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Series of phthalocyanines, naphthalocyanines and their aza-analogs were studied and compared 

using UV-vis and MCD spectra, molecular calculations, photophysical and electrochemical 

measurements. 
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Systematic investigation of phthalocyanines, naphthalocyanines, 

and their aza-analogues. Effect of the isosteric aza-replacement in 

the core. 
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A series of zinc complexes of phthalocyanine, naphthalocyanine and their aza-analogues with alkylsulfanyl substituents 

was synthesized and characterized by UV-vis and MCD spectroscopy, and their redox properties were investigated using 

CV, DPV, and SWV approaches as well as spectroelectrochemical methods. Aggregation, photostability, singlet oxygen 

production, and fluorescence quantum yields of the target complexes were studied as a function of the stepwise 

substitution of the aromatic C-H fragments by nitrogen atoms. The electronic structure and vertical excitation energies of 

the target compounds were probed by DFT-PCM and TDDFT-PCM approaches. Introduction of additional nitrogens into the 

structure leads to a hypsochromic shift of the Q-band and makes the macrocycle strongly electron deficient and more 

photostable. The impact on the photophysics is limited. The relationships between the type of macrocycle and the studied 

properties were defined.

Introduction 

Phthalocyanines (Pcs) are synthetic macrocyclic dyes with 

structural similarities to naturally occurring porphyrins. Since 

their first synthesis in 1907, they have attracted steady 

attention in a number of areas, together with their aza-

analogues (azaphthalocyanines) or homologues with an 

enlarged macrocyclic system (e.g., naphthalocyanines, Ncs).
1
 

Strong absorption in the red part of the visible spectrum 

imparts them with blue to green color; thus, Pcs are produced 

in tens of thousands of tons per year as industrial colorants.
2
 

However, additional properties of these chemically and 

thermally stable molecules are highly appreciated. The ability 

to produce singlet oxygen after irradiation is utilized in the 

photodynamic treatment (PDT) of tumors
3
 or in photoactive 

materials.
4, 5

 In addition, strong fluorescence is an advantage in 

the development of new fluorescent labels
6
 or sensors.

7
 

Furthermore, the stacking of the planar macrocyclic ring is 

ideal for the formation of discotic liquid crystals.
8
 The electron-

accepting and electron-donating properties of Pcs have led to 

their use in dye-sensitized solar cells (DSSCs),
9, 10

 and they are 

widely studied in electron-transfer processes.
11

 

 The properties of Pcs and their analogues or homologues 

are often optimized for each application. Despite some 

important reports on structure-activity relationships that 

mainly consider the influence of peripheral substituents
12

 or 

stepwise enlargement of the macrocyclic system,
13

 detailed 

studies on isosteric aza-replacement are lacking. The exchange 

of the methine group in benzene rings for the more 

electronegative nitrogen atom has been shown to lead to a 

substantial change in behavior and to new emerging 

applications for Pc analogues.
14, 15

 However, the lack of 

multifactorial structure-activity relationship data hampers 

extension of the rational design of Pcs or Ncs to aza-analogues 

and the tailoring of their properties to selected applications. 

 This work focuses on the comparison of important 

properties of Pcs, Ncs and their aza-analogues (Figure 1). 

Despite a number of reports on Pcs
16

, Ncs
17

 and 

tetrapyrazinoporphyrazines (TPyzPzs)
18

, information about 

other aza-analogues containing pyrazine rings – tetra(2,3-

quinoxalino)porphyrazines (2,3-TQPzs)
19

, tetra(6,7-

quinoxalino)porphyrazines (6,7-TQPzs)
20, 21

 and 

tetra(pyrazinopyrazino)porphyrazines (TPyzPyzPzs) – are 

scarcely found in the literature. In particular, for TPyzPyzPzs, 

only one report can be found in peer-reviewed journals.
22

 

Moreover, a systematic investigation of Pc and Nc aza-

analogues with electron-donating groups has not yet been 

conducted. Thus, this study aims to investigate the impact of 

the isosteric replacement of CH by N in benzene rings in Pcs 

and Ncs on the synthesis, absorption and emission spectra, 

fluorescence and singlet oxygen quantum yields, solubility, 
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aggregation, and electrochemical properties of these 

compounds. These parameters all play an important role in the 

development of new candidates for PDT, fluorescent probes, 

sensors, liquid crystals, DSSCs, and many other applications. 

The structure of the studied compounds was fixed from the 

perspective of the central metal and peripheral substituents to 

observe changes that are attributable to the macrocyclic core 

only. Bulky StBu substituents were selected as the most 

appropriate groups because they limit aggregation that may 

negatively influence the determination of photophysical 

parameters (singlet oxygen and fluorescence quantum yields) 

and thus lead to misleading conclusions. For the purposes of 

this article, abbreviations of the macrocycles that are written 

in bold (e.g., TPyzPz) refer to a particular compound as drawn 

in Figure 1. Abbreviations that are written normally (e.g., 

TPyzPz) represent the macrocycle type with no particular 

peripheral substitution or central cation.  

 

----------------------- Figure 1 ----------------------------- 

 
Figure 1. Structures of the investigated compounds. 

Results and Discussion 

Synthesis 

Aromatic ortho dicarbonitriles are typical precursors for the 

synthesis of Pcs and related compounds.
16, 23

 For heteroatom-

substituted dicarbonitriles, nucleophilic substitution of 

activated aromatic dicarbonitriles is the pathway of choice for 

their synthesis in many reported cases.
24

 Nucleophilic 

substitution (Scheme 1) leading to compounds 1-5 reflected 

well the electron-deficient properties of carbons next to the 

halogens. The yields for the more electron-deficient 

derivatives 1-4 were typically over 70 % when the reaction was 

performed with equimolar ratios and at room temperature. 

The reaction ran well even in the presence of water in case of 

1-3. In contrast, very low sensitivity of the naphthalene 

derivative towards nucleophiles required the heating of 6,7-

dibromonaphthalene-2,3-dicarbonitrile with a large excess of 

thiolate to produce compound 5 with a moderate yield of 51 

%. Approximately the same electron-deficient properties of 

the carbons in positions 2,3 and 6,7 in 6,7-

dibromoquinoxaline-2,3-dicarbonitrile complicated the 

synthesis of precursor 6. Nucleophilic substitution with tert-

butylthiolate gave an inseparable mixture of quinoxalines with 

CN or Br exchanged for StBu. A reverse approach that leads to 

the introduction of StBu to the aromatic core first and 

carbonitriles in the final step was therefore developed. The 

published procedure for 4,5-bis(tert-butylsulfanyl)benzene-

1,2-diamine (7) was optimized (see Electronic Supplementary 

Information, ESI), leading to the synthesis of this derivative in 

an overall yield of 50 % based on benzene-1,2-diamine 

(published overall yield is 10 %
25

). Subsequent formation of a 

tetrahydroquinoxaline ring (8) from 7 in a reaction with 

diethyloxalate was followed by chlorination (9) and cyanation 

to obtain precursor 6 (Scheme 1). 

 Several synthetic methods for the formation of Pcs and 

analogous macrocycles have been previously developed.
26

 Two 

basic approaches of ring formation are based either on 

initiation of the reaction by alkoxide (original Linstead method) 

or on a template effect of the metal cation. Both approaches 

were compared and the data are summarized in Table 1. In 

summary, the template method using Zn(CH3COO)2 in pyridine 

seems to be advantageous for most types of macrocycles as 

the yields were generally highest among the compared 

methods, or at least comparable with the alkoxide approaches. 

The temperature of the reaction may play a crucial role as the 

yields of the template methods were often significantly 

decreased accompanied by the appearance of large amount of 

dark insoluble product when higher temperatures over 150°C 

were applied (e.g. using microwave irradiation in closed vessel 

or reflux in DMF, Table 1). 

Table 1. Reaction conditions and corresponding yields for different 

cyclotetramerization methods
a
 

Compound LiOBu
b
 Mg(OBu)2

c
 Zn(CH3COO)2 (solvent)

d
 

Pc 64% 63% 51 % (pyridine)
f
, 20 % (DMF) 

TPyzPz exchange
e
 41% 61 % (pyridine)

g
, 9 % (DMF) 

Nc 30% 30% 10 % (pyridine) 

2,3-TQPz 19% 23% 40 % (pyridine) 

6,7-TQPz exchange
e
 12% 43 % (pyridine) 

TPyzPyzPz exchange
e
 exchange

e
 46 % (pyridine), 45 % (DMF) 

a
Isolated yields, the data are always for final Zn complexes. 

b
1. BuOH, Li, reflux, 3 

h; 2. Zn(CH3COO)2, reflux, 1 h. 
c
1. BuOH, Mg, reflux, 12 h; 2. TsOH, 

THF/chloroform, 2 h, rt; 3. Zn(CH3COO)2, pyridine, reflux, 1 h. 
d
Zn(CH3COO)2, 

anhydr. solvent, argon, reflux, 12 h. 
e
some StBu substituents were exchanged for 

OBu. 
f
29 % using mw irradiation at 170°C. 

g
0 % using mw irradiation at 170°C.  

 

----------------------- Scheme 1 ----------------------------- 

 
Scheme 1. Synthesis of precursors. 

 

----------------------- Figure 2 ----------------------------- 

 
Figure 2. MCD (upper graph), experimental UV-vis spectra (middle graph) and TDDFT-

PCM (lower graph) of TPyzPz (A), TPyzPyzPz (B), Pc (C), 2,3-TQPz (D), 6,7-TQPz (E), and 

Nc (F) in pyridine. 

 In addition to the yield of the reactions, another fact that 

was also considered is the stability of peripheral chains (StBu) 

under Linstead conditions. It has been reported several times 

that alkyl/aryl sulfanyl substituents can be exchanged for 

alkoxide (formed from Li or DBU) used for initiation of the 

cyclotetramerization reaction in the case of electron-deficient 

macrocycles such as TPyzPzs.
27

 This was also observed for 

compounds in our studied series bearing pyrazine as the outer 

ring (TPyzPz, 6,7-TQPz, and TPyzPyzPz) when using a LiOBu 

initiator. No exchange of peripheral substituents (besides 

TPyzPyzPz) was observed when using a Mg(OBu)2 initiator that 

previously proved to be a mild cyclotetramerization agent.
28

 

However, mass spectra of a TPyzPyzPz sample from the 

Mg(OBu)2 reaction revealed substantial exchange of peripheral 
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Table 2. UV-vis absorption and photophysical data of the studied compounds.
a
 

 TPyzPz TPyzPyzPz Pc 2,3-TQPz 6,7-TQPz Nc 

 THF Pyridine THF Pyridine THF Pyridine THF Pyridine THF Pyridine THF Pyridine 

λmax [nm] 650  657  693 705 699 707 716 731 744 754 773 786 

log ε 5.48 5.44 5.41 5.45 5.52 5.45 5.52 5.54 5.64 5.66 5.63 5.63 

λF [nm] 657 663 700 712 709 718 722 738 749 760 781 793 

∆λ [nm] 7 6 7 7 10 11 8 7 5 6 8 5 

ΦF 0.30 0.27 0.19 0.17 0.28 0.24 0.17 0.20 0.18 0.23 0.19 0.18 

Φ∆ 0.62 0.65 0.68 0.70 0.65 0.63 0.62 0.67 0.59 0.63 0.56 0.58 

ΦF + Φ∆ 0.92 0.92 0.87 0.87 0.93 0.87 0.79 0.87 0.77 0.86 0.75 0.76 

Photostability (%)
b
 - 96 - 85 - 93 - 82 - 68 - 43 

aλmax (absorption maximum in the Q-band), ε (extinction coefficient at λmax), λF (fluorescence emission maximum), ∆λ (Stokes shift), ΦF (fluorescence quantum yield), 

Φ∆ (singlet oxygen quantum yield). 
b
Expressed as % of the compound remained unchanged after irradiation of ∼2 µM solution with 400 W lamp for 30 min. 

Photostability of ZnPc under the same conditions = 91 %. 

StBu for OBu substituents. It seems that the strongly electron- 

of deficient pyrazinopyrazine moiety in 2 (see also results from 

cyclic voltammetry) increased the partial positive charge on 

carbons 6 and 7 and allowed efficient attack of this site even 

by the mild magnesium butoxide. For this reason, only 

template methods can be applied for the successful synthesis 

TPyzPyzPz. On the other hand, mass spectra indicated full 

stability of the peripheral substituents of TPyzPz or 6,7-TQPz in 

Mg(OBu)2 or for Pc, Nc, and 2,3-TQPz even in LiOBu. 

UV-vis and MCD spectra 

UV-vis and MCD spectra of the target complexes in pyridine 

are presented in Figure 2. It was found that all compounds are 

present in monomeric form in both THF and pyridine (see also 

Figure S7) in the concentrations range typical for optical 

spectroscopy (up to 5 µM). In all cases, typical for Pcs and their 

analogues,
29

 strong Q-band and its vibronic satellites were 

observed in the low-energy region of the spectra. Its energy 

varies between 657 and 786 nm and this excited state 

degeneracy was further confirmed by clear Faraday A-terms 

observed in corresponding MCD spectra. Indeed, all of Faraday 

A-terms are centered close to the absorption Q-band maxima 

of corresponding zinc complexes. As expected,
16, 23

 

introduction of eight StBu substituents into β-positions of the 

Pc or Nc macrocycle resulted in ~20-40 nm low-energy shift of 

the Q-band compared to their unsubstituted analogues (Table 

2). Isosteric replacement of aromatic C-H fragments with 

nitrogen atoms in all cases caused a hypsochromic shift of the 

Q-band. For instance, this shift is ca 50 nm when going from Pc 

to TPyzPz. Similarly, Nc complex has the lowest energy Q-band 

when compared with the 6,7-TQPz, 2,3-TQPz, and TPyzPyzPz 

aza-analogues. Although the largest energy shift of Q-band is 

expected and experimentally was observed (81 nm) for 

TPyzPyzPz (a macrocycle with the highest degree of nitrogen 

substitution), the high-energy Q-band shift in 6,7-TQPz and 

2,3-TQPz complexes is rather instructive (Figure 2). Indeed, 

when the outer benzene ring accommodates two nitrogen 

atoms (6,7-TQPz complex), the Q-band undergoes only 34 nm 

higher energy shift, while in the case of inner benzene ring 

replacement (2,3-TQPz complex) much larger (55 nm) high-

energy Q-band shift was observed. These results are in good 

agreement with the observations of Kobayashi et al. who 

studied a series of enlarged porphyrazines,
13

 and our previous 

observations of a linear shift of the Q-band position in 

asymmetric TPyzPzs/6,7-TQPzs.
21

 The results are also in line 

with those obtained recently by Donzello and co-workers for 

Mg complexes of octapyridinated TPyzPz and octapyridinated 

6,7-TQPz.
30

 The red shift of 101 nm between these two 

reported homologues in DMF compares well with 97 nm 

between TPyzPz and 6,7-TQPz in pyridine. A general trend of 

an increasing extinction coefficient with a low-energy shift of 

the Q-band was also observed (Table 2, Figure S7). 

Interestingly, the extinction coefficient reached very high 

values over 400 000 M
-1

 cm
-1

 for 6,7-TQPz and Nc which is in 

accordance with data for this type of macrocycles when they 

are not aggregated.
31

 

 In addition to the Q-band, classic B- (Soret) band was 

observed in UV-vis spectra of all target complexes between 

368 and 405 nm (Figure 2). Similar to the other Pcs and their 

analogues,
32

 this band is associated with ~10 times weaker 

Faraday A-term in MCD spectra of zinc complexes, which are 

centered close to the corresponding UV-vis maxima. The 

energy of the B-band, however, follows opposite trend as 

compared to the energy of the Q-band, i.e. it undergoes low-

energy shift upon stepwise substitution with the nitrogen 

atoms. For instance, based on position of MCD A-terms, B-

band is observed at 359 nm in Nc, 370 nm in Pc, 380 nm in 

TPyzPz, 385 nm in 6,7-TQPz and 2,3-TQPz, and 389 in 
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TPyzPyzPz (a macrocycle with the highest degree of nitrogen 

groups substitution). In addition to the B-band, all aza-

analogues have an additional  

 

----------------------- Figure 3 ----------------------------- 

 
Figure 3. DFT-PCM predicted orbital energy diagram for target compounds. (A) Frontier 

orbital energies; (B) selected orbital energies for most important orbitals 

band in 400 - 500 nm region, which is present as a weak 

shoulder in UV-vis spectra of the parent Pc and Nc complexes 

(Figure 2). This band is associated with very weak MCD signals 

with exception of TPyzPyzPz complex in which it is correlated 

with a relatively strong negative MCD signal. 

DFT and TDDFT calculations 

The electronic structures and vertical excitation energies of 

octaalkylsulfanyl Pc, Nc, and their aza-analogues were probed 

by DFT and TDDFT approaches. In order to correlate DFT and 

TDDFT data with experimental UV-vis spectra and redox 

properties, polarized continuum model (PCM) approach and 

pyridine solvent were used in all calculations. DFT-PCM 

predicted frontier orbitals compositions are listed in Table S4, 

the orbital energy diagram is shown in Figure 3, and selected 

molecular orbitals (MO) profiles are depicted in Figure 4 and 

Figure S18. In all tested compounds, the HOMO has a1u 

symmetry and resembles classic Gouterman's MO
33

 with a 

large contribution from the α- and β-pyrrolic carbons in a 

respective macrocycle complimented by an appreciable 

contribution from the peripheral atoms of sulfur (Figure 4). It 

should be noted that the similar significant contribution into 

HOMO from the electron-donating alkoxy and alkylsulfanyl 

substituents was observed earlier by Kobayashi and co-

workers.
12

 The energy of a1u HOMO correlates very well with 

the experimental first oxidation potential (for electrochemical 

data see Table 3 and discussion below) for target systems 

(Figure S19) and in general gets more stable with the increase 

of the number of nitrogen atoms in respective macrocycle 

(Figure 3). When direct comparison is possible (TPyzPyzPz, 2,3-

TQPz, and 6,7-TQPz complexes) introduction of the nitrogen 

atoms in the inner benzene fragment provides significantly 

larger stabilization of the HOMO energy compared to the 

substitution of the outer benzene fragment with the same 

number of the nitrogen atoms. The LUMO and LUMO+1 also 

resemble classic Gouterman's eg pair which is dominated by 

contribution not only from the α- and β-pyrrolic carbon atoms, 

but also from meso-and inner nitrogen atoms (Figure 4). The 

energies of LUMO and LUMO+1 are slightly less sensitive with 

respect to the substitution of the peripheral benzene 

fragments with the nitrogen atoms, but roughly follow the 

same trends as in the corresponding HOMO. Indeed, 

TPyzPyzPz system has the lowest LUMO energy and the energy 

of LUMO in 2,3-TQPz is lower than that in 6,7-TQPz complex. 

Similarly, good correlation between the energy of LUMO and 

the first reduction potential was also observed (Figure S20). 

The situation with the fourth classic Gouterman's orbital of a2u 

symmetry in all tested complexes is rather interesting. Indeed, 

in the case of unsubstituted zinc phthalocyanine,
34

 the highest 

energy occupied MO with a2u symmetry is dominated by 

contributions from meso- and inner nitrogen atoms and 

resembles classic Gouterman's MO. Introduction of eight 

alkylsulfanyl substituents in our complexes of interest, 

however, results in a situation, when the highest energy 

occupied a2u symmetry MO (HOMO-7 in Nc and HOMO-4 in all 

other tested compounds) has very small contribution from the 

meso- and inner nitrogen atoms (Figure 4). In contrary, HOMO-

7/HOMO-4 a2u symmetry π-orbital in all tested complexes is 

dominated by contributions from sulfur atoms and benzene 

fragments. The classic Gouterman's a2u MO was found to be ~1 

eV lower in energy compared to the highest energy a2u orbital 

in all complexes (Figure 3). Because of the large contribution 

from the meso- and inner nitrogen atoms, this orbital energy 

follows the general trend observed for the LUMO. 

 

----------------------- Figure 4 ----------------------------- 

 
Figure 4. Selected DFT-PCM predicted orbitals for target compounds. 

 According to the classic Gouterman's model,
33

 UV-vis 

spectra of Pcs and their analogues could be described to a 

large extent in the borders of "four-orbital" model, which 

involves different degrees of configuration interaction 

between single-electron excitations originating from a1u 

(HOMO), a2u (HOMO-1), and eg (LUMO, LUMO+1) orbitals. In 

particular, in this model, low-energy (~2 eV) Q-band should be 

dominated by a1u → eg contribution, while B-band region 

should predominantly originate from a2u → eg excitations. In 

our case, classic Gouterman's a2u MO is not the highest energy 

occupied orbital of a2u symmetry. DFT-PCM calculations 

predict another occupied a2u symmetry MO with ~1 eV energy 

higher than the classic Gouterman's a2u MO. It could be 

expected
23

 that this MO will have high energy only in the case 

of Pcs, Ncs, and their aza-analogues with electron-donating 

substituents and thus, it is not surprising that it was not 

mentioned earlier for the aza-analogues of Pcs and Ncs with 

electron-withdrawing groups. As a result, one might expect an 

appearance of the additional intense absorption bands with 

the energies between Q- and B-bands. Thus, in order to 

correlate experimental UV-vis spectra of the target zinc 

complexes and assign an experimentally observed unusual 

intense bands in 450 - 500 nm region, we conducted a set of 

TDDFT-PCM calculations, which proven to provide a very good 

agreement between the energies of experimental and 

theoretical vertical transitions in a number of Pcs and their 

analogues.
30, 34, 35

 TDDFT-PCM predicted UV-vis spectra of the 

target zinc complexes correlated very well with the 

experimental data both in terms of energies and intensities 

(see Figure 2 for nm scale and Figure S23 for cm
-1

 scale data). 

First, TDDFT-PCM calculations suggest that the Q-band region 

should originate from two degenerate excited states (states 1 

and 2, Table S3), which is dominated by a1u (HOMO) → eg 

(LUMO, LUMO+1) single-electron contributions. Predicted 

theoretical energies are in excellent agreement with the 

experimental values (Figure S21) and indicative of the lowest 
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Q-band energy for Nc and the highest Q-band energy for 

TPyzPz. Second, in agreement with their electronic structure, 

bands in the ~ 450 - 500 nm region were found to be 

dominated by the pair of doubly degenerate transitions, which 

have predominant a2u (HOMO-7/HOMO-4) → eg (LUMO, 

LUMO+1) character (Table S3). Again, an excellent correlation 

between the TDDFT-PCM predicted and experimentally 

observed energies for ~450 - 500 nm region has been observed 

(Figure S22). In addition, clear correlation can be seen also for 

the TDDFT-PCM predicted oscillator strengths and 

experimentally observed intensities (Figure 2). Finally, 

according to TDDFT-PCM calculations, B-band region can be 

described by several excited states with two of them 

dominated by the Gouterman's a2u → eg single-electron 

excitations (Table S3). Thus, TDDFT-PCM calculations on the 

target zinc complexes correlate very well with their electronic 

structure and clearly indicate that the major contribution into 

the UV-vis spectra in ~450 - 500 nm region should originate 

from the a2u (HOMO-7/HOMO-4) → eg (LUMO, LUMO+1) 

excitations with a2u symmetry MO being delocalized over 

sulfur atoms and benzene fragments of corresponding 

macrocycles. 

 

----------------------- Figure 5 ----------------------------- 

 
Figure 5. Changes in the absorption spectra of TPyzPz (A) and TPyzPyzPz (B) in toluene 

upon dilution from 100 µM (red spectrum) to 0.125 µM (blue spectrum). Inset A: 

dependence of ε at 654 nm on the concentration in toluene. Inset B: fluorescence 

emission spectra of TPyzPyzPz in toluene with emission of monomer and J-dimer (red) 

and pyridine with monomer only (black). The spectra were normalized to the same 

fluorescence intensity of monomeric species. 

Aggregation 

Planar macrocyclic cores of Pc and analogues tend to 

aggregate due to π-π interactions. This may allow formation of 

compounds with interesting liquid crystalline properties
36

 or 

on the other hand may reduce usability in applications 

connected with photophysical processes upon photon 

absorption due to formation of face-to-face aggregates of the 

H-type.
37

 However, J-aggregates with highly interesting 

photophysical behavior were also reported for Pcs substituted 

with coordinating peripheral substituents.
11, 38, 39

  

 Aggregation of the target compounds was compared in 

toluene due to high solubility of most of the studied 

compounds (for solubility study see ESI) and the non-

coordinating character of this solvent. Compound 2,3-TQPz 

was not studied, as it was insoluble in toluene. Aggregation 

was observed in all cases at high concentrations (close to 100 

µM) as indicated by the decrease of the extinction coefficient 

of the Q-band and broadening of the spectra (Figure 5a, Figure 

S9). The changes suggested formation of H-type aggregates in 

most cases besides TPyzPzyPz with atypical behavior (see 

below). Increase in the Q-band extinction coefficient and 

sharpening of the spectra was observed upon dilution. 

Appearance of several isosbestic points in several cases 

indicated the transformation of dimers to monomers. The 

strongest aggregation was detected for Nc with KD = 3.3 × 10
5 

M
-1

. Extensive aggregation of TPyzPz, Pc and 6,7-TQPz 

appeared at very high concentrations only (over the detection 

limit of the instrument even with 1 mm pathlength cuvettes), 

which did not allow the exact determination of KD values. 

Based on rough analysis of the data (Figure S9), the KD values 

are estimated to be approximately 1.0 × 10
4
 M

-1
 or lower for 

these three compounds. No unequivocal conclusion on the 

influence of the macrocycle type and size on KD can be made 

from the determined values, although smaller macrocycles (Pc 

and TPyzPz) seem to be less susceptible to dimerization than 

the enlarged ones. 

 A strategy of introduction of eight bulky StBu substituents 

for reduction of the aggregation seems to be efficient as KD ≤ 

1.0 × 10
4
 M

-1
 for Pc is lower than for zinc tetra(tert-

butyl)phthalocyanine (KD = 2.5 × 10
4
 M

-1
 in toluene)

40
 or for 

octakis(3,7-dimethyloctyloxy)phthalocyanine (KD = 1.5 × 10
6
 M

-

1
 in dodecane). Furthermore, although reported KD = 2.72 × 

10
5
 M

-1
 (in THF) for zinc octakis(3,6-dioxa-1-

decylthio)naphthalocyanine
41

 is slightly lower than for Nc (KD = 

3.3 × 10
5 

M
-1

 in toluene) it must be kept in mind that it has 

been determined in THF that strongly reduces aggregation. 

 Extremely high aggregation was observed for TPyzPyzPz, 

which was found aggregated in toluene even at the lowest 

tested concentration of 0.125 µM (Figure 5b). This behavior 

did not allow determination of its dimerization constant (KD), 

which is far above 2.0 × 10
7
 M

-1
. Interestingly, the absorption 

spectra with well pronounced red-shifted band indicated 

formation of J-dimer together with presence of residual 

monomer. This fact is supported by extraordinarily high KD 

which is in accordance with the typical KD ≅ 1 × 10
11 

M
-1

 for J-

dimers of Pcs.
11, 38

 Fluorescence emission spectra of TPyzPyzPz 

in toluene were subsequently collected and indeed, the 

emission band of monomer was accompanied by another red 

shifted band (λem = 784 nm, Figure 5b, inset) that is typical for 

presence of J-dimers.
39

 Fluorescence excitation spectra 

measured at different emission wavelengths further confirmed 

presence of two fluorescent species in the sample (Figure S10). 

All these facts support that TPyzPyzPz formed stable J-type 

dimers in toluene most likely on the basis of coordination of 

one of the pyrazine nitrogens with central zinc cation. 

Photophysics and photostability 

Photophysical data were obtained in pyridine and THF (Table 

2) by the comparative method with unsubstituted ZnPc as the 

reference compound. The emission spectra (Figure 6) mirrored 

the absorption Q-band shape with a small Stokes shift typically 

not exceeding 10 nm. The excitation spectra corresponded 

well to absorption spectra indicating that no aggregation 

occurred.  

 Fluorescence quantum yields (ΦF) of all the studied 

compounds were comparable with relatively higher ΦF values 

for macrocycles, with only four 6-membered aromatic rings 

annulated to porphyrazine ring. Values for TPyzPz and Pc were 

therefore typically above 0.25 while for the other macrocycles 

they were below 0.20. The highest ΦF values observed for 

TPyzPz are in good agreement with recent observations of 

strong fluorescent properties for this type of macrocycle.
14

 The 
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lowest emission wavelength of this strongest fluorescent 

macrocycle in the presented series also corresponds well to 

the dependences observed in the series of α- and β-

substituted Pcs where Pcs, which exerts emission at shorter 

wavelengths, had higher ΦF values.
12

  

 

----------------------- Figure 6 ----------------------------- 

 
Figure 6. Normalized fluorescence emission spectra of (from left to right) TPyzPz (red), 

TPyzPyzPz (orange), Pc (green), 2,3-TQPz (black), 6,7-TQPz (blue) and Nc (magenta) in 

pyridine.  

 Singlet oxygen quantum yields (Φ∆) for all of the 

compounds were close to 0.60, indicating that all are highly 

efficient in the production of singlet oxygen - an important 

species in PDT. Notably, quenching of the TPyzPz (or Pc) triplet 

states by oxygen in organic solvents (and in saturated oxygen) 

typically approaches 100 %;
42

 therefore, the Φ∆ values can 

serve also as good indicators of intersystem crossing. The sum 

of Φ∆ and ΦF therefore cover the main deactivation pathways 

of the excited states. The sum was typically above 0.75, for Pc 

and TPyzPz it was over 0.90. The somewhat lower sum of Φ∆ + 

ΦF for larger macrocycles (Nc, 6,7-TQP, 2,3-TQPz, and 

TPyzPyzPz, see also Figure S11) is most likely a consequence of 

increased internal conversion of large macrocycles that 

enabled more efficient collisions with solvent molecules.  

 

----------------------- Figure 7 ----------------------------- 

 

Figure 7. Photodecomposition of target compounds in pyridine after irradiation with 

400 W lamp. TPyzPz (full square, red), Pc (full triangle with black border, green), 

unsubstituted ZnPc (asterisk, black dashed line), TPyzPyzPz (open square, orange), 2,3-

TQPz (open triangle, black), 6,7-TQPz (full circle, blue), Nc (open circle, magenta). 

 

 Pcs and related macrocycles are known to undergo a 

photodecomposition upon irradiation with light.
43

 Rate of the 

decomposition can be, however, influenced by structural 

factors, e.g. perfluorination of the peripheral substituents was 

recently found to substantially increase the photostability.
4
 

The photostability of the target compounds was tested in 

pyridine and compared with that of unsubstituted ZnPc. 

Irradiation of the solution of the tested compound led to 

decrease in absorption in all wavelengths from 350 to 900 nm 

(Figure S12). No new bands were detected. It may lead to 

conclusion that the whole macrocycle is decomposed to small 

parts, most likely homologues and analogues of isoindole 

similarly as observed previously.
44

 The photostability (Table 2, 

Figure 7) substantially decreased with enlargement of the 

conjugated system with Nc being the least photostable 

macrocycle. At the same time, a marked trend in increasing 

photostability with nitrogen substitution can be traced. Thus, 

the photostability of Nc increased by nitrogen substitution in 

order 6,7-TQPz < 2,3-TQPz < TPyzPyzPz. Similarly, TPyzPz was 

more photostable than Pc and, in fact, the least susceptible to 

decomposition by light among the target compounds. All the 

data corresponded well with correlations reported by Wöhrle 

et al.
44

 for photostability of unsubstituted zinc Pc, TPyzPz and 

Nc. 

 

----------------------- Figure 8 ----------------------------- 

 

Figure 8. Cyclic voltammograms (pyridine, 100 mV/s, 0.1 M tetrabutylammonium 

hexafluorophosphate, 25 °C) of TPyzPyzPz (orange), 2,3-TQPz (black), TPyzPz (red), Pc 

(green), 6,7-TQPz (blue) and Nc (magenta). 

 

Electrochemistry and spectroelectrochemistry 

The electrochemistry of the studied macrocycles was assessed 

via cyclic voltammetry, differential pulse voltammetry and 

square-wave voltammetry (Figures S13, S14) in THF and 

pyridine at room temperature with ferrocene as an internal 

standard. Cyclic voltammograms are shown in Figure 8. Half-

wave potentials were determined by square wave 

voltammetry and are listed in the Table 3. All compounds in 

the series underwent at least two reversible reductions in the 

electrochemical window provided by the solvents, with 

TPyzPyzPz and 2,3-TQP (the most electron-deficient ones) 

even undergoing four reductions in the electrochemical 

window of pyridine and THF. Similarly, four or even five one-

electron reductions were described in the literature for 

remarkably electron-deficient metal complexes of 

octapyridinated TPyzPz.
45

 Chemical reversibility of the 

reductions was clearly obvious from the peak current ratios 

ipa/ipc being close to one at all scan rates. Further, 

electrochemical reversibility of the reduction processes was 

assigned on the bases of independency of Epa and Epc on the 

scan rate (50 mV/s, 100mV/s and 200mV/s; data not shown). 

Electrochemical reversibility can be deduced also from the 

peak potential separation (ΔEp) which was lower than 78 mV 

(for all compounds of the series). Such value indicates that 

one-electron processes took place that is also in accordance 

with the data obtained from spectroelectrochemistry (see 

below). 

 In agreement with previous reports on TPyzPz,
46

 the 

current results showed that pyrazine rings condensed directly 

to the porphyrazine ring strengthened significantly the 

electron-deficient character of the macrocycle, as 

characterized by the position of the first reduction potential 

(Ered
1
). Thus, the first reduction of TPyzPyzPz in pyridine was 

observed at -0.49 V vs. SCE followed by 2,3-TQP and TPyzPz, 

which reached values of -0.56 and -0.70 V vs. SCE in pyridine, 

respectively. Annelation of the pyrazine ring externally to the 

Pc core does not influence the reduction potential so much 

and 6,7-TQPz had even more negative first reduction potential 

(-0.92 V) than Pc itself (-0.81 V). In general, the feasibility of 

the macrocycle to undergo reduction (i.e., electron-deficient 

properties) increases in the series Nc < 6,7-TQPz < Pc < TPyzPz 

< 2,3-TQPz < TPyzPyzPz (Figure S16). 

 In contrast to reversible reduction processes, chemically 

irreversible oxidations (ipa was several times higher than ipc)  

were observed within the whole series. Such irreversibility of 

the first oxidation process in all complexes can be explained by  
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Table 3. Electrochemical data of target compounds in THF and pyridine.
a
 

 TPyzPz TPyzPyzPz Pc 2,3-TQPz 6,7-TQPz Nc 

 THF Pyridine THF Pyridine THF Pyridine THF Pyridine THF Pyridine THF Pyridine 

Eox
1
 (V) 1.07 1.05 1.15 1.15 0.80 0.74 0.98 1.02 0.58 0.57 0.40 0.35 

Ered
1
 (V) -0.76 -0.70 -0.49 -0.49 -0.85 -0.81 -0.66 -0.56 -0.93 -0.92 -1.15 -0.97 

Ered
2
 (V) -1.12 -1.08 -0.79 -0.81 -1.06 -1.23 -0.98 -0.88 -1.06 -1.30 -1.54 -1.35 

Ered
3
 (V)   -1.20 -1.19   -1.18 -1.17     

Ered
4
 (V)   -1.44 -1.42   -1.48 -1.38     

HOMO (eV) -5.49 -5.47 -5.57 -5.57 -5.22 -5.16 -5.40 -5.44 -5.00 -4.99 -4.82 -4.77 

LUMO (eV) -3.57 -3.73 -3.93 -3.94 -3.57 -3.61 -3.76 -3.86 -3.49 -3.50 -3.27 -3.45 

λmax [nm] 650 657 693 705 699 707 716 731 744 754 773 786 

a
Potentials Ered and Eox are expressed as E1/2 (in V vs. SCE) with ferrocene as internal standard. 

 

  

----------------------- Figure 9 ----------------------------- 

 

Figure 9. Spectroelectrochemical transformation of the neutral Pc (left, A, C) and 

TPyzPz (right, B, D) complexes during the first (A, B) and the second (C, D) reductions in 

pyridine/TBAP system. 

significant contribution of the sulfur atoms in the HOMO as 

predicted by DFT calculations. Indeed, formation of the radical-

cation upon oxidation would result in a system with significant 

sulfur-centered radical character, which is expected to 

undergo irreversible chemical transformation in solution. Due 

to very weak ipc (see Figure 8), the half-wave oxidation 

potentials (Eox, Table 3) were determined using square-wave 

voltammetry where the signal of oxidation was clearly 

observable. The oxidation potentials followed the opposite 

trend than reduction, i.e., from 0.35 V vs. SCE (for Nc) up to 

1.15 V. vs. SCE (for TPyzPyzPz). The HOMO-LUMO gap 

calculated from the electrochemical data decreased linearly 

with the increasing position of Q-band maximum (see Figure 

S15) in accordance with theoretical predictions. 

 In order to clarify the nature of the redox-generated 

species in the target complexes, spectroelectrochemical 

experiments in pyridine/TBAP system were conducted (Figure 

9 and Figure S17). Since the first oxidation process in all 

studied complexes is irreversible, only reduced species were 

investigated. Moreover, because of the degradation of mono-

anions of larger macrocycles (Nc, 6,7-TQPz, 2,3-TQPz, and 

TPyzPyzPz) during second reduction process, only data for the 

first reduction in these systems are presented. In the case of 

smaller macrocycles Pc and TPyzPz, during the first reduction, 

intensities of both Q- and B-band decreased, while formation 

of three new bands in NIR region between 750 and 1000 nm 

was clearly observed (Figure 9). In addition, two new bands in 

visible regions around 560-600 and 435-440 nm were also 

observed. Considering the electrochemically inactive central 

zinc(II) cation and theoretical and spectroelectrochemical data 

reported in literature, such transformation is very 

characteristic and indicative of formation of a single-electron 

reduced macrocycle.
32, 45, 47

 During a second reduction process, 

three NIR bands decayed, while a new prominent band in 535-

573 nm region arose in UV-vis spectra of Pc and TPyzPz 

complexes (Figure 9), which is, again, indicative of formation of 

the macrocycle-centered dianion similar to well-known Pc-

dianions
32, 47 

and TPyzPz-dianions.
45

 Similarly to Pc and TPyzPz 

complexes, during reduction of larger macrocycles (Nc, 6,7-

TQPz, 2,3-TQPz, and TPyzPyzPz), appearance of new NIR bands 

is indicative of formation of a macrocycle-centered anion-

radical species (Figure S17). Thus, in a good agreement with 

DFT calculations, addition of one or two electrons to doubly 

degenerate LUMO and LUMO+1 in all studied complexes 

resulted in formation of the macrocycle-centered reduced 

species. 

Conclusion 

The influence of aza-substitution was studied from several 

points of view. The effect is traceable already on the level of 

synthesis of precursors (hetero/aromatic dicarbonitriles) 

during introduction of peripheral substituents by nucleophilic 

substitution. Presence of nitrogens with higher 

electronegativity in the structure makes the substitution of 

halogens by thiolates easier and produces higher yields. As 

another synthetic consequence, care must be taken in the 

selection of appropriate cyclotetramerization method. 

Linstead conditions using alkoxide may not be fully suitable for 

electron-deficient nitrogen heterocycles, in particular those 

with outer pyrazine rings. A considerable risk of the exchange 
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of peripheral substituents for alkoxides from the initiator may 

be reduced by the use of magnesium butoxide, a mild 

cyclotetramerization agent (for the synthesis of TPyzPz or 6,7-

TQPz). In the case of the strongly electron-deficient TPyzPyzPz, 

the use of template method is unavoidable, because even 

magnesium butoxide led to exchange of the peripheral 

substituents.  

 From the point of view of the optical spectra, the aza-

substitution has a substantial impact on the position of the 

main Q-band maximum in that it causes a significant high-

energy shift. The high-energy shift was found to be highly 

significant - approximately 50 nm when aza-substitution takes 

place on the benzene rings attached directly to porphyrazine 

or approximately 30 nm when the exchange is in outer rings. 

These relationships may be used for rough prediction of the 

position of the Q-band maximum similar to the case of 

stepwise insertion of benzene rings into the TPyzPz core in 

unsymmetrical pyrazino/quinoxalinoporphyrazines.
21

 

 From the point of view of aggregation, no unequivocal 

conclusions can be made regarding the size of macrocycle or 

the number and positions of nitrogens. It seems, however, that 

smaller macrocycles have a lower tendency to aggregate. This 

conclusion cannot be fully generalized as a low KD value was 

also estimated for 6,7-TQPz. Unexpected formation of J-

dimers, most likely on the basis of coordination of one of the 

pyrazine nitrogens with central metal, was detected for 

TPyzPyzPz. No aggregation was detected for any of the studied 

compounds in THF or pyridine (e.g. during the photophysical 

experiments). 

 All macrocycles produced strongly singlet oxygen with Φ∆ 

values typically over 0.60. This is fully sufficient for application 

to PDT, and all of the macrocycles can be used for the 

development of new photosensitizers. In this application, 

conclusions from the aggregation studies and dependences 

derived for position of the Q-band maximum may be very 

useful in practical design. Similarly, ΦF values also did not 

differ too much within the series, with the strongest 

fluorescence found for TPyzPz. This fact confirmed the findings 

derived from a smaller series of compounds studied 

previously
14

 and emphasized further the potential of these 

aza-analogues as promising fluorescent labels. Reversely to 

limited differences in photophysical behavior, it should be 

pointed out that aza-substitution substantially increased 

photostability of the macrocycles. The increased photostability 

was observed also for smaller macrocycles (TPyzPz, Pc) when 

compared to the larger ones (TPyzPyzPz, 6,7-TQPz, 2,3-TQPz, 

Nc). 

 One of the most significant impacts of aza-substitution was 

observed in the electrochemical behavior. The presence of 

pyrazine rings attached directly to the porphyrazine core made 

these macrocycles strongly electron-deficient, with a very low 

Ered
1 

value of -0.49 V vs. SCE (in both THF and pyridine) for the 

most electron-deficient TPyzPyzPz. The data indicated that 

macrocycles such as TPyzPyzPz, 2,3-TQPz, and TPyzPz may find 

use as electron acceptors in intra/intermolecular 

electron/charge transfer processes, while Nc with a low Eox
1
 

value of 0.35 V vs. SCE (in pyridine) may be used easily as a 

donor in different dyads or triads. Fine tuning of both 

reduction and oxidation potentials may be further performed 

using different peripheral substitutions
48

 and central cations as 

reported previously for Pc
49

 or TPyzPz rings.
13, 45, 50

 The great 

variability of the tuning parameters with known relationships 

could be used now to rationally design a macrocycle with 

electrochemical (and photophysical, spectral etc., see above) 

properties tailored to a desired application. As an example, 

strongly electron-deficient macrocycles with high fluorescence 

are required for the development of fluorescent sensors based 

on intramolecular charge transfer (ICT).
7
 Dyes absorbing at 

longer wavelengths with limited or no fluorescence in a 

monomeric state (e.g., as a consequence of non-susceptive 

ICT) are desired for dark quenchers of fluorescence in DNA 

hybridization probes.
15, 51

 Moderate electron-deficient 

properties of the macrocycle together with absorption at 

longer wavelengths and sufficient production of singlet oxygen 

are appreciated in pH sensitive photosensitizers in PDT based 

on photo-induced electron transfer switching between ON and 

OFF states.
52

 Fine tuning of both oxidation and reduction 

potentials are needed in DSSCs where the LUMO level of the 

dye must be sufficiently high in energy for efficient charge 

injection in the TiO2 conduction band, and the HOMO level 

should allow efficient regeneration of the oxidized dye by the 

electrolyte.
9
  

Experimental 

General information on the methods and experimental details 

on UV-vis and MCD spectra, aggregation, photophysical 

measurements, photostability, electrochemistry, 

spectroelectrochemistry and theoretical calculations are 

mentioned in ESI. 

Synthesis 

Syntheses of precursors 1
53

and 3
54
 as well as macrocycles 

TPyzPz,
55

 6,7-TQPz,
54

 and Pc
55

 were published in the literature 

previously. Alternative approaches to these macrocycles are 

presented in ESI.  

Synthesis of 6,7-bis(tert-butylsulfanyl)pyrazino[2,3-

b]pyrazine-2,3-dicarbonitrile (2). 6,7-dichloropyrazino[2,3-

b]pyrazine-2,3-dicarbonitrile
56

 (220 mg, 0.88 mmol) was 

sonicated in THF (15 mL) for 5 min, and the suspension was 

added all at once into a mixture of 2-methylpropane-2-thiol 

(158 mg, 200 µL, 1.75 mmol) in a 1 M aqueous solution of 

NaOH (1.8 mL, 1.8 mmol). The suspension dissolved 

immediately, and the reaction was stirred at room 

temperature (rt) for 1 h. THF was removed under reduced 

pressure, water was added, and the mixture was washed three 

times with ethyl acetate. Combined organic layers were dried 

(Na2SO4) and evaporated. The crude product was purified by 

column chromatography on silica with chloroform as an 

eluent. The pure sample was recrystallized from methanol to 

obtain dark yellow crystals (269 mg, 86 %). M.p. slow dec. from 

195 °C; 
1
H NMR (300 MHz, CDCl3): δ 1.77 (s, 18H) ppm. 

13
C 

NMR (75 MHz, CDCl3): δ 168.4, 142.1, 130.5, 113.1, 53.5, 29.5 

ppm. IR (ATR): ν 2963, 2923, 2235, 1543, 1468, 1426, 1364, 
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1238, 1221, 1161, 1120, 1034, 880 cm
-1

. Calcd. for C16H18N6S2: 

C 53.61, H 5.06, N 23.44; found: C 53.71, H 5.05, N 22.98 %. 

Synthesis of 4,5-bis(tert-butylsulfanyl)phthalonitrile (4). 4,5-

Dichlorophthalonitrile (4.9 g, 24.9 mmol, TCI Europe) was 

dissolved in DMSO (25 mL), and 2-methylpropane-2-thiol (5.6 

g, 7 mL, 62 mmol) was added. The mixture was stirred at rt, 

and finely ground anhydrous K2CO3 (13.8 g, 100 mmol) was 

added in several portions within 1 h. The reaction turned 

yellow after the first addition of K2CO3. The mixture was stirred 

at rt for 24 h and then poured into water (200 mL). The white 

precipitate was collected and recrystallized from methanol to 

yield white crystals (6.51 g, 86 %). 
1
H NMR (300 MHz, CDCl3): δ 

7.85 (s, 2H) and 1.45 (s, 18H) ppm. 
13

C NMR (75 MHz, CDCl3): δ 

146.9, 136.9, 115.11, 112.4, 49.6, 31.0 ppm. The analytical 

data corresponded well with those published for this 

compound previously.
53

 

Synthesis of 6,7-bis(tert-butylsulfanyl)naphthalene-2,3-

dicarbonitrile (5). 6,7-Dibromonaphthalene-2,3-dicarbonitrile 

(700 mg, 2.1 mmol, TCI Europe) was sonicated for 5 min at rt in 

DMF (40 mL), and 2-methylpropane-2-thiol (2.8 g, 3.5 mL, 31.3 

mmol) was added together with 1,8-diazabicyclo[5.4.0]undec-

7-ene (DBU, 4.8 g, 4.7 mL, 31.3 mmol). The reaction was 

heated at 70°C for 48 h. The solvent was partially removed 

under reduced pressure, and the residue was poured into 

water (50 mL). The suspension was washed three times with 

ethyl acetate and purified by column chromatography on silica 

with hexane/ethyl acetate (6:1) as an eluent. The pure sample 

was recrystallized from ethanol to obtain yellow crystals (377 

mg, 51 %). M.p. 191.6-192.0 °C. 
1
H NMR (300 MHz, CDCl3): δ 

8.25 (s, 2H), 8.11 (s, 2H), 1.46 (s, 18H) ppm. 
13

C NMR (75 MHz, 

CDCl3): δ 143.7, 134.8, 133.3, 131.5, 115.8, 110.3, 48.8, 31.0 

ppm. IR (ATR): ν 2964, 2924, 2235, 1606, 1565, 1458, 1421, 

1369, 1346, 1219, 1159, 1090, 981, 927 and 913 cm
-1

. Calcd. 

for C20H22N2S2: C 67.76, H 6.26, N 7.90; found: C 67.22, H 6.30, 

N 7.91 %. 

Synthesis of 6,7-bis(tert-butylsulfanyl)quinoxaline-2,3-

dicarbonitrile (6). Compound 9 (2.9 g, 7.7 mmol, for synthesis 

of 9 see ESI) was dissolved in DMF (80 mL), and sodium p-

toluenesulfinate (1.37 g, 7.7 mmol) was added followed by 

KCN (poison!) (1.15 g, 17.7 mmol). The solution turned deep 

red after the addition of sodium p-toluenesulfinate and 

subsequently light orange after the addition of KCN. The 

reaction was stirred overnight at rt. The solvent was removed 

under reduced pressure, and the residue was purified by 

column chromatography on silica with toluene/chloroform 

(2:1) as an eluent to obtain an orange solid (1.7 g, 62 %). M.p. 

243.0-245.7 °C (dec.). 
1
H NMR (300 MHz, CDCl3): δ 8.19 (s, 2H), 

1.59 (s, 18H) ppm. 
13

C NMR (75 MHz, CDCl3): δ 149.7, 139.7, 

129.6, 129.2, 113.6, 49.5, 30.7 ppm. IR (ATR): ν 2993, 2973, 

2928, 2236, 1573, 1506, 1434, 1372, 1337, 1190, 1162, 1119, 

1061, 988, 864 cm
-1

. Calcd. for C18H20N4S2: C 60.64, H 5.65, N 

15.72; found: C 60.47, H 5.91, N 15.45 %. 

Synthesis of 2,3,11,12,20,21,29,30-octakis(tert-

butylsulfanyl)tetrakis(pyrazino[2,3-

b]pyrazino)porphyrazinato zinc(II) (TPyzPyzPz). Compound 2 

(100 mg, 0.28 mmol) and anhydrous Zn(CH3COO)2 (51 mg, 0.28 

mmol) were dissolved in anhydrous pyridine (1 mL) under an 

argon atmosphere. The reaction was heated to reflux for 16 h 

and then poured into water/methanol (1:1 mixture, 100 mL). 

The precipitate was collected, washed with water, air dried 

and purified by column chromatography on silica with 

toluene/pyridine (6:1) as an eluent. After the pure fractions 

obtained from chromatography were evaporated, the solid 

was washed thoroughly with methanol to obtain a dark solid 

(48 mg, 46 %). 
1
H NMR (300 MHz, CDCl3/C6D5N 3:1): δ 1.95 (s, 

72H) ppm. 
13

C NMR (75 MHz, CDCl3/C6D5N 3:1): δ 163.5, 151.2, 

149.8, 143.6, 52.0, 29.9 ppm. IR (ATR): ν 2962, 2922, 1546, 

1499, 1359, 1247, 1127, 1063, 1028, 855, 725 cm
-1

. Calcd. for 

C64H72N24S8Zn + 2 H2O: C 50.07, H 4.99, N 21.90; found: C 

50.01, H 5.24, N 21.71 %. UV/Vis (pyridine, 1 µM): λmax (ε) 705 

(284 300), 669 (38 800), 647 (40 100) 453 (109 800), 405 nm 

(113 300 M
-1

 cm
-1

). MS (MALDI): m/z 1496.3 [M]
+
. 

Synthesis of 2,3,11,12,20,21,29,30-octakis(tert-

butylsulfanyl)tetra[2,3]quinoxalinoporphyrazinato zinc(II) 

(2,3-TQPz). Compound 6 (100 mg, 0.28 mmol) was dissolved in 

anhydrous butanol (2 mL) and heated to reflux. Lithium metal 

(2 mg, 0.28 mmol) was added, and the reaction turned dark 

brown immediately. The reflux continued for 3 h when 

anhydrous Zn(CH3COO)2 (250 mg, 1.36 mmol) was added. The 

reaction was refluxed for 1 h and then poured into 

water/methanol (1:1 mixture, 100 mL). The precipitate was 

collected, washed with water, air dried and purified by column 

chromatography on silica with chloroform/pyridine (20:1) as 

an eluent. After evaporation of the pure fractions obtained 

from chromatography, the solid was washed thoroughly with 

methanol to obtain a dark brown solid (22 mg, 21 %). 
1
H NMR 

(300 MHz, CDCl3/C6D5N 3:1): δ 9.22 (s, 8H), 1.81 (s, 72H) ppm. 
13

C NMR (75 MHz, CDCl3/C6D5N 3:1): δ 48.9, 31.2 ppm 

(aromatic signals were not detected). IR (ATR): ν 2960, 2923, 

2856, 1741, 1544, 1432, 1364, 1220, 1158, 1092, 986, 886, 

847, 721 cm
-1

. Calcd. for C72H80N16S8Zn + 2 H2O: C 56.62, H 

5.54, N 14.67; found: C 56.31, H 5.87, N 14.72 %. UV/Vis 

(pyridine, 1 µM): λmax (ε) 731 (348 800), 695 (46 300), 667 

(43 200), 467 (63 400), 394 nm (124 400 M
-1

 cm
-1

). MS 

(MALDI): m/z 1488.1 [M]
+
. 

Synthesis of 2,3,11,12,20,21,29,30-octakis(tert-

butylsulfanyl)naphthalocyaninato zinc(II) (Nc). Compound 5 

(250 mg, 0.7 mmol) and anhydrous Zn(CH3COO)2 (52 mg, 0.28 

mmol) were dissolved in anhydrous butanol (5 mL), and 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU, 0.41 g, 0.40 mL, 2.7 

mmol) was added. The mixture was heated at reflux for 5 h 

and then poured into water/methanol (1:1 mixture, 150 mL). 

The precipitate was collected and washed thoroughly with 

methanol, hot acetone and cold chloroform. The solid was 

dissolved in a small amount of pyridine, filtered and dropped 

into hexane. The precipitate was collected and washed again 

with hexane, acetone and methanol to obtain a green solid 

(126 mg, 48 %). 
1
H NMR (300 MHz, C6D5N): δ 9.96 (s, 8H), 9.15 

(s, 8H), 1.73 (s, 72H) ppm. 
13

C NMR (75 MHz, C6D5N): δ 48.3, 

31.4 ppm (aromatic signals were not detected). IR (ATR): ν 

2960, 1583, 1455, 1404, 1368, 1333, 1161, 1101, 1084, 1034, 

978, 914, 871 cm
-1

. Calcd. for C80H88N8S8Zn + 2 H2O: C 63.32, H 

6.10, N 7.37; found: C 62.94, H 5.96, N 7.35. UV/Vis (pyridine, 1 
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µM): λmax (ε) 786 (423 300), 747 (56 000), 700 (62 800), 362 

nm (102 300 M
-1

 cm
-1

). MS (MALDI): m/z 1480.26 [M]
+
. 
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