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Abstract 

Zinc phthalocyanines containing one (mono carboxy phenoxy, ZnMCPPc), four (tetra 

carboxy phenoxy, ZnTCPPc), and eight (tetra isophthalic acid, ZnTIPAPc) carboxyl 

groups were covalently conjugated to amine-functionalized glass wool (GW). The GW-

Pcs were characterized and evaluated for singlet oxygen generation. The photocatalytic 

efficiencies of the GW-Pcs were assessed using methyl orange. Glass wool alone and 

the modified conjugates exhibited low to no photodegradation in the dark. The improved 

catalytic rate was observed for GW-ZnMCPPc and GW-ZnTCPPc compared to GW-

ZnTIPAPc due to the latter's lower singlet oxygen quantum yield generation. In addition, 

the modified glass wool was recyclable, making them suitable candidates for future 

environmental applications.  
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1. Introduction 

Metallophthalocyanines (MPcs) are macrocyclic complexes with attractive qualities such 

as easy preparation in large quantities, structural modification, and thermal and chemical 

stability due to their  - conjugated structure [1]. These complexes have been used 

extensively in various applications. They are known to be one of the oldest dyes used in 

different areas of research, including catalysis, chemical sensors, liquid crystals, laser 

dyes, light-emitting diodes, nonlinear optics, photodynamic therapy (PDT), and 

photodynamic antimicrobial chemotherapy (PACT) [2-7]. Reactive oxygen species (ROS) 

such as singlet oxygen are essential for applications of Pcs as photocatalysts. MPcs 

containing heavy diamagnetic central metals have high singlet oxygen-generating 

abilities [8]; hence, this work focuses on using Zn as a central metal.  

For practical applications in photocatalysis, immobilization of MPcs onto supports through 

either mixing, self-assembly, or covalent linkage [9-12] is important. Among these 

approaches, only covalent linkage can avoid catalyst leaching and contamination. 

Therefore, this work concentrates on chemically linking the MPcs to glass wool. Glass 

wool (GW) is an inexpensive, easily adaptable material commonly used for thermal 

insulation, filters, and adsorbent bed [13,14]. In this work, GW was modified with 3-

aminopropyltriethoxysilane (APTES) [15] to provide amino groups for coordination to the 

COOH of the MPc. MPcs have been linked to supports such as electrospun fibers or 

membranes for the degradation of pollutants [16-18]; but, to the best of our knowledge, 

this is the first-time GW is linked to MPcs.  

To test the photocatalytic activity of the GW-MPcs materials, methyl orange (an azo dye) 

is used as a model pollutant. Azo dyes are common synthetic dyes widely used in various 
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fields, including textile industries and paper printing, and is commonly found in industrial 

effluents [19]. Herein, we report on the photodegradation properties of a family of ZnPcs 

– mono carboxy phenoxy (ZnMCPPc), tetra carboxy phenoxy (ZnTCPPc), and tetra 

isophthalic acid (ZnTIPAPc) Zn phthalocyanines – when linked to GW to form GW-

ZnMCPPc, GW-ZnTCPPc, and GW-ZnTIPAPc respectively. 

2. Experimental 

2.1. Materials 

3-Aminopropyltriethoxysilane (APTES), tetrahydrofuran (THF), dimethylformamide 

(DMF), dimethyl sulfoxide (DMSO), N,N′-dicyclohexylcarbodiimide (DCC), anthracene-

9,10-diyl-bis-methylmalonate (ADMA),  ZnPc (standard), 1,3-diphenylisobenzofuran 

(DPBF), and methyl orange were purchased from Sigma-Aldrich. Deuterium oxide (D2O) 

and ethanol were purchased from Merck. Non-treated glass wool Aldrich catalog #: 20384 

was used. The syntheses of ZnMCPPc, ZnTCPPc, and ZnTIPAPc have been reported 

[20,21].  

2.2. Synthesis 

2.2.1. Glass wool functionalization (Scheme 1)  

To three pretreated round bottom flasks (pretreatment is explained in the Supporting 

Information) containing 200 mL of high-performance liquid chromatography grade toluene 

were used to mix GW (1.00 g) and 2, 4, and 8 mL of APTES were added. The mixtures 

were refluxed at 110 oC for 18 h. The resulting APTES functionalized glass wools (GW-

APTES) were vacuum filtered, washed with toluene and acetone, and dried in the oven 
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at 100 oC overnight. The resulting glass wools are represented as GW-2-APTES, GW-4-

APTES, and GW-8-APTES, for 2, 4, or 8 mL APTES.  

2.2.2. GW-Pc conjugate synthesis (Scheme 2) 

GW-4-APTES (used for reasons explained below) was conjugated to ZnMCPPc, 

ZnTCPPc, and ZnTIPAPc via an amide bond. The Pcs (ZnMCPPc (5.7 mg, 0.008 mmol), 

ZnTCPPc (8.9 mg, 0.008 mmol) or ZnTIPAPc (10 mg, 0.008 mmol)) and DCC ((2.4 mg, 

0.012 mmol), (9.7 mg, 0.048 mmol) and (19.4 mg, 0.096 mmol) for ZnMCPPc, ZnTCPPc 

and ZnTIPAPc, respectively) were dispersed in dry DMF (5 mL) and stirred at room 

temperature for 24 h. After this time, the activated MPcs were separately added to three 

beakers containing GW-4-APTES (100 mg) immersed in dry DMF (10 mL). The mixtures 

were stirred at room temperature for 72 h. Then, the reaction mixtures were filtered under 

a vacuum, and the glass wool was washed with methanol, THF, water, and acetone; and 

dried in the oven. The glass wool was further purified on a Soxhlet extractor using water 

to remove any unbound MPcs producing blue GW-ZnMCPPc, GW-ZnTCPPc, GW-

ZnTIPAPc. 

2.3. Photophysical and photochemical parameters 

Fluorescence quantum yield for ZnMCPPc, ZnTCPPc, and ZnTIPAPc was studied using 

the comparative methods previously reported [22] using ZnPc (ΦF = 0.20 [23]) in DMSO 

as a standard. The singlet oxygen quantum yield (ΦΔ) for the Pcs in DMSO were 

determined using comparative methods with ZnPc as the standard in DMSO (ΦΔ = 0.67 

[24]) and DPBF as a quencher. ΦΔ values for GW-ZnMCPPc, GW-ZnTCPPc, and GW-

ZnTIPAPc were studied using the absolute method reported before [25] using ADMA as 

a quencher (equations are shown in Supporting Information).  

https://www.sciencedirect.com/topics/chemistry/amide
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2.4. Photodegradation of methyl orange (MO) 

GW-Pc (10 mg) conjugates were immersed in 3 mL of aqueous MO solutions (1.65 – 8.25 

× 10-5 M) and illuminated with Modulight 690 nm laser (irradiance of 1.0 W/cm2) at 15 min 

intervals. For reusability studies, the used glass wool was repeatedly washed with 

deionized water and air-dried overnight, and the process was repeated twice.  

3. Result and Discussion 

3.1. Characterization of Pc  

Mono carboxy phenoxy (ZnMCPPc), tetra carboxy phenoxy (ZnTCPPc), and tetra 

isophthalic acid (ZnTIPAPc) substituted zinc phthalocyanine was synthesized as reported 

in the literature [20,21] and they gave a satisfactory characterization data in this work, as 

reported in literature. The mass spectra (Fig. S1(A-C), Supporting Information) of 

ZnMCPPc, ZnTCPPc, and ZnTIPAPc gave m/z peaks at 713.255 [M]+, 1120.072 [M]+, 

and 1299.655 [M+4H]+, respectively, corresponding to the proposed zinc phthalocyanine 

structures. FT-IR spectra are also provided in the supporting information, Fig. S2. UV-Vis 

absorption spectra (in DMSO) for all complexes (Fig. 1A) show an intense single Q-band 

between 674-680 nm (Table 1), vibronic bands at 609-612 nm, and B-bands at 337-360 

nm corresponding to reported values.  The Q band redshifts with an increase in the 

number of COOH groups, even though it has been reported that MPc dyes containing 4, 

8, or 16 carboxylic acid groups exhibited similar Q-band maxima [26]. Upon excitation at 

610 nm, the MPcs exhibit weak fluorescence emission at 681-688 nm (Fig. 1B) with 

fluorescence quantum yields of 0.16, 0.09, and 0.06 for ZnMCPPc, ZnTCPPc, and 

ZnTIPAPc, respectively. Thus, the fluorescence quantum yields decrease with the 



6 
 

increase in the number of COOH groups. The singlet oxygen quantum yield values for 

the complexes in DMSO ranged from 0.24 to 0.44. 

3.2. Characterization of GW, GW-APTES, and GW-Pc conjugates 

Commercial glass wool was functionalized with amine groups through the addition of 

APTES. The APTES treatment of the glass wool enabled the GW-Pc conjugation. The 

physical appearance of each sample is shown in Fig. 2. The attachment of APTES to GW 

(Scheme 1) was achieved through self-assembly, as reported in the literature [27].  

3.2.1. Optimization 

The amount of APTES attached to GW was evaluated by 1H NMR spectroscopy (Figure 

S3). Using the quantitative NMR method (and maleic acid as a standard), duplicates of 

each sample (GW-2-APTES, GW-4-APTES, and GW-8-APTES) were tested as reported 

before [28]. GW-2-APTES showed no APTES content, meaning little or no APTES was 

attached to GW. For GW-4-APTES and GW-8-APTES, three individual signals 

(multiplets) at 2.35-2.42, 1.29, and 0.27-0.23 ppm corresponding to the CH2 peak present 

on the APTES can be distinguished. Quantitative analysis of the APTES content suggests 

only GW-4-APTES has a measurable amount of APTES attached to the GW. Henceforth, 

only the results for GW-4-APTES (0.96 mg (2.8 WT%) of APTES in 34 mg of GW) will be 

discussed.  

The amine moiety of the GW-4-APTES was reacted with the -COOH groups from the 

zinc phthalocyanine, forming an amide bond, Scheme 2. The linked conjugates were 

characterized using energy-dispersive X-ray (EDS), time-of-flight-secondary ion mass 

(ToF-SIMS), solid-state UV-Vis, and X-ray photoelectron spectroscopies and by 

scanning electron microscope (SEM). 
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3.2.2. Scanning electron microscope (SEM) and energy-dispersive X-ray 

spectroscopy (EDS)  

Figure 3 shows SEM images of the unmodified and modified GWs. Pristine GW shows a 

glass fiber with small NaCl crystalline particles attached [15]. Upon modification, the GWs 

retain the same roughness and diameter of the glass fiber. The estimated elemental 

composition for GW, GW-APTES, ZnTIPAPc, and GW-ZnTIPAPc was determined by 

EDS and is shown in Fig. 4. EDS analysis shows that commercial glass wool contained 

various elements, including Na, Si, and Ca. Upon modification with APTES, there was 

evidence of N content and an increase in the intensity of Si, confirming the presence of 

APTES in the glass wool. The GW-ZnTIPAPc spectrum shows an increased intensity of 

N (when compared to APTES-GW) and a Zn peak, attributed to the conjugation of the 

zinc phthalocyanine.   

3.2.3. Time-of-flight-secondary ion mass spectrometry (ToF-SIMS) 

ToF-SIMS was used to study the mass distribution of GW, GW-APTES, and GW-

ZnTCPPc, Fig. 5. The positive mode was used to assess the intensities of CH3O+ (m/z = 

31.03) and C3H7
+ (m/z = 43.09), which are characteristic peaks for APTES [29], and the 

negative mode was used to identify CN- (m/z = 26.02) used as a marker for ZnPc [30]. As 

demonstrated in Fig. 5, C3H7
+ ions were present in all samples and increased upon adding 

APTES and the ZnPc. CH3O+ ions had a higher intensity in GW-APTES and were well 

distributed on the glass wool, confirming the presence of APTES. The decrease in 

intensity (compared to GW-APTES) observed for both C3H7
+, and CH3O+ masses on GW-
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ZnTCPPc is due to ZnTCPPc covering some C3H7
+ / CH3O+ rich regions. The CN- ions 

increased (compared to GW-APTES) by three folds following conjugating to CN- rich 

ZnTCPPc.  

3.2.4. X-ray Photoelectron Spectroscopy (XPS) 

XPS was used to analyze the chemical composition of the GW, GW-APTES, ZnMCPPc, 

and GW-ZnMCPPc. The deconvoluted C1s and N1s spectra are shown in Fig. 6. The C 

1s of GW showed two signals at 282.7 and 283.9 eV corresponding to C-C and C-H 

bonds, respectively [31], while the N 1s depicted no signal complimenting the EDS 

results. The C 1s spectra of the GW-APTES showed an additional peak at 286.3 eV 

related to the C-N peak arising from the attachment of APTES to the glass wool [32]. The 

high-resolution N 1s spectrum for GW-APTES exhibited two peaks at 397.3 and 398.9, 

assigned to -NH2 and NH3
+ [33], respectively. Typical C 1s and N 1s spectra were 

obtained for a carbonyl-containing Pc, whereby three peaks at 283.3 (C-C), 285.2 (C=N), 

and 237.1(COOR) eV were obtained for C1s, and two peaks at 397.9 (C-N=C), and 399.4 

(N-H) eV were observed for N 1s [34,35]. The high-resolution spectra were further used 

to prove the formation of an amide bond between the ZnPcs and GW-APTES. The 

deconvoluted N 1s spectrum for GW-ZnMCPPc showed an additional peak at 400 eV, 

corresponding to the N-C=O bond.  

3.2.5. Thermogravimetric Analysis (TGA) 

Furthermore, the loading of the ZnPc complexes onto the glass wool was determined 

using the TGA method [36]. The TGA thermograms of GW-APTES (TGA profile for GW 

was similar to the GW-APTES; hence GW is not included in the plot), ZnMCPPc, and 
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GW-ZnMCPPc are shown in Fig. 7 in the range of 50-800 ⁰C under a nitrogen 

atmosphere. The weight loss observed was 1.22 %, 4.22 %, and 83.45 % for GW-APTES, 

GW-ZnMCPPc, and ZnMCPPc, respectively, at 800C. Using the GW thermogram curve 

as a reference, the decomposition profiles of ZnPc in GW-Pcs were used to determine 

the loading values. The obtained values are summarized in Table 1. GW-ZnMCPPc and 

GW-ZnTCPPc had slightly higher values of 0.0365 and 0.0334 wt% Pc on GW, while GW-

ZnTIPAPc had a lower value of 0.0184 wt%. The lower loading observed for GW-

ZnTIPAPc may be due to aggregation.  

3.2.6. Solid-state UV-Vis electronic absorption spectra 

The solid-state UV-Vis spectra of all the samples are shown in Fig. 1C. GW-APTES 

showed a slight enhancement in absorbance compared to GW from 550 nm to 350 nm. 

After conjugation, the phthalocyanine profile is maintained for all conjugates. The spectra 

of the GW-Pc conjugates showed the characteristic phthalocyanine Q band and the 

broadening of the B band region. Noticeably, the Q-bands appear to broaden and red-

shift (Table 1), a feature commonly found in the solid-state of Pcs [37]. The broad peaks 

are expected in solid-state due to aggregation [38], which is judged by the split in the Q 

band with the low energy band being due to the monomer and the high energy band due 

to the so-called H-aggregate. Aggregation is due to the π–π stacking interaction of 

the aromatic rings of Pcs. Table 1 lists the peaks for the monomer. GW-ZnTIPAPc 

showed a more prominent peak due to the aggregate relative to the monomer peak than 

the other two Pcs. Hence GW-ZnTIPAPc showed more aggregation.  

https://www.sciencedirect.com/science/article/pii/S2468823117303358#bib0215
https://www.sciencedirect.com/topics/chemistry/aromatic-structure
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3.2.7. Singlet oxygen quantum yield (ΦΔ) 

The ability of the photoactive glass wool to generate phototoxic singlet oxygen is 

essential. The rate of singlet oxygen produced was studied in the presence of anthracene-

9,10-diyl-bis-methylmalonate (ADMA). A time-dependent degradation of the absorbance 

of ADMA was monitored spectroscopically (Fig. 8, using GW-ZnMCPPc as an example) 

and the results are summarized in Table 1. Control experiments were conducted in the 

dark and showed negligible change (Fig. 8: insert). Upon photoirradiation, there was 

evidence of 1O2 demonstrated by the decrease in ADMA absorption with an increase in 

the photoirradiation times (Fig. 8). The calculated singlet oxygen quantum yields were 

0.38, 0.35, and 0.22 for GW-ZnMCPPc, GW-ZnTCPPc, and GW-ZnTIPAPc. The low ΦΔ 

value for GW-ZnTIPAPc is due to the higher degree of aggregation discussed above. 

Both GW-ZnMCPPc and GW-ZnTCPPc showed less aggregation than GW-ZnTIPAPc 

with GW-ZnMCPPc having a high ΦΔ due to improved loading onto the glass wool. The 

studies were repeated in the presence of NaN3, a singlet oxygen inhibitor, and the efficacy 

of the photocatalyst to produce singlet oxygen decreased (Fig. 8: insert), further 

supporting GW-Pc conjugate’s ability to produce singlet oxygen. In addition, Fig. 8 

exhibited no absorption from the 500-800 nm region, confirming no leaching of the Pc 

from the conjugates.  

3.3. Photocatalytic activity study 

The phthalocyanines conjugated to glass wool were applied for methyl orange bleaching. 

For accuracy, the photocatalytic experiments were done in triplicate per GW-Pc sample. 
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3.3.1. Adsorption in the dark 

The MO adsorption onto GW support was determined in 15 min intervals, and the % of 

adsorption is shown in Fig. S4 (Supporting Information). Adsorption is determined from 

the decrease in the UV-Vis absorption profile of MO. At the beginning of the study, 0-15 

min, there was a considerate amount of dye adsorbed by all three GW-Pc conjugates. 

After 15 min, the adsorption rate stabilized. Henceforth, the kinetics studies discussed 

below include a 15 min equilibrium period in the dark.  

3.3.2. UV-vis absorption spectroscopy studies 

The photobleaching of methyl orange was conducted using pristine GW as a control and 

the ZnPc conjugated glass wools at different concentrations. The studies were completed 

using an MO solution at pH 7.2. The UV-vis absorption spectrum of methyl orange (Fig. 

S5) shows two bands at 275 nm (band related to benzene rings) and 466 nm (band 

related to the chromophore N=N) [39-41]. Fig. 9 shows the change in the absorption 

spectra of MO in the presence of GW, GW-ZnMCPPc, GW-ZnTCPPc, and GW-ZnTIPAPc 

at varying irradiation times. There was a rapid decrease of the 466 nm band – suggesting 

the azo bond’s decomposition and the formation of an amine-containing compound [42], 

and a steady blue shift of the benzene ring absorption from 275 to ~255 nm. Thus, the 

changes in the spectra are attributed to a photochemically induced process rather than 

dye surface adsorption.   

3.3.3. Kinetic study 

The kinetic study of the photo-bleaching of MO at different initial concentrations (1.65 × 

10-5 M, 3.30 × 10-5 M, 4.95 × 10-5 M, 6.60 × 10-5 M, and 8.25 × 10-5 M) was carried out in 

the presence of 20 mg of GW-ZnMCPPc, GW-ZnTCPPc, and GW-ZnTIPAPc. The linear 
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kinetic plots indicate that the reactions follow pseudo-first-order kinetics, Fig.10(A). The 

initial rates increased with the increase of MO concentration for both GW-ZnMCPPc and 

GW-ZnTCPPc, while for GW-ZnTIPAPc, the converse was observed in Table 2. The initial 

rates for GW-ZnMCPPc and GW-ZnTCPPc are comparable, while GW-ZnTIPAPc has a 

lower rate due to low singlet oxygen quantum yields for the latter, Table 2. The kobs values 

decreased with increased MO concentrations. This means that the photocatalytic activity 

of the employed photocatalysts decreases as the amount of MO increases. The GW-

ZnTIPAPc conjugate had more than doubled the half-life of both GW-ZnMCPPc and GW-

ZnTCPPc, further supporting the efficiency of the latter conjugates in degrading the 

pollutant. The kobs values (and % efficiencies) are highly dependent on the concentration 

of the analyte, however, Table 3 shows that the values in this work are comparable to 

those reported in literature and even better in some cases [43-46].  

Furthermore, the degradation of methyl orange (3.3 × 10-5 M) by the GW-Pc conjugates 

was investigated under different light sources, namely, white light (λ~380-750 nm), in the 

presence of a blue light (λ~450-495 nm), Thorlabs M530L3 LED (λ ~ 530 nm), Thorlabs 

M730L3 LED (λ ~ 730 nm) and Modulight 7710-690 RHO laser system (λ ~ 690 nm). For 

comparison, each light source was adjusted to the irradiance of 110 mW/cm2, and the 

change in MO concentration is presented in Fig.10(B). From the results, the order of 

degradation activity was white light > 690 nm > 730 nm > blue light > 530 nm. The lack 

of Pc absorption intensity at 530 nm resulted in a lower degradation activity, while the 

combination of all the wavelengths (white light) produced the maximum degradation 

activity. This observation was important to establish the potential practical applications of 

the GW-Pcs nanocomposite in the presence of solar radiations. 
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3.3.4. Catalyst reusability 

The stability of the conjugated Pc is imperative for these applications. Therefore, the 

photodegradation process was repeated three times. Each experiment was carried out 

under the same conditions. After each experiment, the photocatalysts were washed, air-

dried, and reused. The kinetics data are summarized in Tables S1 and S2. The 

degradation efficiency after the third cycle was above 80% for both GW-ZnMCPPc and 

GW-ZnTCPPc but lowered to 62.2% for GW-ZnMCPPc when using an MO concentration 

of 3.30  10-5 mol/L.  The decrease in activity may be due to the permanent adsorption of 

the products onto the support.  

Furthermore, the integrity of the reused glass wool conjugates was assessed via SEM 

and solid-state UV-vis. After the final catalytic cycle, the photocatalysts were washed, air-

dried, and prepared for analysis. The SEM micrographs (Fig. S6 (a-b)) showed that the 

GW-Pcs conjugates retained their structural integrity; the solid-state UV-vis (Fig. S6 (c)) 

showed no significant change after three photodegradation cycles. Due to this stability, 

the GW-Pc composite could be used for sustainable methyl orange degradation. The 

photodegradation of methyl orange using Pc based catalysts has been reported to yield 

poly(catechol) and 2-amino-5(3-hydroxy-4-oxo-cyclohexa-2,5-dienylideneamino)-

benzene sulphonic acid as degradation products [47], using direct injection into ion trap 

mass spectrometer fitted with an electrospray ionization (ESI-MS).  

3.5. Mechanism 

The excitation of the photocatalysts initiates the photodegradation process (Scheme 3) 

from the ground state (So) to the singlet excited state (S1). Due to the presence of heavy 

atoms from zinc-containing photocatalysts, the excited photocatalysts undergo 
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intersystem crossing to the triplet state (T1), where it interacts with molecular oxygen to 

produce singlet oxygen or other reactive oxygen species (ROS), which causes 

photobleaching of MO.  

4. Conclusion 

Commercially available glass wool was successfully modified with amine groups and was 

linked to zinc phthalocyanines. The resulting photocatalysts were characterized using 

various techniques, and singlet oxygen production was determined in aqueous media. 

GW-Pcs conjugates exhibited low adsorption of the pollutant. The degradation of methyl 

orange relies on the production of singlet oxygen. After three cycles, these photocatalysts 

were recyclable, and two of them maintained over 80% catalytic activity. These results 

indicate promising properties of the GW-Pcs conjugates, and the ability to degrade 

organic pollutants has excellent potential in critical environmental applications.  
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Scheme 1: Synthetic route illustrating the functionalization of glass wool with APTES. 

 

Scheme 2: Conjugation of glass wool to phthalocyanine through amide bond formation. 
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Scheme 3: Mechanism for the formation of singlet oxygen and ROS species towards 

the photodegradation of methyl orange. 
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Figure 1: (A) Normalized UV-vis spectra and (B) emission spectra of ZnMCPPc, 

ZnTCPPc, and ZnTIPAPc in DMSO. (C) Solid-state UV-Vis spectra of GW, GW-4-

APTES, GW-ZnTCPPc, GW-ZnTIPAPc, and GW-ZnMCPPc. 
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Figure 2: Glass wool images of (A) GW, (B) GW-APTES, (C) GW-ZnMCPPc, (D) GW-

ZnTCPPc, and (E) GW-ZnTIPAPc.  
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Figure 3: SEM micrographs for a) GW, b) GW-4-APTES, c) GW-ZnMCPPc, and d) GW-

ZnTCPPc. 
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Figure 4: EDS spectra of (i) GW, (ii) GW-4-APTES, (iii) ZnTIPAPc, and (iv) GW-

ZnTIPAPc. 
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Figure 5: ToF-SIMS images of GW, GW-4-APTES, and GW-ZnTCPPc. The image area 

was 150 µm×150 µm, and the total ion dose was ~1.79 × 1013 ions/cm2. 
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Figure 6: The deconvoluted (A.) C1s and (B.) N1s XPS spectra of GW, GW-APTES, GW-

ZnMCPPc, and ZnMCPPc. 
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Figure 7: TGA thermograms of GW-APTES, GW-ZnMCPPc, and ZnMCPPc. 
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Figure 8: Absorption changes of ADMA in water vs. time using GW-ZnMCPPc under 

irradiation with Modulight laser, irradiance = 450 mW/cm2 (ADMA concentration = 4.5 

×10-5 M). Insert: Plot of ΔA for ADMA (380 nm) when irradiated with light, in the presence 

of NaN3, and in the dark.  
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Figure 9: Time-dependent UV/Vis absorption analysis of photodegradation of methyl 

orange (3.3 × 10-5 M) in the presence of (A) GW, (B) GW-ZnMCPPc, (C) GW-ZnTCPPc, 

(D) GW-ZnMCPPc at pH 7.2, irradiance = 450 mW/cm2.  
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Figure 10: Time-dependent photodegradation of MO (3.3 × 10-5 M) upon A) irradiation 

with red light (Modulight-690 nm) in the presence of each Pc-GW composite and B) 

irradiation with varying light in the presence of GW-ZnMCPPc.
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Table 1: Q band maximum wavelength and singlet oxygen quantum yield values for 

ZnMCPPc, ZnTCPPc, ZnTIPAPc, and Pc loading on GW. 

Compound Pc loading (wt% Pc on GW) Q band  (nm)a ΦΔ
b ΦF 

ZnMCPPc 0.0365 674 (683) 0.40 (0.38)  0.16 

ZnTCPPc 0.0334 678 (680) 0.44 (0.35) 0.09 

ZnTIPAPc 0.0184 680 (686) 0.24 (0.22) 0.06 

aValues in brackets are for the GW- ZnPc conjugates in the solid-state and shows the 

monomer peak. bValues in brackets are for GW-ZnPc derivatives in aqueous media (5% 

DMSO). 
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Table 2: Photo-degradation of methyl orange using GW-ZnMCPPc, GW-ZnTCPPc, and GW-ZnTIPAPc (cycle 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[MO]×10-

5 (mol/L) 

kobs (10-3 min-1) Rate (10-7 mol L-1 min-1) t1/2 (min) 

GW-

ZnMCPPc  

GW-

ZnTCPPc 

GW-

ZnTIPAPc 

GW-

ZnMCPPc 

GW-

ZnTCPPc 

GW-

ZnTIPAPc 

GW-

ZnMCPPc 

GW-

ZnTCPPc 

GW-

ZnTIPAPc 

1.65 8.1 7.8 5.0 1.34 1.29 0.83 86 89 139 

3.30 4.9 4.3 1.8 1.62 1.42 0.59 141 161 385 

4.95 3.8 3.4 0.9 1.88 1.68 0.45 182 204 770 

6.60 3.2 2.5 0.4 2.11 1.65 0.26 217 277 1733 

8.25 2.8 2.1 0.1 2.31 1.73 0.08 248 330 6931 
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Table 3: Comparison of GW-Pc conjugates with literature for the degradation of methyl orange 

Catalyst kobs/min-1 (% 

efficiency)  

 [MO] (  10-

5) M 

Ref 

 (ZnMIPPc)-ZnO 

nanofibers 

0.0099  2.80  43 

FeTPP/TiO2/CPVC 0.0049  50 m/L  44 

3-TCbZnPc/PS 0.00253  2.31  45 

ZnTCPC-Au@SiO2 0.0094  2.58  46 

GW-ZnMCPPc 

GW-ZnTCPPc 

GW-ZnTIPAPc 

0.0049 (100%) 

0.0043 (93%) 

0.0018 min-1 (44%) 

3.30  This work 

This work 

This work  

 
ZnMIPPc = (2-[5-(phenoxy)-isophthalic acid]- 9(10),16(17),23(24)-tri-tert-butyl phthalocyaninato, TPP = 

tetraphenylporphyrin; CPVC = Chlorinated polyvinyl chloride. 


