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ABSTRACT. This work shows the structural, thermogravimetric, optical, and electrochemical properties of boron
subphthalocyanine chloride (B-subPc-Cl) as organic electronic material. The Fullprof Suite program and Rietveld
analysis were used to refine and index the crystal structure of B-subPc-Cl. The thermogravimetric analysis (TGA)
and the differential thermogravimetric analysis (dTG) were used to study the kinetic thermogravimetric factors using
the Horowitz-Metzger's and Coats-Redfern methods. The absorption spectra of B-subPc-Cl contain two strong
absorption bands (Soret-like band and Q-like band). The oscillator strength and electrical dipole strength were
estimated by using a Gaussian fitting of the molar absorptivity (&) of the B-subPc-Cl. The HOMO-LUMO and
the band gap of B-subPc-Cl were calculated by using cyclic voltammetry measurement. Details of the UV-Vis —
NIR absorption spectra and optical band gap for B-subPc-Cl are also provided. Density-functional
theory (DFT) method has been utilized to obtain geometrically optimized structure for the studied compound. The
theoretical calculations agreed with the experimental results. The obtained results point out the prospects of B-
subPc-Cl for the organic electronic applications.
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INTRODUCTION

Recently, the great developments of optoelectronic and microelectronics technologies based on
small molecules of organic semiconductors have been achieved because they enjoy unique
physicochemical properties. Organic small molecules containing conjugated 7t- electron systems
can be used as functional materials in numerous fields of organic electronic devices [1, 2]. Within
the great class of porphyrinoid structures, phthalocyanines enjoy an advantaged position in charge
management and electronic devices [3, 4]. Phthalocyanines have found extensive use in materials
science research and progressively more in various and significant technological and industrial
areas. They play a variety of roles in modern material science technology such as photovoltaic
solar cells, semiconductor devices, and nanobiotechnology [5-7]. Subphthalocyanines are a
famous class of dyes and pigments that have applications organic optoelectronic devices [2].

*Corresponding author. E-mail: moamen@tu.edu.sa ; msrefat@yahoo.com
This work is licensed under the Creative Commons Attribution 4.0 International License



528 Arwa Alrooqi et al.

Subphthalocyanines are non-planar macro-heterocyclic organic compounds containing three
isoindole structures assembled around tetrahedral boron(III) center, which bears group (typically
aryloxy) or halogen atom in the axial position. Subphthalocyanines have higher solubility
compared to phthalocyanines [2]. Boron subphthalocyanine chloride (B-subPc-Cl) is a non-planar
cone structure that is recognized as a donor material in organic solar cells [8]. It has 14 delocalized
n-electrons with excellent optical and physical properties [9]. B-subPc-Cl organic molecule shows
a strong dipole moment oriented along the B—Cl direction [10]. A boron subphthalocyanine
chloride dye is formed from the chemical reaction between phthalonitrile and BCl; in aromatic
solvents such as p-xylene or toluene [11]. Recently, Morse ef al. [12] reported that the B-subPc-
ClI possesses many desirable characteristics such as intense and narrow absorbance, an intense
and narrow orange fluorescence, low sublimation temperatures, tunable electronic properties. For
potential uses of B-subPc-Cl dye in materials science research and industrial areas, structural,
electrochemical, and optical spectroscopic studies on B-subPc-Cl were done.

EXPERIMENTAL
Chemicals and instrumentals

Boron subphthalocyanine chloride (C4H2BCINg) organic compound with a molecular weight of
430.7 g/mol was purchased from Sigma-Aldrich Chem. Co. The crystal structure of the B-subPc-
Cl was explored at room temperature by using Philip X-ray diffractometer with Cu Ka radiation
with a scan speed of 2 degrees/minute. The thermogravimetric analysis (TGA) and differential
thermogravimetric analysis (dTG) of the B-subPc-Cl dye were simultaneously measured by the
Shimadzu DTG-60H thermal analyzers at a single (10 °C/min) and heating rate (30 °C/min).
Sample mass 4.5 mg and Al,O; as a reference were non-isothermally heated in nitrogen flow (20
mL/min) from 25 to 800 °C. The quantitative data were estimated from the relevant TGA curve
to determine the kinetic parameters for all the B-subPc-Cl dye at a single heating rate (10 °C/min)
by the Coats-Redfern [13] and Horowitz-Metzger's [ 14] methods. The absorbance spectra were
obtained on the Cary series UV-Vis—NIR spectrophotometer (Agilent Technologies). The UV-
Vis—NIR spectra were measured over the range of 200-800 nm. All the spectra were obtained at
room temperature in dimethyl sulfoxide (DMSO) as a solvent and quartz cells with a path length
of 1 cm. An Autolab potentiostat PGSTAT 302 (Eco Chemie, Utrecht, Netherlands) was used to
perform cyclic voltammetry (CV). A carbon paste electrode (working electrode), Ag/AgCl
(reference electrode), and platinum wire (counter electrode) were used in the electrochemical cell.
A Metrohom pH-meter with a combined glass electrode was used to calculate the pH values. The
pH values were modified using a solution of 1 M NaOH.

Theoretical studies
Computational studies were performed using DMOL? program [15] in Materials Studio package
[16]. DFT semi-core pseudopods calculations (dspp) were done with the double numerica basis

sets as well as polarization functional (DNP) [17]. The RPBE functional is based on the
generalized gradient approximation (GGA) as best correlation functional [18, 19].

RESULTS AND DISCUSSION
Physical assignments

The Fullprof Suite program (2020) is used to analyze and refine XRD data to determine the phase
structure and the lattice parameters of B-subPc-Cl based on the Rietveld method and a pseudo-
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Voigt function (Figure 1). The geometrical structure was drawn using the VESTA-win64
software. This analysis shows that B-subPc-Cl has an orthorhombic structure with: Pnma (#62-1)
space group and lattice parameters; a = 12.07860 A, b =14.79890 A, ¢ = 10.23490 A, a =B =1
= 90° and crystal volume (V = 1829.4883 A%). During the Rietveld structure refinement of the
structure under study, the Wyckoff positions and asymmetric unit for the various space groups

were applied [20]. The lattice parameters; a ~ ap V2, b~a » ,and cr a » V2 were utilized for

the orthorhombic phase with Pnn, space group. The examination of the TGA and dTG curves
reveals that the investigated B-subPc-Cl dye decomposes with two degradation steps. The
corresponding dTG data (385 and 471 °C) reveals that the decomposition processes of this dye
are thermally endothermic. In general, the rapidity of this dye decomposition process can be
described as slow. In B-subPc-Cl dye, the mass losses (73.10%) in the first and second steps were
attributed to the elimination of C;;H;>CIN molecule (cal. 73.06%) endothermally. Therefore, the
dye B-subPc-Cl exhibited a high decomposition temperature (385 °C), probably due to its highest
structural steric hindrance. The residue left in the crucible consists of Beta carbon nitride (8-C3N4)
which is a superhard material predicted to be harder than diamond [21]. Boron nitride ceramic has
excellent chemical and thermal stability and can be used as a part of high-temperature equipment.
Horowitz-Metzger's and Coats-Redfern [13, 14] equations were used to determine the kinetic
thermogravimetric factors of B-subPc-Cl. The kinetic thermogravimetric factors such as free
energy change of the decomposition (AG*), enthalpy (AH™) can be estimated by applying the
Horowitz-Metzger's and Coats-Redfern [13, 14]. The kinetic thermogravimetric parameters of the
decomposition steps such as E™, A, AS *, AH*, and AG*are estimated and tabulated in the Table 1.
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Figure 1. X-ray diffraction patterns (Yo»s) and the refined pattern using the Rietveld method
(Yecaie) for B-subPc-Cl dye.
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Table 1. Kinetic thermodynamic parameters of B-subPc-Cl dye.

Methods dTG/Max E* AH* AS* AG* A
Coats-Redfern 471 2.61E+05 | 2.55E+05 | -6.58E+01 | 2.07E+05 | 0.9495
Horowitz-Metzger's | 471 2.96E+05 | 2.90E+05 | -1.17E+02 | 2.04E+05 | 0.9369

The obtained kinetic thermogravimetric parameters indicate that the B-subPc-Cl has thermal
stability and is more appropriate from the economic viewpoint [22-24]. B-subPc-Cl contains
delocalized 14 m-electrons structure that provides rise to strong absorption bands in the UV-Vis
region.
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Figure 2. Spectral behavior of the molar absorptivity (&€moar) for B-subPc-Cl in DMSO with
different concentrations.

Figure 2 shows spectral behavior of the molar absorptivity (€moiar) for B-subPc-Cl in dimethyl
sulfoxide (DMSO) with concentrations 7x10"® mol/L, 5107 mol/L, and 1x10°® mol/L at room
temperature (~300 K). The figure shows the B-subPc-Cl has a strong absorption band in the near
UV (Soret-like band) at 288 nm and a strong absorption (Q-like band) at 567 nm. Morse et al.
[12] reported that the Q-band, is seen generally between 560—600 nm equating to an optical band
gap of 2.1-2.0 eV. Absorption measures the amount of light of a specific wavelength that a
specific substance prevents from passing through. The two essential parameters affecting
absorption are the path length and the concentration of the organic dye. The higher the
concentration of the organic dye, the greater its absorption, this is because the number of
molecules that interact with light affects the percentage of light that is absorbed. More
concentrated solutions contain a larger number of molecules that react to the entering light,
thereby increasing its absorption. In a dilute solution, the absorbance is low because fewer
molecules are available to interact with light. The relationship between focus and path length: the
absorbance is also directly proportional to the path length, where path length refers to the distance
the light travels through the material. With a longer path length, the light interacts with more
molecules as it travels a longer distance through the solution. This increases absorbency. The
molar absorptivity (&moiar) of the B-subPc-Cl can be used to calculate the electric dipole strength
(%) and the oscillator strengths (f) from the following relations [25-27]:
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Figure 3. The Gaussian fitting analysis and the calculated values of (g*) and (f) for B-subPc-Cl in
DMSO with C = 5x107 M/L.

The relation between molar absorptivity versus wavenumber for B-subPc-Cl is displayed in
Figure 3. A Gaussian fitting with asymmetric least squares smoothing baseline was done to
calculate f'and ¢°. The Gaussian fitting analysis and the calculated values of (¢°) and (f) for B-
subPc-Cl in DMSO (C= 5x107 M/L) are shown in Figure 3. The UV-Vis absorption analysis can
be used as a straightforward and an easy technique to precisely estimate optical band gap energies
of organic m-conjugated semiconductor materials [28,29]. By using a derivation of absorption
spectrum fitting (DASF), the optical bandgap of the B-subPc-Cl can be estimated. This analysis
is beginning from the absorption spectrum fitting model at the absorption band edge as [30-32]:

d 1 1\
AQ) =——= Z(ho)V 1A= - 3
@ = 3303 2(h9) (A Agap) )
Eq. 3 can be written as:
! (A>—l ® +nin(t -t 4
nl3)=n nin{~ . )]

and then:
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where A is optical absorbance, Z is a constant, c is a velocity of light, d is the film thickness and
n is the power take the value of ' for the allowed direct transition.
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Figure 4 shows a relation between and (1/ 1) for B-subPc-Cl. From this figure, the
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Figure 4. A relation between and (1/1) for B-subPc-Cl in DMSO with different
concentrations.
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The electrochemical behaviour for B-subPc-Cl was investigated using cyclic voltamnmetry
(CV) in dichloromethane in the presence of 0.1 M tetrabutylammonium perchlorate(TBAP) using
Pt wire as a working electrode and 50 mV/s scan rate. The cyclic voltammogram for Pt electrode
in the presence of B-subPc-Cl, one quasi-reversible redox systems were obtained, the oxidation
peak (Epai) appeared at +0.1 V while the cathodic peak (E,.1) appeared at +0.98 V. The separation
of the anodic and cathodic peak potentials (AE) which demonstrate the reversibility behavior of
the reaction, was found 20 mV. The formal potential Ei» was taken as the average of E,c; and Epar
is +0.99 V. In addition to the quasi-reversible redox system, two irreversible cathodic peaks
appeared at +0.62 V and -1.13 V. The highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) energy levels were determined from their onset oxidation
and reduction potentials according to the empirical relationship proposed by de Leeuw et al. and
others [33-40].

Enomo = -(Eonst (oxidation) + 4.4) eV 7
ELumo = '(Eonst (reducation 1 44) eV (8)

The onset of oxidation E(onst oxidationy and reduction E(onst reducationy peaks are +0.97 V and -1.1 V,
respectively. The calculated HOMO, LUMO and the band gap (Eg) were -5.37 eV, 3.3 eV and
+2.07 eV, respectively. The ten successive cyclic voltammograms for 1x10 M of B-subPc-Cl
have a potential range from —1.4 V to +1.4 V. By repeating the No. of cyclic voltammograms, no
matched effect on the peak current of B-subPc-Cl compound was observed, which indicates that
there is no absorption from B-subPc-Cl to the electrode surface and the electrode was relatively
stable in DMSO solution. The effect of scan rate on the peak currents of B-subPc-Cl was examined
using a wide scan rate range from 10 mV/s to 200 mV/s. As shown from Figure 5, increasing scan
rate from 10 mV/s to 250 mV/s, the oxidation and reduction peak currents increased. This
behavior was expected for a diffusion-controlled electron transfer process.
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Figure 5. The effect of scan rate on the cyclic voltammogram for 1x10~ M of B-subPc-Cl.
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Molecular computational calculation

The asymmetry umbrella geometry optimization of boron subphthalocyanine dye with strong
dipole moment (9.1480 D) was determined. To correlate the experimental values with the
theoretical parameters, computational parameters have been computed including the energies of
gas phase, frontier molecular orbitals (Exomo, ELumo), electronegativity (x), energy band gap (AE)
which explains the probable charge transfer interaction within the molecule, global hardness (7),
chemical potential (u), global electrophilicity index (w) and global softness (S) [41-44] and are
listed in Table 2.

Table 2. Some quantum chemical parameters of boron dye compound.

-En -EL AE X u n S w (¢}
(ev) (ev) (ev) (ev) (ev) (ev) (ev)! (ev) (ev)!
5.128 | 3.548 1.580 4.338 -4.338 0.395 0.1975 23.82 2.532

The energies of both HOMO (n donor) and LUMO (m acceptor) are main parameters in
quantum chemical studies. Where, HOMO is the orbital that acts as an electron donor, LUMO is
the orbital that acts as the electron acceptor; and these molecular orbitals are known as the frontier
molecular orbitals (FMOs). The HOMO-LUMO band gap is a good indication for compound
stability [45, 46]. As HOMO-LUMO band gap increases the stability of compound increases
accordingly and the chemical reactivity decreases. The significant band gap value of boron
compound (AEg = 1.580 eV) is agreed with the experimental indirect optical band gap after
annealing. The higher values of hardness (1 = 0.395) would attain a molecule higher stability
according to the principle of hardness [47].

The energy components (total energy, binding energy, and dipole moment) were calculated
by DFT method as shown in Table 3 for ligands. The significantly higher binding energy (B.E. =
-5953 kcal/mol) revealed the higher stability of boron dye.

Table 3. Various theoretical molecular parameters of boron dye.

Dipole moment binding energy Total energy Zero-point vibrational energy
(D) (kcal/mol) (kcal/mol) (kcal/mol)
9.148 -5953 -1736 180.1

Vibrational calculation

The frequency calculations for boron dye were computed in vacuum, while experiments were
performed for solid samples, so there are small differences between theoretical and experimental
vibrational wavenumbers as shown in Figure 6. The modes of vibrations are very complex due to
the low symmetry of ligands especially, in plane, out of plane and torsion modes are the most
difficult to assign due to mixing with the ring modes and with the substituent modes [48].
However, there are some strong frequencies useful to characterize in the IR spectrum. The
correlation graphic agreement between the theoretical and experimental wavenumbers is
discussed. The relations between the calculated and experimental wavenumbers are linear for
boron compound and described by the following equations:

Veal = 1.00508 Viy, -1.07077  with R?*=0.99989 9)
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Figure 6. Comparison of theoretical (A) and experimental (B) IR spectra of boron dye.
Molecular electrostatic potential (MEP)

The electrostatic potential V(r) at a given point r(x, y, z) is defined in terms of the interaction
energy between the electrical charge generated from the molecule electrons, nuclei and proton
located at (r) [49, 50]. Computation of electrostatic potential is possible for molecules using the
I'-point and multiple k-points. As can be seen from MEP map, the regions of negative potential
are over the electronegative atoms (carbon and nitrogen atoms) while the regions having the
positive potential are over the (boron and hydrogen atoms).

CONCLUSION

The crystal structure of the B-subPc-ClI has an orthorhombic structure with Pnma (#62-1) space
group and lattice parameters a = 12.07860 A, b =14.79890 A, c=10.23490 A, o.=p =y =90°
and crystal volume (V = 1829.4883 A?). The kinetic thermogravimetric parameters obtained from
the Coats-Redfern and Horowitz-Metzger's equations indicate that the B-subPc-Cl has thermal
stability and is more appropriate from the economic viewpoint. B-subPc-Cl has two absorption
bands at 288 nm (Soret-like band) and 567 nm (Q-like band). The Gaussian fitting analysis was
used to obtain the oscillator strength and the electrical dipole strength. The optical bandgap
(EpaST = 2.13 eV of the B-subPc-Cl in dimethyl sulfoxide (DMSO) as a solvent was estimated
from a derivation of absorption spectrum fitting (DASF) method. Cyclic voltammetry
measurement was used to calculate HOMO (-5.37 eV), LUMO (3.3 eV), and the band gap (E; =
2.07 eV). The significant band gap value of boron compound (AEw.. = 1.580 eV) is agreed with
the experimental indirect optical band gap after annealing. The higher values of hardness (n =

0.395) would attain a molecule higher stability according to the principle of hardness. The
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obtained results are vital for the applications into applied scientific research fields such as
optoelectronics and organic electronics.
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