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Abstract

The substantial-good electron m-conjugation observed in all-metalloorganic complexes and porphyrin derivatives are
suitable as potential third-order nonlinear optical (NLO) materials application. The central metal ion configuration renders
these complexes more advantageous in the nonlinear optical response induced by charge displacement and the effect of the
external field compared to many other organic and inorganic materials. This paper, we assess the linear optical and nonlin-
ear optical properties of tetra-porphine magnesium (MnTPyP)-polymethyl methacrylate (PMMA) composite thin films
prepared by a simple coating technique. Based on the Drude model single oscillator calculations, other optical parameters
such as dispersion energy, dielectric constant nonlinear refractive index and the third nonlinear susceptibility were evaluat-
ed and addressed in detail.

Keywords: Inorganic Materials; Tetra-Porphine Magnesium; Optical Spectrophotometric; Dispersion Energy; Dielectric

Constant; Nonlinear Susceptibility; Single Oscillator
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Introduction

Much of the reports dealing with electro-optical and nonlinear-optical technologies highlight the significant role of organic
and inorganic materials. Thus, multi-functional metal-organic materials, including metalloporphyrin complexes and deriva-
tives have attracted much attention over the years [1, 2] in several research groups. As a great deal of concerted efforts,
organometallic complexes have brought to light a substantial understanding of the structure-function relationship in these com-
plex compounds [3, 4] and their applications. These compounds present numerous advantages, consisting of a combination of
propensities for individual components such as inorganic metal ions and organic ligands. Generally, the polar character of met-
al-to-ligand bonds usually are characterized by a large transition moment as well as a large excited state dipole moment, allow-
ing enhanced hyperpolarizability (b) and in parallel second-order nonlinear optical susceptibility [5, 6]. Also, these molecular
templates allow: (i) Structural functionalization of the molecular scaffold of the organic ligands, thus tuning easy their optical
and NLO properties along with the coordination ability to the metal ion; (ii) Isolation of mixed-metallic and polynuclear com-
pounds determining chemical-physical effects on the base on properties of the metal-centres along with those associated with
the ligands, as mentioned in (i); (iii) Isolation of diversity of self-assembly structures of crystals of metal-organics; (iv) High op-
tical and NLO efficiency; (v) Good-to-excellent crystal growth; (vi) High thermal stability without melting point processes.
Due to their specific spatial and electronic structures, synthetic porphyrins and metalloporphyrin have inspiring biological, pho-
tophysical and photochemical properties and have been revealed to be potential candidates for disease treatment as reported by
Ptaszynska et al., 2018 [7]. Biological imaging through tomography biodistribution studies was conducted by Varchi et al., 2015
[8] and Cheng et al., 20214 [9]. Interest in metalloporphyrins is not confined only to the biological field [10, 11] but plays a cru-
cial role from technological and industrial points of view. During the last two decades, synthetic porphyrins were investigated
for various applications other than chemical and electrochemical. Porphyrins and metalloporphyrin were proven to be radio-di-
agnostic agents in photodynamic therapy, semiconductors, and photovoltaic materials [12, 13], for which applications several
patents have been lodged. Zucca et al., 2016 [14] have focused their investigation on the industrial application. They found a tre-
mendous utilization of synthetic formulations of metalloporphyrin compounds in textiles. The catalytic effect of metallopor-
phyrins as electroactive agents in ion-selective membranes was reported to be a unique reagent in spectrophotometry [15]. The
organometallic framework carried out in the group of Leng et al., 2018 [16] has demonstrated a potential for catalysis, particu-
larly in the structural-property relationships. In addition to the abovementioned applications, NLO properties of metallopor-
phyrins are widely investigated 17, 18]. In their review, Dini et al., 2016 [19] emphasized the photoactive materials for optical
power limiting. Few investigations involving nonlinear properties of magnesium porphyrins have been reported [20]. These
studies concern the nonlinear and transient absorption spectroscopy of magnesium (II)-tetra-benzoporphyrin (Mg-TBP) in so-
lution. In the present work, we investigate the optical and nonlinear optical properties of tetra-porphine manganese (MnT-

PyP)-polymethyl methacrylate (PMMA) composite thin films.
Experimental Procedure

Material and Thin Film Preparation

Mg 5,10,15,20-tetra(4-pyridyl)-21H,23H-Prophine Dye content 90% (MnTPyP) and PMMA polymer were purchased from Al-
drich Chem. Co. and used as received without any further purification. The schematic diagram of the MnTPyP molecular struc-
ture is shown in Figure 1. Thin films of MnTPyP doped PPMA were prepared onto well-cleaned optically flat fused glass subs-
trates by the spin coating technique at different rpm using EDC-650-23 coating unit. Tree different average thicknesses of 50
nm, 160 nm and 260 nm thin films were prepared at coating speed of 800, 1600 and 4000 rpm respectively at room tempera-

ture. The films were dried and kept at ambient temperature for further use.
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(Mn(11TPyP) (Mn(lI)TF;PP)

Figure 1: MnTPyP molecular structure

Optical Measurements

The reflectance R(k) and transmittance T(k) spectra of the MgTPyP-PMMA thin films were recorded at normal incidence of
light in the spectral range 200-2500 nm using a double beam spectrophotometer (JASCO model V-730 UV-VIS-NIR). The ob-
tained spectral data from the spectrophotometer were converted to absolute values to eliminate the reflectance and absorbance
of the substrate. The absolute values of T and R are given by the governing equations in [21]:

- () a-r) @

R= (I[zlm) R, (1+[1—R,)”) —T*R;, (2)

Where I, is the intensity of the light passing through film-quartz structure, I, is the intensity of reflectance from quartz subs-
trate and R, is the quartz reflectance. I, and I,, are the light intensities reflected from the composite film and from the reference
mirror, respectively and R, is the reflectance of the reference mirror. According to a program developed by El-Nahass et al.,
2015 [21] the extinction coefficient k, the absorption coefficient a and the refractive index n were calculated through the follow-

ing equations reported in [22].
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Results and Discussion

Linear Optical Characterization of MnTPyP-PMMA Composite Thin Films

FTI-R Spectra

FTIR is an analytical technique based on vibration and absorption of the interatomic bonds in organic/inorganic compounds.
It is mainly utilized in the determination of the structure of organic compounds. As a strong bond type dependent, each bond
in the organic material absorbed a specific frequency at varying intensity. Thus, IR spectra result from absorption information
and analysis of the organic material [23]. FTIR spectra in the range 400-1500 cm” of both powder and as-deposited MnTPyP-P-
MMA composite thin films are illustrated in Figure 2 a & b. Table 1 depicts the revealed IR bands and their assignments. The
band at 621 and 1338 corresponds to the phenyl aromatic compound. The band appearing at 1008 cm ™ is assignable to the Cb-
H rocking vibration of the pyrrole ring [24], entirely describes the metallated porphyrin. The FTIR spectrum of the composite
thin film does not vary significantly with evaporation and the added PPMA material, demonstrating that the deposition pro-
cess is a good one to obtain undissociated and stoichiometric MnTPyP-PMMA films. Moreover, the FTIR spectrum of the thin

film is very similar to that of the powder.
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Figure 2: (a) Infrared spectra of MnTPyP-PMMA for the powder (b) as-deposited film.
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Table 1: The position of band in IR spectra of different forms of MnTPyP-PMMA

Wavenumber (cmrl) Assignment
Powder Thin film

621 619 Phenyl
670 669 y(Cb-H)sym.
720 720 S(pyr. deform.)sym
755 753 S(pyr. deform.)sym
807 802 d(pyr. deform.)sym
1008 1008 6 (Cb-H)asym.
1078 1073 6 (Cb-H)asym.
1173 1176 6 (Cb-H)asym.
1201 1204 0 (Cb-H)asym
1338 1347 Phenyl
1386 === ===

Transmittance and Reflectance Spectra

Figure 3 presents the optical reflectance and transmittance of MnTPyP-PMMA composite thin films measured at normal inci-

dence in the wavelength ranging from 200 to 2500 nm. At wavelengths below 400 nm, the material absorbs. In the UV-visible

region (i.e. 400 nm, sharp band edge absorptions, where the peak position is independent of the thickness are observed for all
samples. The appearance of such bands indicated that the studied material is promising for optical filter application. At longer

wavelengths above 700 nm, the spectral distribution shows that all three samples are transparent to the incident light. No signif-

icant light absorption or scattering is observed.
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Figure 3: The spectral dependence of the transmittance T (%) and reflectance, R %Kk) of the as-deposited MnTPyP-PMMA com-

posite thin film at different thickness, respectively.
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Dispersion and Refractive Index Evaluation

The spectral distribution of the refractive index (n) and the extinction coefficient (k) of prepared material in Figure 4 a & b are
plotted from the mean values and k, independent on the films thickness. At A<700 nm, the spectra present a dispersion with
multiple peaks for which an appropriate multiple oscillator model [25] can be used. The observed dispersion is associated to
the resonance effect resulted from incident light and the electron’s polarization. In the transparent region (i.e. A > 700 nm), the
normal dispersion observed can be model through a single oscillator [23] and the extracted portion is presented in Figure 5a.
The refractive index is approximated to be 2.158, 2.297 and 2,367 at A > 800 nm for 50 nm, 160 nm and 260 nm respectively.
The dependency between the high- frequency dielectric constant

(¢,) involving refractive index (n) and wavelength were estimated through the relation

2
2 _ € N 2
L (47r20260> (m*) A (6)

where ‘€’ corresponds to the electronic charge, €0 is the permittivity of free space, and N/m* is the ratio between the effective

masses and no. of charge carriers. The parameters €L and N/m* were calculated from the vertical intercept and slope of the n’

vs. \ presented in Figure 5b.

As a significant tool in appreciating various photonic and spectral dispersion devices, the dispersion energy (E,) and oscillator

energy (E,) were evaluated from a single effective oscillator model introduced by Wemple & Di-Domenico (WDD) [25] using
the following equation.

1 E’— (W)  Ey (W)

n2 -1 a E()Ed a E—d B EOEd

(7)

where E, is the oscillator energy for electronic transitions and Ed is the dispersion energy. Both E, and E, are determined from

slope (E, E,)" and intercept (?) values of (n>-1)" vs. (h9)’ plot in Figure 4d. The value of E, represents the average strength of
d

interband transition while E, approximates the separation between the centres of gravity of the valence and conduction band. It
can be observed that both parameters decrease with film thickness. The oscillator strength of the material defined by f=E,.E, cal-
culated is also indicated in Table 1. In this figure, the extrapolating of straight lines to the points of interception at (#9)’ = 0

gives the value of n2, = eoo = ng which is computed and given in Table 2.
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Figure 4: spectral distribution of the refractive index (n) in panel (a) and the extinction coefficient (k) in panel (b) of prepared

material.
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Table 2: Dispersion and non-linear optical parameters of the as-deposited MnTPyP-PMMA composite thin films

d(nm) | EoeV) | EeV)| BEfevy | m | & | AGm)|s,10" m)| ) (esw) | X 10| m10%esu)

- (esu.)
50 2.252 | 2.719 6.123 1.486 | 2.208 | 355.45 9.56 0.096 1.4439 0.3678
160 2.494 | 4.356 | 10.864 | 1.687 | 2.846 | 355.45 14.611 0.147 7.9381 2.022
260 3.03 | 7.786 23.59 | 1.889 | 3.568 | 355.45 20.323 0.204 29.445 7.499

In the transparent (non-absorbing) region, the average inter-band oscillator wavelength A,and the average oscillator strength S

of the as-prepared MnTPyP-PMMA composite thin film. From sellmeier single term dispersion relation [26], n is associated to

GRS R

(n?) A

Where k is the incident photon wavelength A, and no is the refractive index at zero frequency (static refractive index). The val-

the wavelength as following [27]:

ues n, and A, were calculated from the Plotting of (n*>-1)" against (\*) " as shown in Fig. 4d. Rearranging of Equation (8) led
[27]:
(SoAo)

W where Sy = (n% — 1)/)\3 (9)

n?—1=

From this table, we observed that the optical and nonlinear optical parameters increased as the thickness of the film increasing.

This observation is made with the tetratolylporphine manganese (III) chloride (MnTTPCI) [28].
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Figure 5: (a) 1’ vs. A (b) 0’ vs. A (c) (n*-1)"vs. (h9)’ and (d) (nz—l)"against (A* ); all at different thicknesses.
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Nonlinear Optical Properties

When a material is exposed to high light intensity, the polarization is no longer linearly proportional to the incident electric
field E. Therefore, a nonlinear phenomenon is produced through the medium. Nonlinear optical properties of material play an
important role in nonlinear optical devices such as all-optical switching, optical power limiting, image manipulation and image
processing, integrated photonic devices, etc. The nonlinear relation between optical parameters and electric field in chalco-
genide materials refers to optical nonlinearity. The source of the optical nonlinearity arises due to the nuclear interactions with
electronic polarizability and hence influences bond lengths. This phenomenon arises owing to the net polarization developed in
materials upon intense exposure to the light beam. The net dipole moment is directly proportional to the susceptibility (P= &,
% E), where it stands for the permeability of free space, and E stands for the electric field intensity. where ¢, stands as permeabili-

ty of free space and E, the electric field intensity. The polarization P can be expressed following equation [29].

P=xWE+x®FE+x®E+... (10)

Where v refers to the linear optical susceptibility, ¥ (i>2 is ith the order nonlinear susceptibility. The value of ¥ is often cal-

culated using the single oscillator parameters Eo; Ed and the photon energy [22, 30]. For isotropic medium, y" can be ex-

pressed as function of the linear refractive, given relation [22, 30-32].

EyE 2—1
O = 0%d == (11)

4 (E02 - (hﬂ)2> A

Third-order nonlinear optical susceptibility y” variation is determined through a combination of Miller’s principles and the

Wemple single oscillator model and is calculated from the equation.

2 4
ng—1
@ =a| ™2 )
4
Where n, is the static refractive index, A=1.7 10" (e.s.u) in the limit #1950 (n = n,) is a constant for all nonlinear material and is
assumed to be frequency independent. The nonlinear refractive index is evaluated through a combination of Miller’s principles

and static refractive index n,and given by [29, 33].

no = 12_7TX(3) (13)
no
Table 1 displays the computed y’, y” and n,. All the parameters increase with the thickness. In this investigation, we observed
a change in the refractive index with the thickness of the films. In certain materials, the refractive index change of the sample is
detected by monitoring the change in the output transmission. In such detection schemes, employing low-loss dielectric optical
micro-resonators can significantly improve the device's sensitivity. Moreover, the long photon lifetime for an optical signal trav-
elling inside these resonators is responsible of a strong interaction between the surrounding materials and the optical modes,

which makes the optical resonance frequency susceptible to perturbations.

The nonlinearity results from the increase in the nonlinear refractive index, as demonstrated by Shanmugavelu et al., 2013 [34].
This improvement may also result from the thickness due to the quantum size effects. This analysis shows that as-prepared ma-
terials are good candidates for all-optical switching applications, image processing, and suitable for various photonic applica-

3

tions like, high-speed communication devices, optical limiter, because molecules with high ¥ have high loss due to two-pho-

ton absorption [34].
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Dielectric Constant& Loss Factor

The dielectric and optical properties of the material are essential in defining the polarizability of the material. Thus, the com-
plex dielectric function which defines the reflection, the propagation and the optical loss in the material is vital for various op-
to-electronic and photonic applications. The governing complex dielectric function is given by the relation [35].

e =&, +ig; = (n+ik)* (14)

where ¢, and ¢;are the real and imaginary part of the dielectric constant and satisfying the following relations,

e, =n?—k? and ; = 2nk (15)
where n and k correspond to the linear refractive index and extinction coefficient of thin films.

The real part (¢,) characterizes the dispersion of light interacting within the material. It is also responsible for the decrease in
the propagation speed. The imaginary part (¢;) refers to the energy absorbed from the associated electric field due to the dipolar
movement. Figures 6a & b present the corresponding behaviour of ¢, and ¢, of the dielectric constant vs. the wavelength. These
behaviours suggest a decrease in the energy dissipated and an increase in the perturbation rate of the electromagnetic wave, as
indicated by [36]. Since ¢, and ¢; act as mirrors of the material characteristics, it is necessary to study these parameters, which
are essential to the design of photonics and optoelectronic devices. From er and &i, the dissipation factor or dielectric loss of
material can be described by the relation tan(6)= ¢/e; [37] where & is the loss angle. This parameter defines the phase difference
of loss energy at the considered frequency of the material. Figure 7 depicts the plot of this loss factor of as-prepared MnTPyP-P-
MMA thin films versus the photon energy. The corresponding behaviour results from the incapability of molecules to reorient

themselves with the incident electric field.

. . . - - -—
) 0 1050 1200 1350 1500 1850 1800 20059009000, MO0, 1300140071000 71600 518700 1600519
L(nm) Afnmi

Figure 6: (a) ¢, vs. A for the film at different thickness (b) €, vs. A for the film at different thickness.
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Figure 7: Dielectric loss factor at different thickness.
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Optical Conductivity (o,,) and Electrical Conductivity (o)

Optical conductivity represents the frequency response of the material exposed to the optical excitation. Moreover, in associa-
tion with the electrical conductivity gives the information related to the electronic state of the material. These two parameters

which depend upon A, #, & and ¢ are described by the useful equations as follow:

anc 2Aoopt
Oopt — — and Oglee = ———

4

where c the velocity of light.

The variation these two optical and electrical conductance (o
8a & b. The values of ¢

opt & 0,.) parameters are of as deposited thin film shown in Figure

opt increase with the film thickness. The increase in the optical conductance results from the increase in
absorption coefficient with /v, owing to the electronic excitation across the band due to the photon energy. The decreasing be-

haviour is observed with o, inversely proportional to a.

Sl
1,43:10" §
B |
- wy 1,32610" | E
o =
W
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Figure 8: Variation of (a) o,,

(b) o, at different thin film thickness of as-prepared.

The porphyrin-based donor-acceptor (D-A) systems have been explored over the years for their tunable optical and electronic
properties to improve the efficacy of many applications, including organic light emitting diodes, photodynamic therapy, nonlin-
ear optics, dye-sensitized solar cells, single molecule switches, photodetectors, window layers, sensors and many more. The pos-
sibility of tailoring the optical and electrical parameter values is a proper addition to the nano-fabric thin films of high-conduc-
tivity nanoparticles for enhancing the electrical conductivity by orders of magnitude but by applying an external magnetic or

electric field.

Conclusion

The MnTPyP-PMMA composite thin films at different thickness were prepared. The linear optical properties were recorded
through spectrophotometric measurements. It was found that the refractive index dispersion in the transparent region (i.e.
A>700 nm) obey the single oscillation model developed by Wempl Di-Domenico (WDD) single effective oscillator model and
the approximated refractive index was about 2.158, 2.297 and 2,367 at for 50 nm, 160 nm and 260 nm. The change in the disper-
sion behaviour prove the potential of developing high performant photonics and optoelectronic devices. The investigation of
optical conductivity revealed a hight values which confirm the presence of induced hight photo response of the material
whereas, lower electrical conductivity values indicate the semiconducting character of the material. The nonlinear refractive in-

dex 1, and the non-linear optical susceptibility y” obtained fascinating for the manufacture of nonlinear optical devices.
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