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The intramolecular charge transfer (ICT), which is a pathway for excited state relaxation, was studied on 

the newly synthetized zinc (II) complexes of tetrapyrazinoporphyrazines bearing one fixed donor (i.e., a 

dialkylamino substituent). The rest of the peripheral substituents on the core were designed with 

respect to their different electronic effects (OBu, neopentyl, StBu, COOBu). The photophysical (singlet 

oxygen and fluorescence quantum yields) and electrochemical (reduction potentials) properties were 

determined and compared within the series and with compounds that did not contain a donor moiety. 

The ICT efficiency correlated well with both the electron-deficient character of the core and the 

Hammett substituent constants σp. The most efficient ICT was observed for the core with the most 

electron-accepting substituent (COOBu), and the lowest ICT efficiency was detected for the least 

electron-deficient core (substituted by OBu). Titration of DMSO solutions of target compounds with 

H2SO4 indicated that basicity of the azomethine bridges was largely influenced by character of the 

peripheral substituents while the dialkylamino donor center remained nearly unaffected. Further, 

protonation of donor nitrogen caused partial restoration of fluorescence quantum yield (increase up to 

90 times) due to blocking of ICT. The results implied that the ICT efficiency was strongly dependent on 

the electron-accepting properties of the core whose properties can be readily affected by suitable 

selection of peripheral substituents. 

 

Introduction 

Azaphthalocyanines are aza-analogues of phthalocyanines (Pcs) 

where the benzene rings are replaced by nitrogen heterocycles. 

The most studied class of these compounds are the 

tetrapyrazinoporphyrazines (TPyzPzs). TPyzPzs are well-

known synthetic dyes with outstanding photophysical, 

photochemical and electrochemical properties.1-4 TPyzPzs 

exhibit a sharp absorption Q band above 650 nm. If they are 

suitably substituted or coordinate specific central cations, 

TPyzPzs exhibit high quantum yields of singlet oxygen or 

fluorescence.5 TPyzPzs can be advantageously used in various 

application, such as photosensitizers for photodynamic 

therapy,6 catalysts,7 non-linear optical materials,8 liquid 

crystals9 or crystals with large voids.10 The presence of nitrogen 

atoms in the TPyzPz core imparts more electron-deficient 

character to the entire macrocycle compared to the parent Pcs.11 

Therefore, TPyzPzs substituted with electron donors (e.g., 

amines) undergo ultrafast intramolecular charge transfer (ICT) 

that quenches the excited state in TPyzPzs.12 The ICT only 

occurs in the presence of at least one donor (typically amine) in 

conjugation with the macrocycle core, which serves as an 

acceptor. The ICT can be blocked by various factors that may 

switch fluorescence between ON and OFF states and can be 

used for the development of sensors for different analytes (e.g., 

pH sensors13 or sensors sensitive to metal cations14).  

 Recent results have indicated that the ICT efficiency may be 

primarily influenced by the type of macrocycle (Pc, TPyzPz)11 

or the electron-donating properties of the donor.15 The current 

study is focused on the impact of the electronic properties of 

the substituents on the TPyzPz core because they may affect 

electron-deficient properties of the core and consequently the 

feasibility of the whole ICT process. Therefore, TPyzPzs 1Zn-

5Zn (Chart 1) were designed and synthesized. The donor center 

and central metal of the target TPyzPzs were fixed. Only one 

donor center was considered in the study to detect small 

differences between target compounds. ICT in TPyzPzs is very 

strong and all photophysical parameters of interest are 

approaching zero if two or more donor centers are introduced.12 

The rest of TPyzPzs core was decorated by substituents with 

different electronic effects. The selection of the substituents 

was carried out with the respect to their different Hammett 

substituent constants σp.
16 Simultaneously, these substituents 

were also selected based on their effect on the inhibition of 

aggregation to eliminate non-specific quenching of excited 

states (i.e., non-ICT related).
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Chart 1 Structures of investigated compound. M = Zn or 2H.

Results and discussion 

Synthesis 

In general, the synthesis of TPyzPzs starts from the 

corresponding precursors, which are substituted pyrazine-2,3-

dicarbonitriles. The synthesis of most of the precursors (6 – 

11)12, 14, 17-20 (Scheme 1) was performed according to previously 

published protocols. Precursor 12 was obtained nearly 

quantitatively by nucleophilic substitution of chlorine in 11 by 

2-(piperidin-4-yl)ethan-1-ol as a nucleophilic agent in the 

presence of K2CO3 serving as a base. The statistical 

condensation of two different precursors (A and B, Scheme 1) 

in a 3 : 1 ratio was used for the synthesis of unsymmetrical 

TPyzPzs. The reaction led to the formation of a mixture of six 

different congeners (i.e., AAAA, AAAB, AABB, ABAB, 

ABBB and BBBB) from which the AAAB type was 

chromatographically separated. The selection of the donor 

moiety (i.e. precursor B, 10 or 12) for the reaction was driven 

by the hydrophobicity of the precursor A. For hydrophobic 

precursors 7 - 9, more hydrophilic partner for 

cyclotetramerization 12 substantially simplified the 

chromatographic isolation of the target AAAB type congener. 

However, less hydrophobic 6 required precursor 10 for 

successful isolation of target TPyzPz 1Zn because the use of 12 

yielded an inseparable mixture of congeners with nearly the 

same migration on silica. Being distant from the amine, the 

hydroxyl group in the donor part of macrocycles 3Zn-5Zn was 

not expected to influence the photophysical behavior of the 

donor. However, to confirm this premise, TPyzPz 2Zn with the 

same peripheral substituents as 3Zn but a different donor part 

was synthesized.12 As can be seen later on in detail in this work, 

studied properties of 2Zn and 3Zn were similar and confirmed 

the relevance of our hypothesis.  

 The cyclotetramerization of precursors 7 - 9 with 10 or 12 

was initiated by magnesium butoxide. The statistical mixture of 

six congeners of the magnesium complexes was difficult to 

separate due to strong tailing of the compounds on silica. The 

treatment of the statistical mixture of magnesium complexes 

with p-toluenesulfonic acid (TsOH) in THF at room 

temperature afforded a mixture of metal-free complexes that 

typically do not tail. In addition, their isolation has been 

reported to be more efficient.12 Indeed, the conversion of the 

mixture of magnesium derivatives to metal-free derivatives 

significantly facilitated the separation, and AAAB type 

congeners 2H - 5H were isolated in yields ranging from 9 % to 

16 %. Zinc complexes 2Zn - 5Zn were prepared from 

corresponding metal-free derivatives 2H - 5H by reaction with 

anhydrous zinc acetate in pyridine under reflux (Scheme 1). 

The use of a butoxide initiator for the synthesis of 1H (and 

subsequently 1Zn) failed, and only dark decomposition 

products were obtained upon treatment of 6 with 10 (or 12) 

with magnesium butoxide. Therefore, the synthesis of 1Zn was 

performed using the metal ion template method with anhydrous 

zinc acetate in anhydrous DMF or pyridine (Scheme 1). The 

use of pyridine as the solvent in the template synthesis appeared 

to be more advantageous than DMF because fewer side 

products were produced. Despite this fact, the isolated yield of 

1Zn was only 0.6 %. This low yield is due to both the lower 

efficiency of the template cyclotetramerization method 

(synthesis of symmetrical s1Zn is reported to be only 13% by 

template method17) and the necessity of separation of the 

congeners as the zinc complexes. The congeners strongly tailed  
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Scheme 1 Reaction conditions: (i) a) Mg(BuO)2, butanol, reflux, 7 h; b) TsOH, THF, 

rt, 1 h; (ii) Zn(CH3COO)2, pyridine, reflux, 1 h; (iii) 2-(piperidin-4-yl)ethan-1-ol, 

K2CO3, DMSO, rt. 
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on silica (Figure S1) and the pure fractions were isolated after 

number of chromatography repetitions that substantially 

decreased the final yield. For comparison in the photophysical 

measurements, the corresponding symmetrical compounds 

s1Zn, s2Zn, s4Zn and s5Zn (Chart 1) without a donor 

dialkylamino substituent were prepared according to published 

procedures.17-20 

Electrochemistry 

The TPyzPz macrocycle in the ICT behaves as an acceptor of 

electrons, and therefore, a half-wave potential of the first 

reduction (Ered
1) may indicate feasibility of the process. The 

electrochemistry of the target compounds was investigated via 

cyclic and square wave voltammetry in THF at room 

temperature with ferrocene as an internal standard. The half-

wave potentials were obtained from the square wave 

voltammetry, and the data are listed in Table 1. 

Table 1 Electrochemical data of the studied compounds in THF [a].  

 σp
[b] Eox (V) Ered

1 (V) Ered
2 (V) 

1Zn[c] 0.45 (COOEt) 1.50 -0.33 -0.69 

2Zn 0.07 (SCHMe2) 1.03 -0.79 -1.21 

3Zn 0.07 (SCHMe2) 1.02 -0.77 -1.19 

4Zn -0.17 (CH2CMe3) 1.09 -0.78 -1.18 

5Zn -0.32 (OBu) 0.67 -0.83 -1.28 

s1Zn[d] 0.45 (COOEt) 1.40 -0.34 -0.60 

s2Zn 0.07 (SCHMe2) 1.10 -0.78 -1.08 

s4Zn -0.17 (CH2CMe3) 1.14 -0.88 -1.18 

s5Zn -0.32 (OBu) 0.68 -0.96 -1.30 

[a] The potentials Ered
1, Ered

2, Ered
3 and Eox are expressed as E1/2 (in V vs. SCE) 

with Fc/Fc+ as the internal standard; [b] Hammett substituent constant of the 
closest available peripheral substituent.16 [c] Ered

3 (V) = -1.48 [d] Ered
3 (V) = -

1.29 

All of the studied compounds (1Zn - 5Zn and s1Zn, s2Zn, 

s4Zn and s5Zn) were characterized by at least two reductions 

in the electrochemical window provided by the solvent. Three 

reductions were observed for 1Zn and s1Zn. Compounds 2Zn 

and 3Zn, which have a very similar peripheral substitution 

pattern, had very close reduction potentials, confirming the 

limited influence of the hydroxy substituent in 3Zn on the 

electrochemical properties. The values of Ered
1 correlated well 

with the Hammett substituent constants σp of the peripheral 

substituents irrespective of whether the TPyzPz was substituted 

with a donor (Figure 1). Therefore, the most electron-deficient 

TPyzPz core (Ered
1 ∼ -0.33 V vs. SCE) was observed for 1Zn 

and s1Zn with the strongest electron-withdrawing COOBu 

substituents. On the other hand, the most electron-donating 

OBu substituents provided a core with weak electron-accepting 

properties, and 5Zn and s5Zn had the most negative Ered
1 

values (Table 1). 

 To obtain a complete data set, the oxidation processes were 

also investigated. One irreversible oxidation was observed for 

all of the molecules. The oxidation potential (Eox) followed a 

trend to that of the reduction potential. A decrease in Eox from 

1.50 V vs. SCE (1Zn) to 0.67 V vs. SCE (5Zn) was observed 

as the Hammett substituent constant σp decreased from 0.45 to -

0.32 for all studied compounds irrespective of the presence or 

absence of a donor (Table 1). Therefore, the Hammett 

substituent constants σp of the peripheral substituents are useful 

tools for the prediction of the electron-accepting properties of 

the entire TPyzPz core.  

 
Fig. 1 Dependence of the Ered

1
 value of the studied compounds and the Hammett 

substituent constants σp. Blue dots: compounds 1Zn – 5Zn with donor, red 

triangles: compounds s1Zn, s2Zn, s4Zn and s5Zn without a donor. 

Absorption spectra 

The absorption spectra were measured in THF. The absorption 

spectra of target zinc complexes exhibited characteristic bands 

in the range of 350 nm to 377 nm for the high energy B-band 

and 618 nm to 652 nm for the low energy Q-band (Table 2). 

The Q-bands of all of the compounds had an unsplit sharp 

shape with well-resolved vibrational bands (Figure 2), which 

indicates the presence of the monomeric form of the 

compounds in the solution without any aggregates. The Q-band 

of 1Zn was significantly broader than that for the other 

compounds. However, the spectrum did not change in shape or 

extinction coefficient for a wide range of concentrations (from 

0.8 µM to 100 µM, Figure S2). In addition, an increasing 

temperature did not alter the spectrum, which confirmed the 

presence of only the monomeric form in solution. The position 

of the absorption maxima of the Q-band was sensitive to 

changes in the peripheral substitution. The contribution of 

peripheral substituents to the bathochromic shift increased in 

the order OBu < neopentyl < StBu ∼ COOBu for both series of 

TPyzPzs with or without the donor. The hydroxy substituent in 

the alkyl chain of 3Zn did not alter the shape of the spectrum 

that was only insignificantly red-shifted by 1 nm from 2Zn 

(Figure 2). Of note, the hydroxy group in Pcs was reported to 

form intermolecular coordinating bond to central zinc of next 

macrocycle thus forming highly stable J-dimers with modified 

Q-band shape.21, 22 No such observations were made for 3Zn 

and its absorption spectrum perfectly overlapped the one of 

2Zn.  
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Table 2 Absorption and photophysical properties of investigated compounds in THF and DMSO[a]. 

 
Q-band 

λmax (nm) 
λem (nm) ∆λ (cm-1) ΦF

[b] Φ∆
[b] ΦF + Φ∆ 

ΦF 

(DMSO) 
ΦF(max) 

(DMSO + H+)[c] 
Increase of ΦF 

(DMSO)[d] 

1Zn 652 670 412 0.001 0.02 0.02 0.001 0.089 89 

2Zn 651 658 163 0.02 0.19 0.21 0.001 0.01 10 

3Zn 650 658 187 0.04 0.22 0.25 0.002 0.01 5 

4Zn 639 652 312 0.02 0.19 0.21 0.001 0.01 10 

5Zn 626 633 177 0.06 0.31 0.37 0.002 0.006 3 

s1Zn 648 657 211 0.27 0.55 0.82 0.17   

s2Zn 650 656 141 0.32 0.51 0.83 0.15   

s4Zn 636 642 147 0.29 0.54 0.83 0.22   

s5Zn 618 624 156 0.32 0.53 0.85 0.22   

[a] Absorption maximum (λmax), emission maximum (λem), Stokes shift (∆λ), quantum yield of fluorescence (ΦF), quantum yield of singlet oxygen (Φ∆). The data 

are obtained in THF unless otherwise indicated. [b] mean of three independent measurements, estimated error ±15%. [c] maximum ΦF value in protonation 

experiments with H2SO4. 
[d] calculated as follows: ΦF(max) / ΦF (in DMSO). 

 The presence of the donor amino substituent in 1Zn - 5Zn 

induced a small red shift compared to the corresponding 

symmetrical compounds without the amino substituent (Table 

2). This result is in good agreement with the literature results 

for the amino substituent, which was reported to contribute to 

the bathochromic shift of TPyzPzs and related compounds. It 

can beexplained by participation of the lone pair of electrons on 

the nitrogen on the π-system of the macrocycle.20 

 The metal-free complexes (Figure S3 in Supporting 

Information) exhibited the characteristic splitting of the Q-band 

caused by the two hydrogens occupying the central pyrrole 

nitrogens, reducing the molecular symmetry from D4h to D2h.
23 

The typical absorption bands of metal-free TPyzPzs in the 

range from app. 430 nm to 500 nm may be due to n-π* 

transitions from the lone pairs of the pyrrolenine nitrogens.12 

 
Fig. 2 Normalized absorption spectra of 1Zn (red), 2Zn (blue), 3Zn (orange), 4Zn 

(green) and 5Zn (purple) in THF. Inset: Enlarged part of the Q-band area. 

Fluorescence and singlet oxygen production 

The ICT is a competitive relaxation process of the singlet 

excited state and is typically reducing the fluorescence or 

intersystem crossing channels.12 Therefore, the determination of 

the photophysical parameters may indicate the efficiency of the 

ICT. The photophysical parameters were determined for only 

the zinc complexes because the metal-free TPyzPzs typically 

have weak ΦF and Φ∆ values due to other relaxation channels 

for the excited state. Therefore, these compounds are not 

suitable for investigation of the ICT efficiency.5 The 

fluorescence measurements were performed in THF after 

excitation at the Q-band (λexc = 600 nm). The shape of the 

emission spectra was typical for TPyzPzs and related 

compounds with a mirror image of the absorption Q-band and a 

small Stokes shift (Figures 3 and S4, Table 2). The excitation 

spectra were also collected (Figure S4), and their perfect match 

with the absorption spectra confirmed the presence of only the 

monomeric form for all of the studied TPyzPzs (both 

unsymmetrical and symmetrical). Therefore, the photophysical 

data were not affected by aggregation. 

 

Fig. 3 Normalized emission spectra of 1Zn (red), 2Zn (blue), 3Zn (orange), 4Zn 

(green) and 5Zn (purple) in THF. The spectra were corrected for the instrument 

response. 
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 The fluorescence quantum yields (ΦF) were determined in 

THF with unsubstituted zinc phthalocyanine (ZnPc, ΦF(THF) = 

0.325) as the reference (Table 2). The ΦF of symmetrical 

compounds without any donor (s1Zn, s2Zn, s4Zn and s5Zn) 

achieved comparable values close 0.30, which is typical for 

zinc complexes of TPyzPzs and Pcs.4, 24 However, the 

fluorescence channel was more than one order of magnitude 

weaker for the compounds bearing an amine donor center, and 

for example, the fluorescence of compound 1Zn bearing 

butoxycarbonyl substituents was barely detected. 

 The quantum yields of singlet oxygen (Φ∆) were determined 

in THF using a singlet oxygen quencher 1,3-

diphenylisobenzofuran (DPBF) with unsubstituted ZnPc 

(Φ∆(THF)= 0.5325) as a reference. The data are summarized in 

Table 2 and followed a trend similar to that observed for the 

fluorescence data. The symmetrical compounds without any 

donor produced singlet oxygen at a high rate, and their Φ∆ 

values were determined to be more than 0.50, which is typical 

for zinc complexes of TPyzPzs and Pcs.26, 27 The Φ∆ values 

were significantly lower for compounds 1Zn – 5Zn, which 

contained a donor center, where the lowest value (Φ∆ = 0.02) 

was obtained for 1Zn. 

 

Fig. 4 Comparison of the sums of ΦF (full columns) and ΦΔ (blank columns) for 

1Zn – 5Zn with corresponding symmetrical molecules s1Zn, s2Zn, s4Zn, and 

s5Zn. 

Fluorescence emission and intersystem crossing to a triplet state 

are two most important deactivation pathways of singlet excited 

states. Because the quenching of the triplet state of zinc Pcs and 

their analogues by oxygen is typically 100% in organic 

solvents,28-30 the Φ∆ values may serve as an indicator of 

intersystem crossing.15 Therefore, the sum of Φ∆ + ΦF covers 

the most important pathways if no other processes (e.g., ICT) 

occur. The sum is typically constant for various macrocycles 

even though the ratio between the fluorescence and singlet 

oxygen production may vary depending on various structural 

factors (e.g., heavy atom effect).31, 32 This fact was confirmed 

also in the current study for symmetrical s1Zn, s2Zn, s4Zn and 

s5Zn. Their sum of Φ∆ + ΦF reached comparable values 

(approximately of 0.83). The ratio between the two deactivation 

processes, Φ∆ and ΦF, slightly varied (Figure 4, Table 2). This 

observation also confirmed that the photophysics of compounds 

without a donor were not affected by any extraordinary 

deactivation pathway. 

On the other hand, ICT induced a significant decrease in the 

sum of Φ∆ + ΦF in compounds bearing a donor center (1Zn – 

5Zn). The ICT efficiency followed the trend 1Zn > 2Zn ∼ 3Zn 

∼ 4Zn >>>> 5Zn. The presence of the hydroxyl substituent in the 

donor moiety did not substantially affect the photophysical 

properties (Table 2), and the sum of Φ∆ + ΦF for 2Zn and 3Zn 

was determined to be comparable. 

 The ICT efficiency correlated well with the value of the 

Hammett substituent constant σp of the peripheral substituents. 

A decrease in the ICT efficiency with the change of the 

electronic properties of the peripheral substituents from 

electron withdrawing to electron donating was observed (Figure 

5). The electronic effects apparently substantially influenced 

the electron-deficient character of the TPyzPz core as well as its 

ability to behave as an acceptor in ICT. To gain further insight, 

the photophysical data were directly correlated with the 

electrochemical data. Indeed, the values of Ered
1 (Table 1) 

correlated with the efficiency of the ICT expressed as a sum of 

ΦF and Φ∆ (Figure 5). The most efficient ICT process was 

present in the TPyzPz core, which possessed the most electron-

deficient character (1Zn), and low ICT efficiency was observed 

for the least electron-deficient core of 5Zn.  

 

Fig. 5 Influence of the sum of quantum yields on Ered
1
 values (a) and the 

Hammett substituent constants of the peripheral substituents σp (b) of 1Zn – 

5Zn. 

Protonation of nitrogens 

Protonation of the donor nitrogen in ICT has been previously 

shown to lead to restoration (full or partial) of the 

photophysical properties (e.g. fluorescence).12, 33, 34 In order to 

demonstrate this effect after blocking of the ICT, the 

fluorescence was monitored as a function of the sulfuric acid 

concentration in DMSO. THF was found unsuitable for this 

experiment as it decomposed at higher sulfuric acid 

concentrations. It must be noted that besides the donor nitrogen, 

the azomethine nitrogens in TPyzPz can be also protonated and 

protonation at this site was reported to considerably decrease 

the ΦF values for TPyzPz and Pc.12, 35, 36 

 In order to distinguish between the changes in fluorescence 

intensity induced by protonation at different sites (azomethine × 

donor nitrogen), the experiment with sulfuric acid was 

performed first with s1Zn, s2Zn, s4Zn and s5Zn (Figure 6a, 
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Figure S6). Their ΦF values in pure DMSO were lower than in 

THF but still comparable (Table 2). A decrease of ΦF was 

observed for all compounds at higher concentrations of sulfuric 

acid and was accompanied by typical changes in absorption 

spectra36 indicating protonation of one azomethine nitrogen 

(Figure S5). The progress of the changes (Figure 6a) was 

influenced by basicity of these nitrogens that reflected well the 

electronic properties of the substituents, i.e. basicity was 

decreasing in order s5Zn (electron-donating) > s2Zn ∼ s4Zn > 

s1Zn (electron-withdrawing). The ΦF values of compounds 

with the donor center 1Zn-5Zn in DMSO were extremely low 

(typically below 0.002, Table 2) as a consequence of high 

efficiency of ICT in this polar solvent.12, 37 The titrations with 

sulfuric acid had clearly biphasic character (Figure 6b). The 

initial increasing phase due to protonation of the donor nitrogen 

was followed by decrease of the ΦF values due to protonation 

of the azomethine nitrogen. Interestingly, the “break point” 

where the decrease of fluorescence prevailed was largely 

influenced by basicity of the azomethine nitrogens and 

corresponded well with the basicity of the compounds without 

any donor. For example, the most basic 5Zn was protonated on 

the azomethine nitrogens at low concentrations of acid and that 

is why its “break point” appeared already at ∼ 13% of sulfuric 

acid in DMSO (v/v) and the maximum increase in ΦF values 

was only ∼3 times. On the other hand, the least basic core of 

1Zn allowed almost full protonation of the donor center (“break 

point” at ∼33%, increase in ΦF values ∼90 times) before the 

protonation of azomethine nitrogen substantially decreased the 

ΦF value. Interestingly, the basicity of the donor center was 

almost not influenced as deduced from the progress of initial 

increasing phase (Figure 6b, inset) that was very similar for all 

compounds, no matter of peripheral substituents. These 

experiments unequivocally demonstrated that ICT in target 

compounds can be blocked by protonation of the donor center.  

 
Fig. 6. Changes of normalized ΦF values of studied TPyzPzs (1 µM) in DMSO after 

addition of sulfuric acid. a) s1Zn (square, red dashed line), s2Zn (triangle, orange 

dashed line), s4Zn (asterisk, green dashed line), s5Zn (dot, magenta dashed line). 

b) 1Zn (square, red full line), 2Zn (circle, blue full line), 3Zn (triangle, orange full 

line), 4Zn (asterisk, green full line), 5Zn (dot, magenta full line). 

Conclusion 

Target compounds 1Zn – 5Zn bearing one donor moiety for 

ICT represented by the dialkylamino substituent were 

synthesized using a statistical condensation of two different 

precursors. The ICT substantially quenched both the 

fluorescence and singlet oxygen production compared to the 

corresponding molecules without the donor moiety (i.e., s1Zn, 

s2Zn, s4Zn and s5Zn). The efficiency of the ICT significantly 

depended on the electron-deficient character of the acceptor 

(TPyzPz core). The highest efficiency of ICT was observed for 

the compound bearing electron-withdrawing peripheral 

substituents with the most positive σp value. The electron-

accepting properties of the core can be easily tuned by suitable 

selection of peripheral substituents. The selection of the 

substituents can be based on the Hammett substituent constant 

σp, which allows for estimation of the electron-deficient 

properties of the core. The experiments with protonation of 

different macrocycle sites indicated that basicity of the 

azomethine nitrogens can be largely influenced by character of 

the peripheral substituents while the dialkylamino donor center 

remains nearly unaffected. Partial restoration of the ΦF after 

protonation confirmed a key role of the donor lone pair in ICT 

process. These relationships along with previously discovered 

effects of the donor properties15 and the type of the 

macrocycle11 can be used for the rational design of new 

fluorescence molecular sensors. 

Experimental  

All of the organic solvents used in the syntheses were of 

analytical grade. Anhydrous butanol for the 

cyclotetramerization was freshly distilled from magnesium, and 

anhydrous DMF and anhydrous pyridine were purchased from 

Sigma-Aldrich. Unsubstituted zinc phthalocyanine (ZnPc) was 

purchased from Sigma-Aldrich. All of the other chemicals for 

the syntheses were purchased from certified suppliers (i.e., 

Sigma-Aldrich, TCI Europe, Acros, and Merck) and used as 

received. TLC was performed on Merck aluminum sheets 

coated with silica gel 60 F254. Merck Kieselgel 60 

(0.040−0.063 mm) was used for column chromatography. The 

melting points were measured on an Electrothermal IA9200-

series digital melting-point apparatus (Electrothermal 

Engineering, Southend-on-Sea, Essex, Great Britain). The 

infrared spectra were measured on a Nicolet 6700 spectrometer 

in ATR mode. The 1H and 13C NMR spectra were recorded on a 

Varian Mercury Vx BB 300 NMR spectrometer or VNMR 

S500 NMR spectrometer. The chemical shifts are reported 

relative to Si(CH3)4 and were locked to the signal of the 

solvent. Elemental analyses were performed on an Automatic 

Microanalyser EA1110CE (Fisons Instruments, Milan, Italy). 

The UV−Vis spectra were recorded using a Shimadzu UV-2600 

spectrophotometer. The steady-state fluorescence spectra were 

measured using an AMINCO-Bowman Series 2 luminescence 

spectrometer. The MALDI-TOF mass spectra were recorded in 

positive reflectron mode on a 4800 MALDI TOF/TOF mass 

spectrometer (AB Sciex, Framingham, MA, USA) in trans-2-

[3-(4-tertbutylphenyl)-2-methyl-2-propenylidene]-

malononitrile, which was used as a matrix. The instrument was 

calibrated externally with a five-point calibration using a 

Peptide Calibration Mix1 kit (LaserBio Laboratories, Sophia- 

Antipolis, France). High resolution mass spectra (HR MS) were 

measured using a UHPLC system Acquity UPLC I-class 
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(Waters, Millford, USA) coupled to a high resolution mass 

spectrometer Synapt G2Si (Waters, Manchester, UK) based on 

Q-TOF. The chromatography for this HR MS measurement was 

performed using an Acquity UPLC BEH300 C4 (2.1 × 50 mm, 

1.7 um) column with isocratic elution consisting of acetonitrile 

and 10 mM ammonium formate buffer at a pH of 3 (90:10) and 

a flow rate of 0.4 mL/min. Electrospray ionization was operated 

in positive mode. The ESI spectra were recorded in the range 

200 - 2000 m/z using glu-fibrinopeptide B as a lock mass 

reference and sodium iodide for calibration. Precursors dibutyl 

5,6-dicyanopyrazine-2,3-dicarboxylate (6),17 5,6-bis(tert-

butylsulfanyl)pyrazine-2,3-dicarbonitrile (7),19 5,6-

dineopentylpyrazine-2,3-dicarbonitrile (8),20 5,6-

dibutoxypyrazine-2,3-dicarbonitrile (9),18 5-(tert-

butylsulfanyl)-6-(diethylamino)pyrazine-2,3-dicarbonitrile 

(10),12 5-(tert-butylsulfanyl)-6-chloropyrazine-2,3-

dicarbonitrile (11),14 TPyzPz 2Zn12 and symmetrical TPyzPzs 

s1Zn,17 s2Zn,19 s4Zn20 and s5Zn18 were prepared according to 

published procedures. 

5-(tert-butylsulfanyl)-6-[4-(2-hydroxyethyl)piperidin-1-

yl]pyrazine-2,3-dicarbonitrile (12) 

Finely ground anhydrous potassium carbonate (213 mg, 1.54 

mmol) was sonicated in DMF (15 mL) for 15 min, and then, 2-

(piperidin-4-yl)ethan-1-ol (180 mg, 1.39 mmol) was added. The 

mixture was stirred for 10 min at rt, and the solution of 

compound 11 (260 mg, 1.03 mmol) in DMF (3 mL) was added 

dropwise. The reaction was completed immediately according 

to TLC using ethyl acetate as the mobile phase. The mixture 

was concentrated under reduced pressure, and water was added. 

The mixture was extracted with ethyl acetate (3 × 15 mL). The 

combined organic layers were dried (Na2SO4), and the solvent 

was evaporated under reduced pressure. The compound was 

further purified using column chromatography on silica with 

chloroform/ethyl acetate (1:1) as the eluent. The pure product 

was recrystallized from methanol. Yield 345 mg (97 %) of 

yellow solid; mp 139.8 – 140.5 °C. Found: C, 59.39; H, 6.78; 

N, 20.56. Calcd. for: C17H23N5OS: C, 59.10; H, 6.71 N, 20.27 

%. νmax/cm-1 3503, 2993, 2960, 2942, 2917, 2805, 2846, 2231, 

1520, 1498, 1444, 1377, 1346, 1243, 1189, 1089, 1026, 983, 

892, 776. δH (300 MHz, CDCl3) 4.60 (d, J =13 Hz, 2H, NCH2), 

4.10 (t, J = 7 Hz, 2H, CH2OH), 3.30 (t, J = 13 Hz, 2H, NCH2), 

2.29 - 2.16 (m, 2H, CHCH2), 2.16 - 2.05 (m, 1H, CH), 1.95 (s, 

9H, CCH3), 1.92 - 1.85 (m, 2H, CHCH2), 1.80 (s, 1H, OH), 

1.77 - 1.56 (m, 2H, CHCH2). δC (75 MHz, CDCl3) 153.17, 

152.58, 125.26, 120.20, 114.34, 114.02, 60.06, 51.46, 48.80, 

38.89, 32.28, 31.96, 29.82. 

2,3,9,10,16,17-Hexakis(butoxycarbonyl)-23-(tert-butylsulfanyl)- 

24-(diethylamino)tetrapyrazinoporphyrazinato zinc (II) (1Zn) 

Anhydrous zinc acetate (511 mg, 2.79 mmol) and compound 10 

(200 mg, 0.69 mmol) were placed in an oven-dried round-

bottom flask under argon atmosphere. Anhydrous pyridine 

(0.25 mL) was added, and the mixture was stirred at 160 °C for 

15 min. Compound 6 (700 mg, 2.12 mmol) was dissolved in 

anhydrous pyridine (0.7 mL) and added to the mixture in two 

equal portions within 15 min. The resulting mixture was 

refluxed for 3 h. The reaction mixture was cooled and poured 

into water (50 mL). The suspension was collected via filtration, 

washed thoroughly with water and air-dried. The target TPyzPz 

1Zn was isolated using column chromatography as the fifth 

intense green-blue fraction using chloroform/ethyl 

acetate/pyridine (10:3:1) as the eluent (Rf = 0.18). The product 

was purified via column chromatography once more using 

chloroform/THF (20:1) as the eluent and finally washed with 

hexane. Yield 6 mg (0.6 %) of green-blue solid. Found: C, 

52.91; H, 5.48; N, 16.79. Calcd. for C62H73N17O12SZn + 4H2O: 

C, 52.52; H, 5.76; N, 16.79 %. λmax (THF, 1 µM)/nm (ε/dm3 

mol−1 cm−1) 652 (116 960), 591 (sh), 371 (88 090). νmax/cm-1 

2962, 2874, 1731, 1629, 1551, 1345, 1244, 1208, 1177, 1086, 

938, 762. δH (500 MHz, CDCl3/pyridine-d5) 4.76 (t, J = 6 Hz, 

10H, OCH2), 4.71 (t, J = 6 Hz, 2H, OCH2), 4.06 (q, J = 6.4 Hz, 

4H, NCH2), 2.10 (s, 9H, CCH3), 2.08 – 1.98 (m, 12H, CH2), 

1.84 – 1.63 (m, 12H, CH2), 1.55 (t, J = 7 Hz, 6H, NCH2CH3), 

1.23 – 1.07 (m, 18H, CH2CH3). δC (125 MHz, CDCl3/pyridine-

d5) 165.43, 165.41, 165.37, 165.25, 165.04, 156.86, 156.20, 

156.05, 153.90, 153.88, 151.90, 151.22, 149.98, 148.97, 

148.88, 148.50, 147.03, 146.85, 146.49, 146.39, 146.36, 

145.99, 145.81, 141.87, 67.17, 67.13, 67.12, 66.94, 51.01, 

45.23, 30.97, 30.86, 30.77, 30.75, 30.74, 19.43, 19.40, 19.38, 

14.05, 13.98, 13.94, 13.83. m/z (MALDI TOF) 1343.3 [M]+ , 

1366.3 [M + Na]+, 1382.3 [M + K]+. HRMS (ESI): m/z calcd. 

for C62H74N17O12SZn 1344.4710 [M + H]+, found 1344.4703.  

General procedure for synthesis of metal-free TPyzPzs  

Magnesium turnings (140 mg, 5.78 mmol) and a small crystal 

of iodine were refluxed in dry butanol (10 mL) for 3 h. 

Compound 12 (100 mg, 0.289 mmol, 1 eq.) and compound 7, 8 

or 9 (3 eq.) were added immediately in one portion, and the 

reflux was continued for 7 h. The mixture was cooled, and the 

solvent was removed under reduced pressure. An aqueous 

solution of acetic acid (50 % (v/v), 50 mL) was added, and the 

suspension was stirred for 1 h at room temperature. The dark 

solid was collected via filtration, washed with water and air-

dried. The crude product was dissolved in THF (20 mL), and p-

toluenesulfonic acid (550 mg, 2.89 mmol) was added to the 

solution followed by stirring at rt for 1 h. The mixture was 

poured into water, and the suspension was collected via 

filtration and washed with water. The product was purified via 

column chromatography on silica (eluents are mentioned 

below), and the second most intense green or blue-green 

fraction was collected. Finally, the product was washed with 

hexane. 

2,3,9,10,16,17,23-Heptakis(tert-butylsulfanyl)-24-[4-(2-

hydroxyethyl)piperidin-1-yl]tetrapyrazinoporphyrazine (3H) 

Compound 3H was prepared from compound 12 (100 mg, 

0.289 mmol) and compound 7 (266 mg, 0.868 mmol) following 

the general procedure for the synthesis of metal-free TPyzPz. 

Mobile phase: chloroform/THF (20:1) (Rf = 0.5). Yield 32 mg 

(9 %) of dark green solid. Found: C, 55.65; H, 6.45; N, 18.51. 

Calcd. for: C59H79N17OS7: C, 55.94; H, 6.29; N, 18.80 %. λmax 
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(THF, 1 µM)/nm (ε/dm3 mol−1 cm−1) 672 (159 890), 642 (127 

840), 616 (47 580), 589 (33 330), 477 (61 460), 367 (141 460). 

νmax/cm-1 3302, 2960, 2919, 1637, 1521, 1477, 1456, 1398, 

1231, 1140, 1087, 1023, 969, 765, 676. δH (300 MHz, 

CDCl3/pyridine-d5) 4.70 (d, J = 12 Hz, 2H, NCH2), 4.04 (t, J = 

6 Hz, 2H, CH2OH), 3.52 (t, J = 12 Hz, 2H, NCH2), 2.35 – 2.10 

(m, 66H, CH3 + CHCH2 + CH), 2.02 – 1.83 (m, 4H, CHCH2), -

2.35 (s, 2H, NH). δC (75 MHz, CDCl3/pyridine-d5) 159.66, 

159.60, 159.08, 158.61, 158.46, 158.21, 157.36, 156.32, 

150.21, 148.75, 143.69, 143.40, 141.94, 140.66, 139.95, 59.63, 

51.78, 51.53, 51.49, 51.42, 51.38, 50.55, 50.35, 40.10, 33.00, 

32.73, 30.94, 30.84, 30.80, 30.74, 30.68, 30.63. HRMS (ESI): 

m/z calcd. for C59H80N17OS7 1266.4771 [M + H]+; found 

1266.4777. 

2-(tert-Butylsulfanyl)-3-[4-(2-hydroxyethyl)piperidin-1-yl]-

9,10,16,17,23,24-hexaneopentyltetrapyrazinoporphyrazine (4H) 

Compound 4H was prepared from compound 12 (100 mg, 

0.289 mmol) and compound 8 (235 mg, 0.868 mmol) following 

the general procedure for the synthesis of metal-free TPyzPz. 

Mobile phase: chloroform/THF/methanol (100:1:1) (Rf = 0.42). 

Yield 40 mg (12 %) of dark blue solid. Found: C, 66.24; H, 

7.80; N, 19.82. Calcd. for C65H91N17OS + H2O: C, 66.35; H, 

7.97; N, 20.24 %. λmax (THF, 1 µM)/nm (ε/dm3 mol−1 cm−1) 662 

(125 430), 627 (88 590), 610 (sh), 580 (sh), 510 (22 940), 344 

(105 750). νmax/cm-1 3302, 2953, 2867, 1658, 1572, 1478, 1452, 

1363, 1282, 1229, 1137, 1045, 1024, 970, 887, 799, 721, 694. 

δH (300 MHz, CDCl3/pyridine-d5) 4.70 (d, J = 12 Hz, 2H, 

NCH2), 3.98 (t, J = 6 Hz, 2H, CH2OH), 3.74 (s, 4H, CCH2), 

3.67 (s, 4H, CCH2), 3.64 (s, 2H, CCH2), 3.62 (s, 2H, CCH2), 

3.43 (t, J = 12 Hz, 2H, NCH2), 2.21 (s, 9H, CH3), 2.18-2.13 (m, 

3H, CHCH2 + CH), 1.92 – 1.73 (m, 4H, CHCH2, 1.47 (s, 9H, 

CH3), 1.38 (s, 9H, CH3), 1.37 – 1.29 (m, 36H, CH3), -1.07 (s, 

2H, NH). δC (75 MHz, CDCl3/pyridine-d5) 160.17, 158.35, 

158.05, 157.93, 157.90, 157.77, 157.68, 148.50, 148.33, 

148.18, 143.38, 143.29, 141.23, 138.89, 59.61, 51.22, 50.42, 

48.35, 48.20, 48.10, 47.95, 47.89, 39.90, 34.77, 34.73, 34.60, 

34.58, 34.30, 32.84, 32.62, 30.67, 30.40, 30.33. HRMS (ESI): 

m/z calcd. for C65H92N17OS 1158.7386 [M + H]+; found 

1158.7391. 

2,3,9,10,16,17-Hexabutoxy-23-(tert-butylsulfanyl)-24-[4-(2-

hydroxyethyl)piperidin-1-yl]tetrapyrazinoporphyrazine (5H) 

Compound 5H was prepared from compound 12 (100 mg, 

0.289 mmol) and compound 9 (238 mg, 0.868 mmol) following 

the general procedure for the synthesis of metal-free TPyzPz. 

Mobile phase: chloroform/THF (10:1) (Rf = 0.25). Yield 55 mg 

(16 %) of dark blue-green solid. Found: C, 58.82; H, 6.68; N, 

19.44. Calcd. for C59H79N17O7S + 2H2O: C, 58.74; H, 6.93; N, 

19.74 %. λmax (THF, 1 µM)/nm (ε/dm3 mol−1 cm−1) 650 (123 

950), 612 (91 770), 599 (sh), 562 (26 670), 428 (45 580), 349 

(111 260). νmax/cm-1 3298, 2960, 2933, 2873, 1844, 1636, 1576, 

1558, 1473, 1456, 1446, 1379, 1314, 1249, 1144, 1061, 1020, 

968, 927, 782, 742. δH (500 MHz, CDCl3/pyridine-d5) 5.59 (br 

s, 1H, OH), 5.19 (t, J = 7 Hz, 2H, OCH2), 5.15 – 5.08 (m, 2H, 

OCH2), 4.99 – 4.93 (m, 2H, OCH2), 4.92 - 4.77 (m, 6H, OCH2), 

4.55 (d, J = 12 Hz, 2H, NCH2), 4.10 – 4.07 (m, 2H, CH2OH, 

overlapped by signal of water), 3.55 (t, J = 12 Hz, 2H, NCH2), 

2.42 – 2.13 (m, 24H, CH3 + CHCH2 + CH), 2.03 – 1.82 (m, 

16H, CHCH2 + CH), 1.40 – 1.25 (m, 18H, CH3). δC (125 MHz, 

CDCl3/pyridine-d5) 157.43, 155.47, 153.18, 153.06, 152.67, 

152.62, 142.94, 141.58, 139.01, 138.25, 137.87, 68.66, 68.60, 

68.48, 68.37, 68.31, 68.17, 59.84, 50.69, 50.23, 40.28, 32.97, 

32.90, 31.41, 31.35, 31.29, 31.24, 31.00, 19.89, 19.84, 19.82, 

19.80, 14.44, 14.42, 14.40, 14.38, 14.35. HRMS (ESI): m/z 

calcd. for C59H80N17O7S 1170.6142 [M + H]+; found 

1170.6147. 

General procedure for synthesis of zinc TPyzPzs  

The metal-free derivative (1 eq) was dissolved in pyridine (15 

mL), and anhydrous zinc acetate (7 eq.) was added. The 

mixture was refluxed for 90 min. The solution was concentrated 

under reduced pressure, and water (50 mL) was added. The 

resulting suspension was collected via filtration, thoroughly 

washed with water and air-dried. The product was purified 

using column chromatography on silica (used eluents are 

mentioned below) and finally washed with hexane. 

2,9,10,16,17,23,24-Heptakis(tert-butylsulfanyl)-3-[4-(2-

hydroxyethyl)piperidin-1-yl]tetrapyrazinoporphyrazinato zinc 

(II) (3Zn) 

Compound 3Zn was prepared from 3H (50 mg, 0.04 mmol) 

following the general procedure for the synthesis of zinc 

TPyzPz. Mobile phase: chloroform/THF (10:1) (Rf = 0.45). 

Yield 45 mg (93 %) of dark green solid. Found: C, 53.56; H, 

5.73; N, 17.21. Calcd. for C59H77N17OS7Zn: C, 53.27; H, 5.83; 

N, 17.60 %. λmax (THF, 1 µM)/nm (ε/dm3 mol−1 cm−1) 650 (290 

470), 622 (sh), 590 (41 200), 470 (sh), 376 (161 680). νmax/cm-1 

2959, 2918, 1683, 1558, 1362, 1256, 1233, 1143, 1098, 1055, 

976, 846, 781, 748. δH (300 MHz, CDCl3/pyridine-d5) 4.58 (d, 

J=12 Hz, 2H, NCH2), 3.99 (t, J = 6 Hz, 2H, CH2OH), 3.46 (t, J 

= 12 Hz, 2H, NCH2), 2.39 – 2.12 (m, 65H, CH3 + CHCH2), 

2.09 - 1.97 (m, 1H, CH), 1.94 – 1.79 (m, 4H, CHCH2). δC (75 

MHz, CDCl3/pyridine-d5) 159.01, 158.40, 158.34, 157.99, 

157.24, 155.18, 152.00, 151.68, 151.32, 151.21, 150.94, 

150.82, 144.75, 144.60, 144.58, 144.46, 144.44, 143.34, 

136.01, 123.83, 59.61, 51.47, 51.46, 51.43, 51.39, 51.33, 50.46, 

50.18, 40.09, 32.90, 32.67, 31.01, 30.93, 30.85, 30.80. m/z 

(MALDI TOF) 1327.2, [M]+; 1350.2 [M + Na]+; 1366.2 [M + 

K]+. HRMS (ESI): m/z calcd. for C59H78N17OS7Zn 1328.3906 

[M + H]+; found 1328.3912. 

2-(tert-Butylsulfanyl)-3-[4-(2-hydroxyethyl)piperidin-1-yl]-

9,10,16,17,23,24-hexaneopentyltetrapyrazinoporphyrazinato 

zinc (4Zn) 

Compound 4Zn was prepared from 4H (50 mg, 0.043 mmol) 

following the general procedure for the synthesis of zinc 

TPyzPz. Mobile phase: chloroform/THF (10:1) (Rf = 0.40). 

Yield 29 mg (55 %) of dark blue solid. Found: C, 61.20; H, 

7.13; N, 18.32. Calcd. for C65H89N17OSZn + 3H2O: C, 61.18; 

H, 7.50; N, 18.66 %. λmax (THF, 1 µM)/nm (ε/dm3 mol−1 cm−1) 

639 (227 010), 610 (sh), 582 (33 180), 496 (sh), 357 (126 700). 
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νmax/cm-1 2953, 2867, 1637, 1545, 1476, 1444, 1364, 1279, 

1238, 1202, 1133, 1095, 1048, 1025, 983, 925, 860, 776. δH 

(300 MHz, CDCl3/pyridine-d5) 4.54 – 4.48 (m, 2H, NCH2) 3.98 

(t, J = 7 Hz, 2H, CH2OH), 3.69 (s, 8H, CCH2), 3.65 (s, 2H, 

CCH2), 3.63 (s, 2H, CCH2), 3.41 (t, J = 12 Hz, 2H, NCH2), 2.26 

- 2.11 (s, 11H, CH3+ CHCH2), 2.11-1.97 (m, 1H, CH) 1.92 – 

1.74 (m, 4H, CHCH2), 1.47 (s, 9H, CCH3), 1.40 (s, 9H, CCH3), 

1.37 (s, 9H, CCH3), 1.36 (s, 9H, CCH3), 1.35 (s, 9H, CCH3), 

1.34 (s, 9H, CCH3). δC (75 MHz, CDCl3/pyridine-d5) 158.13, 

157.79, 157.71, 157.61, 157.49, 155.67, 152.39, 152.27, 

151.96, 151.64, 151.30, 150.98, 147.70, 147.54, 147.50, 

147.42, 147.40, 144.60, 143.29, 59.68, 50.58, 50.39, 48.26, 

48.17, 48.03, 47.95, 40.01, 34.58, 34.29, 32.82, 32.67, 30.84, 

30.46, 30.41, 30.36. m/z (MALDI TOF) 1219.5 [M]+; 1242.5 

[M + Na]+; 1258.4 [M + K]+. HRMS (ESI): m/z calcd. for 

C65H90N17OSZn 1220.6521 [M + H]+; found 1220.6526. 

2,3,9,10,16,17-Hexabutoxy-23-(tert-butylsulfanyl)-24-[4-(2-

hydroxyethyl)piperidin-1-yl]tetrapyrazinoporphyrazinato zinc 

(5Zn) 

Compound 5Zn was prepared from 5H (30 mg, 0.026 mmol) 

following the general procedure for the synthesis of zinc 

TPyzPz. Mobile phase: chloroform/THF (10:1) (Rf = 0.42). 

Yield 28 mg (88 %) of dark blue-green solid. Found: C, 55.32; 

H, 6.28; N, 18.25. Calcd. for C59H77N17O7SZn + 3H2O: C, 

55.03; H, 6.50; N, 18.49 %. λmax (THF, 1 µM)/nm (ε/dm3 mol−1 

cm−1) 626 (239 430), 601 (sh), 569 (32 610), 418 (sh), 361 (132 

790). νmax/cm-1 2961, 2873, 1653, 1541, 1507, 1441, 1378, 

1306, 1251, 1118, 1059, 1026, 970, 935, 827, 745. δH (500 

MHz, CDCl3/pyridine-d5) 5.23 (t, J = 7 Hz, 2H, OCH2), 5.17 – 

4.92 (m, 10H, OCH2), 4.46 (d, J = 12 Hz, 2H, NCH2), 3.98 (t, J 

= 6 Hz, 2H, CH2OH), 3.38 (t, J = 12Hz, 2H, NCH2), 2.41 – 

1.96 (m, 24H, SCCH3 + CHCH2 + CH2CH2CH3 + CH), 1.93 – 

1.66 (m, 16H, CH2CH2CH3, 1.31 – 1.12 (m, 18H, CH2CH3). δC 

(125 MHz, CDCl3/pyridine-d5) 157.40, 155.11, 152.82, 152.80, 

152.75, 151.31, 151.16, 150.83, 150.42, 144.59, 143.54, 

141.56, 141.46, 141.23, 141.21, 68.25, 68.05, 59.71, 50.61, 

49.97, 40.09, 32.81, 32.73, 31.18, 31.12, 31.02, 19.65, 14.19. 

m/z (MALDI TOF) 1231.4 [M]+; 1254.3 [M + Na]+; 1270.3 [M 

+ K]+. HRMS (ESI): m/z calcd. for C59H78N17O7SZn 1232.5277 

[M + H]+; found 1232.5282. 

Fluorescence measurements 

All of the samples were repurified using preparative TLC prior 

to the photophysical measurements (both ΦF and Φ∆) to ensure 

that they were highly pure. The fluorescence spectra were 

obtained using an AMINCO Bowman Series 2 luminescence 

spectrometer. All of the emission spectra were corrected for the 

instrument response. The fluorescence quantum yields (ΦF) 

were determined in THF via the comparative method using 

unsubstituted zinc phthalocyanine (ZnPc, Sigma-Aldrich) as a 

reference (ΦF = 0.32 in THF5). Both the reference and sample 

were excited at 600 nm. The absorbance at the excitation 

wavelength was maintained below 0.015, and the absorbance at 

the Q-band maximum was maintained below 0.05 to limit the 

inner filter effect. The value of ΦF was calculated using Eq. 138: 

  (Eq. 1) 

where F is the integrated area under the emission spectrum and 

A is the absorbance at the excitation wavelength. The 

superscripts R and S correspond to the reference and sample, 

respectively. All of the experiments were performed in 

triplicate with the reported data representing the mean 

(estimated error ±15%). 

Determination of the singlet oxygen production 

The quantum yields of the singlet oxygen (Φ∆) were determined 

in THF according to a previously published procedure39 using 

the decomposition of a chemical trap 1,3-

diphenylisobenzofuran (DPBF) with ZnPc as a reference (Φ∆ = 

0.53 in THF25). The detailed procedure was as follows: 2.5 mL 

of a DPBF stock solution in THF (5 × 10-5 M) was transferred 

into a 10 mm × 10 mm quartz optical cell and saturated with 

oxygen for 1 min. Then, a stock solution of the tested 

compound in THF (typically 20 µL) was added to achieve an 

absorbance of the final solution in the Q-band maximum of 

approximately 0.1. The solution was stirred and irradiated using 

a xenon lamp (100 W, ozone-free XE DC short-arc lamp, 

Newport). The incident light was filtered through a water filter 

(6 cm) and an OG530 cut-off filter (Newport) to remove the 

heat and light below 523 nm, respectively. A decrease of DPBF 

in the solution as a function of the irradiation time was 

monitored at 414 nm. All of the experiments were performed in 

triplicate, and the data presented herein represents the mean of 

the three experiments (estimated error: ±15%). 

Electrochemistry 

he electrochemical measurements (i.e., cyclic voltammetry and 

square wave voltammetry) were performed at room temperature 

using an Autolab PGSTAT101 potentiostat. The measurements 

were carried out with a three electrode setup consisting of a Pt 

working electrode, a Pt counter electrode, and an Ag/AgCl 

reference electrode separated from the bulk solution by an 

integrated salt bridge. The detailed procedure was as follows: a 

0.1 M solution of tetrabutylammonium hexafluorophosphate in 

dry THF (5 mL), which was the supporting electrolyte, was 

added to the cell and bubbled with nitrogen for 5 minutes to 

remove the residual oxygen. Next, the appropriate compound 

(10 mg) was added and bubbling was continued for the next 5 

minutes. Half – wave potentials (E1/2) were recorded from 

square wave voltammetry with potential step of 5 mV and a 

scan rate of 100 mV/s. The obtained data listed in Table 1 were 

referenced to SCE with ferrocene as an internal standard (E1/2 

(Fc/Fc+) = 0.56 V vs SCE).40 

Protonation of nitrogens 

The stock solution (2 mL) of the tested compound in 

dimethylsulfoxide (c = 1 µM) was transferred into the quartz 

optical cell (10 × 10 mm). The absorption and emission spectra 

(λexc = 595 nm) were measured after addition of defined 
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amount of concentrated sulfuric acid into the sample in range 

from 0% to 41 % (v/v). The fluorescence emission spectra were 

corrected for instrument response. Absorption spectra presented 

in ESI (Figure S5) were corrected for dilution. 
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TOC text: 

Efficiency of intramolecular charge transfer correlates with Hammett constants of peripheral 

substituents and the first reduction potential of tetrapyrazinoporphyrazines. 
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