra of the MnPn films, so considering this
information we generate Table 1 which lists the wavenumbers and vibrational modes found in the
Raman spectra, each vibrational mode is described according to its molecule type, and such
frequency vibrational mode is like that reported in the literature. The spectra (Figure 2) show the
rings or benzenes of the metal phthalocyanine in the ranges of 677 cm™ (benzene-strain), 1593 cm-!
(benzene, CsH-strain, in-plane bending), 1610 cm? (benzene-ring strain). Ring-metal bonding is
observed in the ranges 591 cm™ (ring, NM, benzene-ring-strain, elongation, elongation), 751 cm-
(CNmCNM, pyrrole-strain, elongation), 950 cm™-1102 cm (NM, CNmC-in-plane bending, Isoindol-
strain, CH-in-plane bending, Isoindol NM-strain), 1190 ¢cm?-1394 cm? (CsH- in-plane bending,
pyrrole NM-strain, isoindol NM-strain, CH-in-plane bending, CH CNmC-in-plane bending, pyrrole
COCONM-strain, CNmCCdH-in-plane bending), 1518 cm! (CNmC- strain, pyrrole-elongation, CH-in-
plane bending); molecules around the inner ring and externally occur in the ranges of 831 cm! (CH-
out-of-plane bending), 1133 cm™ (CH- in-plane bending) and 1430 cm™ (CH- in-plane bending, CsCg-
strain) 2. Variations of intensities of the vibrational modes show that annealing process realized on
the MnPc films causes a reordering in the molecular structure on the films.

Table 1. Descriptive table of Raman spectra of MnPc films 5-10.

v (cm?) Description Vibration modes
526 Si Substrate
Ring Stretching in the ring
591 NM Stretching
Benzene Elongation
677 Benzene Strain
CNm,CNM Tension
751 g
Pyrrole Elongation
831 CH Out-of-plane bending
950 NM, CNmuC In-plane bending
Isoindole Deformation
976 NMCNnC In-plane bending
Isoindole Deformation
1102 CH In-plane bending
Isoindole NM Tension
1133 CH In-plane bending
1190 CsH In-plane t.)ending
Pyrrole, NM Tension
1306 Isoindole NM Tension .
CH In-plane bending
1340 Isoindole NM Tension
CH CNmC In-plane bending
1394 Pyrrole CsCsNM Tension
CNmCCsH In-plane bending
1430 CH In-plane t.)ending
CpCp Tension
CNmC Tension
1518 Pyrrole Elongation
CH In-plane bending
Benzene Tension
1593 CsH In-plane bending
1610 Benzene Ring tension
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Figure 2. - Raman spectra of MnPc films for samples Al, A21 and A22.

The X-ray diffraction patterns of the MnPc films are shown in Figure 3. The diffractograms show
the characteristic diffraction peaks for the monoclinic phase of the MnPc films, this characteristic
phase found is confirmed by both crystallographic cards and the reports found in the literature?+31.
The monoclinic phase is found in the vast majority of metallic phthalocyanines where it is considered
a dominant phase®%®. All diffraction peaks present the same phase, as listed in Table 2. An
outstanding characteristic observed in the diffraction patterns is that the peaks are broad tending to
an amorphous behavior. The annealing process applied to the MnPc films modified the diffraction
peaks as it is observed in the XRD diffraction patterns.

Table 2. Crystallographic planes and crystal structure of each peak shown in the diffractogram19-
21,23-25,29,30.

20 Crystalline system
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8.34
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Figure 3. - Diffractograms of MnPc films.
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On the others hand, the morphology of the MnPc films was determined by SEM images. Figures
4 a), ¢) and e) show the cross-sectional SEM images for each film, from these images it is estimated
the thickness of such films obtaining the values of 2.009 um, 1.232 um, and 0.374 pm for samples Al,

A21 and A22, respectively.

The films obtained by ultrasonic spray pyrolysis have a uniform thickness and it is possible to
have a good control of their thickness, which allows them to be used in different applications.

Additionally, Figures 4 b), d) and f) show the surface morphology of the MnPc films. The average
particle sizes for samples Al, A21 and A22 are 0.169 um, 1.77 um and 2.204 um, respectively. They
possess a diameter of approximated values in the ranges, 1.016 um - 4.76 um, 0.018 um —1.23 um and
1 pm-5.79 pm for the MnPc films (A1, A21, A22). The SEM images show circular or spherical particles
and some of them accumulate to form aggregates with several spherical particles, forming larger

clusters.
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Figure 4. a), c), e) SEM images (cross section) of MnPc films A1,A21, A22 and b), d), f) SEM images of
the surface of the MnPc films A1, A21 and A22.


https://doi.org/10.20944/preprints202304.0620.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 April 2023 doi:10.20944/preprints202304.0620.v1

4. Conclusions

The MnPc films were obtained from easily handled precursors at a low temperature of 40°C
(Al), which after annealing at 100°C (A21) and 120°C (A22) their optical, structural, and
compositional properties were modified, as well as these films present thicknesses of 2.009 um, 1.232
um and 0.374 um. In the UV/Vis spectra, the characteristic bands Q and B were obtained at the
positions of 740 nm and 263 nm, respectively. From the Raman spectra, the characteristic vibrational
modes of an MnPc, and its characteristic molecules identified according to their vibrational modes
were obtained. XRD diffractograms showed its crystallographic structure and its characteristic planes
of such structure in the monoclinic phase. SEM images showed their morphological characteristics of
small clusters dispersed on a uniform film deposited below these clusters or particles, the average
particle size was obtained for samples A1, A21 and A22, obtaining the values of 2.319 um, 0.041um
and 4.465 um, respectively. Particle diameters were also determined to be approximately 0.72 pm-4.5
pm, 0.091 um-0.045 pm and 0.91 um-4.8 pum, respectively.
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