
 

Journal of Modern Materials 

ISSN: 2456-4834 
Volume 9, Issue 1, pp. 3-10, 2022 
DOI: https://doi.org/10.21467/jmm.9.1.3-10  

 

   

 

Copyright © 2022. The Author(s). Published by AIJR Publisher. 
This is an open access article under Creative Commons Attribution-NonCommercial 4.0 International (CC BY-NC 4.0) license, 
which permits any non-commercial use, distribution, adaptation, and reproduction in any medium, as long as the original work is 
properly cited. 

RE SE ARCH ARTICLE 

Synthesis and Characterization of Zinc (II) Phthalocyanine for 

Screening Potential Solar Cell Dye Application 
Connor Atkinson 

Department of Chemistry, University of Manchester 
* Corresponding author email: Connoratkinsonlad@gmail.com 

Received: 2 December 2021 / Revised: 16 December 2021 / Accepted: 05 January 2022 / Published: 12 January 2022 

A B S T R A CT  

Phthalocyanine molecules have the potential to be used in select Dye Sensitized Solar Cells (DSSCs) 

and Luminescent Solar Concentrators (LSCs), due to UV-Vis absorbance in the 300-450 (nm) Soret 

Band, corresponding to π HOMO-1 to π* LUMO transition and 550-690 (nm) Q-band, corresponding 

to π HOMO to π* LUMO transitions. In this study Tetranitro Zinc (II) Phthalocyanine is synthesized 

via base catalysis before the product is characterized via IR, 1H NMR & UV-Vis analysis. Assessing 

the desirability of the Tetranitro Zinc (II) Phthalocyanine as a solar organic semiconducting dye in 

DSSCs and LSCs. The desirability is assessed by novel computational DFT calculations, of the 

aggregation binding mode to deduce if Aggregation-Caused Quenching (ACQ) is occurring in the 

aggregated sample. ACQ is known to reduce DSSCs and LSCs generation of useful photo-active 

current. Aggregation-Caused Quenching (ACQ) is mathematically indicated in Phthalocyanine 

aggregation and Tetranitro Zinc (II) Phthalocyanine’s desirability is assessed for further use in DSSCs 

and LSCs.  

Keywords: Phthalocyanine, DFT, Dye Aggregation, Aggregation-Caused Quenching.  

1 Introduction 

Unsaturated hydrocarbons are neighbouring SP2 hybridised carbon atoms, arranged linearly. Neighbouring 

P(z) orbitals interact forming a new π bond, as 2 new molecular orbitals HOMO and LUMO form. The 

HOMO π-bond corresponds to 2 converged P(z) orbital wavefunctions. The LUMO π*-antibonding bond 

corresponds to 2 non-converged P(z) orbital wavefunctions. As the number of neighbouring P(z) orbitals 

increases, the number of orbital interactions increases, decreasing the band gap energy between HOMO, 

conduction band, and LUMO, valance band, frontier orbitals. Electrons will transition from their ground 

state energy, to an allowed excited state π to π*, and back, as electromagnetic radiation is absorbed. The 

wavelength of absorbed light in (nm) will correspond to the exited photon’s new energy state in (eV). With 

an electron being excited to the LUMO a hole must also be formed at the HOMO, resulting is a bound 

electron-hole pair.  

A Luminescent Solar Concentrator (LSC) consists of; Dye molecules doped into a transparent matrix 

material. Upon excitation & relaxation of the ye’s frontier electron, the emitted photonic energy becomes 

wavelength stoke shifted and trapped in the host matrix via internal reflection thus it’s guided towards the 

sides of the device. The concentrated photonic energy at the sides of the slab can then be converted into 

current via solar cells at the sides of the slab. A Dye Sensitized Solar Cell (DSSC) consists of; Dye molecules 

adsorbed onto an electron transporting material. Upon excitation of the dye’s frontier electron, the 

conducting electron becomes oxidized and trapped in the conducting surface thus forming a separated 

electron–hole pair. The electrons can then do work, via an electrical circuit, before being transferred to the 

electrolyte at the cathode and recombining with the dye molecule hole.  

Organic semiconducting dyes are vital to the development of emerging solar devices, such as Dye Sensitised 

Solar Cells (DSSCs) and luminescent Solar Concentrators (LSCs), as they yield conducting electrons and 

current [1,2]. Dye Sensitized Solar Cells contain an organic semiconducting dye adsorbed onto a porous 
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electron transporting material. [1,2] Low solubility of the organic semiconducting dye, at high 

concentrations, can lead to organic semiconducting dye aggregation absorbance onto the electron 

transporting material. Luminescent Solar Concentrators contain an organic semiconducting dye, as a 

lumophore, doped in a matrix [3,4]. Low solubility of the organic semiconducting dye with the matrix, at 

high concentrations, can lead to organic semiconducting dye aggregation in the matrix. Both aggregation in 

Dye Sensitized Solar Cells as well as Luminescent Solar Concentrators typically provides undesirable effects 

such as aggregation-caused quenching (ACQ), lowering solar cell device performance such as Short Circuit 

Current and Open Circuit Voltage [1,2]. This effect is very common for organic semiconducting dyes, 

theorised but not yet proven to result from p–p stacking interactions causing aggregation and thus 

aggregation-caused quenching [5,6]. 

Phthalocyanine is an organic semiconducting dye that’s notoriously insoluble, theorised to result from its 

conjugated π framework allowing p–p orbital stacking interactions to from between two Phthalocyanine 

molecules. Phthalocyanine isn’t normally desirable as a solar organic semiconducting dye, theorised to result 

from this aggregation limiting solar cell efficiencies. Many variations to phthalocyanines structures can be 

introduced however, to alter its ability to aggregate and thus altering its theorised aggregation-caused 

quenching [7,8]. Variations can potentially make Phthalocyanine more desirable as a solar organic 

semiconducting dye. Various phthalocyanine organic semiconducting dye structures have been created, 

each possessing different degrees of aggregation, by simply reacting unique phthalonitrile starting monomer 

structures together. Phthalocyanine aggregation might be limited, transformed or induced via various 

structural changes.  

Herein, we shall investigate the tetranitro Zinc Phthalocyanine variation. Assessing how the tetranitro Zinc 

structural variations, influence the organic semiconducting dyes aggregation [7,9]. 

Comparing UV-Vis data against DFT computed data, allowing the type of aggregation occurring between 

the two tetranitro Zinc Phthalocyanine variation molecules to be deduced as well as supporting the 

theorised cause of aggregation-caused quenching theory. Allowing the desirability of the solar organic 

semiconducting dye to be screened for application in further studies.  

2 Research Methodology 

All reagents and solvents, unless stated otherwise, were purchased from Sigma Aldrich Chemicals and were 

used without further purification. 

2.1 Tetranitro Zinc (II) Phthalocyanine Synthesis  

Tetranitro Zinc (II) Phthalocyanine was synthesised via the following synthetic methodology.  

0.34(g), 1.964(mmol) 4-Nitrophthalonitrile, was added into 5(mL) 1-Pentanol, in a 3-neck round bottom 

flask, fitted with a reflux condenser and magnetic stir bar, closing all openings with 3 rubber septa. The 

flask and reaction mixture were purged with nitrogen gas using a nitrogen gas filled balloon, fitted with a 

long needle submerged into the reaction solution.  

After purging the solution for 15 minutes, 0.125(g), 0.92(mmol) zinc chloride was added under nitrogen 

overpressure, followed by addition of 0.21(mL) DBU. The solution was then further purged with nitrogen 

gas for 10 minutes, to ensure inert nitrogen atmosphere had been achieved. The reaction mixture was then 

heated to 150(°C) for 15(h) under 1(atm) nitrogen atmosphere, by attaching a nitrogen balloon to the top 

of the condenser, imitating the reaction. 

The mixture was cooled to room temperature for 10 minutes, then 20(mL) of methanol was added to the 

solution before cooling over an ice bath, allowing the Tetranitro Zinc (II) Phthalocyanine crude product to 

precipitate out of solution. The crude product was washed to remove synthesis impurities. The dark blue 

to dark green product was then obtained by vacuum Buchner filtration and washed sequentially with 

Ethanol, Methanol, water, 5% hydrogen chloride solution and water, utilising 5(mL) of each solvent leaving 

a refined final product with no impurities.  

http://journals.aijr.org/
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2.2 Characterization Equipment 

FT-IR and ATR-IR spectroscopy were completed using, Spectrum 100 (Perkin Elmer)/Alpha (Bruker), 

(Specac Goldengate/ embedded platinum) with a scan range of 550-4000(cm-1), wavenumbers are reported 

in cm-1. 1H NMR spectra were recorded using, 500MHz Bruker Advance III HD NMR spectrometer 

(equipped with a broadband ambient probe). UV-Vis spectroscopy were carried out using a Analytik Jena 

Specord 50 Spectrophotometer scan range 190–1100(nm), wavelengths are reported in nm. TD-DFT are 

completed with Orca 4.2.1, in good accordance with the orca user manual and best practices for 

Phthalocyanine molecules. Input files are created utilizing: BP86/def2-SVP optimized geometries for all 

atoms but Metals were def2-TZVP was chosen, both applying RIJCOSX auxiliary basis set and Tight-SCF 

fitting parameters. 

2.3 Tetranitro Zinc (II) Phthalocyanine Characterisation  

The solid product was vacuum and oven dried. 0.2679(g), 0.3534(mmol) of product was obtained, a 72% 

yield, and characterised via solid-state ATR-IR, NMR and UV-Vis spectroscopy, to deduce if the reaction 

had successfully yielded Tetranitro Zinc (II) Phthalocyanine and deduce the how the tetranitro Zinc 

structural variations, influence the organic semiconducting dyes aggregation.  

The sparingly soluble NMR sample was filtered thought cotton before analysis, limiting particulate 

concentration and thus aggregation to measure reduced aggregated samples. High concentration UV-Vis 

samples were created, at 0.00009011(M), 0.0001759(M), 0.0002577(M) & 0.0003358(M) concentrations, 

inducing aggregation to measure induced aggregated samples. 

ATR-IR spectra is show in table 1, 1H NMR spectra is shown in table 2, UV-Vis spectra is shown if figure 

1 and all important data is discussed in associated text. All computational data is produced for comparison 

of experimental data, with pure gas phase DFT calculated data and to support aggregation-caused 

quenching theory via calculated p-p bonding.  

3 Results and Discussion 

3.1 ATR-IR Results 

The ATR-IR plot of Tetranitro Zinc (II) Phthalocyanine product analysis was produced and is presented 

in Table 1. 

Table 1: Tetranitro Zinc (II) Phthalocyanine ATR-IR spectra data 

Wavenumber (cm-1) Assignment 

1518 NO2 

1338 NO2 

3420 Aromatic C-H 

1090 

 

C=C 

1602 

 

C=N 

725 

 

C-N-C 

Table 1 indicates the formation of Tetranitro Zinc (II) Phthalocyanine with 1518(cm-1)/1338(cm-1) nitro 

group and 3420(cm-1)/1090(cm-1)/1602/725(cm-1)/696(cm-1) Phthalocyanine metal organic framework, 

observed.[10] 

3.2 1H NMR Results 

A low aggregation 1H NMR spectra of Tetranitro Zinc (II) Phthalocyanine product was produced and is 

presented in Table 2. 

http://journals.aijr.org/
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Table 2: Tetranitro Zinc (II) Phthalocyanine 1H NMR spectra data 

Shift (PPM) Integration Assignment 

8.1335 0.4202 Aggregated Aromatic C-H 

7.2924 0.5733 2 Aromatic N-H 

7.2812 1.2275 4 Aromatic C-H 

7.1772 1 4 Aromatic C-H 

7.0753 1.0618 4 Aromatic C-H 

 

Table 2 indicates the formation of Tetranitro Zinc (II) Phthalocyanine, with distinctive 3 singlet aromatic 

peaks, 7.2812, 7.1772 and 7.0753(ppm), having integrations of 1.2275, 1.0000 and 1.0618 respectively.[11] 

Table 2 supports low aggregation sample formation, as an NMR peak was observed, at 8.1335 ppm, 

enjoying an integration of 0.420 and low integration value, due to downfield drifting.[12] NMR sample 

aggregation is far lower than that seen in Figure 1 UV-Vis samples, due to the sample concentrations.[5,6] 

3.3 UV-Vis Results 

Figure 1 high aggregation UV-Vis spectra of Tetranitro Zinc (II) Phthalocyanine product was produced. 

 

Figure 1: Tetranitro Zinc(II) Phthalocyanine experimental UV-Vis spectra at 0.00009011(M) 0.0001759(M) 

0.0002577(M) & 0.0003358(M) 

Analysis confirmed the formation of Tetranitro Zinc (II) Phthalocyanine, with both characteristic Q band 

in the 600–850(nm) regions and Soret band in the 300-450(nm) region are seen in figure 1. Literature reports 

of Phthalocyanine concentrations at 10-5(M) and 10-4(M), supported Tetranitro Zinc (II) Phthalocyanine 

aggregation occurring, in the UV-Vis sample, as indicated by the broadened and red-shifted spectra also 

seen in figure 1 [5,6]. With concentrations >10-5(M) reporting notably broad, red-shifted Q and Soret 

absorbance compared to ranges <10-5(M) distinctive of aggregation.[13] 

3.4 DFT Computational Results 

To confirm if aggregation was occurring, in figure 1, gas phase TD-DFT were computed calculating an 

ideal Soret range for gas phase Tetranitro Zinc (II) Phthalocyanine. Figure 2 displays the orbital 

configuration diagrams of HOMO-1, HOMO & LUMO, Tetranitro Zinc (II) Phthalocyanine respectively. 

http://journals.aijr.org/


7 
 

ISSN: 2456-4834 
Available online at Journals.aijr.org 

Connor Atkinson, J. Mod. Mater.; Vol. 9, Issue 1, pp: 3-10, 2022 

 

 

 

Figure 2: D4h Tetranitro Zinc (II) Phthalocyanine orbital diagrams of  

(a)HOMO-1 (b)HOMO & (c)LUMO 

TD-DFT computed ideal Soret absorbance region, corresponding to a π HOMO-1 to π* LUMO transition, 

for pure gas phase Tetranitro Zinc (II) Phthalocyanine ranged between 613-632(nm). TD-DFT computed 

Soret band absorbance range is supported by literature with absorbance reported between 610-690(nm) 

region [14,15]. The TD-DFT range isn’t supported by the experimental data reported in figure 1 of between 

600-800(nm) and comparison of the two ranges is scientifically significant, with a P value of 0.047. The 

discrepancy is believed to result from the TD-DFT computed results not accounting for aggregation, as 

Figure 2 demonstrates, only ideal gas phase Tetranitro Zinc (II) Phthalocyanine is computed. 

3.5 Tetranitro Zinc (II) Phthalocyanine Binding Mode 

NMR data in Table 2 and UV-Vis data in figure 1 both indicated aggregations was occurring, to varying 

degrees. 1H NMR data in table 2, experimentally indicated aggregation was occurring with downfield 

drifting theorised to occur from nitro to zinc electron donation.[12] UV-Vis data in figure 1, experimentally 

indicated aggregation was occurring with red shifting, compared to gas phase TD-DFT calculated ranges, 

http://journals.aijr.org/
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theorised to occur from Phthalocyanine J-type aggregation.[5,6] Thus the binding mode of Phthalocyanine 

was deduced as J-type aggregation resulting from nitro to zinc binding illustrated in figure 3. 

3.6 Tetranitro Zinc (II) Phthalocyanine Aggregation-Caused Quenching  

With the aggregation binding mode of Tetranitro Zinc (II) Phthalocyanine deduced, the computational 

DFT calculations of aggregated Tetranitro Zinc (II) Phthalocyanine could be completed to deduce if 

aggregation-caused quenching was occurring in Phthalocyanine as theorised or alternative energy transfer. 

Figure 3 illustrates the orbital diagrams of the expected Tetranitro Zinc (II) Phthalocyanine aggregated 

binding mode. DFT computational modelling of the Zinc (II) Phthalocyanine aggregated complex was 

completed, and confirmed theorised binding mode and supported aggregation-caused quenching theory.  

 

Figure 3: Phthalocyanine dimer complex (a)HOMO & (b)LUMO orbital diagrams 

Aggregation-Caused Quenching theory was supported by the Tetranitro to metal centre aggregation binding 

mode of Tetranitro Zinc (II) Phthalocyanine, allowing increased π-π* transitions between the complex 

aromatic units. Increased π-π* transitions influencing the sample UV-Vis via broadening of the absorbance 

ranges. Phthalocyanine J-type aggregation, has experimentally been shown to be somewhat favourable for 
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use in solar cells although as previously mentioned any aggregation limits solar cell efficiency at generating 

useful electrical current [1,2]. 

4 Conclusions 

Tetranitro Zinc (II) Phthalocyanine has successfully been synthesised via DBU catalysis, in 72% yield as 

confirmed via ATR-IR, 1H NMR and UV-Vis analysis of product. Tetranitro Zinc (II) Phthalocyanine UV-

Vis analysis, of both Q & Soret bands are notably broad and red shifted, characteristic of Phthalocyanine 

aggregation. UV-Vis and NMR aggregation data were used to deduce the type of aggregation occurring in 

the complex and J-type aggregation is indicated, previously reported to limit Phthalocyanine use in solar 

cells. J-aggregation is theorised to occur due to aggregation of the Phthalocyanine sample, resulting from 

Tetranitro-substituent and metal centre binding variations, allowing π-π* interactions between interacting 

P(z) orbitals, supported by red-shifting and downfield drifting resulting from electron density donation to 

metal centre. Novel computational DFT calculations on the suspected J-type aggregation, binding mode of 

the sample seem to indicate the theorised aggregation-caused quenching theory is possible and occurring 

in the aggregated sample. This Novel approach potentially opens up the option for further screening of dye 

molecules aggregated binding mode in future studies to deduce if aggregation-caused quenching is occurring 

or a more desirable of energy transfer path. As this study has shown Tetranitro Zinc (II) Phthalocyanine 

has a strong tendency to aggregate, resulting in aggregation-caused quenching and thus leading to 

Phthalocyanine being ineffective at generating useful photo-charges, Tetranitro Zinc (II) Phthalocyanine is 

still recommended as undesirable as a solar organic semiconducting dye for use in future studies, at this 

concentration.  
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