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Synthesis and identification of tetrakis-[5,6-bis(4-tert-butylphenyl)pyrazino| porphyrazine, tetra-(4-tert-butyl)
phthalocyanine and octakis-(4-tert-butylphenyl)porphyrazine were carried out. Spectrophotometric method
was used to study the spectral, acidic and fluorescence properties of the synthesized compounds. It was deter-
mined that the synthesized tert-butyl-substituted porphyrazines exhibit a high sensitivity of fluorescence to
the molecule ionization. To understand the features of the spectral properties the geometry optimization and
an analysis of energy levels and localization of highest occupied and lowest unoccupied molecular orbitals of
the studied compounds were performed on the basis of density functional theory with the BP86 functional and
the def2-TZVP basis set. The effect of substituents in molecular fragments of the macrocycle on the acidic and
electro-optical properties of the studied compounds is revealed. Materials with pH-tunable fluorescence were

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Porphyrazines, as an important class of porphyrinoid macrocycles,
carrying pyrazine rings directly annulated to the pyrrole rings of the
porphyrazine core, have been presented in recent years as photoactive
materials with clear advantages over the porphyrins [1-3]. An area of
further expansion of new porphyrazines macrocycles can be directed
to the synthesis of new phthalocyanines-like macrocycles opening a
route to new forms of investigation and promising potential practical
applications [4,5]. It should be noted that all porphyrazines reveal am-
photeric properties [6]. Tetrazaporphyrins are able to protonate along
the meso-nitrogen atoms of the macrocycle in acidic media and
deprotonate along the intracyclic N-H groups in high basic media.
Phthalocyanines are protonated along bridging nitrogen atoms of the
macrocycle upon interaction with strong acids (concentrated sulfuric
and chlorosulfonic acids) up to the formation of tetraprotonated salts
and are deprotonated in media of strong bases (hydrogens of the pyr-
role NH groups can be cleaved with formation of corresponding
tetrapyrrolic dianions). Porphyrazines, as structural analogues of por-
phyrins, are widely used as effective catalysts for oxidation-reduction
reactions, in the production of light-resistant green and blue dyes and
pigments, as well as optical materials for laser technologies [7,8].
Based on the foregoing, the studies of porphyrazines have great poten-
tial for practical use and are in demand and relevant.
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In this work, we synthesized tetrakis[5,6-bis(4-tert-butylphenyl)
pyrazino|porphyrazine, tetra(4-tert-butyl)phthalocyanine and octakis
(4-tert-butylphenyl)porphyrazine. The spectrophotometric method
was used to study their spectral, acidic and fluorescence properties. In
order to establish the effect of the molecule ionization on the of fluores-
cence quenching mechanism the geometry optimization, an analysis of
energy levels and localization of highest occupied and lowest unoccu-
pied molecular orbitals of the synthesized porphyrazines were per-
formed on the basis of density functional theory (DFT) with the BP86
functional and the def 2-TZVP basis set. The significant influence of sub-
stituent nature and its position in the macrocycle on the acidic and fluo-
rescence properties of the synthesized porphyrazines is revealed.

2. Experimental part
2.1. Tetrakis[5,6-bis(4-tert-butylphenyl)pyrazino|porphyrazine (1)

50 mg of lithium (7.2 mmol) was dissolved in 10.0 ml of ethylene
glycol under heating. Then 450.0 mg of 2,3-dicyano-5,6-bis(4-tert-
butylphenyl)pyrazine (3.56 mmol) was added to the solution and
resulting mixture was refluxing for 3 h and cooled. The precipitate
was filtered off, washed with water and dried at 70 °C in air. The residue
was dissolved in chloroform, acidified with trifluoroacetic acid until the
color turned bluish to green and chromatographed on silica gel eluting
with chloroform. The filtrate was evaporated, porphyrazine was precip-
itated with methanol, filtered and dried at 70 °C in air. Yield: 70.0 mg
(17.5%). R¢ (Silufol): 0.85 (benzene-methanol, 30:1). MALDI-TOF (m/
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), Found 1582.926 [M+2H] ™, Calculated 1580.901. 'H NMR (CDCl5) §,
ppm: 8.05d (16H,] = 8.1 Hz, 2,6-H-Ar); 7.58 d (16H, ] = 8.1 Hz, 3,5-H-
Ar); 1,48 s (72H, H-tBu); —0.66 s (2H, NH). UV-Vis spectra of the I,
Nmax M (Ig €): 679 (5.28), 648 (5.18), 473 (4.83), sh, 372 (5.15) (chlo-
roform); 464sh (4.55), 593sh (4.38), 616sh (4.48), 646 (4.97), 674
(5.07) (acetonitrile). UV-Vis spectra of the (1)>7, Njax, nm (Ig €): 665
(4.97), 603sh (4.29) (acetonitrile+DBU).
2,3-Dicyano-5,6-bis(4-tert-butylphenyl)pyrazine. A solution of 4.0 g
(12.4 mmol) bis(4-tert-butylphenyl)ethanedione, 1.4 g (13.0 mmol) of
diaminomaleodinitrile and 100 mg of p-toluenesulfonic acid in
15.0 ml of methanol was refluxing for 3 h, then the mixture was cooled.
The precipitate was filtered off, washed with methanol and dried in air
at room temperature. Yield 4.2 g (85.9%). Melting point: 161-165 °C.
MALDI-TOF (m/z), Found 395.667 [M+H]™, Calculated 395.53. 'H
NMR (CDCls) 6, ppm: 7.55 dt (4H, ] = 8.6 Hz, '] = 2.1 Hz; 2,6-H-Ar);
7.41 dt (4H,] = 8.6 Hz, '] = 2.1 Hz; 3,5-H-Ar); 1.35 s (18H, H-tBu).

2.2. Tetra(4-tert-butyl)phthalocyanine (II)

The mixture of 3.0 g 4-tert-butylphthalonitrile (16.3 mmol), 0.12 g of
lithium (17.1 mmol) and 20.0 ml of dried quinoline (as a solvent) were
refluxing for 3 h, cooled and then concentrated hydrochloric acid
(30.0 ml) and water (150.0 ml) were added to the mixture with stirring.
The precipitate was filtered off, washed with water and dried. The resi-
due was dissolved in chloroform and chromatographed on alumina of
the Il degree of activity with chloroform as eluent. The eluate was evap-
orated, the product was precipitated with methanol, filtered off, washed
with methanol and dried at 70 °C in air. Yield: 0.80 g (36.2%). R¢
(Silufol): 0.52 (chloroform - hexane, 3:1). MALDI-TOF (m/z), Found
739.156 [M]™, Calculated 738.981. '"H NMR (CHCl5) &, ppm: 9.16 m
(4H, 6-H); 8.86 m (4H, 3-H); 8.15 m (4H, 5-H); 1.90 m (36H, H-tBu);
—2.60 bs (2H, NH) (CDCl3) (mixture of atropisomers). UV-Vis spectra
of the II, Npmax, nm (Ig €): 701 (5.10), 664 (5.03), 645 (4.59), 603
(4.41), 342 (4.81) (chloroform); 599 (4.21), 638, (4.36), 661 (4.77),
696 (4.82) (acetonitrile). UV-Vis spectra of the (I1)27, Nmax, nm (lgg):
400 (4.75), 608, (4.19), 673 (4.75) (acetonitrile + DBU).

2.3. Octakis(4-tert-butylphenyl)porphyrazine (1II)

A solution of 0.20 g Pb-octakis(4-tert-butylphenyl)porphyrazine
(0.13 mmol) in trifluoroacetic acid (5.0 ml) was refluxing in argon at-
mosphere for 1 h, then it was poured into water and concentrated am-
monia solution (5.0 ml) was added to the resulting mixture. The
precipitate was filtered off, washed with water and dried. The product
was dissolved in chloroform and chromatographed on silica gel with
chloroform as eluent. The eluate was evaporated to a minimal amount
and diluted with methanol (25.0 ml). Precipitated residue was filtered
off, washed with methanol and dried in air at 70 °C. Yield: 120.0 mg
(67.3%). R¢ (Silufol): 0.81 (benzene-hexane, 1: 1). MALDI-TOF (m/z),
Found 1372,825 [M+H]™, Calculated 1371,950. '"H NMR (CHCl5) 6,
ppm: 7.81d (2H, ] = 8.1 Hz, 2,6-H-Ar); 7.56 d (2H, ] = 8.1 Hz, 3,5-H-
Ar); 1.39 s (72H, tBu); 0,10 bs (2H, NH). UV-Vis spectra of the III:
Nmax NM (Ig €): 677 (4.60), 610 (4.46), 484 (4.43), 376 (4.63) (chloro-
form); 712 (4.92), 674 (4.99), 612 (4.78), 473 (4.88), 4024, (4.79),
378 (4.91) (acetonitrile). UV-Vis spectra of the (II1)>™: (Nmax, nm (Ig
€): 672 (5.03), 6144, (4.88), 468 (4.76), 3724, (4.89), 3214, (4.99) (ace-
tonitrile + DBU).

Pb(11)-2,3,7,8,12,13,17,18-octakis(4-tert-butylphenyl)porphyrazine. A
mixture of 0.50 g 1,2-bis(4-tert-butylphenyl)fumaronitrile
(1.46 mmol) and 0.3 g lead acetylacetonate (0.74 mmol) was refluxing
in ethyleneglycol (20.0 ml) for 2 h. Then the mixture was cooled, the
precipitate was filtered off, washed with water and dried in air at
70 °C. The product was dissolved in methylene chloride and
chromatographed on silica gel, eluting with methylene chloride. The el-
uate was evaporated to a minimal amount and diluted with methanol
(25.0 ml). Precipitated residue was filtered off, washed with methanol

and dried in air at 70 °C. Yield: 140.0 mg (24.3%). MALDI-TOF (m/z),
Found 1578.393 [M+H]™, Calculated 1577.141. '"H NMR (CDCl3) 6,
ppm: 8.37 d (16H, ] = 8.3 Hz, 2,6-H-Ar); 7.65 d (16H, ] = 8.3 Hz, 3,5-
H-Ar); 1.54 s (72H, H-tBu) (CDCl3). UV-Vis Npnax, nm (lg €): 677
(4,95); 423 (4,84) (CHCl3).

Bis(4-tert-butylphenyl)fumaronitrile. 4.6 g of sodium (0.2 mol) was
dissolved in methanol (75.0 ml) with stirring, and resulting solution
was gradually added while cooling (temperature below 10 °C) to a stir-
ring solution of 25.4 g iodine (0.1 mol) and 17.3 g (4-tert-butylphenyl)
acetonitrile (0.1 mol) in a mixture of methanol (70.0 ml) and ether
(375 ml). The reaction mixture was stirred for 30 min and washed 3
times with water, then evaporated to a half and cooled overnight in
the refrigerator. The precipitate was filtered off, washed with a little
amount of ether and dried. Yield: 6.20 g (36.3%). Melting point:
222-224 °C. MALDI-TOF (m/z), Found 343.460 [M+H]*, Calculated
343.49. 'H NMR (CDCl5) &, ppm: 7.81 dt (4H, ] = 8.5 Hz, '] = 2.0 Hz,
2,6-H-Ar); 7.56 dt (4H,] = 8.5 Hz, '] = 2.0 Hz, 3,5-H-Ar); 1.37 s (18H,
H-tBu).

The individuality of the compounds was controlled by TLC on Silufol
plates with a layer thickness of 0.5 mm (Merck), eluent: chloroform. The
purification and identification of the compound were carried out ac-
cording to [9]. Spectrophotometric titration with acetonitrile solutions
of perchloric acid in acetonitrile was carried out on Cary 100 spectro-
photometers from Varian and SPEC SSP-715. A highly purified acetoni-
trile was used as dipolar aprotic solvent (water content was <0.03%),
in which the initial objects were in molecular form, that was confirmed
by the initial spectra of porphyrins. The experimental procedure, pre-
parative chemistry, and experimental data processing are presented in
detail in [10-12]. Proton magnetic resonance spectra ('H NMR) were
measured on a Bruker AV I1I-500 spectrophotometer (internal standard
- TMS). Mass spectra were recorded on a Shimadzu Axima Confidence
time-of-flight mass spectrometer (MALDI-TOF).

Fluorescence properties of the free ligands (I-IIl) in acetonitrile and
their ionic forms (1?7, II>~ and [1I>7) in a mixture of acetonitrile-DBU
were studied at 295 K. Fluorimetric measurements of solutions of
porphyrazines were carried out on a Shimadzu RF-5301 fluorimeter.
Fluorescence was measured for highly dilute solutions (<10~ mol/l)
due to possible strong reabsorption processes observed at high concen-
trations of solutions, which can often provoke a bathochromic shift of
fluorescence maxima for some phthalocyanines [13].

The fluorescence spectra of the studied samples in toluene
were compared with standard values from literature. The
Zinc-phthalocyanine (ZnPc) was chosen as the standard, for which the
quantum yield in pyridine is known and equals to 0.3 [14]. The corre-
sponding integral fluorescence intensities were calculated. The quan-
tum fluorescence yield of compounds (I-11) and their ionic forms (1>~
[1?~, 1II>7) was calculated by the standard method [15] using a PFPC
software package v.2.04 according to formula (1):

(1

where Qy and Qs are the quantum yields of the test sample and stan-
dard, respectively; A and A, are their optical density at the excitation
wavelength; Iy and I are the integrated intensities; n, and ng are the
refractive indices of the solvents for the sample and standard, respec-
tively. The error of the fluorimetric measurements was ~10%.

The calculations were carried out in the GAMESS v.12 software pack-
age [16]. The BP86 functional [17,18] and the base set def2-TZVP [19]
was used for calculations. The BP86 functional provides high-precision
calculations of the geometry of tetrapyrrole macrocycles. In some
cases, this accuracy exceeds the accuracy provided by the frequently
used B3LYP method [20-23]. A complete optimization of geometry of
the free ligands (I-III) structures and their deprotonated forms (I>~,
11>~ and I1I~) were optimized in the ground state by DFT method.
The results of theoretical calculation of energy levels and the
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localization of the highest occupied molecular orbital (HOMO) and the
lowest free molecular orbital (LUMO) of compounds (I-III) calculated
by the TD-DFT method. The calculations were performed in acetonitrile
using the PCM solvation model [24-26]. The resulting structures were
confirmed by the presence of minima on potential energy surfaces
and the absence of imaginary vibration frequencies.

3. Results and discussion
3.1. Synthesis and acidic properties of porphyrazines

Tetrakis[5,6-bis(4-tert-butylphenyl)pyrazino]porphyrazine
(I) was synthesized by a modified method [27] according with the
Scheme 1. 2,3-dicyano-5,6-bis(4-tert-butylphenyl)pyrazine was ob-
tained by condensation of 1,2-bis(4-tert-butylphenyl)ethanedione
with diaminomaleinodinitrile in methanol with the addition of catalytic
amounts of p-toluenesulfonic acid. The cyclotetramerization of the tert-
butylsubstituted pyrazine with a solution of lithium in ethylene glycol
gave the target porphyrazine (I).

Tetra (4-tert-butyl)phthalocyanine (II) was prepared by a modified
method [28] by cyclotetramerisation of 4-tert-butylphthalonitrile with
lithium in boiling quinoline (Scheme 2).

Octakis-(4-tert-butylphenyl)porphyrazine  was  synthesized
according by a modified method [29] with the Scheme 3. Bis(4-tert-
butylphenyl)fumaronitrile was obtained by reaction of 4-tert-
butylphenylacetonitrile with iodine in the presence of sodium methyl-
ate. The cyclotetramerisation of this compound in the presence of lead
acetylacetonate in ethylene glycol gave Pb-octakis-(4-tert-butylphenyl)
porphyrazine, demetallation of which resulted in the formation of
corresponding porphyrazine-ligand (IlI) upon treatment with
trifluoroacetic acid.

The synthesized compounds (I-1II) were identified by UV-Vis, 'H
NMR and mass spectrometry and correspond to the data of [27-29].
The synthesis is described in detail in the experimental part.

The deprotonation of the porphyrins and porphyrazines (H,P) and
its derivatives on intracyclic nitrogen atoms in organic solvents in the
presence of bases proceeds according to processes (Egs. (2), (3)) [30].
The literature data for amyloxyl- and thiodiazole-derivatives of the
phthalocyanine also indicate the implementation of these processes in
DMSO medium [30].

k

H,P2HP™ + H* 2)
ke,

HP~ 2P?>~ + H', 3)

where H,P, HP~ and P?>~ are molecular, mono- and double-
deprotonated forms of the porphyrin ligand.

R._O HN

I ICN TSA
+
RS0 H,N” “CN Meoft

]: :[ (CHZOH)Z

tBu
tBu
qunoline
CN
tBu

tBu

Scheme 2. Synthesis of the compound (II).

It should be mentioned that the study of acid properties of porphy-
rins and porphyrazines in DMSO is complicated by the fact that upon
dissolution the ligand enters into an acid-base interaction with the
electron-donating center of the DMSO molecule. This interaction is not
accompanied by complete deprotonation of the tetrapyrrole
macrocycle, and the mobility of protons of the NH groups noticeably in-
creases, which manifests itself in a change of the UV-Vis spectra [31].

The titration of such a mixture requires additional components (or-
ganic acids) to adjust the concentrations of the forms in this mixture. In
this case, the use of the acetonitrile (AN) -1,8-diazabicyclo[5.4.0]undec-
7-ene (DBU) system (Eq. (4)) greatly facilitates this task, since the li-
gands in this solvent are in molecular form, which confirmed by UV-
Vis spectra.

(I—III) —DBU—CH5CN (4)

The spectrophotometric titration of compounds (I-1I) in the system
(Eq. (4)) showed that with an increase in the DBU concentration two
families of spectral curves were observed in the UV-Vis spectra of li-
gands, each of which corresponded to its own set of isosbestic points
(Figs. 1-3). The presence of two families of isosbestic points in the
UV-Vis spectra is characteristic of stepwise processes of the deproton-
ation [11]. The spectrophotometric titration of compounds (I-1II) in
the system (Eq. (4)) showed a change in the UV-Vis spectra in going
from the molecular forms of the corresponding ligands to their
double-deprotonated forms (Figs. 1-3). However, the spectrophoto-
metric titration curves constructed on the basis of experimental data
do not have pronounced steps (Figs. 1-3), which do not deny the stag-
gering of ionization processes, but assume close values of the proton-
ation constants for each reaction [32]. The extinction coefficients for

NN T
RQN NJR
R R

Scheme 1. Synthesis of the compound (I).
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Scheme 3. Synthesis of the compound (III).

the forms of the studied compounds participating in the equilibriums
(Egs. (2), (3)) in the system (Eq. 4) were determined by the UV-Vis
data and the total particle concentration of each ligand.
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Fig. 1. UV-Vis spectra (A) and spectrophotometric titration curve (\ = 675 nm) (B) of the
ligand (I) in the AN - DBU system, (Cporph. = 8.78 - 10~° mol/l; Cpgy = 0 =+ 1.85 -
107> mol/l), T = 298 K.
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0.3 1
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Fig. 2. UV-Vis spectra (A) and spectrophotometric titration curve (\ = 696 nm) (B) of the
ligand (II) in the AN - DBU system, (Cporpn, = 0.92 - 1076 mol/l; Cpgy = 0 = 1.15 -
1075 mol/l), T = 298 K.

To calculate the total acidity constant, Eq. (5) was used:
pK, = — IgK, = lg(Ind) + nlgcan (5)

where Kj - is the total acidity constant, c,, - is the analytical value of the
DBU concentration in solution, Ind - is the indicator ratio P>~ /H,P, n - is
the number of dissociated protons (n = 2). The total acidity constants
(pK,) for the compounds (I-IIl) in the system (Eq. (4)) at 298 K were
11.11, 13.12 and 14.06, respectively. The error in the measurement of
constants did not exceed 3-5%.

The nature of the substituent and its position in the macrocycle has a
significant effect on the acidic properties of tetrapyrrole macrocycle. The
studies have shown that the chemical modification of octakis(4-tert-
butylphenyl)porphyrazine to tetra(4-tert-butyl)phthalocyanine and
tetrakis[5,6-bis (4-tert-butylphenyl)pyrazino|porphyrazine leads to an
increase in acidic constants of the compounds by one and three orders
of magnitude, correspondingly. Phenyl and tert-butyl groups exhibit a
rather weak +I-effect toward to the porphyrin system and contribute
to a small violation of the planar structure of the macrocycle. Nitrogen
atoms in the structures of the studied compounds can participate both
in the redistribution of electron density over o-bonds and in the -t
conjugation of the ligand macrocycle as a whole [33]. The remoteness
of phenyl fragments with tert-butyl substituents in compound (I) from
the reaction center and the presence of eight additional nitrogen
atoms in condensed benzene rings probably make the prevail influence
of nitrogen atoms on the electron density of intracyclic nitrogen atoms,
which leads to a decrease in the strength of the NH-bond and contribute

A o B

T I T I T T
400 500 600 700 800
A,nm

Fig. 3. UV-Vis spectra (A) and spectrophotometric titration curve (N = 712 nm) (B) of the
ligand (III) in the AN - DBU system, (Cporph, = 0.90 - 10~ mol/l; Cppy = 0 = 1.15 -
107° mol/l), T = 298 K.
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to a decrease in the effective stabilization of the formed anion. It is likely
that reactivity change of the coordination center is the result of both
the modification of the porphyrazine and phthalocyanine ligands, as
well as the influence of peripheral substituents and the nature of the
solvent.

3.2. Ground-state geometry

The calculated geometric parameters of the free ligands are pre-
sented in Fig. 4. The calculation results showed that the introduction
of peripheral substituents in compounds (I) and (II) led to an increase
in all bond lengths in macrocycles (Fig. 4). In the case of compound
(1II), a decrease in all bond lengths was observed except for C;-C, and

C1'-C2', which were extended by the introduction of phenyl substitu-
ents. The introduction of tert-butyl groups in compound (II) had an in-
significant effect on the molecule geometry (the macrocycle did not
change its flat structure) compared to unsubstituted phthalocyanine
[23], while the complexity of the ligand structure of compound (I) led
to an increase in the dihedral angles C;-Np-C; and C;'-NH-C;' by 0.7
and 1.2°, respectively, compared with compound (II), resulting in steric
twist that was formed during non-planar deformation of the
macrocycle. The opposite effect was observed for compound (III). The
angles C;-Np-C; and C;'-NH-C;' decreased, leading to compression of
the macrocycle. The deprotonation of ligands (I-III) leads to a slight in-
crease in all bond lengths with the exception of C;-Np and C;-NH
(Fig. 4), which is probably a consequence of the redistribution of

(I) and (I*)

C,-C,=1.478 (1.484) A
Ci-N,=1.374 (1.361) A
C1-N,=1.338 (1.341) A
C-C=1.412(1.432) A
Np-Np=3.946 (4.020) A

C-N,-C;=108.1 (110.2)°
C1-Nu-C'=124.4 (123.3)°

(I) and (I1%)

C1-Co=1.472 (1.486) A
C;-N,=1.374 (1.358) A
C1-N,=1.341 (1.346) A
Cr-C=1.413 (1.423) A
Np-Np=3.915 (3.982) A

C;-N,-C;=107.0 (109.1)°
C1-Nu-C'=124.3 (122.9)°

(IIT) and (1I1%)

C1-C,=1.485 (1.500) A
Ci-N,=1.368 (1.350) A
C1-N,=1.342 (1.348) A
C,-C>=1.388 (1.394) A
Np-Np=3.859 (3.954) A

C;-N,-C;=105.5 (107.5)°
C1-Nu-C'=124.3 (122.4)°

C/'-C,=1.467 (1.484) A
C,-NH=1.389 (1.362) A
C/'"N,=1.320 (1.341) A
C.-Cr'=1.421(1.432) A
NH-NH=4.109 (4.020) A

Ci'-NH-C,'=113.5 (110.2)°

C/'-C,'=1.462 (1.486) A
C,-NH=1.385 (1.357) A
C/''N,=1.341 (1.346) A
C,-C,=1.423 (1.423) A
NH-NH=4.084 (3.982) A

Ci'-NH-C,'=112.6 (109.1)°

C'-C,'=1.466 (1.500) A
C,-NH=1.378 (1.351) A
C/'"N,=1.326 (1.348) A
C,-C,=1.388 (1.394) A
NH-NH=4.040 (3.954) A

Ci'-NH-C,'=110.9 (107.5)°

Fig. 4. Front and side views of the calculated structures and selected geometrical parameters for the compounds (I-1II) (red color) and their deprotonated forms [(1)?~ - (Il)?>~] (green color).
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electron density in intracyclic nitrogen atoms as a result of substituents
influence on the o-bonds.

To characterize non-planar distortions of the macrocycle of
porphyrazines containing 24 atoms we introduced the quantity A24:

1 24
A24 = ﬂZAz,? (6)
i=1

where Az; is the deviation of the i-atom of the macrocycle from its mid-
dle plane.

An analysis of the calculated A24 values (Fig. 5) showed that the in-
troduction of tert-butyl substituents into the condensed benzene rings
of macrocycle (II) does not lead to non-planar distortions of the
macrocycle in both molecular and ionic forms. The steric interaction
arising between the phenyl substituents in compounds (I) and (III)
leads to an out-of-plane ruffling deformation of the macrocycle

@
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A24, A o000}t

-0.02|

-0.04 L

1.0¢

D

A24,A oo

010
0.05f

A24, A 000
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V

(Fig. 5) for which the average deviation of carbon atoms is 0.02 A
(I) and 0.05 A (IlI). The deprotonation of compounds (I) and (III) leads
to a larger distortion of the ion structure (Fig. 5). It was found that for
compound (I*7) the average deviation of carbon atoms from the plane
of the macrocycle increases to 0.1 A and compound (III>~) becomes
characterized by a saddle-shaped macrocycle distortion with a mean
carbon atom deviation of 0.5 A (Fig. 5). Thus, the degree of non-
planarity increases in the series Il < I < III, which is consistent with the
classical concepts of the stability of phthalocyanine structures in com-
parison with their azo-analogues.

3.3. Frontier molecular orbitals
The considered acidic properties of porphyrazines reflect the acidity

of the medium according to Bronsted. Theories of acids and bases do not
contradict, but complement each other and have a deep internal

1)

0.1

A24, A o0

0.1F

0.2L
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A24, A 0.0l-0o0 0000000000000 000000000
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Fig. 5. View of the skeletal deviations of the 24 macrocycle atoms from their least-squares plane.
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connection. So, acids, according to Bronsted, can be considered as a spe-
cial case of Lewis acids, since the proton is characterized by a high affin-
ity for the electron pair and can be considered, according to Luys, as an
acid. Therefore, a theoretical calculation of the boundary molecular or-
bitals (MO) can provide information on the molecular reactivity and
electron transfer ability, which usually occurs at the boundary of the
system [34]. The states of the highest occupied molecular orbital
(HOMO) and the lowest free molecular orbital (LUMO) are very impor-
tant quantum parameters that play a role in the electrical and optical
properties. In the redox reaction, the oxidizing agent has a low LUMO
value, and the reducing agent has a high HOMO value. The nature of
the substituent and its position in the macrocycle has a strong effect
on the acidic properties of tetrapyrrole macrocycles. The results of the-
oretical calculation of energy levels and the localization of HOMO and
LUMO of compounds (I-III) are presented in Fig. 6.

The comparison of the HUMO - LUMO energy gap of molecular
orbitals (Fig. 5) shows that the presence of tert-butyl substituents in
compound (II) leads to the smallest HOMO-LUMO gap, which is practi-
cally determined by the destabilization of HOMO compared to (I) and
(II). The remoteness of aryl fragments from the reaction center of

compound (I) leads to an increase in the energy gap and the stability
of the HOMO orbital. In the case of compound (III), the influence of
tert-butyl fragments through the phenyl buffer leads to slight destabili-
zation of the HOMO and LUMO orbitals and, as a result, leads to an in-
crease in the energy gap of HUMO - LUMO to 1.45 eV in comparison
with compound (I). From the obtained MO values of HOMO and
LUMO (Fig. 6), it follows that ligand (I) has the lowest LUMO value
(—3.99 eV) and is a good oxidizing agent of all the porphyrazines pre-
sented. The electron-withdrawing ability of the compounds increases
in the following order: (I) > (III) > (II).

3.4. Fluorescence emission spectroscopy

The fluorescence spectra and spectral-fluorescence characteristics
are shown in Fig. 7 and Table 1. The data of the Table 1 and Fig. S1 indi-
cate a low Stokes shift (several cm™!) of the studied compounds (I) and
(1), which is characteristic of a significant overlap of the absorption
spectra with fluorescence spectra [35]. This is probably due to a slight
relaxation of the molecule geometry, which occurs in the first excited
state. However, a larger Stokes shift is observed in the case of compound

AE=1.36

Fig. 6. The molecular orbitals energy (eV) of compounds (I-1II).
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Fig. 7. Fluorescence spectra of the compounds (I-1Il) in acetonitrile and their deprotonated forms (I>~, II>~, IlI>~) in an acetonitrile-DBU mixture at T = 295 K and Ao, = 608 nm.

(II1), which suggests a higher conformational mobility of the molecules
in the first excited state in contrast to other compounds. As a result, a
strong distortion of the conformation of compound (III) leads to an in-
crease the rate of radiationless deactivation of the excited S; state and
fluorescence quenching as evidenced by the low value of the quantum
yield of fluorescence (Table 1). The presence of a complex system of
substituents in the case of compound (I), where tert-butyl substituents
of phenyl fragments are removed from the macrocyclic core (center of
the macrocycle), than in ligand (II), leads to less fluorescence quenching
(Table 1). Thus, the fluorescence quantum yield decreases in the follow-
ing order: (I) > (II) > (III).

The hyperchromic shift is observed in the fluorescence spectra of
deprotonated ligands compared to the free base of porphyrins (Fig. 7).
This behavior is explained by the result of increased spin-orbit interac-
tion, which leads to a more efficient intersystem transition from the
lowest excited state of the singlet porphyrin S; to the corresponding
triplet manifold [36] and thereby reduces the probability of fluorescence
radiation and an increase in the viscosity of the solution.

Significantly large Ass values in the case of deprotonated porphyrins
compared with free bases indicate a larger magnitude of structural rear-
rangements in the excited S; for compound I?~ and III>~. The increase
in macrocycle structure flexibility with a decrease in steric hindrance
imposed leads to an increase in conformational mobility of the com-
pounds in the first excited state S;. Moreover, the deprotonated ligand
(III>7) has a greater conformational mobility due to the distortion of
the macrocycle under the influence of eight tert-butyl substituents in
the para-positions of the phenyl rings. The compound (I) in both
deprotonated and molecular forms has a lower conformational dynam-
ics. The conformational rigidity of macrocycle (1) is likely caused by ste-
ric hindrance with phenyl ligand.

The quantum fluorescence yields of the ionized forms of porphyrins
decrease as a result of deprotonation of the macrocyclic nucleus, which
leads to a greater distortion of the deprotonated ligand conforma-
tions (Fig. 5 and Table 1) and, as a result, an enhancement of the
radiationless S; — Sp internal conversion rate [36,37] and quenching
of fluorescence.

Table 1

Spectral-fluorescence characteristics of the compounds (I-IIl) in acetonitrile and their
deprotonated forms (I>~, 17, II>7) in an acetonitrile-DBU mixture at T = 295 K and
Nex = 608 nm.

Compound An (nm) Ass (cm™1) Qx x 1072
M 676.6 57.01 555
(27) 665.6 316 48
(I 704.2 105.6 21.0
(%) 701.6 539.8 12
() 704.2 6362 05
(1) 703.6 668.3 0.1

4. Conclusions

Thus, in the present work, the synthesis and identification of tetrakis-
[5,6-bis(4-tert-butylphenyl)pyrazino]porphyrazine, tetra-(4-tert-butyl)
phthalocyanine and octakis-(4-tert-butylphenyl)porphyrazine were
carried out. The spectrophotometric method was used to study the spec-
tral, acidic and fluorescence properties of synthesized compounds.
Geometry optimization and an analysis of the energy levels and localiza-
tion of highest occupied and the lowest unoccupied molecular orbitals of
the synthesized porphyrazines were performed on the basis of density
functional theory with the BP86 functional and the def2-TZVP basis
set. Given that the synthesized tert-butyl-substituted porphyrazines ex-
hibit a high sensitivity of fluorescence to the molecule ionization they
can be considered as promising materials for the design of sensors of
the medium basicity. Research on the design of solid-state sensors
based on them is running in the laboratory now.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.saa.2020.118601.
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