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Abstract 

Zinc phthalocyanines have demonstrated a wide range of applications as photosensitisers, 

particularly in organic synthesis, photocatalysis and photodynamic therapy. Although the 

introduction of ionic groups on the macrocycle periphery increases their water solubility, 

aggregation phenomena remain as a significant drawback for their application. In this study, 

amphiphilic sulfonatocalix[4]arene-based micelles were used to promote the monomerization of a 

cationic phthalocyanine through host–guest interactions. A comprehensive spectroscopic 

characterization was conducted, varying the concentration of sulfonatocalix[4]arene, and binding 

parameters were calculated to determine the optimal conditions for complete monomerization of 

the photosensitizer in water. Under these conditions, the combination of sulfonatocalix[4]arene and 

the photosensitizer activated its photophysical activity in aqueous media, showing significant singlet 

oxygen photoproduction, photocatalytic capability and photostability. 
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Introduction 

Zinc (II) phthalocyanines (ZnPc) are excellent second-generation photosensitizers, due to their high 

intersystem crossing (ISC) to the first excited triplet state, high singlet oxygen photogeneration, and 

adequate fluorescence emission capability, and high chemical stability.[1–4] Additionally, their 

photophysical and chemical properties can be tuned by the introduction of different kind of 

substituents at the periphery of the macrocycle.[5,6] In general, monomeric ZnPc species absorption 

spectrum show a strong absorption maximum band (εmax ≈ 105 M-1 cm-1) in the far red around 680 

nm, high triplet and singlet oxygen generation quantum yields (ΦΔ > 0.5), long triplet lifetimes (𝜏 > 

100 μs) and high stability and reduced toxicity.[7,8] As consequence, ZnPc finds a wide range of 

applications in industry (colorants, catalysts, photoconductors, etc.) and medicine (bioimaging, 

photodynamic therapy).[9–11] However, its planar, hydrophobic and extensively conjugated core 

structure generates the main drawbacks for its use especially in aqueous media, insolubility and 

aggregation.[12–14] In order to accomplish water solubility, ionic groups such as carboxy, sulfonate, 

phosphono, quaternary ammonium or n-alkylpyridinium groups have been successfully introduced 

onto the ZnPc on the periphery of the macrocycle.[14–17] Nevertheless, aggregation phenomena 

remain and affect the optical properties of ZnPc diminishing their photophysical efficiency, since it 

is well known that only monomeric form is photoactive.[18]  

Nanoscale has gained great interest in the last decades and offers good opportunities to overcome 

the limitations mentioned above by combining ZnPc with organic, inorganic or hybrid 

nanomaterials.[19,20] This can be achieved through the use of different nanocarriers such as 

liposomes, micelles, dendrimers, polymeric nanoparticles and nanoemulsions which can partially or 

completely prevent aggregation and increase the solubility of ZnPc.[21] Micelles are well-defined and 

thermodynamically stable self-assembled nanostructures of amphiphilic molecules which only form 
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above a threshold concentration known as the critical micelle concentration (CMC). In general, 

micelles are anisotropic spherical structures with varying distribution of water, viscosity, and 

polarity throughout the micelle.[22] As a result, micellar nanosystems show high versatility and can 

interact with drugs of different polarities.[23–26] 

Calix[n]arenes are macrocyclic molecules with remarkable synthetic versatility, made of n phenolic 

units linked in ortho- position to the hydroxyl group by methylene bridges (n = 4 – 20).[27],[28] In 

particular, calix[n]are-based surfactant can be obtained by introducing hydrophilic groups 

(poly(ethylene glycol) chains, carboxy, sulfonate, phosphono or quaternary ammonium groups) at 

one rim and hydrophobic groups (mainly n-alkyl chains) at the opposite rim.[29–31] These surfactants 

exhibit high affinity and selectivity in forming host-guest complexes with neutral, cationic, or anionic 

drugs, depending on the functional groups introduced into the calix[n]arene framework.[32] 

Additionally, p-sulfonatocalix[4]arenes bearing n-alkyl groups at the lower rim have the ability to 

self-assembly into micelles characterized by low CMC and toxicity and have been extensively 

studied.[30,33–35]   

Recently, we have demonstrated that 2,9(10),16(17),23(24)-tetrakis((1-methylpyridinium-3-

methyl)selanyl)phthalocyanato zinc(II) tetraiodide (Pc3-Q) (Scheme 1) presents excellent singlet 

oxygen photogeneration capability in DMSO but its photophysical properties were highly diminished 

in aqueous media by aggregation phenomena.[36] Herein, we investigate its incorporation into a 

calix[4]arene-based micellar system in order to reduce the aggregation phenomena and to obtain 

an efficient photoactive, water-soluble and nano-sized supramolecular system. Moreover, we 

compare its monomerization capability and photophysical properties with its inclusion into other 

micellar systems such as sodium dodecyl sulphate (SDS), Pluronic® F-127 and Pluronic® L-121. In 

particular, p-sulfonatocalix[4]arene tetraoctyl ether (SSC[4], Scheme 1) is chosen as surfactant due 

to the sulfonatocalix[n]arenes well-known and extensive-described ability to form inclusion 
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complexes with pyridine and (alkyl)pyridonium groups.[37] Besides, this decision is motivated by the 

fact that micellar properties such as CMC, size, aggregation number and stability have been 

reported[30,38,39] but no applications have been described yet.  

                                        

Scheme 1. Chemical structure of Pc3-Q and SSC[4] 

Results and discussions  

Monomerization studies 

Pc3-Q is moderate soluble in aqueous medium, but it mostly self-aggregates as observed by the 

presence of a main absorption band at 600 nm in the absorption spectrum (Figure 1A). Besides, no 

fluorescence emission or singlet oxygen photoproduction was detected, showing that Pc3-Q is 

photoinactive in aqueous media (data no shown). The monomerization capability of each surfactant 

was evaluated over a range of concentrations from 0.1 to 10 times its CMC or until no further 

spectroscopic changes were observed with increasing concentration. No monomerization of Pc3-Q 

was observed in the presence of PEO-PPO micelles such as Pluronic® F-127 or L-121 triblock 

copolymers (Figure S1). Alternatively, the combination of Pc3-Q and anionic surfactant above their 

CMC such as SSC[4] (SSC[4]@Pc3-Q) and SDS (SDS@Pc3-Q) promoted the complete disaggregation 

of the photosensitizer. As it is shown in Figure 1A, modifications on SSC[4] concentration caused a 

remarkable change in the absorption spectrum of Pc3-Q. The rise of an absorption band at λmax = 
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691 nm was associated with an increase in the concentration of monomeric species until reaching 

complete monomerization of the photosensitizer, as confirmed by comparison with the absorption 

spectrum of Pc3-Q in DMSO. Alternately, the aggregation phenomenon also decreased as a function 

of SDS increased concentration, ultimately resulting in a completely disaggregated system (Figure 

S3).  

From absorption spectra, the corresponding monomer-aggregate distribution diagram (Figure 1B) 

was calculated by bilinear regression, which allowed to determine the minimal ratio of Pc3-Q and 

SSC[4] in order to complete monomerize the photosensitizer, 𝑟 = [SSC[4]] [Pc3-Q]⁄  > 161. The same 

analysis was performed for Pc3-Q in SDS media (Figure S3), throwing a higher ratio of surfactant and 

Pc3-Q ([SDS] [Pc3-Q ]⁄ > 8000) to achieve complete monomerization. 

 

Figure 1. (A) Absorption spectra of Pc3-Q (6.2 μM) at different concentrations of SSC[4]; (B) 

monomer-aggregate distribution diagram calculated by bilinear regression. 

 

Particle size, Zeta potential and cytotoxicity  

Average hydrodynamic diameter (Dh), size distribution, polidispersity index (PDI) and Zeta potential 

(Z-pot) data of the free-drug micelles (SSC[4]) and SSC[4]@Pc3-Q system are presented in Table 1, 

while DLS histograms and TEM images are shown in Figure 2 and Figure S4, respectively. The particle 

size distribution (PSD) of SSC[4] by intensity (%), showed two marked populations of 6 ± 2 nm and 
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337 ± 144 nm, respectively, which could be assigned to micelles and micellar aggregates (Figure S4). 

In the same direction, DLS analysis of SSC[4]@Pc3-Q system, revealed the presence of two notable 

populations of supramolecular self-assemblies with nanometric sizes, between 7 and 212 nm (Figure 

2A). The population of 7 ± 2 nm would correspond to micelles, while the population of 212 ± 84 nm, 

to micellar aggregates (Figure 2A). However, it could be inflicted that population of the micellar 

aggregates is negligible from the transformation of volume (%) obtained (Figure 2B).   

  

Figure 2. Particle size distribution (PSD) by DLS, expressed by: (A) Intensity (%) and (B) Volume (%). 

(C) TEM image of SSC[4]@Pc3-Q ([Pc3-Q] = 6.2 μM; [SSC[4]]=3.91 mM). Sample was stained with 

PTA 2% (w/v), orange arrow points out a single nanomicelle. Scale bar = 20 nm. (D) Size 

distribution histogram by frequency of SSC[4]@Pc3-Q ([Pc3-Q] = 6.2 μM; [SSC[4]]=3.91 mM) 

obtained from the TEM sample. 
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As shown in TEM images of SSC[4] and SSC[4]@Pc3-Q nanosystems (Figure 2C and Figure S4C and 

Figure S4E), both have  spherical shapes, with an average Dh of 5 ± 2 (Figure S4D) and 8 ± 2 nm 

(Figura 2D),  respectively, which could corresponded to a collapsed state resulting from solvent 

evaporation. The size of SSC[4] micelles agrees with the previously reported value for this 

calix[4]arene-based micelles.[39] However, Dh of SSC[4] and SSC[4]@Pc3-Q micelles after 3 months 

of tends only to the micellar aggregate populations (Figure S5), suggesting lower stability over time. 

Nanosystems 
Dh 

(±S.D.) / nm a 
% Intensity 

Dh 

(±S.D.) / nm b 
PDI 

ζ  
(±S.D.) / mV 

SSC[4] 
6 (2)  

 337 (144) 
21.4  
78.5  

5 (1)  0.510 -25 (2) 

SSC[4]@Pc3-Q 
7 (2) 

 212 (84)  
46.5  
53.5  

6 (2) 0.584 -19 (2) 

Table 1. Hydrodynamic diameter (Dh), size distribution, polidispersity index (PDI) and Z-potential 

(ζ) of SSC[4] micelles in presence or absence of Pc3-Q (6.2 μM) at 25°C. aPSD by Intensity (%) and 
bPSD by Volume(%) 

 

As resumed in Table 1, a less negative Z-pot value (Z-pot = -19mV, Table 1) was observed for 

SSC[4]@Pc3-Q due to the cationic nature of the guest which partially compensates the negative 

nature of the micellar host (Z-pot = -25mV, Table 1). Taking into account these results, we suggested 

that Pc3-Q is possibly located on the surface of micelles, through an electrostatic interaction, and 

SSC[4]@Pc3-Q remains stable in aqueous media. As well as it was described for SSC[4]-based 

micellar systems, two marked populations were observed by DLS, for SDS micellar system and 

SDS@Pc3-Q, where the smaller population would correspond to micelles, it was predominant (Table 

S2 and Figure S6). Moreover, the Z-potential values of SDS micelles became less negative in presence 

of Pc3-Q, as a result of charge compensation on the micelle surface. 

In vitro cytotoxicity of SSC[4] and SDS micelles was evaluated by MTT assay on CT26 and LM3 cell 

lines. As shown in Figure S8, SSC[4] showed lower toxicity than SDS with an IC50 of 0.12 ± 0.02 mM 

and 2.5 ± 0.3 mM, respectively. However, despite showing good singlet oxygen photoproduction 
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capability (vide infra), SSC[4]@Pc3-Q showed no increase in the phototoxicity. Since cellular uptake 

of nanomaterials is dependent on their physicochemical properties, including particle size, shape 

and surface charge[40–43], it could be hypothesized that highly negatively charged micellar aggregates 

(Figure S7) are less efficiently internalized by cells, although the lack of photoactivity requires 

further investigation.  

Binding Ability and Thermodynamic Parameters 

The spectroscopic changes were analysed using the Benesi-Hildebrand binding model which has 

been largely employed to study micellar-drug interactions, considering the concentration of micellar 

aggregates negligible in solution.[44,45] As shown in Figure 3, the application of Benesi-Hildebrand 

equation, which the best fit was achieved by using equimolar stoichiometry, enabled to identify two 

different equilibria according to the range of surfactant concentration used. Moreover, it was 

calculated that the transition between equilibria occurs at [SSC[4]] = 0.07 ± 0.02 mM which is 

consistent with the CMC reported for SSC[4] (CMCSSC[4] = 0.09 ± 0.01 mM[30,38]). Analogously, the 

binding analysis between Pc3-Q and SDS by Benesi-Hildebrand model showed the presence of two 

equilibria with equimolar stoichiometry and a transition concentration equal to the CMC, [SDS] = 7 

± 2 mM (CMCSDS = 8 mM[46] ; Figure S9). 
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Figure 3. Benesi-Hildebrand plot for the binding interaction of Pc3-Q with SSC[4] and pictorial 

representation of SSC[4]@Pc3-Q based on experimental results. 

 

Therefore, we were able to infer in both cases that monomerization of Pc3-Q at low concentration 

of SSC[4] is produced by the formation of a binding complex between the surfactant monomer and 

Pc3-Q, meanwhile the proper micelle is the complexing agent above the CMC.  

Besides, thermodynamic binding constant (Kb) was obtained from the fitting for each proposed 

equilibrium and the corresponding Gibbs free energy (∆Gb) was calculated using the familiar 

relationship, ∆Gb = −RT ln Kb in which R and T refer to the gas constant and the absolute 

temperature, respectively. As shown in Table 2, complex formation above CMC is less favoured in 

presence of both surfactant which can be associated to repulsion forces between sulfonate groups 

of different monomers at micelle surface. Additionally, both SSC[4] as monomer and micelle show 

a remarkable increase binding affinity with Pc3-Q compared to the corresponding SDS species. 

These differences can be explained by the capability of sulfonatocalix[n]arene to form binding 

complexes with pyridine and N-methylpyridinium groups. Thus, the ∆Gb for both species of SSC[4] 

and Pc3-Q are in agreement with those reported for the complexation of calix[4]arene  

tetrasulfonate and N-methylpyridinum ions.[32,37] Therefore, we conclude that the electrostatic 
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interactions and complexation between the SSC[4] cavity and a N-methylpyridinium group in 

peripherical position of Pc3-Q are the main forces for the nanophotosystem formation and 

monomerization of the photosensitizer. 

N-methyl pyridinium interaction with SSC[4] was also evidenced by NMR experiments in D2O using 

a N-methyl pyridinium phthalonitrile as a simple guest model of Pc3-Q. As shown in Figure S10, the 

signals of the pyridine ring and N-methyl group are strongly shifted upfield after the addition of 

SSC[4]. The upfield variation of these signals (Δδ = δcomplex – δfree < 0) is induced by the ring current 

effect of the aromatic nuclei of sulfonatocalix[4]arene and shows similar values to those already 

reported for similar binding complexes.[37,47] Therefore, these changes agree with the formation of 

a stable supramolecular complex where the N-methyl pyridinium group of the guest is engulfed 

inside the SSC[4] cavity. Taking into account all these results, a probable representation for 

SSC[4]@Pc3-Q is proposed where only a pyridinium group of Pc3-Q is entrapped within the cavity 

of a SSC[4] monomer of the micelle (Figure 3).  

Additionally, partitions parameters (Kp and ∆Gp) were calculated by pseudo phase model (Table 

S4). Both photoactive nanoassemblies show that the leaking of Pc3-Q from the nanosystem to 

aqueous media is highly disfavour. In particular, assemblies based on SSC[4] micelles are more 

stable against the release of Pc3-Q.  
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Nanosystems 𝐊𝐛 / 𝐌−𝟏 ∆𝐆𝐛 / 𝐤𝐉 𝐦𝐨𝐥−𝟏 

SSC[4]Monomer@Pc3-Q (2.9 ± 0.2) 105 -31.2 ± 0.5 

SSC[4]@Pc3-Q (7 ± 1) 104 -27.8 ± 0.5 

SDSMonomer@Pc3-Q (5.5 ± 0.3) 103 -21 ± 1 

SDS@Pc3-Q 350 ± 40 -14.5 ± 0.3 

(SC4ABu)@py+CH3 [37] 9 x 104 – 106 - (28 – 34) 

Table 2. Binding thermodynamic parameters calculated from Benesi-Hildebrand equation. 

(SC4ABu)@py+CH3: N-methylpyridinium and sodium 25,26,27,28-tetrabutyl calix[4]arene  

tetrasulfonate binding complex. 

Alternately, non-linear fitting using equation S7 showed good agreement with experimental 

absorption data (Figure 4A) and allowed to estimate the surfactant CMC and the binding constant 

for SSC[4]@Pc3-Q. Additionally, fluorescence emission and singlet oxygen photoproduction 

capability were studied as function of SSC[4] (Figure S11 and Figure S12). As shown in Figure 4-B, all 

photophysical parameters showed similar behaviour to previously observe through absorption and 

non-linear analysis were performed using equation S7 adequate modified. The increase of 

photoactivity was associated with the monomerization of Pc3-Q by the formation of the 

SSC[4]@Pc3-Q. CMC and Kb parameters obtained from each non-linear fit were consistent with 

those previously calculated by Benesi-Hildebrand equation (Table S5). Similar analysis was 

performed for SDS@Pc3-Q, showing similar dependency between the photophysical properties and 

the monomerization degree (Figure S13).  
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Figure 4. (A) Absorbance and (B) relative photophysical parameters of Pc3-Q as function of SSC[4] 

concentration. Solid line is the corresponding (average) non-linear fit. 

 

Photophysical characterization of nanoassemblies  

Relevant spectra for SSC[4]@Pc3-Q are shown in Figure 5 and the photophysical parameters of 

photoactive nanoassemblies are resumed in Table 3. All parameters were measured at least twice 

above of previously calculated minimal ratio (𝑟) of reagents for complete monomerization of Pc3-

Q. Firstly, no significant spectral change (shape and shifting) was observed when compared to the 

reported spectra of Pc3-Q in DMSO.[36] However, the absorption coefficient (ελmax
) of Pc3-Q in both 

micellar media was shown to be an order of magnitude lower than the value reported in DMSO. On 

the other hand, the agreement between the excitation and absorption spectra of SSC[4]@Pc3-Q 

within the experimental error (Soret band region was obtained by difference of micellar system and 

nanophotoassembly spectra) inferred that Kasha’s rule is fulfilled (Figure 5).  
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Figure 5. Normalized absorption, emission and excitation spectra of SSC[4]@Pc3-Q. [SSC[4]] = 3.91 

mM 
 

ΦF of SSC[4]@Pc3-Q were found to be significantly lower than the corresponding value measured 

for Pc3-Q in DMSO and SDS micelles. The observed difference can be associated to the increase of 

internal conversion process as a result of the formation of the inclusion complexes. 

An indirect methodology was employed to quantify singlet oxygen production, through the use of 

methylene blue as reference and 9,10- anthracenediyl-bis(methylene)dimalonic acid potassium salt 

(ABDA) which is a well-documented, water soluble and singlet oxygen specific chemical monitor.[48] 

Furthermore, ABDA showed no photodegradation upon irradiation in absence of photosensitizer 

while its concentration significantly decreased in presence of SSC[4]@Pc3-Q (Figure S17). As Table 

3 shown, the Φ∆ of SSC[4]@Pc3-Q and SDS@Pc3-Q were significantly lower than the value 

measured for Pc3-Q in DMSO. Taking into account that photoproduced singlet oxygen is capable of 

diffusing into the micelle and the distance between chemical monitor and micelle surface is 

influenced by electrostatic repulsion, experimentally obtained Φ∆ values are underestimated and 

refer to the quenchable fraction of 1O2 by ABDA. Despite showing a low quenchable Φ∆, this value 

is similar to and even higher than Φ∆ reported for other phthalocyanines entrapped in polymeric 

micelles.[49]  
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Photophysical properties Pc3-Q a,[36] Pc3-Q@SSC[4]b Pc3-Q@SDSc 

𝛌𝐦𝐚𝐱/ 𝐧𝐦 690.5 691 687 

𝛆𝛌𝐦𝐚𝐱
   / 𝐜𝐦−𝟏𝐌−𝟏 (2.49 ± 0.05) 105 (1.2 ± 0.1) 104 (1.5 ± 0.03) 104 

𝛌𝐦𝐚𝐱
𝐞𝐱𝐜 / 𝐧𝐦 691 690 688 

𝛌𝐦𝐚𝐱
𝐞𝐦 / 𝐧𝐦 695 693 693 

𝚫𝛌 / 𝐧𝐦 4 3 5 

𝚽𝐅 0.13 ± 0.02 0.04 ± 0.01 0.09 ± 0.02 

𝚽∆ 0.61 ± 0.03 0.34 ± 0.03  0.38 ± 0.03 

𝐤𝐩 / 𝐦𝐢𝐧−𝟏 (1.13 ± 0.03) 10-4 (9.3 ± 0.4) 10-5 (3.1 ± 0.2) 10-4 

Table 3. Photophysical properties of Pc3-Q in different media. aDMSO; b[SSC[4]]=3.91 mM; 

c[SDS]=133 mM. 

 

The photocatalytic activity of SSC[4]@Pc3-Q was also assayed by degrading methyl orange (MO), a 

synthetic azo dye commonly found in industrial effluents, using selective irradiation of the SSC[4], 

SSC[4]@Pc3-Q and Rose Bengal (RB; a known water soluble singlet oxygen generator; Φ∆ = 

0.76[50]).[51] The photoinduced bleaching of MO was analysed by using the initial rate method. 

Despite of the significant singlet oxygen photoproduction capability difference, the initial 

photodegradation rate of MO in presence of SSC[4]@Pc3-Q was significantly higher than the rate 

observed by RB (Figure S18). The difference can be explained by the kind of interaction between the 

model pollutant and each photosensitizer. MO (pKa = 3.46[52]) and RB (pKa1 = 1.89; pKa2 = 3.93[53]) 

are both anionic compounds at neutral pH, and, therefore, electrostatic repulsion plays an 

important role as spacer between the photogenerated singlet oxygen and MO.[54] Instead, the 

higher degradation rate of MO in the presence SSC[4]@Pc3-Q can be attributed to a smaller 

distance between MO and Pc3-Q, leading to a higher local MO concentration on micelle surface due 

to the complexation of the azo dye and SSC[4]. This interaction is driven by the engulfment of N,N-

dimethyl amino group within calix[4]arene cavity.[55] 
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Besides, negligible photodegradation of the Pc3-Q was observed upon irradiation of SSC[4]@Pc3-Q 

and its stability was significantly increased by 20-fold and 230-fold compared to Pc3-Q in DMSO and 

SDS@Pc3-Q, respectively (Table 3 and Figure S19). 

Conclusion 

We have demonstrated that sulfonatocalix[4]arene-based micelles, such as SSC[4], represent a 

versatile supramolecular host for complexing and monomerizing a zinc (II) phthalocyanine properly 

substituted with terminal pyridinium groups, as Pc3-Q, in aqueous media. A clear in-depth study 

about SSC[4]@Pc3-Q micelles was obtained from the complementary analysis of DLS, TEM, NMR 

experiments and thermodynamic assays. The formation of SSC[4]@Pc3-Q switches on the 

photophysical activity of Pc3-Q in water, leading to significant singlet oxygen photoproduction. 

Furthermore, SSC[4]@Pc3-Q has shown to be highly photostable. Based on our results, 

SSC[4]@Pc3-Q result a potential candidate to be tested as photocatalyst in organic synthesis 

reactions in aqueous media, such as oxidation or pefluoroalkylation reactions among others. 

Experimental section  

 Chemistry 

Pc3-Q was synthetized in our lab according to the procedure previously reported.[36] The synthesis 

of SSC[4] was carried out using previously described methodologies with slightly modifications 

which can be observed in the Supporting Information.  

Instrumentation  

1H NMR and 13C NMR were recorded on NMR Bruker AVANCE III 600 MHz (14.1 T) Spectrometer at 

room temperature (25 ± 2 °C). Chemical shifts (δ) are reported relative to tetramethylsilane (TMS) 

as an internal standard. Spin multiplicities are indicated as s, bs, d, dd, t, and m. The coupling 
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constants (J) are given in Hz. Electronic absorption spectra were determined with a Jasco V-570 UV-

Vis spectrophotometer. Fluorescence and excitation spectra were recorded with a Perkin-Elmer LS-

55 spectrofluorometer. The hydrodynamic diameter (Dh), the polydispersity index (PDI), the zeta 

potential (Z-Potential), of the SSC[4]@Pc3-Q  at 25°C were measured by Dynamic Light Scattering 

(DLS) using a Nano-ZS Zetasizer with Non-Invasive Back Scatter (NIBS®) technology (Malvern Ltd., 

Malvern, UK). As controls, SSC[4] and SDS and SDS@Pc3-Q were analyzed in the same conditions. 

Determinations were performed at a fixed scattering angle of 173° and fixed laser position 4.65 mm, 

He-Ne laser (633 nm), and a digital correlator (ZEN3600). For Z-Potential, laser Doppler micro-

electrophoresis is used. The refraction indexes (IR) was 1.33 for the solvent and the refraction index 

of SSC[4] was estimated at 1.46 according reported literature[56]. Viscosities were between 0.8869 

and 0.8876 cP at 25 °C. Each sample was analyzed in triplicate, and the values were counted as an 

average with six measurements each. Transmission electronic microscopy (TEM) images were 

obtained using a Zeiss EM 109T equipped with a digital camera Gatan ES1000W (Germany). Samples 

were stained with phosphotungstic acid 2% (w/v) (PTA) or uranyl acetate (UA).  

Preparation of the photoactive nanoassemblies 

PEO-PPO copolymers, SDS and SSC[4] stock dispersions were prepared by dissolving the proper 

amount of each surfactant in 10 mL of mili-Q quality water. The dispersions were stored at 4°C for 

24 hours, then stirred for 12 hours at room temperature and finally, filtered with 0.45 µm nylon 

filter to remove any residual aggregates.[57,58] All range-concentration surfactant dispersions were 

prepared by dilution of the stock dispersion. Photoactive nanoassemblies were obtained by mixing 

well-defined surfactant solution and Pc3-Q stock solution (318 μM). The mixture was stirred by 

inversion for a minute and filtered with 0.45 µm nylon filter. Micellar (photo)systems were stored 

protected from light and at a low temperature between 0 and 4°C up to 3 months without showing 

macroscopic or spectroscopic changes.  
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Supporting Information 

The authors have cited additional references within the Supporting Information.[59–71]   
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Full monomerization of a N-methylpyridinium tetrasubstituted zinc phthalocyanine in aqueous 

media can be achieved through its interaction with sulfonatocalix[4]arene-based micelles. The 

nanophotoactive systems show significant photophysical activity in aqueous media, particularly in 

singlet oxygen photoproduction, which is completely null in the absence of the surfactant. 
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