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Abstract

:

A series of free base meso-tetraarylporphyrins functionalized with substituents containing one, two, and four cyclooctatetraene (COT) moieties have been obtained and characterized by spectral and photophysical studies. Three COT-free porphyrins served as reference compounds. COT is a triplet quencher, well-known to enhance the photostability of several, but not all, fluorophores. In the case of porphyrins, substitution with COT improves photostability in zinc derivatives, but for free bases, the effect is the opposite. We show that placing the COT moiety further from the free base porphyrin core enhances the photostability when the COT group lies in the direct vicinity of the macrocycle. The quantum yields of photobleaching inversely correlate with porphyrin oxidation potentials. An improvement in photostability in both COT-containing and COT-free porphyrins can be achieved by screening the porphyrin core from oxygen by switching from tolyl to mesityl substituents. This leads to a decrease in the photobleaching quantum yield, even though triplet lifetimes are longer. The results confirm the involvement of oxygen in the photodegradation of porphyrins.
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1. Introduction


The development of such widely used methodologies as fluorescence imaging, probing, sensing, and various single-molecule techniques relies on the rational synthesis of new fluorophores. Among various factors that should be taken into account while designing such materials, photostability plays a crucial role [1,2,3,4,5]. An excited molecule is usually more reactive than in the ground electronic state. It can also initiate production of reactive intermediates, for example, reactive oxygen species. This usually occurs via the lowest triplet state. Therefore, a strategy often used to enhance photostability is to shorten the triplet lifetime. This can be done by adding an external triplet quencher (TQ), acting via energy or electron transfer or by chemically attaching the quencher to the fluorophore. The latter approach leads to the so-called “self-healing chromophores” [6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31]. It has been demonstrated that linking a chromophore with TQs, such as cyclooctatetraene (COT), nitrobenzyl alcohol (NBA), Trolox (TX), nitrophenylalanine (NPA), or Ni(II) complex of tris-N-nitrilotriacetic acid (NTA), results in a substantial improvement in the photostability of various fluorophores.



However, it is known [29] that the protective role of various triplet quenchers is not universal. In a recent study, we looked for photostability improvement in a series of free base and zinc porphyrins substituted with COT (Scheme 1) [32]. A significant enhancement (10-fold for aerated solutions, 3 orders of magnitude for deoxygenated ones) was found for the zinc porphyrins. On the other hand, the photostability of free bases decreased after substitution, becoming similar to that of zinc-COT porphyrins. This observation suggests a common mechanism of photobleaching, such as photoinduced electron transfer between the porphyrin and COT subunits.



In this work, we focused on the photostability of eight novel free base porphyrins (Scheme 2); five of them contain the COT moiety, located at a larger distance from the porphyrin than the previously studied derivatives. This should lead to a decrease of the triplet quenching ability, but also to lower rates of photoinduced electron transfer. Our goal was to find out how such a combination of counteracting factors would influence photostability.




2. Materials and Methods


The syntheses relied on the standard convergent strategy employing appropriate porphyrin- and COT-containing building blocks, which were linked by an ester or amide bond using succinic or glutaric anhydride. We report the preparation of three new porphyrins covalently bonded with one COT moiety (1–3, Scheme 3) and two more (4–5) containing more than one COT moiety (Scheme 4). The triplet state quencher was spaced by 5 to 11 atoms away from the porphyrin core. The syntheses of 1–8 are described in more detail in the Supplementary Materials.



The triplet state lifetimes were measured using a home-built laser flash photolysis setup. An Opotek Radiant 355 laser (210–2500 nm tuning spectral region, 5 ns pulsewidth, 10 Hz repetition rate) was used as the excitation source. The continuous output of a laser-driven Xe lamp (Energetiq EQ-99-Plus-EU) was used as a probe. The setup was equipped with a Hamamatsu (Hamamatsu City, Japan) R955 photomultiplier and a Yokogawa (Tokyo, Japan) DL9140 fast oscilloscope. The samples were deaerated before measurements by a freeze–pump–thaw method. At least 6 freeze–pump–thaw cycles were done before each experiment. A low concentration of the investigated compounds, about 5 × 10−7 M, was used in order to avoid triplet–triplet annihilation.



Spectral grade toluene (Merck, Uvasol, Darmstadt, Germany) was used to prepare all the solutions. The electronic absorption spectra were measured with a Shimadzu UV 3100 spectrophotometer. The fluorescence spectra were obtained using an Edinburgh FS900 CDT or FS5 spectrofluorimeters. The fluorescence quantum yields were determined using meso-tetraphenylporphyrin in toluene as a standard (Φfl = 0.10 [33]).



Fluorescence lifetimes were determined using a homebuilt setup consisting of a Fianium FemtoPower1060 supercontinuum laser (6 ps pulses, tunable wavelength) as the excitation source, a Digikröm CM112 monochromator, a Becker & Hickl HPM-100-40 hybrid detector, and a Becker & Hickl SPC-830 time-correlated single-photon-counting module. Fluorescence decays were analyzed using the SPCM software (Becker & Hickl, Berlin, Germany).



The procedure used to determine the photobleaching quantum yield (Φpb) is described in detail in the supporting information. Briefly, the values of Φpb were obtained from the plots of A0/A(t) vs. F(t), where A0 and A(t) correspond to the absorbances measured before and after irradiation over time t, and F(t) = Ntotal(t)/A(t). Ntotal(t) is the total number of photons absorbed by the substrate. The slope of the A0/A(t) vs. F(t) plot is proportional to the photobleaching quantum yield (cf. also Figure 3).



The measurements of ΦΔ, the quantum yield of singlet oxygen generation (1O2, emission at λmax = 1275 nm), were performed with a home-made experimental setup based on a BENTHAM DTMc300 double monochromator, equipped with a thermoelectrically cooled photomultiplier (Hamamatsu H10330C-75, 950–1700 nm registration range). The Opotek Radiant 355 laser was used for excitation, with phenalenone as the standard (Φ0Δ = 0.99 in toluene at ambient temperature [34]). The measurement of ΦΔ was based on the comparison of amplitudes of singlet oxygen phosphorescence decay curves (measured at 1275 nm) photosensitized by a standard compound (amplitude Am0) and by the compound under investigation (amplitude Amx) in the same solvent: ΦΔ = Φ0Δ × Amx × (1-10-OD0)/(Am0 × (1-10-ODx)), where 1-10-OD0 and 1-10-ODx are fractions of exciting light absorbed by the standard and the sample, respectively, at a given excitation wavelength. The optical density (OD) of solutions did not exceed 0.1 at the optical length of 1 cm. The accuracy in the estimation of singlet oxygen emission quantum yield was estimated as 10%.



BioLogic Science Instruments (EC-Lab) were used for all electrochemical studies. The voltamperometric experiments were performed in a one-compartment three-electrode electrochemical cell with a platinum counter electrode (1.6 mm diameter) and an Ag quasi-reference electrode. The studied compound concentration was 5 × 10−4 M in an electrolyte consisting of 0.1 M Bu4N(PF6) dissolved in dichloromethane.



Calculations of the ground state geometries were performed using density functional theory (DFT), with the B3LYP functional and 6-31G(d)+ basis set, as implemented in the Gaussian 16 software package [35].




3. Results


Figure 1a shows the absorption of 1–8. The spectra are very similar, regarding both the positions of the maxima and the transition intensities (Table 1). The similarity is also preserved in the emission (Figure 1b and Table 1). The fluorescence quantum yields are practically the same, given the experimental accuracy of about 20%. The decay times differ by less than 20%. It can be therefore assumed that the other spectral and photophysical characteristics, such as the energy of the lowest triplet state and triplet formation efficiency are also very similar in the whole series. In other words, modifying the structure of meso-tetra-p-tolylporphyrin by the substituents shown in Scheme 2 does not significantly affect the spectral and photophysical parameters. This is opposite to the behavior of the previously studied COT-substituted porphyrins shown in Scheme 1. In these molecules, placing the COT moiety very close to the porphyrin core resulted in spectral shifts in absorption and emission, as well as a decrease in fluorescence lifetimes and quantum yields [32].



It is known that the photodegradation of meso-tetraarylporphyrins in toluene occurs by different mechanisms in aerated and in deoxygenated solutions [36]. In the present work, we used “normal” conditions, that is, non-degassed solutions for the studies of photostability. However, triplet lifetimes were measured in both regimes, in order to separate the intrinsic and oxygen-induced rates of triplet decay (Table 1 and Table 2). Figure 2 shows the evolution of the spectra of porphyrin 1 observed upon irradiation. The absorption in the whole visible region gradually decreased, without the appearance of new bands. A rising absorption was only observed below 340 nm. Figure 3 shows the plots of A0/A(t) vs. F(t), from which the photobleaching quantum yields could be determined. Except for porphyrins 4 and 7, these plots are linear. Such behavior indicates that (i) there was no interference due to the absorption from species other than the substrate, and (ii) the photons from the light source used for irradiation were exclusively absorbed by the initial porphyrin during the whole experiment.



The lack of absorption of the photoproduct in the visible range can be explained by the mechanism of photodestruction of meso-tetraphenylporphyrins proposed in the literature [37,38,39,40,41]. It involves the breaking of the macrocycle by an oxygen molecule, resulting in the formation of a noncyclic tetrapyrrolic structure. The latter should not absorb in the visible range.



Porphyrins 4 and 7 revealed a different behavior, evidenced by the nonlinearity of the plots presented in Figure 3. Closer inspection of the absorption spectra reveals that the overall decrease was also accompanied by small (2–3 nm) spectral shifts of the Q bands (blue shift for the lower energy Qx band and the red shift of the Qy band). This finding indicates that the macrocycle was somehow modified before being broken. It should be noted that for the previously studied free base porphyrins bearing the COT substituent (1-H, 2-H, and 3-H), the A0/A(t) vs. F(t) plots were nonlinear, while for 4-H, a porphyrin without COT, perfect linearity was obtained. These results demonstrate the more complex photochemistry of COT-containing porphyrins, possibly involving the photoinduced transformation of the COT group.



Contrary to the other photophysical parameters, clear differences were observed regarding photostability. The values of the photobleaching quantum yields of porphyrins 1–8 (Table 1) vary by an order of magnitude, spanning the range from 7.1 × 10−8 to 7.7 × 10−7. The most stable porphyrin 7, does not contain the COT substituent. This was also the case for the series of 1-H, 2-H, 3-H, and 4-H, which revealed the photobleaching quantum yields of 5.6 × 10−6, 1.7 × 10−6, 1.1 × 10−6, and 2.2 × 10−7, respectively. However, in the present series, the next most stable porphyrin, 4, does contain the COT units. Its photostability is about two times better than that of the two other porphyrins without COT substituents: 6 and 8.




4. Discussion


It is remarkable and, at first, counterintuitive that the two most stable porphyrins, 7 and 4, reveal the longest T1 lifetimes (509 and 386 ns, respectively), while the T1 states of the remaining six porphyrins decay in less than 300 ns. It is often assumed that the photostability should be enhanced for shorter triplet lifetimes. In the present case, the “unusual” behavior can be understood upon close inspection of the structures (Scheme 2). Porphyrins 4 and 7 are the only ones that have mesityl, and not tolyl, substituents at positions 10 and 20. This may lead to the “screening” of the chromophore from oxygen, which results in less efficient quenching and, thus, longer T1 decay. Moreover, the screened chromophore is better protected against oxidation. These findings also provide strong arguments for the involvement of oxygen in porphyrin photodegradation.



One should notice that the quantum yields of singlet oxygen formation in porphyrins 1–8 are equal within experimental error. Thus, the steric factor may be important for the photoinduced reaction, but not for physical quenching of the lowest triplet state of the porphyrin.



The enhancement of photostability in 2,6-substituted meso-tetraphenylporphyrin derivatives has been observed and discussed before [42]. The authors concluded that “the steric effects in protecting the macrocycle seem to be predominant over the electronic ones”. In the present case, it may not be true, even though the steric effect is clearly seen. If thermodynamics, not kinetics, is the governing factor in photooxidation, one should expect the correlation between the photodegradation quantum yield and the ionization potential. As a measure of the latter, we used the calculated energy values of the highest occupied molecular orbital (HOMO). Their ordering was found to be in reasonable agreement with the ionization potentials estimated from cyclic voltammetry data (Table S2). Figure 4 shows that, except for one compound (5), the correlation between Φpb and E(HOMO) is indeed obtained. Porphyrin 5 reveals much lower photostability than expected from this correlation. We note that this is the only derivative with four COT moieties, which may suggest photochemistry involving the latter. It is supported by the finding that no correlation could be obtained between the photobleaching quantum yields and the HOMO values calculated for 1-H–4-H and 1-Zn–4-Zn.



Comparison of the triplet lifetimes of porphyrins 1–8 in aerated solutions (Table 1) with the corresponding values for the previously studied series [32] clearly shows that placing the COT group further from the porphyrin core leads to the behavior typical for porphyrins that do not contain the triplet quencher. The rate of porphyrin T1 decay can be expressed as kintr + kq[O2], where the first term is the sum of all intramolecular channels, including quenching by COT. The two terms can be separated by comparing the triplet decays measured in aerated and degassed solutions. Table 2 presents the results. The effect is dramatic. In molecules with COT close to porphyrin, the intramolecular decay channel can compete with oxygen quenching, becoming the fastest depopulation route in 1-H, 1-Zn, and 3-Zn. In contrast, for porphyrins 1–8, the intramolecular channel is about three orders of magnitude slower, and thus, completely dominated by the intermolecular process, even though the oxygen quenching rates are somewhat lower, most probably due to steric hindrance. Intramolecular triplet quenching is observed in two COT-containing porphyrins, 2 and 4, that exhibit T1 decay times of ca. 10 μs in degassed solutions (Table 1), but this is not enough to effectively compete with quenching by oxygen.



The photobleaching quantum yields of porphyrins 1–8 in aerated solutions are, in all cases, lower than the corresponding values obtained for porphyrins 1-H, 2-H, and 3-H. This observation demonstrates that very efficient intramolecular triplet quenching, leading to the population of the COT triplet, results in a decrease of photostability in aerated solutions. We anticipate that this ordering will be reversed for deoxygenated solutions, based on the finding that 1-H, 2-H, and 3-H become 10 to 20 times more photostable when oxygen is removed [32]. If this is the case, it could suggest the oxidation of 3COT as the degradation route. However, in order to fully exploit the “self-healing” potential of COT-substituted porphyrins, one has to understand, in detail, the photobleaching mechanisms. Our results show different responses to the peripheral and direct attachment of COT to the macrocycle and, in particular, to the extent of conjugation between COT and porphyrin. It has been suggested that the competition between energy and electron transfer may be the reason for the low responsiveness of some fluorophore to COT [19]. In the case of porphyrins, initial estimates indicate that the electron transfer between the T1 state of the porphyrin and COT seems to be thermodynamically uphill. Most probably, the doorway to photobleaching is open after populating the COT triplet. We hope to determine the role of various energy relaxation channels by time-resolved spectroscopy of porphyrin–COT conjugates, as well as of COT alone. Such measurements are now in progress.








Supplementary Materials
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Scheme 1. Porphyrins investigated previously [32]. 
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Scheme 2. Porphyrins investigated in this work. 
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Scheme 3. Syntheses of porphyrins containing one cyclooctatetraene (COT) moiety. Reagents and conditions: (a) 1,3,5,7-cyclooctatetraene-1-propanol (COT-OH), 4-DMAP, EDCI.Cl, anhydrous THF, rt, overnight; 49%. (b) succinic anhydride, Et3N, anhydrous DCM, rt, 16 h; 48%. (c) COT-OH, 4-DMAP, EDCI.Cl, anhydrous THF, rt, overnight; 55% (d) succinic anhydride, Et3N, anhydrous DCM, rt, 16 h; 83%. (e) COT-OH, 4-DMAP, EDCI.Cl, anhydrous THF, rt, overnight; 53%. 
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Scheme 4. Syntheses of porphyrins containing more than one COT moiety. Reagents and conditions: (a) glutaric anhydride, Et3N, anhydrous DCM, rt, 16 h; 92%. (b) COT-OH, 4-DMAP, EDCI.Cl, anhydrous THF, rt, overnight; 28% (c) COT-OH, 4-DMAP, EDCI.Cl, anhydrous THF, rt, overnight; 6%. 






Scheme 4. Syntheses of porphyrins containing more than one COT moiety. Reagents and conditions: (a) glutaric anhydride, Et3N, anhydrous DCM, rt, 16 h; 92%. (b) COT-OH, 4-DMAP, EDCI.Cl, anhydrous THF, rt, overnight; 28% (c) COT-OH, 4-DMAP, EDCI.Cl, anhydrous THF, rt, overnight; 6%.



[image: Chemistry 03 00008 sch004]







[image: Chemistry 03 00008 g001 550] 





Figure 1. (a) Absorption spectra; (b) normalized fluorescence spectra of 1–8 (toluene, 293 K). 
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Figure 2. Changes in the absorption of porphyrin 1 observed upon irradiation. The sample was irradiated for 60 h, using an LED emitting at 420 nm (63 mW). 
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Figure 3. The ratio of the initial absorption, A0, to the absorption recorded after irradiating for time t, A(t), vs. F(t), obtained for the toluene solutions of porphyrins 1–8 at 293 K. The monitoring wavelengths correspond to the absorption maxima (see Table 1). The inset shows deviation from linearity in the initial period of irradiation of porphyrin 7. 
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Figure 4. Correlation between the observed photobleaching quantum yields and the calculated highest occupied molecular orbital (HOMO) energies. 
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Table 1. Spectral and photophysical parameters. Toluene solutions, 293 K.
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	Abs. Maxima

[nm]
	Abs. Coeff

[M−1 cm−1]
	Φfl
	S1 Lifetime

[ns]
	T1 Lifetime

Aerated Degassed

[ns]    [μs]
	ΦΔ
	Φpb





	1
	421

516

551.5

593.5

649.5
	416,860

17,558

9056

5016

3901
	



0.12
	



9.7
	



293  458
	



0.78
	



4.9 × 10−7



	2
	420.5

516

551

592.5

648.5
	440,270

17,921

9077

5035

4014
	



0.12
	



9.6




	



297    14.7
	



0.7
	



7.0 × 10−7



	3
	421.5

517

552

594

649.5
	389,104

15,590

8793

4486

3872
	



0.12
	



9.5
	



298    112
	



0.75
	



7.7 × 10−7



	4
	420

514.5

548

591.5

650
	426,346

18,376

7350

5052

4380
	



0.13
	



10.3
	



386    9.3
	



0.72
	



2.5 × 10−7



	5
	422

516

550.5

593

649
	383,662

15,931

7171

4281

2949
	



0.13
	



10.2
	



329    257
	



0.66
	



3.9 × 10−7



	6
	421

516

551

593.5

649.5
	401,207

16,709

8627

4795

3735
	



0.12
	



9.6
	



297    645
	



0.78
	



4.8 × 10−7



	7
	420.5

515

548.5

592.5

650.5
	431,582

20,127

8252

5515

4621
	



0.14
	



10.4
	



509    1070
	



0.78
	



7.1 × 10−8



	8
	421.5

517

552.5

593.5

650.5
	449,392

15,922

8839

4545

3849
	



0.13
	



9.5
	



294    820
	



0.79
	



4.5 × 10−7
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Table 2. Rate constants of intramolecular and oxygen-induced triplet decay.






Table 2. Rate constants of intramolecular and oxygen-induced triplet decay.





	Compound
	kintr

[106 s−1]
	kq[O2]

[106 s−1]





	1-H
	5.6
	3.8



	2-H
	5.4
	7.6



	3-H
	5.2
	6.8



	4-H
	0.0048
	4



	1-Zn
	5.6
	4.1



	2-Zn
	5.2
	7.8



	3-Zn
	17
	4



	4-Zn
	0.0038
	2.8



	1
	0.0022
	3.4



	2
	0.068
	3.4



	3
	0.0089
	3.4



	4
	0.11
	2.5



	5
	0.0039
	3



	6
	0.0016
	3.4



	7
	0.00093
	2



	8
	0.0012
	3.4
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